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accharides and proteins in bio-oil
production during the hydrothermal liquefaction of
algae species

Wenchao Yang, a Zhaowei Wang, b Jianbo Han,a Shuang Song,b Yong Zhangc

and Weimin Gong *b

In order to understand the effects of the major algal components-carbohydrates and proteins on the

hydrothermal liquefaction (HTL) process of algae, the HTL of polysaccharides or proteins with lipids was

performed at 220, 260, 300 �C, respectively. Bio-oil yields and qualities were investigated and compared

with the individual liquefaction of the major algal components. Results show that the presence of

polysaccharides or proteins has little effect on bio-oil yield but increased the HHV and significantly

changed the boiling point distribution as compared with the HTL of lipids. The compositions of bio-oils

from the HTL of binary mixtures were similar to that from the HTL of lipids. Heavy components in bio-oil

were increased in the presence of polysaccharides or proteins, which was mainly caused by the

hydrolysis product of polysaccharides/proteins being easily polymerized during the HTL process, forming

macromolecular compounds into bio-oil.
1 Introduction

Algae are recognized as a potential biomass feedstock source for
producing energy-dense fuels due to their unique characteris-
tics such as high photosynthetic efficiency, fast growth rate, and
no need for arable land.1–3 Among the various methods that
convert algae into biofuels, hydrothermal liquefaction (HTL) is
one of the most potential technologies for bio-oil production
from algae.4 Algae mainly consist of carbohydrates, proteins
and lipids. Lipids are the main component and provide quality
assurance of bio-oil contribution.5 The type of algae has
a signicant effect on liquefaction reactions, resulting in the
remarkable differences in the obtained bio-oil yield.6 In general,
the higher the lipid content in algae, the higher the yield of bio-
oil. However, the presence of carbohydrates and proteins in the
algae liquefaction process leads to large changes in the bio-oil
quality and yield. Since carbohydrates and proteins are inevi-
tably present in algae, the contribution and inuence on the
liquefaction process cannot be ignored.

Many researchers have focused on understanding the
reaction pathways of the HTL technology of algae. Co-
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liquefaction of microalgae Spirulina and macroalgae Enter-
omorpha was investigated in subcritical water at 250–370 �C.
The results indicated that a positive synergetic effect existed
during the co-liquefaction, which signicantly affected the
relative amount of each component in the bio-oil.7 Fatty acids
derived from Spirulina demonstrated a catalytic effect on the
hydrolysis of protein and carbohydrates in the Enteromorpha,
therefore promoting the conversion of algae. The biomass
model component, instead of actual biomass, has been used
to elucidate the biomass decomposition mechanisms under
HTL conditions. Lipids in algae hydrolyzed rapidly into fatty
acids and glycerol in near-critical or in supercritical water.8 In
spite of the relatively high thermal stability, fatty acids can be
partly degraded under hydrothermal conditions to produce
long-chained hydrocarbons, which have excellent fuel prop-
erties. Glycerol is not converted into an oily phase during
hydrothermal liquefaction, but rather into water-soluble
compounds. The hydroxyl groups in long-chained fatty
acids can react with ammonia from the deamination of
amino acids from the hydrolysis of proteins to produce
aliphatic amine compounds.9 Besides, a certain amount of
long-chained fatty acids reacts with the alcohols, from the
reduction of amino acids aer deamination to produce
esters. This reaction forms amides and other nitrogen-
containing compounds and thus leads to the deterioration
of the lipids in algae. The presence and effect of the Maillard
reaction between glucose and glycine on the HTL process of
algae have been proved by many studies.10 Biller and Ross11

investigated the liquefaction behavior of algae using a range
of model biochemical components and actual algae. They
This journal is © The Royal Society of Chemistry 2019
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found that the yields of bio-oil were obviously higher than the
lipid content of the algae, and the contribution to bio-oil
yield followed the trend of lipids > proteins > carbohy-
drates. Teri et al.12 found that the bio-oil yield exceeded the
yield calculated from the pure compound results, indicating
that the effects of the interactions among biomolecules on
bio-oil formation really exist during the HTL of algae. Déniel
et al.13 emphasized the representativeness of the model
compounds selected and suggested that biomass biopoly-
mers such as protein, cellulose, lignin and lipid should be
used as model compounds to develop a prediction model
instead of using their respective monomers (amino acid,
glucose, fatty acid). They also observed the synergistic effect
of the glucose and linoleic acid mixture on the bio-oil yield. A
prediction model developed by Yang et al. for bio-oil and
solid residue yields from the HTL of various biomass and
model compounds14 found that interactions between cellu-
lose and lipids had synergistic effects on the bio-oil yield
during the HTL process. The contribution from each indi-
vidual component in the biomass to the product distribution
was also evaluated. The increase in the bio-oil yield at higher
temperatures is attributed to the conversion of proteins and
carbohydrates into low-polarity heterocyclic compounds via
the Maillard reaction, amidation, esterication, and rear-
rangement reactions.15 Compounds derived from lipids are
converted into the HTL organic phase by hydrolysis at lower
temperatures.16 Pedersen and Rosendahl17 recommended
that more research should be conducted to better understand
the unsatisfactory predictability between model compounds
and actual biomass. Leow et al.18 investigated the inuence of
variable microalgae biochemical compositions on the yields
and characteristics of HTL products.

In general, previous studies were mainly focused on
interactions between carbohydrates and proteins, the so-
called Maillard reactions.19,20 The effects of interactions
between carbohydrates/proteins and lipids on product yields
and qualities during the HTL process have mostly been
studied using the predictive model.14,21,22 However, the
predictability was veried by using the model and actual
feedstocks; the potential existing interactions between
carbohydrates and lipids, proteins and lipids were still
unclear. This study selected polysaccharides, proteins and
lipids as model components of algae. The HTL process was
conducted under different conditions, aiming to investigate
the effect of interactions between carbohydrates and lipids,
proteins and lipids on bio-oil yields and quality, respectively.
The individual liquefaction of polysaccharides and proteins
and the liquefaction of polysaccharide–protein mixtures were
reported in our previous research and compared with this
study with respect to bio-oil yield, elemental component,
higher heating value (HHV), boiling point distribution,
molecular component and functional group composition.23

The results could provide instructions for how to select algae
species and regulate the liquefaction process conditions so as
to lay the foundation for the mechanism of obtaining the
target liqueed products.
This journal is © The Royal Society of Chemistry 2019
2 Experimental and methods
2.1 Feedstock

Polysaccharides and proteins were purchased from Shanxi
Pioneer Biotech Co. Ltd. The feedstock was milled to obtain
a ne powder by passing through 40 mesh. The powder was
dried at 100 �C for 24 h before use.

Lipids can be rapidly hydrolyzed into fatty acids and glycerol
in subcritical water environments. This research focused on
investigating the possibility of further interactions between
non-lipid components with fatty acids under subcritical water
conditions. Therefore, oleic acid and glycerol, as hydrolysis
products of lipids, were mixed in a molar ratio of 1 : 3, repre-
senting a model lipid material in this study.

2.2 Hydrothermal liquefaction

The hydrothermal processing of polysaccharides–lipids,
proteins–lipids, and lipids was performed in stirred batch
reactors. In a typical run, the reactor was charged with 5 g
polysaccharides/proteins powder and 5 g oleic acid–glycerol
mixtures, or 10 g oleic acid–glycerol mixtures, then 100 mL of
deionized water was added to the reactor. The reactor was
sealed and purged with nitrogen for 5 min. Then, the reaction
was started by heating the reactor to a set temperature (220, 260,
300 �C) with a heating rate of approximately 15 �C min�1. The
reactor was held at the nal temperature for a period of 20 min.
Aer reaching the desired residence time, the reactor was
removed from the heat and then cooled to room temperature by
quenching with a cold-water bath. The magnetic stirrer was
stopped aer cooling and the off-gas was vented into a fume
hood. Experiments were carried out in duplicate. Average values
were reported.

Once the reactor was opened, the contents were poured into
a beaker and the reactor was successively rinsed with 50 mL of
deionized water and 50 mL of dichloromethane. The liquefac-
tion mixture was ltered to remove the residue and subse-
quently combined in a separating funnel and allowed to
separate. The DCM organic phase was separated and allowed to
evaporate at 35 �C under reduced pressure to remove the
solvent. The remaining liquid product was dened as bio-oil
(Fig. 1).

2.3 Analysis of products

Elemental compositions of bio-oils were analyzed with a CHN
elemental analyzer Flash 2000 with the uncertainties of <0.2%
of the reported value, and the O content was calculated by the
difference. HHV of bio-oils was calculated by the Dulong
formula.24 Samples were analyzed in duplicate or triplicate,
depending on the amount of sample available.

The GC-MS analysis was carried out using an Agilent
instrument equipped with an HP-5 column (30 m � 250 mm �
0.25 mm). The carrier gas was helium with a ow rate of 1.0
mL min�1. Following evaporation, a fraction of bio-oil was
dissolved in methanol. The injector was set to the splitless
mode. The injection temperature was 300 �C and the injection
volume was 1 mL. The oven temperature was programmed to
RSC Adv., 2019, 9, 41962–41969 | 41963
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Fig. 1 Experimental procedure for the hydrothermal liquefaction and
separation process.
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hold at 40 �C for 1 min and was then increased to 300 �C with
a heating rate of 5 �C min�1. The main chemical compounds
present in the bio-oil were identied using the National Insti-
tute of Standards and Technology (NIST) mass spectral library
and the related literature. Computer matching was adopted to
facilitate compound identication.

The boiling range of bio-oil was estimated using thermog-
ravimetric analysis (TGA) which was performed in a nitrogen
atmosphere, then 10 mg of the bio-oil was heated from 30 �C to
900 �C at a heating rate of 15 �C min�1 under nitrogen (20
mLmin�1). The boiling curve was divided into the light fraction
(<300 �C), the intermediate fraction (300–500 �C) and the heavy
fraction (>550 �C).

3 Results and discussions
3.1 Bio-oil yield

The effect of polysaccharides on the HTL of algae was usually
overlooked due to its tiny contribution to bio-oil yield. In order
Fig. 2 Bio-oil yield obtained from the HTL of (a) polysaccharides–lipid
liquefaction temperatures.

41964 | RSC Adv., 2019, 9, 41962–41969
to systematically understand the effect of polysaccharides on
the liquefaction process, the co-liquefaction process of the
polysaccharides–lipids mixture was investigated. The resulting
bio-oil yield is shown in Fig. 2(a), where the mixing ratio of
polysaccharides and lipids is 1 : 1. The test yield represents the
yield from each run. Theoretical yield is calculated by the eqn
(1), which assumes that the bio-oil yield is not affected by the
mix or potential interactions between polysaccharides/proteins
and lipids during the HTL process.11,23 Individual yields from
lipids are also shown in Fig. 2 aiming to have a direct
comparison with the interaction between carbohydrates and
proteins with lipids.

Compared with the trend that the theoretical yield of bio-oil
gradually increases as the liquefaction temperature increases,
the test yield does not change signicantly with the increase of
the liquefaction temperature. Compared with the bio-oil yield
from individual liquefaction of polysaccharides/lipids, it was
found that the large proportion of bio-oil yield obtained from
the co-liquefaction of the polysaccharides–lipids mixture was
contributed by lipids.25 It can be speculated that the introduc-
tion of polysaccharides may promote the formation of bio-oil
products during the HTL process at 220 �C and cause the
partial decomposition of bio-oil products when the liquefaction
temperature is increased to 260 and 300 �C. This is probably due
to the interaction between polysaccharides and lipids forming
a solid residue, resulting in a decrease in the bio-oil yield. With
the increase in liquefaction temperature, the interaction
between polysaccharides and lipids during the HTL process had
no obvious effect on the yield of bio-oil. In general, combined
with the GC-MS analysis results, interactions between poly-
saccharides and lipids may not have existed or had no signi-
cant effect on the bio-oil yield.

As shown in Fig. 2(b), the effects of interactions between
proteins and lipids on bio-oil yield were also examined by
comparing the test yields and the theoretical yields used above.
It was found that the test yield of the bio-oil and the theoretical
yield have the same trend, and gradually increased as the
liquefaction temperature increased. The difference between the
two yields is signicantly smaller than that of the poly-
saccharide–protein mixture liquefaction.23 However, there were
differences in the results when the HTL process was performed
s (b) proteins–lipids as compared with the HTL of lipids at different

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 van Krevelen diagram of bio-oils obtained from HTL under
different conditions at 300 �C.
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at different temperatures. At 220 �C, the test yield was signi-
cantly higher than the theoretical yield, indicating that the
potential interaction between proteins and lipids at this
temperature is benecial for increasing the bio-oil yield;
however, there was no substantial difference between the
theoretical yield and test yield of bio-oil at higher temperatures.
This indicated that the interactions between proteins and lipids
are limited by the liquefaction temperature. Changi26 system-
atically investigated the liquefaction process of the mixture of
phenylalanine and ethyl oleate in the liquefaction of algae
model compounds, which found that the addition of ethyl
oleate promoted the conversion of phenylalanine. In addition,
previous reports conrmed that fatty acid amides are the
products of algae HTL processes,27,28 which are mainly formed
from reactions between the amino acid degradation products of
amines and lipid hydrolysis products of long-chain fatty acids.
This reaction process, in turn, resulted in the change in a series
of reaction rates associated with amines and fatty acids, which
may have a certain effect on the nal product distribution. The
results were consistent with the co-liquefaction of microalgae
and macroalgae, which could shi the decomposition temper-
ature to a lower range as compared to their separate HTL
process.7

Theoretical yield (%) ¼ polysaccharides/proteins yield% �
polysaccharides/proteins content% + lipids yield% � lipids

content% (1)

Individual yield (%) ¼ bio-oil yield from lipids% (2)
3.2 Elemental distribution of bio-oils

The elemental compositions (C, H, and N), H/C, O/C ratios,
energy recovery rate, and the HHVs of bio-oil products from
different conditions are presented in Table 1. van Krevelen
diagrams are shown in Fig. 3. For the mixture liquefaction of
polysaccharides–lipids, the H content was signicantly higher
as compared to the liquefaction of individual components, and
the O content was lower as compared to the individual lique-
faction. HHV improved signicantly as compared to the indi-
vidual liquefaction. Fig. 3 shows that the H/C ratio of the bio-oil
obtained by the mixture liquefaction is higher than that of
individual liquefaction, while the O/C ratio does not change
signicantly.

Proteins–lipids liquefaction is similar to that of poly-
saccharides–lipids liquefaction.23 Compared with the results of
individual liquefaction, the H content was signicantly
Table 1 Elemental composition of bio-oils obtained from HTL under di

C (%) H (%) N (%)

Lipids 75.77 � 0.83 9.61 � 0.33 1.07 � 0.05
Polysaccharides + lipids 75.33 � 0.55 11.05 � 0.30 1.18 � 0.09
Proteins + lipids 74.83 � 0.57 11.15 � 0.29 3.44 � 0.62

This journal is © The Royal Society of Chemistry 2019
increased and the O content was decreased. The van Krevelen
diagram in Fig. 3 shows that the H/C ratio of the bio-oil by
mixture liquefaction of proteins–lipids is close to that of the bio-
oil by mixture liquefaction of polysaccharides–lipids, which was
higher than the results of individual liquefaction. It can be
concluded that the mixture of proteins/polysaccharides and
lipids is benecial for the hydrogenation reaction, causing the
HHV of the bio-oil to be obviously improved. Taken collectively,
the hydrogenation process was enhanced by the presence of
polysaccharides or proteins in algae during the HTL process.
The results indicated that the presence of polysaccharides or
proteins plays an important role in improving both the yield
and qualities of bio-oil.

From the perspective of energy recovery (calculated by eqn
(3)), mixture liquefaction could be more favorable to industrial
production.29 The energy recovery rate from mixture liquefac-
tion is much greater than individual liquefaction conditions.
Assuming that the mutual interaction does not exist during
mixture liquefaction, the energy recovery from the mixture
liquefaction should be equal to the mean value (lipids + poly-
saccharides 14.9%; lipids + proteins 30.3%) of the individual
liquefaction of the two major algal components (poly-
saccharides 11%, proteins 23%, lipids 18.8%). Therefore,
interactions between the major components of algae during
hydrothermal liquefaction play an important role in promoting
the economics of the process.

Energy recovery ¼ HHV of bio-oil�mass of bio-oil

HHV of feedstock�mass of feedstock
(3)
fferent conditions at 300 �C

O (%) H/C O/C Energy recovery (%) HHV (MJ kg�1)

13.55 � 1.21 1.52 0.13 18.8 36.90
12.44 � 0.94 1.76 0.12 72.7 38.99
10.58 � 1.48 1.79 0.11 73.3 39.29

RSC Adv., 2019, 9, 41962–41969 | 41965
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3.3 Bio-oil composition

The bio-oils obtained by the liquefaction of polysaccharides–
lipids, proteins–lipids, and lipids were analyzed by GC-MS. The
total ion chromatogram is shown in Fig. 4. The results for the
bio-oil from the HTL of polysaccharides/proteins with lipids did
not show the complex phenomenon obtained from the indi-
vidual liquefaction of polysaccharides/proteins.25 On the
contrary, the results were similar to those of the lipid lique-
faction alone, and the products were relatively simple. The
reason is partly that when polysaccharides or proteins with
lipids are simultaneously presented in the algae in a consider-
able proportion, the contribution of the polysaccharides or
proteins to the bio-oil in the low-boiling component is almost
negligible. On the other hand, it can be inferred that the
contribution of polysaccharides and proteins to bio-oil is
mainly toward the composition of the higher boiling point,
which is consistent with the relevant TG analysis results.

Table 2 shows the results of GC-MS analysis of the bio-oil
obtained by mixture liquefaction of polysaccharides–lipids.
Compared with individual liquefaction results, bio-oil obtained
by polysaccharides–lipids liquefaction, which was detected by
GC-MS are only substances produced by lipid degradation such
as fatty acids and esters (oleic acid, palmitic acid, ethyl palmi-
tate and ethyl oleate). Major components of the bio-oil obtained
from the HTL of polysaccharides such as ketones and phenols
were not detected. Previous literature reported that
carbohydrate-derived compounds are more likely to create
aromatic compounds that are hard to upgrade.30 The bio-oil
yield obtained from the HTL of polysaccharides is very low,
which is almost negligible, especially when compared with the
contribution of lipids. From this perspective, it is generally
assumed that when the lipid content and polysaccharide
Fig. 4 Total ion chromatogram of bio-oil obtained from HTL of (a) poly

41966 | RSC Adv., 2019, 9, 41962–41969
content are equivalent in algae, bio-oil mainly contributed by
lipids. On the other hand, compared with the results of lipid
liquefaction, the introduction of polysaccharides signicantly
increases the content of esters in bio-oils, which is due to the
degradation of polysaccharides producing intermediate
product alcohols and then promoting esterication reactions
between alcohols and linoleic acid/palmitic acid.

The GC-MS analysis results of bio-oil obtained from
proteins–lipids liquefaction are shown in Table 3. Oleic acid
and linoleic acid are components of hydrolysis products from
lipids. Small amounts of esters are products of the combination
of fatty acids and alcohols produced by the hydrolysis of lipids.
The content of these substances accounted for about 90% of the
bio-oil. In addition to the liquefaction products of lipids,
a small amount of nitrogen-containing substances was detec-
ted, which were derived from the degradation of proteins.
Overall, for the mixture liquefaction of proteins–lipids, the
main component in bio-oil is still derived from the HTL of
lipids, which is consistent with the results of the bio-oil yields
obtained from individual liquefaction. Besides, the bio-oil also
contains a small amount of oleic acid amides, which should be
the reaction product of ammonium salt produced from protein
degradation and oleic acid. Amides were the main product of
the interaction between proteins and lipids in the HTL of algae.

The FT-IR spectra of the bio-oils obtained from the HTL of
binary mixtures of polysaccharides/proteins and lipids are
compared in Fig. 5. C–H vibrations at 2820 cm�1 and 2920 cm�1

and a C]O stretching vibration at 1710 cm�1 indicate the
presence of oxygenated compounds.31 The band at 1410 cm�1

represents the stretching vibrations of C–C bonds in aromatic
rings. The band at 1220 cm�1 is related to the vibration peak
corresponding to C–O–C in esters. The band at 1100 cm�1
saccharides–lipids, (b) proteins–lipids, (c) lipids.

This journal is © The Royal Society of Chemistry 2019
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Table 2 GC-MS analysis of bio-oil obtained from the HTL of polysaccharides–lipids

Name Structure Area (%)

6-Octadecenoic acid 48.21

Linoleic acid 24.51

Palmitic acid 4.76

Ethyl palmitate 1.69

Ethyl linoleate 19.92
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corresponds to the long-chain saturated aliphatic hydrocar-
bons. Overall, the obvious difference between the components
of bio-oil obtained from HTL of polysaccharides–lipids/
proteins–lipids mixtures and from HTL of lipids could not be
found from FT-IR analysis.
Fig. 5 FT-IR spectra of bio-oils from HTL of (a) lipids; (b) poly-
saccharides–lipids; (c) proteins–lipids.
3.4 Boiling point distribution of bio-oils

TG analysis in the previous reports showed that the TG curves of
the bio-oils obtained by the liquefaction of polysaccharides and
proteins were signicantly different from those of lipids.2 This
could also indicate that the boiling range of the bio-oil obtained
by the HTL of lipids is signicantly different from that of bio-
oils from HTL of polysaccharides and proteins. Therefore, in
the binary mixture liquefaction, the effect of polysaccharides or
proteins on the boiling range of the bio-oil obtained by lipid
Table 3 GC-MS analysis of bio-oil obtained from the HTL of proteins–lipids

Name Structure Area (%)

Linoleic acid 42.26

6-Octadecenoic acid 37.69

Oleic acid 7.19

(Z,Z)-9,12-Octadecadienoic acid propyl ester 2.42

Oleamide 2.46

Methyl-10-trans,12-cis-octadecadienoate 2.28

N,N,N0,N0-Tetraethyl-methanediamine 3.40

1-(1-Oxo-9-octadecenyl)-pyrrolidine 2.30

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 41962–41969 | 41967
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Table 4 Estimated boiling range of bio-oils

Distillate range (�C)

<300 300–550 >550

Lipids 64.8 16.1 19.1
Polysaccharides–lipids 47.6 35.0 17.4
Proteins–lipids 29.1 56.0 14.9
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liquefaction was investigated by TG analysis. The result is
shown in Fig. 6. In this article, the weight loss portion of bio-oil
at <300 �C is dened as a light component, while the bio-oil
component lost between 300-550 �C is called a medium-mass
component, and the bio-oil group lost above 550 �C is classi-
ed as a heavy component. The estimated boiling range distri-
bution is shown in Table 4.

Compared with the results of lipid liquefaction, the
proportion of the light component was signicantly decreased
when polysaccharides or proteins were present, and the content
of the medium quality component was remarkably improved. In
addition, the obtained bio-oil was free of residual substances at
temperatures above 900 �C when introducing polysaccharides
or proteins, which indicated that the interaction between major
components of algae is benecial for controlling the coking
process in the formation of bio-oil. The bio-oil yield obtained
from HTL of polysaccharides and proteins was very low as
compared with lipids, and the results of GC-MS analysis showed
that the effect of polysaccharides or proteins with lipids on the
composition of low-boiling substances in bio-oil was relatively
small. However, TG analysis indicated that the change in the
boiling range of bio-oil from lipids with polysaccharides and
proteins cannot be ignored.
3.5 Potential effects of interactions between
polysaccharides/proteins and lipids

Previous studies have found that carbohydrates mainly formed
solid residues and water-soluble organics during the HTL
process. Lipids are the major contributor to the bio-oil. The
correlation of proteins with bio-oil yield is not clearly dened.
Interactions between lipids and proteins to form amides were
caused by the chemical reactions between fatty acids from lipids
and nitrogen-containing compounds from proteins. The
mechanism of interaction between polysaccharides and lipids
was not clear. In future studies, the ash content needs to be
considered as one of the key factors affecting the product yield,
and the effect of operating parameters such as the ratios of
major algal components should be investigated to gain further
deep insight into the HTL process.
Fig. 6 TG analysis of bio-oils obtained from HTL of lipids (a), poly-
saccharides–lipids (b) and proteins–lipids (c).

41968 | RSC Adv., 2019, 9, 41962–41969
4 Conclusions

HTL of polysaccharides–lipids and proteins–lipids was per-
formed at 220–300 �C. The effects of interactions between
polysaccharides/proteins and lipids on bio-oil yields and qual-
ities were investigated and compared with the HTL of poly-
saccharides, proteins, lipids and binary mixture of
polysaccharides and proteins. Interactions between
polysaccharides/proteins and lipids had little effect on the bio-
oil yield but were benecial to the HHV of bio-oil (HHV that was
36.9 MJ kg�1 obtained from lipid liquefaction increased to 39.0
MJ kg�1 and 39.3 MJ kg�1 in the case of polysaccharides–lipids
liquefaction and proteins–lipids liquefaction). GC-MS of bio-oil
obtained from HTL of polysaccharides–lipids, proteins–lipids
only detected substances produced by lipid degradation such as
fatty acids and esters. The contributions of polysaccharides and
proteins to bio-oil composition were mainly in the medium-
mass component (which was 16.1% from lipid liquefaction,
increasing to 35% and 56% in the case of polysaccharides–
lipids liquefaction and proteins–lipids liquefaction). Therefore,
the boiling range of bio-oils was signicantly changed by
polysaccharides/proteins. The combination of polysaccharides/
proteins and lipids has a negative effect on the viscosity of bio-
oil.
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