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a b s t r a c t

In this study, sewage sludge (SS) is first hydrothermally pretreated at 160e250 �C, and subsequently
pyrolyzed at 550 �C to produce bio-oil. The effects of the hydrothermal pretreatment (HTP) temperature
on the chemical composition, fuel properties, and energy balance of the process are investigated to
assess its feasibility. The results show that the characteristics of SS are improved during HTP, including
better thermal stability, decreased N content, and enhanced aromaticity, which could influence subse-
quent pyrolysis. After HTP, the composition of bio-oil shows clear variation. The contents of undesirable
O-containing and N-containing compounds, especially acids and amides, are significantly decreased,
while the yields of aliphatic hydrocarbons and aromatics increase by 9.53% and 23.18%，respectively. The
H/C ratio and higher heating value (HHV) of bio-oil in Sample 190e550 increase to 0.136 and 36.382 MJ/
kg, respectively, which are similar to those of biodiesel. The suggested optimal HTP temperature is 190 �C
for the HHV and energy recovery rate (44.23%). Meanwhile, the formation pathway of bio-oil with low N
and O contents is explored.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Rapid urbanization and industrial development have caused
increasing consumption of fuel and energy. With the increasing
depletion of fossil fuels and the environmental problems associated
with their use, researching new fuel substitutes and energy sources
is increasingly urgent [1]. A variety of biomass resources, including
agricultural crops, poultry manure, sewage sludge (SS), and
municipal solid waste have been studied for their transformation
into biofuel [2e4]. Bora.et al. [5] pointed out that SS, which is
enriched in organic materials, is one of the most promising alter-
native fuel options owing to its low cost, abundant reserves, and
readily available sources. With the improvement of sewage treat-
ment capacity and the increasing demand for human activities, the
output of SS has surged in the past few decades. It is estimated that
by 2020, the output of SS in China will reach approximately 60
million tons per year [6]. Therefore, converting sludge into energy-
al Science and Engineering,
dense fuels will have great economic and environmental benefits.
Pyrolysis is regarded as an increasingly mature thermochemical

process for converting SS into liquid fuels, which is commonly
known as bio-oil. In this process, effective volume reduction,
pathogen destruction and heavy metal immobilization can also be
achieved [7,8]. The study focuses cover the improvement of oil
quality [9], reaction mechanism [10] and kinetic analysis [11]. The
effects of temperature and gas residence time on the yield and
composition of bio-oil from SS pyrolysis have been extensively
investigated. Literatures show that prolonging the gas residence
time leads to lighter compounds and the highest yield of bio-oil is
usually obtained in the range of 450e550 �C [12e14]. However, the
resulting bio-oil is difficult to use as transportation fuel owing to its
undesirable properties such as high N and O contents, chemical
instability and high corrosiveness [15]. Catalytic upgrading of py-
rolysis vapors and SS pretreatment for improving feedstock prop-
erties prior to pyrolysis are two prevailing approaches to obtain
high-quality bio-oil.

Considerable researches have determined that zeolites are one
of the most effective catalysts. Wang.et al. [16] reported that HZSM
zeolite significantly improves the quality of bio-oil by increasing
the yield of aromatic hydrocarbons. The catalytic mechanism of
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different zeolites and the effects of loaded have also been widely
studied [17,18]. However, although zeolites show a great effect on
the selectively of aromatics, their high price and extreme deacti-
vation limit the development of catalytic pyrolysis.

Most N-containing and O-containing compounds in bio-oil are
essentially derived from the decomposition of protein and cellulose
in sludge, thus, pretreatment prior to pyrolysis will help to enhance
the bio-oil properties, owing to the reduction in O and N in feed-
stock. Hydrothermal treatment of SS has been demonstrated to
convert SS into homogeneous, C-rich solid products (hydrochar)
with a lower alkali metal content, lower N and O content [19] and
even S element [20].

Recently, many studies have suggested that combining hydro-
thermal pretreatment (HTP) with pyrolysis of different biomass or
low-rank coals has the potential for improving bio-oil quality. For
example, Yao.et al. [21] investigated the effect of HTP on fan palm
pyrolysis. The authors pointed out that HTP significantly disrupted
the chemical structure of fan palms and clearly increased the
content of hydrocarbons in bio-oil. Chang.et al. [22] reported that
the bio-oil from hydrothermally pretreated eucalyptus wood has
lower contents of acids and ketones and an enhanced HHV.
Furthermore, Jiang.et al. [23] suggested the oil produced from hy-
drothermally pretreated oil shale has a higher aliphatic hydrocar-
bons content. However, the effect of HTP on sludge pyrolysis, and
the properties of treated SS-derived bio-oil are rarely mentioned in
the literature.

The main purpose of this study is to produce a liquid fuel from
SS through combined hydrothermal pretreatment and pyrolysis.
The influences of the HTP temperature on the product distribution
of bio-oil is investigated. Specifically, comparisons of the compo-
sition between water-soluble oil (WSO) and pyrolysis bio-oil are
performed to explore the potential routes of N and O reduction and
hydrocarbons growth. Finally, the analysis of energy consumption
and recovery is conducted to evaluate the feasibility of the process.
This work can not only help to understand the effects of HTP on
sludge pyrolysis, but also expand the possibilities of preparing bio-
oil by sludge.
2. Materials and methods

2.1. Materials preparation

In this study, SS with a moisture content of 88% was obtained
from a wastewater treatment plant in Changsha, China. The SS was
dried at 80 �C for 48 h and then ground into powder (<80 mm).
2.2. Experimental process

2.2.1. Hydrothermal pretreatment
The HTP process was conducted in a 250 mL autoclave equipped

with an automatic temperature controller, pressure gauge and
magnetic stirrer. In a typical run, 15.00 ± 0.05 g of SS powder well
mixed with 100 mL of deionized water was loaded into the reactor,
which was first heated to a preset temperature (160 �C, 190 �C,
220 �C, and 250 �C) and then maintained at this temperature for
30 min. Throughout the hydrothermal process, the magnetic stirrer
was rotated at a speed of 200 rpm to ensure that the sludge slurry
inside the reactor was homogeneously heated.

Solid and liquid products were separated through negative-
pressure filtration. The solid products (hydrochars) were dried
until their weight was stable and referred to as HC-temperature,
e.g. HC-160 represents hydrochar produced at 160 �C. The filtrate
was extracted by CH2Cl2 with a volume ratio of 1:5. The oil mixture
containing extract was distilledwith a rotary evaporator to separate
CH2Cl2 and WSO, and then the oil sample was marked as WSO-
temperature.

2.2.2. Pyrolysis experiments
The pyrolysis experiments were conducted in a tube furnace

with a quartz tube of 1200 mm length and 73 mm inner diameter.
Approximately 5.000 ± 0.005 g of feedstock loaded into a quartz
boat was placed inside the quartz tube. To create an O-free atmo-
sphere before pyrolysis, 0.4 L/min of N2 was used as the carrier gas
and added to the system for 15 min. N2 was supplied throughout
the pyrolysis process to maintain an inert atmosphere. The exper-
iments were performed at 550 �C for 30 min with a heating rate of
10 �C/min. During the reaction, the pyrolysis vapor was condensed
with absorption bottles containing acetone in an ice bath. The
mixture was then distilled using a rotary evaporator to remove all
the acetone and the mass of bio-oil was obtained by calculating the
difference of the mass of the distillation flask before and after
evaporation. All the bio-oil samples were recorded as X-550, where
X indicates the hydrothermal temperature.

2.3. Analytical method

Thermal gravity (TG) and differential thermal gravity (DTG)
curveswere obtained using a thermogravimetric analyzer (STA 409,
NETZSCH, Germany) in an N2 atmosphere at a heating rate of 10 �C/
min. The elemental composition (CHNS) of hydrochars and bio-oil
was determined using an elemental analyzer system (Vario MI-
CRO). The O content was then calculated by the difference. Higher
heating values (HHVs) were calculated using the elemental
composition [24]. The functional groups were analyzed by Fourier
transform infrared spectroscopy (FT-IR; Nicolet iN10, Thermo
Fisher Scientific). The concentrations of different N-species,
including ammonium (NH4

þ-N), nitrate (NO3
�eN), total nitrogen

(TN), and total organic nitrogen (TON) in the liquid phase were
measured following previous procedures [25].

The chemical composition of WSO and bio-oil was obtained
through an Agilent QP2010 gas chromatograph/mass spectrometer
(GC/MS) with an HP-5 MS capillary column. The injection size was
1 mL without splitting. After being maintained at the initial tem-
perature (40 �C) for 2 min, the oven temperature was first raised to
190 �C at a rate of 8 �C/min and then increased to 290 �C at a rate of
6 �C/min, which was held for 8 min. The injector and detector were
kept at 280 �C and 230 �C, respectively.

3. Results and discussion

3.1. Effects of hydrothermal pretreatment on sludge characteristics

In this study, hydrochar is an important intermediary linking
HTP and subsequent pyrolysis. As the rawmaterial for pyrolysis, the
hydrochar characteristics can also influence the bio-oil. Thus, it is
necessary to discuss the properties of hydrochars and compare the
differences between SS and hydrochars.

3.1.1. Elemental composition of sewage sludge and hydrochars
Table 1 shows the yields of hydrochars under different hydro-

thermal temperatures and the general properties of SS and
hydrochars. The yield of hydrochars decreases to 71.05e79.14%
owing to the decomposition of thermally unstable components.
The initial O and N contents of SS are 15.05% and 3.00%, respec-
tively. With elevated HTP temperature, the percentages of O and N
in the hydrochars gradually decrease to 3.10% and 0.96%, respec-
tively, at 250 �C. The reasonable explanation for this is that O-
containing and N-containing functional groups are transferred into



Table 1
Contents of the main elements and properties of the sewage sludge (SS) and hydrochars.

Samples Yield (%) Proximate Analysis (%) Ultimate Analysis (%) Atomic Ratio

A VM FC C H N S Oa H/C O/C

SS / 57.78 41.14 1.08 20.34 3.39 3.00 0.44 15.05 1.99 0.56
HC-160 79.14 62.33 36.39 1.28 18.81 2.65 1.68 0.59 9.24 1.69 0.37
HC-190 75.24 73.33 24.84 1.83 15.91 2.21 1.42 0.56 6.57 1.67 0.31
HC-220 71.24 74.29 22.60 3.11 16.11 2.17 1.11 0.53 5.80 1.62 0.27
HC-250 71.05 76.12 19.50 4.38 17.50 2.04 0.96 0.38 3.10 1.40 0.13

A, ash.
VM, volatile matter.
FC, fixed carbon.

a , calculated by difference: O% ¼ 100-C%-H%-N%-S%-Ash%.

Y. Liu et al. / Energy 203 (2020) 117829 3
air or liquid in the form of CO2, H2O, and NH4
þ during hydrothermal

process [26,27], which can help to reduce the formation of O-
containing and N-containing compounds during subsequent py-
rolysis. The decreased H/C and O/C ratios demonstrate the
enhancement of the decarboxylation and dehydration reactions
[28]. The ash content of the hydrochars clearly increased, but the
reduction of elemental C is weakened with increasing temperature,
indicating that the carbonization reaction occurs at a relatively
higher temperature, and thus some carbons are converted into the
form of fixed carbon.
3.1.2. Functional group characteristics of SS and hydrochars
The FT-IR spectra of the raw SS and hydrochars are shown in

Fig. 1. It is clear that the main functional groups in the SS and
hydrochars remain the same, but their intensity has changed. The
broad bands in the range of 3600 cm�1 and 3200 cm�1 are ascribed
to stretching of theeOH bond in carboxyl and hydroxyl groups [29].
The intensity of eOH decreases after the HTP process, indicating
the dehydration reaction was probably facilitated. Compared with
that of the unpretreated SS, a clear reduction in the peaks at
1640 cm�1, namely the amide I band [30] (C]O absorption vibra-
tion), and at 1540 cm�1, namely the amide II band [28] (NeH
bending vibration) could be observed for hydrochars, revealing the
degradation of protein, and the result is in line with that of
elemental analysis. The reduced organic-N is transformed into the
liquid phase in the form of NO3

� and NH4
þ (Fig. S1). Moreover, the
Fig. 1. Fourier transform infrared spectroscopy of SS and hydrochars.
intensity of the peaks at 2925 cm�1 and 2855 cm�1, which corre-
spond to the aliphatic carbon eCH2- stretching vibration, show a
slight increase. This is attributed to the exchange between
hydrogen and O-containing functional groups [31]. The band near
1440 cm�1 related to the aromatic C]C vibration exhibits
increased intensity with increasing temperature, indicating that
the aromaticity of hydrochars is enhanced comparedwith that of SS
[24]. Thus, HTP helps to promote the removal of N and O contents
and enhance the degree of aromaticity of SS.

3.1.3. Thermal characteristics analysis of SS and hydrochars
Fig. 2 shows the TG and DTG curves of SS and hydrochars at

different HTP temperatures. Three clear temperature stages could
be found. Stages a, b, and c are the dehydration, devolatilization and
carbonization stages, respectively. In this study, the decomposition
of volatiles mainly occurs in the temperature range of 150e550 �C,
where 12.87%e32.55% weight loss occurred, and two clear peaks in
the DTG curve in this temperature range are observed. With the
increase in the HTP temperature, the first peak of the DTG curve is
gradually weakened, while the second peak becomes clearer.
Moreover, unlike the two DTG peaks between 150 and 550 �C of the
other three samples, only a single peak can be observed in the HC-
250 sample. This could be ascribed to the reduction in light volatile
matter and the increment in fixed carbon. When the temperature
exceeds 550 �C, continued increase in temperature has little effect
on mass loss, indicating the volatiles have almost completely
evaporated. Thus, 550 �C was chosen as the pyrolysis temperature.

3.1.4. Pyrolysis kinetics analysis
In order to determine the effects of HTP on the pyrolysis char-

acteristics, the Coast-Redfern model is used to determine the
activation energy (E) of the thermal decomposition process. The
reaction kinetics of pyrolysis can be described by Eqs. (1) and (2),
where b is the heating rate, W0, Wt, W∞ indicate initial, instanta-
neous, and residue mass respectively.

da
dT

¼1
b
KðTÞf ðaÞ (1)

a¼ W0 �Wt

W0 �W∞
(2)

Following the Arrhenius formula (K ¼ A$exp
�
�E
RT

�
), where R is a

gas constant (R ¼ 8.314 J$mol-1$K-1), T is the absolute temperature
(K), and A is a pre-exponential factor (min�1), Eq. (1) can be
expressed as Eq. (3).

da
dT

¼A
b
exp

��E
RT

�
f ðaÞ (3)



Fig. 2. TG-DTG pyrolysis curves of hydrochars at different temperature.
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Using the integral equation method, Eq. (3) can be transformed
into Eq. (4).

ða

0

1
f ðaÞ da¼ gðaÞ¼A

b

ðT

0

exp
��E
RT

�
dT (4)

Assuming that the pyrolysis process is a simple reaction with a
reaction order of 1, the conversion function can be described as
follows: f ðaÞ ¼ ð1� aÞn, where n ¼ 1.

Integration of Eq. (5) gives the following:
ln
�
� lnð1� aÞ

T2

�
¼ ln

�
AR
bE

�
1� 2RT

E

��
� E
RT

(5)

Generally, RTE ≪1, so Eq. (5) can be simplified as follows:

ln
�
� lnð1� aÞ

T2

�
¼ ln

�
AR
bE

�
� E
RT

(6)

Therefore, the plot between 1
=T and ln½�lnð1�aÞ =T2� is a

straight line, and the E and A can be calculated from the slope and
intercept.



Table 2
Pyrolysis kinetic parameters of SS and hydrochars.

Samples Temperature (�C) E (kJ/mol) A (min�1) R2

SS 154e409 33.19 7.22 0.9626
409e559 16.04 2.02 0.9669

HC-160 180e390 49.65 15.79 0.9573
370e530 35.95 7.63 0.9788

HC-190 226e397 44.34 7.64 0.9818
397e577 61.51 16.00 0.9755

HC-220 201e401 36.69 4.68 0.9951
401e567 40.92 6.20 0.9664

HC-250 210e355 37.23 4.64 0.9893
355e547 15.01 1.84 0.9749
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In this study, kinetics analysis only focuses on the two pyrolysis
zones of the devolatilization stage, i.e., the temperature ranges of
approximately 150e400 �C and 400e550 �C. The E and A are
calculated by Eq. (6), as shown in Table 2. The correlation coefficient
(R2) ranging from 0.9626 to 0.9951 indicates that the pyrolysis
process can be successfully fitted by the reaction model. The E
values of the first zone are higher than those of the second zone in
the HC-160 and HC-190 samples, while they are lower in the HC-
220 and HC-250 samples, indicating the substrates become
increasingly reactive in the first zone with the rising HTP temper-
ature. As for the hydrochars, E and A of the first zone in the HC-160
sample are the highest with values of 49.65 kJ/mol and 15.79min�1,
respectively. This might have been due to the continuous decrease
in light volatile matter. A similar result is found in the research of
Zhou et al. [32]. When the HTP temperature reaches 190 �C, the E
value of the second pyrolysis zone increases to 45.47 kJ/mol and
then decreases slightly with the continuous increase in tempera-
ture. Overall, compared with that of SS, the E values for the py-
rolysis zone in hydrochars are relatively higher, indicating that HTP
improves the stability of SS, which will have better performance for
storage and transportation.
3.2. Effects of hydrothermal pretreatment on the quality of bio-oil

Bio-oil samples derived from SS and hydrochar pyrolysis are
mixtures of complex compounds, the compositions of which can
vary. In order to clarify their differences, detailed characterization
of bio-oil and a comparison between WSO and bio-oil are
Fig. 3. Fourier transform infrared spectroscopy of (a) water-so
performed to reveal the effect of HTP on SS.

3.2.1. Functional group characteristics of bio-oil and water-soluble
oil

The FTIR spectra of WSO and bio-oil are shown in Fig. 3 (a) and
(b). The similar absorption peaks confirmed that they contained
similar functional groups, however, conspicuous differences in in-
tensities could be observed. In the WSO, the stretching vibration of
C]O groups is the most pronounced, suggesting that the amide
and ketone groups account for a large proportion of the compo-
nents [33]. Moreover, the intensity of eCH2- in WSO is weak, while
it is much clearer in bio-oil. This difference is further widened with
increasing temperature. Compared with bio-oil produced by SS, the
stretching vibration of eOH at 3400 cm�1 in other four samples are
weakened. The FTIR results of bio-oil are in accordance with those
of hydrochars, demonstrating that improved feedstock properties
can cause changes in the properties of derived bio-oil. It is worth
noting that the vibration of C^N appearing at approximately
2200 cm�1 could only be found in the bio-oil sample from SS py-
rolysis. In general, the FTIR results showed that the quality of the
bio-oil could be improved by HTP, but the specific impacts of
different HTP temperatures need to be discussed further.

3.2.2. Composition characteristics of bio-oil and water-soluble oil
The chemical compositions of WSO and bio-oil are determined

by GC/MS. These two types of oil are complex mixtures of different
chemical compounds, mainly including aliphatic hydrocarbons,
aromatics, O-containing compounds, and N-containing com-
pounds, as shown in Fig. 4. It is clear that HTP has a significant effect
on the bio-oil composition. When SS is pyrolyzed, high percentages
of O-containing compounds (43.39%) and N-containing compounds
(39.80%) are found in the bio-oil. With the increase in the HTP
temperature, the content of O-containing compounds in both WSO
and bio-oil gradually decreases, which is mainly ascribed to the
intensified degree of dehydration and decarboxylation reactions. In
addition, the reduction in N-containing compounds in bio-oil is in
accordance with the steadily increasing trend in WSO. This evolu-
tion indicates that some N-containing components are converted
into other N-species, which are then easily enriched in the WSO.
Furthermore, the increasing trend of O-containing and N-contain-
ing compounds in WSO starts to be gentle when temperature
reaches 220 �C.

It can be speculated that the HTP process is conducive to the
luble oil (WSO) and (b) bio-oil from SS and hydrochars.



Fig. 4. Component distribution of water-soluble oil (WSO) and bio-oil from SS and hydrochars.

Fig. 5. O-containing and N-containing compound distribution on bio-oil from pyrolysis of SS and hydrochars.
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Fig. 6. Van Krevelen diagram of bio-oil obtained from SS and hydrochars.
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generation of hydrocarbons in the pyrolysis stage, as the content of
hydrocarbons in bio-oil increases steadily from 16.81% to 51.11%
with elevated HTP temperatures, in which aliphatic hydrocarbons
and aromatics increased by 9.53% and 23.18% respectively. How-
ever, the hydrocarbons content in WSO is barely affected. On one
hand, the aliphatic carbon of side chains is more easily broken
during pyrolysis after HTP [31], thereby resulting in the generation
of aliphatic hydrocarbons. On the other hand, the decomposition of
some complex macromolecular compounds, such as fatty acids,
also generates hydrocarbons [19].

Aromatic hydrocarbons are desirable components of liquid
products owing to their high energy density and stability. A negli-
gible amount of aromatics exists in the bio-oil from SS pyrolysis,
however, a clear increase in aromatics is found in the hydrochar-
derived bio-oil, and similar finding is reported in the pyrolysis of
hydrothermal treated digested sludge [34]. The results demon-
strated that the quality of bio-oil as a liquid fuel is improved by HTP.
Researches have shown that HTP can promote chain breaking and
cracking reactions of carbohydrates to form some oxygenates and
olefins, which are easily cyclized with SS-derived olefins to form
benzene aromatics by the Diels-Alder and dehydration reactions
[35,36]. Detailed compound distribution of hydrocarbons in bio-oil
is given in Table S1. The types of aliphatic hydrocarbons are clearly
reduced, indicating the composition of bio-oil from hydrochars is
simplified and is purer. For example, in the hydrochar-derived bio-
oil, heneicosane (C21H44), 1-nonadecene (C19H38) and 9-tricosene,
(E)- (C23H46), which are diesel-type distillates in the range of
C13eC25 [37], increase significantly and become the predominant
components, while more types of hydrocarbons with a low content
in SS-derived bio-oil are observed. The alkane content slightly
fluctuates, while the proportion of alkenes and aromatics in bio-oil
from hydrochar increases. It is inferred that alkenes can be pro-
duced from direct cracking of aliphatic side chain. These alkenes
may subsequently be converted into to aromatics through cycliza-
tion [38].

To further determine the distribution of O-containing and N-
containing compounds in bio-oil, we classified them into eight
groups based on functional groups (fatty acids, alcohols, esters,
phenols, nitriles, amides and others including amines, furans, and
N-containing heterocycles). The sums of each group are presented
in Fig. 5 as a percentage of peak area.

A high proportion of nitrogenous compounds (14.61% of nitriles
and 21.00% of amides) is detected in the SS-550 sample. The nitriles
content slightly fluctuates in the first four samples but suddenly
decreases to 5.45% in the 250e550 sample. It is speculated that the
HTP process at 250 �C promotes the hydrolysis of nitriles to acids
and ammonia (NH3) [39]. N in the WSO exists in the form of cyclic
compounds which are basically absent or negligible in the bio-oil.
However, long-chain amides still remain in the bio-oil. As shown
in Table S2, cyclic lactams account for a large portion of
39.23e45.23% and are the predominant nitrogenous compounds in
the WSO, the rest are compounds such as pyrrole, pyrazine and
pyridin. The Maillard reaction should be responsible for generating
N-containing heterocycles from amino-N [33].
Table 3
Characteristics of bio-oil from SS and hydrochars.

Samples Elemental Analysis (%) HHV (MJ/kg)

C H N S Oa

SS-550 68.23 8.722 7.89 0.723 14.435 32.972
160e550 72.31 10.838 6.01 0.112 10.730 36.899
190e550 73.60 10.011 5.22 0.308 10.861 36.382
220e550 74.20 9.802 4.68 0.415 10.903 36.353
250e550 75.12 9.968 3.62 0.568 10.724 37.007

a , calculated by difference: O% ¼ 100-C%-H%-N%-S%.
As for the oxygenates, the content of acids increases from 19.92%
to 31.49% after HTP under 160 �C, which is followed by a sharp
decrease until disappearing with further temperature elevation. As
discussed in previous literature, most liable proteins and lipids are
prone to hydrolysis at 150 �C, leading to the release of organic acids
[27]. These fatty acids can generate a large number of long-chain
hydrocarbons through decarboxylation in a hydrothermal envi-
ronment [40]. The results are consistent with the high aliphatic
hydrocarbon content in Samples 220e550 and 250e550. Increased
ketones may also be related to the decrease in acid yield, as the
ketonization reaction can remove carboxyl groups and convert
acids into ketones. The sharp reduction in the acids content indi-
cated that the bio-oil is less corrosive and more stable. In general,
the bio-oil obtained from hydrochars has better quality with
reduced N-heterocycles contents and increased hydrocarbon con-
tents, and the hydrothermal temperature of 250 �C exerts the
greatest effects.

3.2.3. Elemental composition of bio-oil
Elemental analysis is performed to measure the energy density

and combustion performance of bio-oil. Because our target product
is pyrolysis bio-oil instead ofWSO, only bio-oil results are discussed
in this section. Table 3 shows the elemental analysis results of the
bio-oil from SS and hydrochars.

After HTP, the obtained bio-oil has higher contents of C and H,
while the O and N contents are lower compared with those of the
bio-oil from SS, especially N. The N content in the bio-oil is grad-
ually reduced with elevated HTP temperature, and the maximum
removal efficiency of N reaches 54.12% at 250 �C. This could be
attributed to the improvement of raw material performance
through the HTP process.

In addition, the H/C and O/C atomic ratios are important in-
dicators to evaluate bio-oil performance. Fig. 6 shows the atomic
ratios for the bio-oil samples obtained under different pretreat-
ment temperatures. As shown in Fig. 6, the O/C ratio in the bio-oil
from hydrochars is clearly lower than that from SS. The H/C ratio
increases from 1.534 to 1.585e1.799, suggesting the obtained bio-
oil possesses higher energy content [41]. The H/C ratios of
190e550, 220e550, and 250e550 exceed that of biodiesel (1.55),
and the ratio of 160e550 is even closed to that of gasoline (1.80)
[42]. From this perspective, we believe that the bio-oil produced by
SS has great potential for application. As the hydrothermal



Table 4
Energy balance during bio-oil production.

Sample Input in HTP (MJ) Input in Pyrolysis (MJ) Total Input (MJ) Total Output (KJ) Energy Recovery Rate (%)

SS-550 / 844 844.00 62.70 43.66
160e550 98.06 844 942.06 56.38 39.26
190e550 113.97 844 957.97 63.52 44.23
220e550 128.91 844 972.91 35.86 24.97
250e550 142.47 844 986.47 29.58 20.61

Fig. 7. Mass and energy balance of bio-oil production.
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temperature increased, the proportion of C atoms increases grad-
ually, but the H/C value decreases significantly, which might have
been caused by cyclization or secondary cleavage of aliphatic
compounds at higher temperatures. The HHV of bio-oil from
hydrochars is barely affected by the variation in HTP temperature,
and remains stable at 36.353e37.007MJ/kg, however, it is generally
higher than that of bio-oil from SS. Also, compared with the oil
products obtained through other methods, the bio-oil still has
better fuel performance. For example, Huang et al. [43] obtained
the bio-oil through co-liquefaction of SS and rice straw at 350 �C,
which has obviously higher O contents (65.7% C, 8.3% H, 4.5% N,
21.2% O and 0.3% S). Zhou et al. [44] also obtained a liquid fuel
(47.61% C, 10.62% H, 6.16% N and 35.61% O) through a microwave
pyrolysis system at 500 �C with a lower HHV (20.61 MJ/kg). Overall,
HTP can help to remove heteroatoms of bio-oil and improve its fuel
performance.
3.2.4. Mass and energy balance
In order to intuitively compare the yield of the product with or

without HTP, we considered the total mass of all samples to be 115 g
(15 g of SS and 100 g of water). The mass balance analysis for the
whole process is given in Table S3. The yield of bio-oil is reduced by
varying degrees after HTP, and the minimum loss occurs at 190 �C.
Based on the mass balance and the heating values of the solid and
liquid products, the energy balance is performed with reference to
the research conducted by Peng et al. [45]. More details are pro-
vided in Text S1. As presented in Table 4, the highest energy re-
covery rate of 44.23% is obtained after HTP at 190 �C. However, the
total energy input is far greater than the energy output, as the
energy consumption of the machine will be relatively higher at the
laboratory scale. Fig. 7 illustrates the energy flow through the
process (capacity of 1 t/batch) with HTP at 190 �C. The energy
utilization efficiency is significantly improvedwith increasing scale.
In the current condition, the energy from the bio-oil combustion
reaches 42.67% of the total input energy, which could be recycled to
supplying heat for the process. Therefore, the energy consumption
could be lower in practical applicationwith increasing reactor scale,
thereby resulting in recycling of more energy output.
3.3. Formation pathway of bio-oil with low nitrogen and oxygen

Based on the aforementioned analysis with relevant references,
the potential removal routes of N and O through HTP are presented
in Fig. 8. During the HTP process, the majority of organic N is
transformed into the liquid phase in the form of NH4

þ and NO3
�. On

the other hand, ring condensation of amino-N leads to increased N-
heterocycles, which are easily transferred into the WSO [33]. These
are the two main pathways for reducing the N content in bio-oil. In
addition, partial hydrolysis of nitriles which occurs at 250 �C with
the formation of acids and ammonia also helps to reduce the N
content [39]. HTP facilitates the chain breaking of carbohydrates in
SS and then different types of oxygenates are released. These ox-
ygenates, particularly alcohols and acids, can generate long-chain
aliphatic hydrocarbons by dehydration and decarboxylation,
which is the main source of increased aliphatic hydrocarbons in the
bio-oil [40]. In addition, the aliphatic C of side chains is more easily
broken during pyrolysis after HTP [31], which is also responsible for
the increase in alkenes. Furans derived from SS can react with



Fig. 8. Formation pathway of bio-oil with low N and O contents.
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alkenes through the Diels-Alder reaction to form monocyclic aro-
matics [36]. The cyclization and aromatization of alkenes is another
important pathway for the formation of monocyclic aromatics.
Finally, clearly improved bio-oil with less O-containing and N-
containing compounds and more hydrocarbons is obtained.

4. Conclusions

Liquid fuel is expected to be produced from SS through a com-
bined HTP and pyrolysis process. This study preliminarily in-
vestigates the effects of the HTP temperature on the chemical
properties of bio-oil. The comprehensive characteristics of the
hydrochars and bio-oil are determined. Furthermore, energy con-
sumption and recovery of the whole process are calculated to es-
timate the feasibility of bio-oil production. The main conclusions
are as follows:

(1) HTP significantly influences the chemical composition of bio-
oil. The HTP process promotes deoxygenation and denitrifi-
cation. The contents of O-containing and N-containing
compounds in bio-oil produced from hydrochars are
reduced, while the contents of aliphatic hydrocarbons and
aromatics are significantly enhanced. The highest removal
efficiency (17.93%) of total N-containing compounds in bio-
oil is observed in Sample 250e550.

(2) The pathway of organic conversion is influenced by HTP.
Lactams-N and heterocyclic-N compounds from the cracking
of protein are transferred into WSO during HTP. HTP
enhances the decarboxylation reaction of fatty acids, thereby
leading to an increase in aliphatic hydrocarbons.

(3) The HHV of hydrochar-derived bio-oil is higher than that of
SS, however, it is barely affected by the variation in HTP
temperature, and remains stable at 36.353e37.007 MJ/kg.
The H/C and O/C ratios show that the characteristics of bio-
oil from SS are similar to those of biodiesel. According to
the energy balance, the highest energy recovery rate of
44.23% is obtained after HTP at 190 �C. Taking into account
the bio-oil quality and energy saving, the optimal HTP tem-
perature for bio-oil production is 190 �C.
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