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Abstract: This study used the subcritical hydrothermal liquefaction technique (SHLT) in the co-
liquefaction of process rejects at a wastepaper-based paper mill (PRWPM) and waste soybean oil
(WSO) for the production of biofuels and bio-char material. PRWPM emits complicated waste
composed of cellulose, hemicellulose, lignin, and plastic from sealing film. The waste is produced
from the recycled paper process of a mill plant located in central Taiwan. The source of WSO is the
rejected organic waste from a cooking oil factory located in north Taiwan. PRWPM and WSO are
suitable for use as fuels, but due to their high oxygen content, their use as commercial liquid fuels
is not frequent, thus making deoxygenation and hydrogenation necessary. The temperature and
pressure of SHLT were set at 523–643 K and 40–250 bar, respectively. The experimental conditions
included solvent ratios of oil–water, temperature, reaction time, and ratios of solvent to PRWPM.
The analysis results contained approximated components, heating values, elements, surface features,
simulated distillations, product compositions, and recovery yields. The HHV of the product occurred
at an oil–water ratio of 75:25, with a value of 38.04 MJ kg−1. At an oil–water ratio of 25:75, the liquid
oil-phase product of SHTL has the highest heating value 42.02 MJ kg−1. Higher WSO content implies
a lower heating value of the oil-phase product. The simulated distillation result of the oil-phase
product with higher content of alcohol and alkanes obtained at the oil–water ratio of 25:75 is better
than the other ratios. Here, the carbon number of the oil product is between C8–C36. The product
conversion rate rises with an increase of the WSO ratio. It is proved that blending soybean oil
with water can significantly enhance the quality of liquefied oil and the conversion rate of PRWPM.
Therefore, the solid and liquid biomass wastes co-liquefaction to produce gas and liquid biofuels
under SHLT are quite feasible.

Keywords: hydrothermal; liquefaction; process wastepaper-based paper mill; waste soybean oil;
bio-fuel

1. Introduction

Paper rejected from recycled paper mills is a derivative waste generated from the
paper industry’s recyclables and has high moisture content. In this era of rapid information
exchange, the paper industry has flourished, and demand for cutting trees to make pulp
has gradually increased. With rising awareness of environmental protection in society,
the paper industry is recycling a large amount of waste paper to produce recycled paper,
which has led to another kind of waste. Therefore, the paper rejected from the paper
manufacturing process is also produced in large quantities. The paper-recycling process of
paper mills generates reject waste equivalent to 5% to 25% of its raw material, depending
on the recovered fiber quality and process used in the mill. The components of reject waste
are largely comprised of 51% fiber and 49% plastic [1].

Liquefaction is a thermal chemical and physical process that converts biomass and or
bio-waste into liquids, gases, and hydro-chars, with liquid products as the primary target.
Among the processes producing liquid biofuel, the methods of hydrothermal liquefaction
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(HTL) [2], hydrothermal carbonization (HTC) [3], and high-pressure steam for autoclaving
(HPSA) [4] have been applied by many researchers due to the simplicity of the process.
The derivative fuels and cokes produced by HTL and HTC have high heating value and
convenient storage and transportation and can be used as an auxiliary fuel for boilers or
directly used in generators [5].

HTL and HTC are utilization methods of thermal cracking technology. The purpose is
to convert organic waste into liquid and coke, and the reaction temperature and reaction
time are lower than those of general thermal cracking. Generally, the thermal pyrolysis
temperature is above 400–800 ◦C in an oxygen-free environment, while HTL and HTC
require only a sealing condition above 230 ◦C [6]. Cheng et al. [7] used machine learning
models (i.e., random forest) to fit the existing laboratory data and then use it to predict the
yields and characteristics of biochar produced from slow pyrolysis of different feedstocks,
including crop residues and woody wastes. The results indicate that random forest models
offer good prediction accuracy for laboratory-scale (R2 = 0.78–0.87) and pilot-scale pyrolysis
data (R2 = 0.45−0.65). Water is an environmentally and friendly solvent, and HTL and HTC
have great advantages, including the ability to work with wet-based wastes and remove
oxygen from liquid fuel [8]. Water has different definitions under different temperature and
pressure conditions. It is called subcritical water at the range of 180–374 ◦C and pressure of
2–22 MPa and is called supercritical water above 374 ◦C and pressure of 22.1 MPa. Under
subcritical conditions, the dielectric constant is reduced from 78 to 14, which produces
hydrophobic properties that increase the solubility of free fatty acids in water [9]. The
physicochemical properties of subcritical and supercritical waters are different from those
in general environments. The main difference is that they have high dissociation properties,
which make subcritical water and supercritical exhibit a highly reactive reaction medium
for direct liquefaction of biomass [10].

The role is like a catalyst [11,12]. Although the addition of a metal catalyst can im-
prove hydrothermal cracking [13] or polymerization [14], the removal of the solid catalyst
afterwards still requires a separation [15] or fractionation process [16]. Cheng et al. [17]
also used machine learning models to develop and predict product yields and character-
istics from HTT of various feedstocks. Results showed random forest models had better
prediction accuracy than regression tree and multiple linear regression to model HTT
of feedstocks and predicted the mass yields of multiple products. Compared with the
conventional carbon capture and sequestration (BECCS) system, hydrothermal treatment
(HTT) with carbon capture and storage (CCS) (HTT–CCS) generally exhibited higher EROI
but higher net GWP, depending on processing conditions and the feedstock types.

The HTL of biomass, in general, uses water or waste cooking oil (taking waste soybean
oil (WSO) as target) as a solvent. That reason is that the raw material usually contains a lot of
water and it can be used as a solvent, therefore HTL does not require drying pre-treatment.
The general pyrolysis process uses dry-based materials, which requires an additional drying
process [18]. Therefore, hydrothermal cracking, as an alternative to general pyrolysis,
directly converts wet-based raw materials into biofuels at high temperatures (200–350 ◦C)
and high pressure (40–200 MPa) in the presence of water [19]. Regarding co-processing
effects, Li et al. [20] investigated the co-liquefaction of municipal sewage sludge (MSS)
and lignocellulosic biomass such as rice straw or wood sawdust at different mixing ratios.
Synergistic effects were found during co-processing of MSS with biomass for production of
bio-oil with higher yield and better fuel properties than those from individual feedstock [20].
Zhang et al. [21] investigated the co-liquefaction of secondary pulp/paper-mill sludge
(solids concentration: 1.6 wt.%) and waste newspaper with a total solid concentration
of 11.3 wt.% with and without the addition of catalysts in a 75 mL Parr High-Pressure
reactor at temperatures of 250–380 ◦C for 20 min. They also found that synergistic effects
between secondary pulp/paper-mill sludge and waste newspaper were observed in the
co-liquefaction operations [21]. For example, the heavy oil yield attained was 26.9 wt.% at
300 ◦C in the co-liquefaction of the mixture of 33 wt.% sludge and 67 wt.% waste newspaper,
and was noted to be 9 wt.% and 6 wt.% higher than the yields obtained from liquefaction of
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sludge and waste newspaper alone, respectively. Therefore, this study shall use subcritical
hydrothermal liquefaction (SHTL) to carry out the potential of fuels and cokes from the
process rejects of a waste paper-based paper mill (PRWPM) and WSO. The purpose of this
study is also to assist in the recovery of waste cooking oil (WCO) and PRWPM to new
products of fuels and materials using co-liquefaction process.

2. Experiment Section
2.1. Materials

PRWPM involve complex waste consisting of cellulose, hemicellulose, lignin, and
plastic for sealing membranes. This study took such PRWPM from a paper mill in central
Taiwan. The waste soybean oil (WSO) of this study is sourced from organic waste produced
by an edible oil plant located in northern Taiwan. After pre-drying treatment of PRWPM, it
becomes the experimental sample. Under the control of different solvent mixing ratios of
PRWPM to WSO, the effects of temperature and pressure are thus subsequently explored.

Solid, liquid, and gas samples were collected for analysis of characteristics. Liquid
products were compared with commercial oil products to explore the potential for future
reuse and development. Table 1 lists the characteristics for analysis of PRWPM and shows
their approximate results. We see that PRWPM contains a large amount of moisture, and so
pre-drying treatment is required before the experiment. The volatile, fixed carbon, and ash
contents in the dry-based material are 90.32, 1.27, and 8.4 wt.%, respectively. Table 1 also
presents the results of heating value analysis. The high heating value (HHV) of the dry
basis is about 30.52 MJ kg−1, denoting that PRWPM is suitable for fuel after dehydration.
Table 1 also shows the results of elemental analysis. The contents of N, C, H, S, and O are
0.26, 55.97, 8.45, 0.13, and 35.19 wt.%, respectively. As it can be seen from the table, the
oxygen content of PRWPM is large. Therefore, in order to reduce the oxygen content of
the fuel during the experiment, a deoxidation process must be performed to avoid a large
amount of oxygen in the product and any reduction of quality in the final fuel.

2.2. Experimental Equipment

The equipment used in this study is a high-temperature and pressure autoclave
(HTPA) (Figure 1). This equipment has the characteristics of high temperature and pressure
resistance and also includes the function of controlling temperature and speed. The volume
of the equipment tank is 1 L, and the upper limit temperature and pressure are 500 ◦C and
3.52 × 106 kg m−2, respectively. Mathanker et al. [10] used the similar reactor of Figure 1
for the HTL of corn stover, obtained from north Alberta farms, at different temperatures of
250, 300, 350, and 375 ◦C, initial pressures (Pi) of 2.11 × 105 and 4.22 × 105 kg m−2 and
retention time (tr) of 0, 15, 30, and 60 min. However, the limit temperature and pressure of
this study are higher than the reference.

2.3. Subcritical Hydrothermal Liquefaction (SHTL) Experiment

This experiment is a batch experiment, where the sample feeding quantity of PRWPM
is about 40 g in HTPA. The experimental steps are as follows. (1) The slag-draining dry
sample of PRWPM was prepared after removing impurities through the pre-screening
process and placed in HTPA (Figure 1). (2) Distilled water was a solvent, and 400 mL was
placed in HTPA. The ratio of solvent to sample is about 10:1. (3) The N2 gas was passed
to keep the reactor in a pure N2 environment and tested for leakage. (4) The heating and
stirring device was turned on, the target temperature was set to 573, 613, and 643 K at the
subcritical hydrothermal conditions, and the spin speed was adjusted to 300 rpm. (5) After
reaching the target temperature, the heating power was reduced and the temperature was
kept constant for 0.5, 1, 2, and 4 h. (6) A water-cooled cooling system was used to cool
HTPA to 333 K. (6) An air-cooled cooling system was used for the temperature of 298K, the
exhaust gas was released, and then the solid and liquid samples were taken and analyzed.
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Table 1. Some properties of process reject of a wastepaper-based paper mill (PRWPM) and waste
soybean oil (WSO) used in this study.

Item PRWPM WSO

Proximate analysis (%)

Moisture 51.06
(0.74) a -

Combustible 45.04
(1.40) -

Ash 4.19
(1.0) -

Fixed Carbon 0.64
(0.02) -

Heating value analysis (MJ kg−1)

High heating value of wet basis 30.52
(0.35)

40.03
(0.17)

Low heating value of wet basis 14.94
(0.17) 37.01 [21]

Ultimate analysis (dry basis, weight %)

C 55.97
(0.20)

78.69
(0.08)

77.56 [22]

H 8.45
(0.01)

11.65
(0.04)

13.22 [22]

N 0.26
(0.03)

0.13
(0.01)

0.025 [22]

S 0.13
(0.01)

0.02
(0.001)

<0.0001 [22]

O b 35.19 9.2 [15]
a: The number in parentheses is the standard deviation. b. The number is balanced from 100%.
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2.4. Subcritical Hydrothermal Liquefaction (SHTL) Experiment with WSO

This experiment is similar to the SHTL experiment, and the ratio of the mixed solvent
WSO to sample material PRWPM is about 10 mL:1 g. Previous studies have obtained an
optimized experimental operating temperature of 573 K and reaction time of 2 h. The
mixed solvent was processed with oil–water ratios of 0:100, 25:75, 50:50, 75:25, and 100:0
and with a total liquid of 400 mL.

2.5. Product Analysis

The products can be divided into solid, liquid, and gas-phase ones produced after
the SHTL experiment. The solid-phase products were analyzed by a scanning electron
microscope (SEM) and Fourier-transform infrared spectroscopy (FTIR). Property analyses
included approximate, elemental, and heating value analyses. Liquid-phase products were
analyzed by gas chromatography mass spectrometry (GC/MS), and property analyses
included heating value analysis and pH value. The gas-phase products were analyzed for
the contents of N2, H2, CO, CO2, and CH4 by a gas chromatography thermal conductivity
detector (GC/TCD).

3. Results and Discussion
3.1. Characteristic Analysis of the Solid-Phase Products from SHTL with and without WSO

The experiment’s HHV of dry basis of PRWPM is 30.52 MJ kg−1. Table S1 shows the
HHV of the solid-phase residue produced after SHTL. Comparing the reaction temperatures
and times, the HHV of the solid-phase product reaches the highest at 573 K and 1 h, which
is 40.20 MJ kg−1. With the rise of temperature and holding times, the HHV of the product
gradually decreased to a minimum of 34.69 MJ kg−1 at 643 K for 4 h. It shows that
the prolonged holding time has a continuous effect on the cracking of the raw material,
resulting in a decrease in HHV.

Table 2 shows that the addition of WSO will increase HHV, and HHV will increase
with the increase of WSO. However, when 100% WSO is used, the heating value obviously
decreases, and therefore the water content has an absolute effect on the increase of the
heating value. It is speculated that when water is used as a solvent to a subcritical envi-
ronment, the solid product’s HHV improves, and the experimental conditions of 100%
WSO cannot reach the subcritical state and have no such effect. Therefore, in order to
obtain solid-phase products with a higher energy application value, it is necessary to
choose operating conditions with a small proportion of water as a subcritical solvent, and
solid-phase products with higher heating values can then be obtained. The HHV of the
product occurred at an oil–water ratio of 75:25, with a value of 38.04 MJ kg−1. This is much
higher than the calorific value of 29.73 MJ kg−1 of anthracite. Therefore, the floc/fiber of
solid-phase products can be used to manufacture the refused derived fuel (RDF) or solid
recovered fuel (SRF) via granulation with or without torrefaction [23,24].

Table S1 contains an approximate analysis of the solid-phase products. The volatile
content decreased with increasing temperature; otherwise, the ash and fixed carbon con-
tents increased with increasing temperature. The decrease of volatile content may arise, be-
cause the high-molecular products in the solid-phase products cracked into low-molecular
products. Conversely, the ratios of ash and fixed carbon rose with increasing temperature,
especially after the temperature of 613K, where the ash content increased significantly. The
maximum ash ratio was about 15.65 wt.% at 643 K, which is 1hr and 1.86 times larger than
that in the dry PRWPM.

Contrary to the effect in temperature, the overall volatile content of solid-phase
products increased sharply above 98 wt.% after the addition of WSO and rose slightly
with the increase in the ratio of WSO. Both fixed carbon and ash content decreased, and
their maximum values were 0.56 and 1.67 wt.% at oil to water ratios of 75:25 and 25:75,
respectively. Furthermore, the ash content of 8.4 wt.% decreased to 0.67–1.67 wt.% after the
addition of WSO. Therefore, the difference in ash content is obvious. It is speculated during
the reaction that WSO was partially converted into solid volatile matter after subcritical
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hydrothermal creaking, which could be mutually corroborated with the change of heating
value in Table 2. The reduction of ash and fixed carbon may be dissolved into the oil phase.

Table 2. Characteristic analysis of raw PRWPM and solid-phase products.

Sample Temp.
(K)

Time
(Hour)

Oil-Water
Ratio

(Oil: Water)
MJ/kg C H N S O a Volatile Fixed

Carbon Ash

Dry
PRWPM - - - 30.52

(0.35) b
55.97
(0.20)

8.45
(0.01)

0.26
(0.03)

0.13
(0.01) 35.19 90.32

(1.31)
1.27

(0.04)
8.4

(2.00)

Solid-
phase

products

573 2 0:100 36.98
(2.43)

80.68
(0.40)

11.71
(0.55)

0.38
(0.01)

0.08
(0.01) 7.15 92.42

(0.68)
0.44

(0.05)
7.14

(0.63)

573 2 25:75 37.14
(0.17)

82.67
(0.80)

12.98
(0.95)

0.13
(0.02)

0.06
(0.02) 4.16 98.13

(0.28)
0.20

(0.49)
1.67

(0.73)

573 2 50:50 37.23
(0.27)

81.17
(0.13)

13.50
(0.003)

0.09
(0.01)

0.03
(0.006) 5.21 98.65

(0.10)
0.39

(0.01)
0.96

(0.10)

573 2 75:25 38.04
(0.29)

79.64
(0.64)

13.14
(0.20)

0.11
(0.04)

0.01
(0.002) 7.10 98.77

(0.33)
0.56

(0.03)
0.67

(0.35)

573 2 100:0 33.85
(0.20)

65.00
(0.35)

6.79
(0.03)

0.13
(0.01)

0.05
(0.004) 28.03 98.94

(1.40)
0.34

(0.06)
0.72

(0.06)
a: The number is balanced from 100%. b: The number in parentheses is the standard deviation.

Elemental analysis results for solid products from SHTL with and without WSO are
shown in Tables S1 and 2. The C, N, and H ratios of solid products all increased when
compared to dry PRWPM, showing that the biomass is carbonized and concentrated. It is
worth noting that the O content decreased in all cases, and so the deoxidation effect was
obvious. The C content decreased with increasing temperature; otherwise, the O and S
contents increased with increasing temperature; however, the H content did not change
significantly. Temperature is the main factor for the component changes of PRWPM.

3.2. Elemental Analysis of Solid-Phase Products

The elemental analysis results of N, C, S, and H are shown in Table S1. Compared
with the PRWPM under each operating condition, the N, C, and H ratios of the residues all
increased, showing that the biomass is carbonized and concentrated after the SHTL process.
The highest N concentration in the residue occurs in 613 K, while the C content decreases
with increasing temperature, and the S content increases with increasing temperature, but
there is no obvious change rule for H content. However, the O content decreased in an
all-round way, and so the deoxidation effect was obvious.

The addition of WSO can increase the C and H ratios of solid phase products and
decrease the O and S ratios, indicating that adding WSO can enhance the effects of car-
bonization and hydrodeoxygenation. Especially in the presence of water, the effects of
carbonization, hydrogenation, and deoxidation significantly improved; otherwise, when
WSO is used as a solvent without water, the carbonization, hydrogenation, and deoxidation
effects are less obvious and the HHV decreases. While water is used as a solvent in SHTL,
the element extraction of S from the solid product is more positive. With the increase of
WSO content, the S element reached a minimum of 0.01 wt.% at an oil–water ratio of 75:25.
There is a nearly 13-times decrease, indicating that the presence of the oil phase transforms
the S element from the solid to the liquid phase.

3.3. SEM Image of Solid Phase Products

SEM analysis results are shown in Figures 2 and S1. In Figure 2a, we see that raw
PRWPM has an irregular layered structure, indicating that the raw material structure is
relatively fluffy. With water as the solvent and holding the temperature of 613 K for 0.5 h to 4
h (Figure S1a,d), the sample changed from cracking into small pieces and showed irregular
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overlapping sheets, and the edge was cracked and in smaller lumps. Therefore, if the
holding time is increased, then the phenomenon of secondary cracking and reorganization
will occur again. At the same time, as the temperature increases, the cracking reaction
becomes more obvious, as shown in Figures S1c,e and 2b. Display temperature is the
main factor of thermal cracking. The SEM image also shows at 573 K and 2 h reaction
temperature and time, respectively, that the optimal size of the cracked product can be
obtained (Figure 2b for oil–water ratio of 100:0), while at the highest temperature and
holding time (Figure S1f), the reaction trend after completeness, the pores disappeared,
and the small residues were broken. At a fixed 573 K and 2 h, different ratios of soybean
oil were blended. In Figure 2c for an oil–water ratio of 25:75, some products can be seen
undergoing the polymerization and cementation phenomena. In Figure 2d, the oil–water
ratio is 50:50, the polymerization and cementation phenomena are more obvious, there are
lamellar and partial layered structures, and there are also holes. Under the condition of
an oil–water ratio of 75:25, product polymerization and cementation also occur together
with cracking (Figure 2e). In Figure 2f, the oil–water ratio of 100:0 is all oil, except for
the obvious layered polymerization. There are more broken particles and holes, but there
are shrinkages, indicating that the product exhibits a common reaction phenomenon of
cracking and recombination.
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3.4. Characteristics of Liquid-Phase Product

In the SHTL program, the liquid-phase products include water-phase products and
oil-phase products. After fractional distillation, heating value analysis, elemental analysis,
qualitative composition analysis (GC/MS), simulated distillation, and pH analysis of oil-
phase product were then performed. When WSO is not added (WSO-water ratio = 0:100),
the liquid-phase products are subjected to simulated distillation, and the analysis results
are shown in Figure S2a,b. The carbon number distribution of the liquid-phase product is
between C8 and C28. Because the water content of the liquid-phase product is too high, it
cannot be used directly commercially and still needs fractionation or separation procedures.
It can be seen from the figure that there are many higher molecular products under the
conditions of 0.5, 1, and 4 h. Furthermore, if the carbon number is compared, then the
simulated distillation result is the optimum under the condition of 573 K and 2 h. One
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possible reason is that as the temperature rises, the recombination and polymerization
phenomena will be higher than under cracking. The extended temperature holding time
not increasing the quality of the product oil may be due to the incompleteness of cracking
when the time is shorter and because recombination and aggregation may occur, resulting
in lower quality when the time is longer. Therefore, this condition was used as the optimum
parameter for the subsequent blending experiment.

When WSO is not added, the liquid is analyzed by GC/MS, and the analysis results are
shown in Figure S3a,b. These figures show that the main components in each liquid-phase
product are phenols and alcohol compounds, while alkanes only appear at 573 K for 0.5 h.
The other obvious products are ketones and olefins. This illustrates that increasing the
temperature and holding time will not increase the content of alkanes, but that changing the
temperature and holding time will produce more by-products, because the oxygen content
in the liquid-phase product is still too high, and the phenol is the majority compound in
the liquid-phase product. Therefore, if a higher-quality liquid product is to be obtained
in the future, then a deoxygenation process is still needed to improve the quality of the
liquid product.

The liquid products can be divided into oil-phase and liquid-phase products. The pH
value of the liquid product is between 3.86 and 4.41, which is 4.14 at 573 K for 2 h. The pH
value of the product also rises as the temperature rises, indicating that higher temperatures
may cause liquefaction to incur carboxylation. It may also be due to the high temperature,
and the composition of the liquid product is reorganized. Therefore, the temperature is
also related to the pH value.

The results of the heating value analysis of the oil-phase product are shown in Table 3
and Figure S3. At an oil–water ratio of 25:75, the liquid oil-phase product of SHTL has
the highest heating value 42.02 MJ kg−1. Higher WSO content implies a lower heating
value of the oil-phase product. When the oil–water ratio is 100:0, the oil-phase product
has the lowest heating value of 38.56 MJ kg−1, which is lower than the raw material
WSO, indicating that the WSO content affects the heating value of the oil-phase product.
Therefore, the presence of water can help the solid sample into the liquid oil, and WSO
undergoes a liquid-phase co-cracking reaction, which changes its original characteristics.
Experiments with a lower blending ratio of WSO can obtain oil-phase products with higher
heating value.

3.5. Elemental Analysis of Oil-Phase Products

The elemental analysis results of the oil-phase product are shown in Table 3. Compared
with WSO, the content of C in the oil-phase product increases as the proportion of water
increases, the contents of O, N, and S increase, and the H content remains unchanged. It
shows that water has strong decarbonization and hydrodeoxygenation effects on PRWPM
and WSO, and at the same time, the oxygens in PRWPM and water are transferred into oil-
phase products [25]. The higher the water content is, the more obvious the effect is. Based
on the above descriptions, the experiment with more water will cause drastic changes in
the characteristics of WSO and can produce better quality oil-phase products, showing that
WSO participates in the cracking and liquefaction reactions. Therefore, the blending of
high-content water with low WSO can obtain oil-phase products with large element quality
variation and high heating value.
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Table 3. Characteristics of oil-phase products of PRWPM using SHTL at different oil–water ratios in 573 K and 2 h.

Sample
Oil-Water

Ratio
(Oil: Water)

Oil -Phase
HHV

MJ kg−1

Oil-Phase
pH C O b H N S

Liquid-
Phase

pH

Raw WSO - 40.03
(0.17) a - 78.69

(0.08) 9.51 11.65
(0.04)

0.13
(0.01)

0.02
(0.004) -

oil-phase
product

0:100 ND ND ND ND ND ND ND 4.14

25:75 42.02
(0.25) 4.85 63.04

(0.10) 25.57 11.1
(0.05)

0.21
(0.01)

0.08
(0.01) 4.09

50:50 40.99
(0.28) 4.8 72.37

(0.80) 15.88 11.51
(0.02)

0.19
(0.01)

0.05
(0.003) 4.24

75:25 40.74
(0.46) 5.0 73.8

(0.11) 14.40 11.56
(0.01)

0.19
(0.002)

0.05
(0.003) 4.48

100:0 38.56
(0.76) 4.8 78.21

(0.14) 10.04 11.58
(0.004)

0.15
(0.006)

0.02
(0.008) ND

a: The number in parentheses is the standard deviation. b. The number is balanced from 100%.

3.6. Composition Analysis of Oil-Phase Products

The oil-phase products were analyzed by GC/MS, and the results are in Figure 3.
According to its composition, it can be divided into ten categories: Alcohol, benzene,
alkenyl, ketone, phenol, acid, alkyl, digitoxin, ester, and other. The components with
the largest proportion are acid, digitoxin, and ester. It can be found from Figure 3 that
different oil–water ratios produce different oil-phase products. At an oil-to-water ratio
of 25:75, the higher ratios of esters, acids, alcohols, alkenyls, and alkanes can be obtained
in sequence, which proves that the quality of the oil-phase product is closer to that of
light olefin. Brown et al. converted marine microalga Nannochloropsis sp. into a crude
bio-oil product and a gaseous product via hydrothermal processing [26]. The constituents
of a crude bio-oil product include phenol and its alkylated derivatives [27], heterocyclic
N-containing compounds [28], long-chain fatty acids, alkanes and alkenes, and derivatives
of phytol and cholesterol [29,30]. Some compounds are the same as this study. At a ratio of
50:50, acids are the most dominant components. At 100:0, digitoxin is the most important
type. Therefore, 25:75 is selected as the optimum ratio condition. The similar results are
shown in literature [21], for example, the bio-oils produced from MSS/biomass mixtures
were mainly composed of esters and phenols with lower boiling points (degradation
temperatures) than those from individual feedstock (identified with higher heavy bio-oil
fractions). These synergistic effects probably resulted from the interactions between the
intermittent products of PRWPM and those of WSO during processing.

3.7. Simulated Distillation Analysis of Oil-Phase Products

The oil-phase products and commercial oils are analyzed for different boiling points
by GC, according to the Standard Test Method for Boiling Range Distribution of Petroleum
Fractions, as proposed by the ASTM D-2887 method. The simulated distillation results
are shown in Figure 4. From the comparison of the simulated distillation diagrams, it
can be seen that all the obtained oil products have a hydrothermal cracking phenomenon
compared with WSO, and their molecular weight is reduced. The simulated distillation
result of the oil-phase product with higher content of alcohol and alkanes obtained at the
oil–water ratio of 25:75 is better than the other ratios. Here, the carbon number of the oil
product is between C8–C36. The optimum product can be obtained under this condition;
however, the simulated distillation results of these oil products with these ratios are still
not up to the quality of commercial oil like diesel fuel, kerosene, Jet A-1, and gasoline.
Therefore, PRWPM is not only converted into oils, but also assists in cracking WSO into
fuel. Gollakota et al. indicated that HTL of biomass seems to be the promising route for the
engenderment of bio-oil equipollent to conventional crude oil. In this context, biomass-
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derived fuels seem to be the promising path [24]. Furthermore, this technology has the
potential to treat both solid and liquid wastes at the same time. Wu et al. [31] obtained
similar result for aqueous phase oil denoted as LO1 in his study. Furthermore, Davidson
et al. [32] studied treatment of aqueous phase using ZnxZryOz catalyst for production of
C3–C5 olefins, therefore it is necessary to further use catalysts to improve the quality of
oil products.
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3.8. pH Value of Oil-Phase and Liquid-Phase Products

The pH values of the oil-phase and liquid-phase products are shown in Table 3. It
can be seen in the oil-phase product that the pH value is between 4.8–5, the liquid-phase
product is between 4.09–4.48, and that both of them are slightly acidic, possibly because
they contain a large amount of carboxyl oxygen compounds. It can be known that the more
water is added, the lower is the pH of the liquid-phase product, indicating that higher
water content will assist in deoxidation, and that there seems to be a linear correlation with
the water content.
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3.9. Gas-Phase Product Analysis

Table 4 and Figure 5 show the results of gas-phase products after GC/TCD analysis.
First, in the CO2 part, as the content of added WSO increases, the total gas concentration
will continue to increase, reaching the highest peak at an oil–water ratio of 75:25, indicating
that the addition of WSO will result in CO2 and enhance deoxidation. However, the lowest
CO2 gas concentration is in the absence of water, which may be due to the lack of water
to assist in the deoxidation effect. In the H2 part, when the oil–water ratios are 0:100 and
25:75, the gas concentrations of H2 are 259,497 and 265,468 ppmv, respectively. However, in
the free nitrogen and steam environment, the H2 ratio in the oil–water ratio of 0:100 reaches
the highest percentage of 36.62, while in the WSO free environment or when the amount of
water is gradually reduced, the concentration of H2 gas decreases distinctly. The reason
could be due to the reduction of the dehydrogenation effect from water or the reduction of
self-dissociation dehydrogenation. As the concentrations of CO and CH4 increase, the gas
concentrations also increase as the proportion of WSO increases. The reason is the same as
the increase in CO2 concentration. Furthermore, the trends of CO and CO2 are completely
different when the oil–water ratio is 100:0, which shows in the absence of water that the
main deoxidation reaction contributes to the formation of CO. Gas product concentration
will increase as the content of WSO increases, reaching the highest gas yield at a blending
ratio of 75:25, with a value of 3253 mg.

Table 4. Concentration of gas-phase products of PRWPM using SHTL at different oil–water ratios in 573 K and 2 h.

Conc. (ppmv)

Sample Oil-Water Ratio
(Oil: Water) CO2 H2 CO CH4

Total Volume
Yield (L)

Gas-phase
product

0:100 417,918
(58.97) a

259,497
(36.62)

29,266
(4.13)

1981
(0.28) 2.1

25:75 469,868
(58.88)

265,468
(33.27)

57,179
(7.17)

5517
(0.69) 3

50:50 489,036
(64.48)

162,578
(21.44)

98,751
(13.02)

8020
(1.06) 2.7

75:25 518,159
(66.04)

141,219
(18.00)

117,362
(14.96)

7928
(1.01) 2.8

100:0 402,315
(72.27)

18,215
(3.27)

127,890
(22.97)

8260
(1.48) 1.3

a: Number in parentheses is the volume percentage between CO2, H2, CO and CH4 (free nitrogen and steam environment).

3.10. Yield and Conversion Rate

The conversion and total recovery rate of each product in the SHTL process are shown
in Table 5 and Figure S6. The conversion is 35–93 wt.%., and the value increases with an
increase of the WSO ratio. The lowest value of 35 wt.% is at an oil–water ratio of 25:75,
and the highest one is at a ratio of 100:0. This shows that the oily medium can help the
conversion of solid biomass, and the presence of water will slightly inhibit the phenomenon.
The oil-phase solvent can assist with the absorption of oil product, or the liquefied oil
can be dissolved into the solvent. Thus, WSO can enhance the cracking of solid biomass.
Therefore, it is proved that the cracking in the oil phase is more complete than that in the
water phase.
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Table 5. Product recovery yield and conversion rate of PRWPM using SHTL at different oil–water
ratios in 573 K and 2 h.

Oil-Water Ratio Solid Oil Liquid Gas Yield Conversion Rate

0:100 5.86 - 88.33 0.42 94.60 35.56

25:75 7.23 21.41 67.53 0.65 96.82 20.43

50:50 4.67 40.62 44.09 0.67 90.05 48.63

75:25 4.97 62.08 20.99 0.80 88.83 45.33

100:0 0.57 97.32 - 0.28 98.16 93.77

Table 5 also shows the recovery rate of all products, and the total recovery rates are
between 88–98 wt.%, proving that the SHTL system has high integrity and low loss of
products. The lowest recovery rate occurs at an oil–water ratio of 75:25, which may be due
to too much light oil and VOC gas escaping out of the reactor. It may be that the liquid
phase volatilizes and the gas phase escapes at the same time when the reaction tank is
opened. Therefore, the total recovery rate is below 100%. It is recommended to add a
condensation recovery system to increase the product recovery rate.

4. Conclusions

This study used PRWPM and WSO to produce biofuels using SHTL, and water was
employed as a solvent at different mixing ratios to improve the conversion rate and fuel
quality. The SHTL process uses a mobile high-temperature and high-pressure liquefaction
reactor to investigate the influence of various operating parameters on the quality of gas,
solid products, and liquid oil. Solid-phase product analysis shows that HHV increases as
WSO added increases. However, when WSO goes to 100%, HHV will decrease significantly,
and therefore the water steam has an obvious effect on the increase of HHV. Furthermore,
the addition of WSO will increase the volatile, C, and H contents of the solid-phase products
and will decrease the N and O contents, indicating that WSO can effectively enhance
cracking and deoxidizing effects. For HHV of a liquid product, the higher the blending
ratio is of WSO, the lower is the liquid product’s HHV. The conversion rate increases as the
WSO ratio increases, and the highest one occurs at an oil-to-water ratio of 100:0. Therefore,
it shows that an increase in WSO can make the reaction more complete. The overall recovery
rate is more than 90%, which proves that the oil–water mixing has a decisive influence on
the liquefied product. Under the blending optimum condition, the carbon distribution of
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the liquid product is between commercial diesel and biodiesel. Moreover, the concentration
of gas product increases as the content of WSO increases, indicating that this system has
co-reaction effects on liquefaction and gasification. Therefore, blending WSO and water to
create a sub-critical environment can improve oil quality and the conversion rate, showing
that this system has great potential for commercial operation. This study can provide all
product data for the co-liquefaction of PRWPM and WSO, especially addressing model
data for machine learning, and predict the possible products of co-liquefaction of various
biomass and bio-oil, which can reduce the cost and time for HLT research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14092442/s1, Figure S1. SEM photos of solid product, Figure S2. Simulated distillation anal-
ysis of liquid-phase products, Figure S3. High heating value of oil-phase products, Figure S4. GC/MS
analysis of liquid-phase products, Figure S5. Mass of gas products, Figure S6. Conversion rate.
Table S1. Characteristic analysis.
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