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Abstract: Hydrothermal co-liquefaction (co-HTL) is a process involving two sources of biomasses
aiming at bio-crude production. Since there is a lack of studies performed with sugarcane bagasse and
residual soybean oil, this study investigated different conditions for the co-HTL of these biomasses,
with and without the presence of ethanol as a co-solvent to maximize the bio-crude yield. All co-HTL
reactions were carried out in a 300 mL Parr® reactor at temperatures ranging from 200 to 300 ◦C. After
the reaction, a vacuum filtration was performed to separate the bio-char, later washed with ethanol to
extract heavy bio-crude, while the liquid-phase was mixed with dichloromethane to recover light
bio-crude. Bio-crude yields of around 95 wt.% were obtained at 300 ◦C using ethanol and water as
solvents. The highest bio-char yield (16.6 wt.%) was achieved when using only sugarcane bagasse as
the substrate, without the presence of soybean oil. Bio-crude samples obtained at higher temperatures
(280 ◦C and 300 ◦C) using ethanol as a hydrogen donor presented higher contents of both free fatty
acids and fatty acid ethyl esters. This work presents a promising process to produce high-quality
bio-crude using an abundant feedstock (sugarcane bagasse) in the presence of a lipid source which
could cause environmental problems if poorly handled.

Keywords: bio-crude; hydrothermal co-liquefaction; ethanol; residual soybean oil; sugarcane bagasse

1. Introduction

Biofuels and renewable energy sources have gained global attention due to the growing
need for clean energy and fuels that can replace fossil fuels shortly [1]. Sugarcane bagasse
stands out among the many possible options for new sources of energy, primarily in
tropical countries. Around 151 million tons of sugarcane bagasse are produced worldwide
annually [1] and part of this material is used to generate energy through its combustion in
boilers and other cogeneration systems. However, better alternatives such as bio-crude,
biofuels, synthetic oils, bio-char, and hydrogenated fuel production can be explored for a
more effective use of sugarcane bagasse [1,2]. Another widely generated material that does
not have a proper destination are residual cooking and frying vegetable oils, which have
the potential to be employed in various processes including biodiesel, green diesel, and
biokerosene production [3]. The annual estimate for residual soybean oil is 16.54 million
tons generated worldwide [4].

Thermal processes are a technically viable alternative for processing several biomass
types and their scalability has been demonstrated for different feedstocks [5–7]. Among
these processes, biomass hydrothermal liquefaction (HTL) is advantageous because it does
not require a pre-drying process, meaning that using biomass with high moisture content is
possible, and even preferable. Furthermore, HTL bio-crudes can be produced from biomass
at temperatures ranging from 250 to 400 ◦C in the presence or absence of co-solvents such
as methanol, ethanol, glycerol, or even a mixture of solvents [5,8,9]. Table 1 summarizes
studies that used different biomass types as feedstock and the bio-crude yields, reaction
parameters, and higher heating values (HHVs) of the products obtained.
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Table 1. Literature review of biomasses used for bio-crude production.

Reference Feedstock Temperature
(◦C)

Pressure
(MPa)

Bio-Crude Yield
(%)

Bio-Crude HHV
(MJ/Kg)

Pedersen et al. [5] Poplar 380–400 - 38.05–52.26 -

He et al. [6] Corn cob
Cattle manure

300–360
300–360

10–20
10–20

22.2
19.3

32.6
35.5

Zhang et al. [9] Rice straw 250–350 - 88.77 39.07

Vardon et al. [10]
Spirulina sp. 300 10–12 32.6 33.2

Swine manure 300 10–12 30.2 34.7
Sludge 300 10–12 9.4 32

Cheng et al. [11] Nannochloropsis
salina (CCMP1776) 310–350 - 18.1–27.5 27

Lavanya et al. [12]

Galdieria
sulphuraria 310–350 - 40–54.30 20.5

Arthrospira platensis 250–350 18 30 38.65
Tetraselmis sp. 250–350 18 29 35.58

López Barreiro et al. [13] Almeriansis sp. - - 42.6 -
Gaditana sp. - - 50.8 -

Yan et al. [14] Ulva prolifera
macroalgae 270, 290 and 310 4.3–7.0 26.7 -

Caporgno et al. [15] Nannochloropsis
oceana 240–300 3.2–8.9 54.2 37.7

Kaur et al. [16] Castor beans 260, 280, and 300 - 15.8 14.43

Valdez et al. [17] Nannochloropsis sp. 250–400 - 46 -

Anastasakis et al. [18]

L. digitata 350 - 17.6 32
L. hyperbore 350 - 9.8 33
L. saccharina 350 - 13 33.9
A. esculenta 350 - 17.8 33.8

Anastasakis et al. [19]
Miscanthus sp. 50–350 - 26 17.1
Spirulina sp. 50–350 - 33 23.3

Ma et al. [20] Ulva prolifera
macroalgae 260–300 4.3–7.0 32.2–34.8

Zhang et al. [21] Spirulina platensis 400 40 22 17.26

Han et al. [22] Tetraselmis sp. 280–350 5–21 26–31 15.33

Tekin [23] Olive seeds 240–340 3.2–15 46.8 15.72

Vlaskin et al. [24] Arthrospira platensis 300 8.6 39.65–44.07 -

Hu et al. [25] Rice husk 400 40 35.18 30.41–33.65

Posmanik et al. [26] Food waste 200–350 5–20 67 38

Baloch et al. [27] Sugarcane bagasse 280 - 62.3 24.7

Zhang et al. [9] evaluated the effect of adding a lipid source such as a residual oil in
HTL reactions using rice straw. Since two sources of biomasses were involved, the process
was called hydrothermal co-liquefaction (co-HTL). While bio-crude yields of up to 50%
have been achieved through HTL of biomass, adding a lipid agent has enhanced bio-crude
yields by up to 80% [6,28,29]. Since there is a lack of studies regarding the use of co-HTL
using a mixture of sugarcane bagasse and residual cooking soybean oil, the main objective
of this work was to investigate such a reaction, in the presence and absence of ethanol, at
different process temperatures.
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2. Materials and Methods
2.1. Materials

Residual soybean oil (RSO) was obtained from local residences. The RSO was first
filtered using a domestic strainer to remove solid residues, followed by another filtration
using filter paper to remove smaller solid impurities. Sugarcane bagasse (SCB) was supplied
by Melhoramentos Norte do Paraná (Nova Londrina, Brazil). Deionized water and ethanol
(Neon, Suzano, Brazil, 99.5% purity) were used as the reaction medium. Dichloromethane
(DCM) (Neon, Suzano, Brazil, 99.5% purity) was used to recover the bio-crude after HTL. N2
(White Martins, Rio de Janeiro, Brazil, 99.9% purity) was used to create an inert atmosphere
in the reaction media. The analyses were performed using potassium bromide (KBr) (Vetec,
Duque de Caxias, Brazil, 99% purity), helium (He) (White Martins, Rio de Janeiro, Brazil,
99.999% purity), N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) (Sigma-Aldrich,
St. Louis, MO, USA, 98.5% purity), pyridine (Sigma-Aldrich, St. Louis, MO, USA, 99%
purity), and heptane (Sigma-Aldrich, St. Louis, MO, USA, 99% purity). All chemicals were
used as received without further purification.

2.2. Experimental Procedures

Co-liquefaction was carried out in a Parr® (Moline, IL, USA) reactor coupled to a
controller model 4848. The reactor consists of a 300 mL 316SS (stainless steel) vessel with
an electric heating mantle and a mechanical agitation system. Reactions were carried out
with SCB and SCB to RSO mass ratios of 1:3, 1:2, and 1:1 using a total biomass (RSO + SCB)
to solvent mass ratio of 1:9. The reaction solvents were pure water and a mixture of water
and ethanol (mass ratio of 1:1). Biomass and solvents were weighed on an analytical scale
before being fed into the reactor.

After the biomass and solvents were fed into the reactor, N2 gas was purged into the
reactor for 3 min and, after that, the heating was started to initiate the reaction process.
The reactor temperature setpoints (TSP) ranged from 250 to 300 ◦C. After reaching the
temperature setpoint, the reaction was sustained for different holding times (tSP), which
ranged from 10 to 120 min. Then, the system was cooled down to the ambient temperature,
and around 60 mL DCM was added to clean the reactor walls and obtain a mixture
containing bio-crude, solvents, and solids.

Vacuum filtration was performed using a Solab (Piracicaba, SP, Brazil) SL 60 vacuum
pump to separate the solids from the liquid mixture. The filtrate was taken to a separating
funnel to split the organic phase, in which light bio-crude is recovered, from the aqueous
phase. The solid residue that remained in the filter paper was washed with ethanol to
extract the heavy bio-crude phase from the solid phase. The “DCM + light bio-crude”
and “ethanol + heavy bio-crude” mixtures were taken to a rotary evaporator to separate
the bio-crudes from the solvents. The solid phase that remained on the filter paper was
recovered, oven-dried at 105 ◦C for 24 h, and weighed for mass yield calculations.

2.3. Bio-Crude and Bio-Char Yield Calculation

The bio-crude yield after HTL was calculated according to Equation (1),

Ybo(%) =

(
mbo

mscb + mrso

)
· 100 (1)

where Ybo(%) is the yield of bio-crude obtained, mbo is the total bio-crude mass (heavy +
light bio-crudes) obtained after rotary evaporation, mscb is the mass of sugarcane bagasse
added to the reactor, and mrso is the total mass of residual frying oil added to the reactor.

The bio-char yield was calculated according to Equation (2),

Ybc(%) =

(
mbc
mscb

)
· 100 (2)

where Ybc(%) is the bio-char yield and mbc is the bio-char mass after drying.
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2.4. Severity Index

The reactions performed in this study are non-isothermal because they involved
both a heating and a cooling ramp. To account for this non-isothermal behavior, the
integral of the curve “temperature vs. time” was calculated to determine a parameter
known as the severity index (SO). This value can be used as the kinetic (or pseudo-kinetic)
factor for thermochemical reactions where a biomass fractionation exists in non-isothermal
conditions [30–32]. In this study, SO was calculated by integrating Equation (3) through the
trapezoidal rule using the temperature profile measured during the reaction course,

SO = log
(∫ t

0
exp

[
T(t)− Tb

w

]
dt
)

(3)

where t is the reaction time in min; T(t) is the temperature in ◦C as a function of time; Tb is
a temperature reference value of 100 ◦C [33]; and w is a fixed parameter of 14.75, which
corresponds to the activating energy of hemicellulose hydrolysis [33].

2.5. Bio-Crude and Bio-Char Characterization

For the analysis of mass loss and decomposition of the bio-crude and bio-char, a
thermogravimetric analysis was performed using a PerkinElmer (Waltham, MA, USA)
TGA 4000® analyzer. N2 was applied as the carrier gas at temperatures ranging from 30 to
800 ◦C, with a heating rate of 10 ◦C/min. FTIR analyses were performed to identify the
main bio-crude and bio-char functional groups using a Bruker (Billerica, MA, USA) Alpha
II analyzer, with potassium bromide (KBr) disks as the crystalline surface, ranging from
4000 cm−1 to 400 cm−1. The higher heating value (HHV) was determined using a LECO
(St. Joseph, MI, USA) AC500 calorimeter according to a standard test method [34].

2.6. GC-FID Analysis

Free fatty acids, ethyl esters, and triacylglycerols present in the bio-crude were quan-
tified by gas chromatography in a Shimadzu (Kyoto, Japan) GC-2010 equipped with an
autosampler and a flame ionizing detector (FID). Analyses were performed in split mode
(1:20) using a Select Biodiesel column (Agilent, Santa Clara, CA, USA, 15 m × 0.32 mm,
0.10 µm) and helium as the carrier gas. The injector and detector temperatures were 380 ◦C
and 400 ◦C, respectively. The oven temperature program started at 50 ◦C and reached
180 ◦C at 15 ◦C/min, then continued to 230 ◦C at 7 ◦C/min, and finally, to 380 ◦C at
10 ◦C/min, where it stayed for 6 min.

Initially, about 50 mg of bio-crude was dissolved in 100 µL of pyridine and 50 µL of the
derivatizing agent N-methyl-N-(trimethylsilyl)trifluoroacetamide) was added. The mixture
was vigorously shaken and maintained at 40 ◦C for 20 min. Subsequently, the derivatized
sample was diluted in heptane to a final concentration of approximately 1 mg/mL and sent
for GC-FID analysis. Quantifications were carried out by external calibration using linoleic
acid, ethyl linoleate, and soybean oil as reference standards for the determination of total
free fatty acids, ethyl esters, and triacylglycerols, respectively.

2.7. Phase Envelope of the Mixture (Water + Ethanol)

To have a better understanding of the solvent mixture dynamics during the non-
isothermal process of batch co-HTL reactions, a phase envelope of the mixture (water
+ ethanol) was built. To do so, the Peng–Robinson equation of state was used with the
quadratic mixture rule, in which the binary interaction parameters between water and
ethanol were obtained from the literature [35].

Saturation lines were calculated following the algorithms proposed by Michelsen and
Mollerup [36] and implemented as described by Tavares et al. [37]. Critical lines for the
mixture (water + ethanol) were calculated following the algorithm proposed by Michelsen
and Mollerup [36].
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3. Results and Discussion
3.1. Bio-Crude and Bio-Char Yields

Table 2 presents both bio-crude and bio-char yields as a function of different reaction
conditions and solvent systems. The heating and cooling profiles that were used to de-
termine SO for each reaction condition are shown in the Supplementary Materials. The
contents (as weight percentages) of fatty acid ethyl esters (FAEE), free fatty acids (FFA),
and triacylglycerols (TAG) in the bio-crude were determined by GC-FID and are also given
in Table 2.

Table 2. Results obtained at different co-HTL reaction conditions, with the (RSO + SCB) to solvents
mass ratio fixed at 1:9.

Reaction
ID

SCB:RSO
Ratio

W:EtOH
Ratio

TSP
(◦C)

tSP
(min) SO

Ybo
(%)

FAEE
(wt.%)

FFA
(wt.%)

TAG
(wt.%)

Ybc
(%)

1 1:3 1:0 275 10 6.55 ± 0.19 72.6 ± 1.6 NC 64.18 NC 0.4
2 1:3 1:0 250 10 5.86 ± 0.09 76.1 ± 0.6 NC 13.33 52.33 3.0 ± 1.1
3 1:3 1:0 300 10 7.59 ±0.06 66.6 ± 1.5 NC 60.72 NC 0.4 ± 0.2
4 1:3 1:1 250 10 5.94 ± 0.11 81.1 ± 4.5 NC 7.34 60.58 2.5 ± 2.1
5 1:3 1:1 275 10 6.61 ± 0.23 84.5 ± 3.5 10.60 31.65 14.53 2.8 ± 1.5
6 1:2 1:0 250 10 5.69 ± 0.23 76.0 ± 0.0 NC 9.21 55.24 4.3 ± 1.0
7 1:2 1:0 275 10 6.54 ± 0.04 71.0 ± 4.8 2.74 37.68 NC 0.9 ± 0.1
8 1:1 1:0 275 10 6.48 ± 0.01 58.1 ± 2.7 2.17 39.03 NC 2.6 ± 0.8
9 1:2 1:1 275 10 6.67 ± 0.17 73.9 ± 5.4 5.63 21.93 21.63 3.5 ± 2.5

10 1:1 1:1 275 10 6.78 ± 0.03 66.6 ± 2.1 13.57 36.51 NC 2.6 ± 1.8
11 1:0 1:0 275 10 6.50 ± 0.02 21.3 ± 0.3 NA NA NA 16.6 ± 3.2
12 1:0 1:1 275 10 6.60 ± 0.13 30.5 ± 6.0 NA NA NA 11.6 ± 3.5
13 1:2 1:0 300 10 7.33 ± 0.01 70.7 ± 7.2 NC 54.82 NC 0.4 ± 0.2
14 1:3 1:1 280 10 7.24 ± 0.20 91.5 ± 1.0 39.83 32.35 NC 0.4 ± 0.1
15 1:3 1:1 300 50 7.75 95.1 35.36 34.95 NC 0.0
16 1:3 1:1 250 60 6.28 88.8 7.75 4.85 NC 3.2
17 1:3 1:1 275 60 7.11 95.0 27.02 15.74 NC 0.4
18 1:1 1:1 290 120 7.87 80.2 38.82 30.69 NC 0.9
19 1:2 1:1 300 120 8.08 89.0 43.98 34.26 NC 0.0
20 1:3 1:1 200 10 2 0.0 NC NC 55.52 0.0

SCB:RSO = SCB to RSO mass ratio; W:EtOH = water to ethanol mass ratio; TSP (◦C) = setpoint temperature for the
reaction; tSP (min) = holding time at the setpoint temperature; Ybo (%) = bio-crude yield; Ybc (%) = bio-char yield;
FAEE = fatty acid ethyl esters; FFA = free fatty acids; and TAG = triacylglycerols. NA = samples not analyzed by
GC-FID; NC = not detected.

Table 2 demonstrates that variables such as temperature, SCB to RSO mass ratio, and
reaction time have a direct influence on bio-crude yields, and this will be discussed in detail
in the upcoming sections. The highest bio-char yields were obtained when RSO was absent
in the reaction mixture, indicating that bio-char production is connected to the amount of
sugarcane bagasse proportionally available for thermal conversion. A 16.6% bio-char was
obtained in reaction 11, when only water was used as the solvent, whereas in reaction 12,
the replacement of water by the water and ethanol mixture decreased the bio-char yield
to 11.6%.

3.2. Effect of SCB to RSO Mass Ratio

Reactions were performed in the presence of water or a water and ethanol mixture
at a mass ratio of 1:1. Figure 1 presents the effect of SCB to RSO mass ratio on bio-crude
yields at the same setpoint temperature (275 ◦C), holding time at setpoint temperature
(10 min), and solvents to biomass mass ratio (9:1). Regardless of the solvent used, higher
RSO additions led to higher bio-crude yields. By contrast, reactions performed without
RSO (reactions 11 and 12) resulted in two out of the three lowest bio-crude yields (21.3%
and 30.5%, respectively). When the same conditions were applied to reactions with SCB
to RSO mass ratio of 1:1 (reactions 8 and 10), bio-crude yields increased to 58.1% and
66.6%, respectively. Forero et al. [2] performed HTL reactions using SCB in the presence of
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different solvents without RSO addition. The maximum bio-crude yield was 66.1%, which
confirms the positive impact of RSO on reaction performance.
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Figure 1. Effect of SCB to RSO mass ratio on bio-crude yield. Reaction conditions kept constant
were as follows: set point temperature of 275 ◦C, holding time of 10 min, and solvent (W + EtOH)
to biomass (SCB + RSO) mass ratio of 9:1. SCB = sugarcane bagasse; RSO = residual soybean oil;
W = water; EtOH = ethanol; W:EtOH = water to ethanol mass ratio.

When pure water is used as a solvent, hydrolysis of triacylglycerols takes place
forming free fatty acids plus diacylglycerols and monoacylglycerols. However, when the
solvent is a water and ethanol mixture, other reactions occur along with hydrolysis, such as
transesterification of triacylglycerols and esterification of free fatty acids, producing fatty
acid ethyl esters, diacylglycerols, monoacylglycerols, and glycerol. Since acylglycerols, free
fatty acids, and fatty acid ethyl esters have low polarity, they remain in the organic phase,
enhancing the bio-crude yield.

The highest yield of 84.5% was obtained for an SCB to RSO mass ratio of 1:3 using
ethanol and water as solvents (reaction 5), indicating that this is the most suitable solvent
for the co-HTL system. When pure water was used as the solvent, the highest yield (72.6%,
reaction 1) was also obtained for a SCB to RSO mass ratio of 1:3. Analyses of the bio-crude
compositions by GC-FID (see Table 2) revealed that the FFA content was much higher for
reactions performed with pure water, while the FAEE content was higher when the mixture
(water + ethanol) was used.

The presence of ethanol during co-HTCL reactions may also prevent the occurrence
of undesired reactions, such as polymerization, and contributes to a lower viscosity and
higher quality of the bio-crude, minimizing degradation, viscosity, instability through time,
and coke formation [38].

3.3. Effect of Temperature on Bio-Crude Yield

The effect of temperature on bio-crude yields can be observed in Figure 2 for reactions
performed with SCB to RSO mass ratios of 1:2 and 1:3 and water to ethanol mass ratios of
1:0 (Figure 2a) and 1:1 (Figure 2b). Other reaction conditions involved a holding time of
10 min and a solvents to biomasses mass ratio of 9:1.

The reactions using pure water (Figure 2a) showed a decrease in bio-crude yields as the
temperature increased for both SCB to RSO mass ratios (1:2 and 1:3). Therefore, the highest
yields of 76.1% (reaction 2) and 76.0% (reaction 6) were obtained at 250 ◦C for SCB:RSO
ratios of 1:3 and 1:2, respectively. For reactions using pure water at higher temperatures,
some compounds present in the SCB might have dissolved and were not recovered in the
organic phase (DCM-rich phase), justifying the observed decrease in bio-crude yields [39].
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Figure 2. Effect of temperature on the bio-crude yield for (a) W:EtOH = 1:0 and (b) W:EtOH = 1:1.
Reaction conditions kept constant were as follows: holding time of 10 min and solvent (W + EtOH)
to biomass (SCB + RSO) mass ratio of 9:1. SCB = sugarcane bagasse; RSO = residual soybean oil;
W = water; EtOH = ethanol; W:EtOH = water to ethanol mass ratio.

Figure 2b shows that, for reactions carried out using the solvent mixture (water +
ethanol), higher bio-crude yields were obtained at higher temperatures (e.g., 91.5% at
280 ◦C in reaction 14). For all temperatures studied, the bio-crude yield was higher when
the solvent used was the mixture of ethanol and water, indicating once again that the use
of such a mixture may be more interesting for co-HTL reactions rather than pure water.

It is worth mentioning that both bio-crude and bio-char yields after reaction 20 were
zero because the resulting solids resembled untreated SCB. This also indicates that the reac-
tion temperature was too low for HTL which, according to our data, required a minimum
setpoint temperature of 250 ◦C.

3.4. Effect of Severity Index in Bio-Crude Yield

The combined effect of temperature and reaction time on bio-crude yield was also
studied through the severity index. Reactions with different holding times at the same
temperature were performed to study the effect of reaction time on bio-crude yield. The
severity indices were obtained from the heating and cooling profiles presented in the
Supplementary Materials, using the methodology described in Section 2.4. Figure 3a,b
shows severity indices that were calculated for reactions using water and the water and
ethanol mixture as solvents, respectively.

Figure 3a shows that high severity indices led to low bio-crude yields, meaning that
they are inversely proportional. By contrast, when the water and ethanol mixture was used
as the solvent (Figure 3b), this trend was reversed, with severity indices and bio-crude
yields becoming directly proportional.

Some reactions (reactions 2, 4, 6, and 20) resulted in a bio-crude with higher TAG
concentrations (above 50 wt.%) and few to no FAEE because their severity indices were
relatively low (below 5.94), indicating that the reaction process was inefficient. Reactions 2
and 6 were performed at 250 ◦C using pure water as the solvent, while reactions 4 and 20
were carried out at 200 ◦C and 250 ◦C, respectively, using the water and ethanol mixture as
the solvent.

Other reactions (reactions 14, 15, 17, and 19), performed with the water and ethanol
mixture as the solvent, presented higher FAEE contents (above 27 wt.%) at temperatures
above 275 ◦C. These samples were generated at the highest severity indices (above 7.11),
indicating that if the combination of setpoint temperature and time at the setpoint tem-
perature is appropriate, high bio-crude yields and high FAEE contents in bio-crude can
be achieved.
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Figure 3. Bio-crude yield as a function of severity index in co-HTL reactions using (a) water as solvent
and (b) water and ethanol (mass ratio of 1:1). Solvent (W + EtOH) to biomass (SCB + RSO) mass
ratio was kept constant at 9:1 for all reactions. SCB = sugarcane bagasse; RSO = residual soybean oil;
W = water; EtOH = ethanol.

To summarize the severity index analysis, Figure 4 presents the bio-crude yields that
were obtained at the highest severity indices (reactions 15, 18, and 19) used in this study.
These reactions were performed using the water and ethanol mixture as the solvent and a
solvent to biomass (SCB + RSO) mass ratio of 9:1. Among these three reaction conditions, it
was not possible to infer a monotonic behavior: the highest bio-crude yield was obtained
for the lowest severity index, but the highest severity index did not result in the lowest
bio-crude yield. The fact that these reactions were not performed at the same temperature
should not be an issue because the severity index adjusts the variables temperature and
reaction time. On the other hand, it was evident that the SCB to RSO mass ratio has an
impact on bio-crude yield and must be considered.

Processes 2024, 12, x FOR PEER REVIEW 9 of 16 
 

 

 

Figure 4. Bio-crude yield as a function of severity index in co-HTL reactions using a mixture (ethanol 

+ water) as solvent and solvent (W + EtOH) to biomass (SCB + RSO) mass ratio of 9:1. SCB = sugar-

cane bagasse; RSO = residual soybean oil; W = water; EtOH = ethanol. Note: x-axis is not in scale. 

3.5. TGA Analysis of Bio-Crude and Bio-Char 

Figure 5a,b shows the TGA profiles for bio-crude samples produced with pure water 

and with the water and ethanol mixture, respectively, with a solvent to biomass (SCB + 

RSO) mass ratio of 9:1. 

 

Figure 5. TGA curves of bio-crudes produced at different temperatures (a) with pure water and (b) 

with a mixture (water + ethanol). B.O–2 and B.O–16 are bio-crudes produced at 250 °C; B.O–1 and 

B.O–17 are bio-crudes produced at 275 °C; B.O–3 and B.O–15 are bio-crudes produced at 300 °C. 

Figure 5a,b reveal similarities among the TGA profiles of all bio-crude samples: the 

first mass loss event has onset temperatures of 220–240 °C, the second mass loss event has 

onset temperatures 360–390 °C, and the total mass loss reached almost 100% after 450–500 

°C. On the other hand, Figure 5b shows small mass losses at temperatures below 100 °C, 

demonstrating that solvents still might be present in the bio-crudes obtained using the 

water and ethanol mixture. 

A similar mass loss profile was also observed for samples obtained at the same tem-

peratures, whether ethanol was present in the reaction media or not (Figure 5a,b). In this 

sense, bio-crude samples obtained at 250 °C (reactions 2 and 16) and at 275 °C (reactions 

1 and 17) had two well-defined mass loss events, while for bio-crude samples obtained at 

300 °C (reactions 3 and 15), only the first mass loss was well-defined. On the other hand, 

the use of pure water or water plus ethanol led to different bio-crude compositions (Table 

SCB:RSO = 1:3; 
T = 300  C

SCB:RSO = 1:1; 
T = 290  C

SCB:RSO = 1:2; 
T = 300  C

0

10

20

30

40

50

60

70

80

90

100

7.75 7.87 8.08

B
io

-c
ru

d
e 

yi
el

d
 

(%
)

Severity index (S0)

  
(a) (b) 

 

B.O–1

B.O–2

B.O–3

B.O–15

B.O–16

B.O–17

Figure 4. Bio-crude yield as a function of severity index in co-HTL reactions using a mixture (ethanol +
water) as solvent and solvent (W + EtOH) to biomass (SCB + RSO) mass ratio of 9:1. SCB = sugarcane
bagasse; RSO = residual soybean oil; W = water; EtOH = ethanol. Note: x-axis is not in scale.

3.5. TGA Analysis of Bio-Crude and Bio-Char

Figure 5a,b shows the TGA profiles for bio-crude samples produced with pure water
and with the water and ethanol mixture, respectively, with a solvent to biomass (SCB +
RSO) mass ratio of 9:1.
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Figure 5. TGA curves of bio-crudes produced at different temperatures (a) with pure water and
(b) with a mixture (water + ethanol). B.O–2 and B.O–16 are bio-crudes produced at 250 ◦C; B.O–1
and B.O–17 are bio-crudes produced at 275 ◦C; B.O–3 and B.O–15 are bio-crudes produced at 300 ◦C.

Figure 5a,b reveal similarities among the TGA profiles of all bio-crude samples: the
first mass loss event has onset temperatures of 220–240 ◦C, the second mass loss event
has onset temperatures 360–390 ◦C, and the total mass loss reached almost 100% after
450–500 ◦C. On the other hand, Figure 5b shows small mass losses at temperatures below
100 ◦C, demonstrating that solvents still might be present in the bio-crudes obtained using
the water and ethanol mixture.

A similar mass loss profile was also observed for samples obtained at the same
temperatures, whether ethanol was present in the reaction media or not (Figure 5a,b). In
this sense, bio-crude samples obtained at 250 ◦C (reactions 2 and 16) and at 275 ◦C (reactions
1 and 17) had two well-defined mass loss events, while for bio-crude samples obtained at
300 ◦C (reactions 3 and 15), only the first mass loss was well-defined. On the other hand,
the use of pure water or water plus ethanol led to different bio-crude compositions (Table 2),
which may partly explain the differences in mass loss among samples obtained at the same
reaction temperature.

The first mass loss event can be attributed mainly to the evaporation of free fatty
acids and fatty acid ethyl esters [40,41], while the second mass loss event can be primarily
attributed to the evaporation of acylglycerols [42]. It is also important to mention that these
bio-crude samples contained light and heavy fractions (the former obtained after separation
of the liquid phase using DCM and the latter obtained by extraction of the solid phase with
ethanol). Heavy bio-crudes tend to present TGA profiles similar to those of petroleum-
based phenolic resins and bio-resins produced by direct liquefaction of lignocellulosic
materials [43,44].

Figure 6 shows the TGA for bio-chars produced with pure water and a water and
ethanol mixture at different temperatures. There was a great difference in mass loss profiles
when different solvents were used. Bio-char sample 2 presented a sharp mass loss starting
around 350 ◦C, which led to a final mass loss close to 60%, indicating bad thermal stability.
It is important to mention that, at 250 ◦C, the reaction was possibly incomplete because the
mass loss obtained by TGA was very similar to the results of other authors for SCB [1,45].
For bio-char samples 14 and 18, the mass loss was minimal, indicating good thermal
stability [29].
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Figure 6. TGA analysis for bio-char samples produced with pure water and with a mixture (water +
ethanol). B.C–2 is the bio-char produced at 250 ◦C using water; B.C–14 and B.C–18 are the bio-chars
produced at 280 ◦C and 290 ◦C using water plus ethanol, respectively.

3.6. FTIR Analysis of Bio-Crude and Bio-Char

The FTIR spectra of bio-crudes obtained using pure water and water plus ethanol are
presented in Figure 7a,b, respectively, while those for bio-char samples are given in Figure 8.
Samples were chosen to compare products derived from different reactional conditions.

In Figure 7a,b, bands at 1000–1325 cm−1 are attributed to the C–OH, C–O–C, and C–O
stretching, and at 1325–1450 cm−1 to the C–O stretching of glycerol moieties present in
acylglycerols. Bands at 1600–1900 cm−1 correspond to the C=O stretching of carbonylated
compounds, indicating that the bio-crudes may have aldehydes, carboxylic acids, esters,
and ketones in their composition. Bands ranging from 1450 to 1600 cm−1, related to C=C
stretching, indicate the presence of alkyl aromatics and aliphatics in bio-crudes. Bands
between 2750 and 3100 cm−1 are related to the C–H stretching of CH, CH2, and CH3,
while the broad band at 3250–3700 cm−1 is related to the O–H stretching of hydroxylated
functional groups such as phenols and alcohols, but it may also be due to the presence of
moisture [1,46].
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Figure 7. FTIR analysis for bio-crude samples produced (a) with pure water and (b) with the mixture
(water + ethanol) as solvent. B.O–2 and B.O–16 are bio-crudes produced at 250 ◦C; B.O–1 and B.O–17
are bio-crudes produced at 275 ◦C; B.O–3 and B.O–15 are bio-crude produced at 300 ◦C.

Samples 1 and 3 presented very similar FTIR spectra, while sample 2 presented some
differences, especially in the 1100–1500 cm−1 wavenumber range. According to Table 2,
the main difference between samples 1 and 3 and sample 2 is the TAG content, which is
confirmed by the differences observed by FTIR in Figure 7a. Likewise, Figure 7b shows
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similar spectra for samples 15, 16, and 17, indicating similar compositions as already
described in Table 2.

The FTIR spectra of bio-char samples 15 and 18 were also very similar, while sample 2,
obtained at a lower temperature, presented a spectrum more closely related to untreated
SCB (Figure 8). This confirms once more that 250 ◦C was too low for HTL.
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Figure 8. FTIR analysis for bio-char samples produced with different solvents and bagasse to residual
oil mass ratios. B.C–2 is the bio-char produced at 250 ◦C using water; B.C–18 and B.C–15 are the
bio-chars produced at 290 ◦C and 300 ◦C using water plus ethanol.

3.7. HHV Analysis of Bio-Crude and Bio-Char Samples

Table 3 presents the higher heating value (HHV) of bio-crudes and bio-chars, as well
as the SCB and RSO used in co-HTL. In general, HHV values were above 37 MJ/kg and are
below 16 MJ/kg for bio-crudes and bio-chars, respectively. Among the bio-char samples,
the lowest HHV value (8.3 MJ/kg) was related to reaction 14, which provided high contents
of both FAEE and FFA, indicating a considerable conversion of biomasses, especially SCB,
into bio-crude. The HHV value of the bio-crude is almost four times higher than that
of SCB.

Table 3. HHV values obtained for bio-crude, bio-char, SCB, and RSO. B.O–X are different bio-crudes
and B.C–X are different bio-chars, where X indicates the reaction condition presented in Table 2.
SCB = sugarcane bagasse; RSO = residual soybean oil.

Sample HHV (MJ/kg)

B.O–2 38.81
B.O–15 38.41
B.O–16 37.78
B.O–17 37.82
B.O–18 38.14
B.O–19 38.46
B.C–14 8.30
B.C–16 16.04

SCB 10.38
RSO 39.34

Values of HHV obtained in the present study are in agreement with similar studies
presented in the literature. Forero et al. [2] produced bio-crude from SCB in HTL reactions
using water, a mixture of water and ethanol, and a mixture of water and glycerol, reaching
HHV values from 26.58 to 34.57 MJ/kg. Zhang et al. [9] used rice husks in the presence
of residual frying oil in co-HTL reactions having water and glycerol as solvents and the
bio-crudes obtained presented HHV values ranging from 28.4 to 39.07 MJ/kg.
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3.8. Analysis of the Reaction Projection in the Phase Envelope of the Mixture (Water + Ethanol)

The phase envelopes for pure water, pure ethanol, and a 1:1 (mass ratio) binary
mixture (water + ethanol), which was used in the co-HTL reactions, are presented in the
Supplementary Materials. From the phase envelopes, it is possible to observe that the
temperature–pressure profiles of the reactions correspond to the line of pure water vapor
when using water as the solvent and are consistent with the liquid–vapor envelope for the
binary mixture (water + ethanol) when using such a mixture in the reactions. In a general
manner, the reactions performed in this work were projected in the saturation region of the
solvents involved in the process. However, for reaction 15, both temperature and pressure
reached the supercritical region of the (water + ethanol) mixture, and this may explain why
this reaction provided a higher bio-crude yield.

The Supplementary Materials also presents a projection of temperature and pressure
curves overlapping the phase envelope of the mixture (water + ethanol), which provides
a view of the non-isothermal path of the reactions, i.e., heating and cooling of the closed-
vessel reactor, in which the heating and cooling profiles follow the bubble point and dew
point lines, respectively. This indicates that the system does not suffer from overheating
and reiterates that such a system must be monitored using a non-isothermal parameter,
such as the severity index.

3.9. Prospects of Bio-Crude Production Processes

The bio-crude yields obtained in this work presented similar behaviors to those
presented in the literature [9,27]. When solely lignocellulosic material is used in the
reactions, HTL provides lower bio-crude yields when compared to co-HTL reactions
performed also in the presence of RSO, demonstrating a synergistic effect caused by the
presence of the RSO. Moreover, the HHV also presented the same order of magnitude as
the higher values presented by other authors [9,26]. From the standpoint of the current
climate crisis, it is critical to develop alternative technologies to replace fossil fuels with
biofuels. Thus, the obtention of bio-crude by hydrothermal co-liquefaction (co-HTL) of SCB
and RSO has been shown to be a promising approach, since the HHV obtained indicates
their potential use to produce biofuels.

Research on HTL and co-HTL reactions is relatively new, and the technical feasibility
is the first step for a proper scaling up of such processes. In this sense, the results reported
in this work, obtained using a 300 mL batch reactor, are useful to understand the behavior
of such reactions. The following steps are related to the reactor’s design itself, to ensure
both uniform heating and mixing of the reaction media. Moreover, the reactor’s thickness
must be evaluated to allow its operation at high pressures. Other steps should also include
the evaluation of operating these reactors in a continuous mode and the selection of a
proper thermal fluid capable of operating at high temperatures. It is also important to bear
in mind that an economic analysis should also be performed at all steps. As it is evident
from this brief discussion, many challenges still must be solved. Nonetheless, the results
presented in this work are the first steps towards the development of bio-crude production
processes using residual feedstock at an industrial scale.

4. Conclusions

The present work contributes to the study of co-HTL reactions with an abundant
biomass feedstock (sugarcane bagasse, SCB) in the presence of a renewable lipid source that
could cause environmental problems if poorly disposed. The presence of residual soybean
oil (RSO) in the co-HTL reactions had a positive impact on bio-crude yield. Furthermore, the
mixture (water + ethanol) was more advantageous for the obtainment of higher bio-crude
yields in HTL and co-HTL reactions.

The severity index (S0), a parameter that combines the effects of temperature and
reaction time, was used in this work to evaluate the non-isothermal conditions of the
reaction system. For co-HTL reactions performed with the mixture (water + ethanol) as
the solvent, higher severity indices generally resulted in higher bio-crude yields, given
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that appropriate amounts of RSO were used. An analysis of the (water + ethanol) phase
envelope indicated that the operation of co-HTL reactions above or close to the critical
point of the solvent mixture might be necessary to obtain higher bio-crude yields.

Characterization of bio-crude samples, which included TGA, FTIR, HHV, and GC-FID,
indicated that the samples presented high HHVs, a favorable mass loss profile, and the
presence of bonds and functional groups that are typical of bio-crudes in general. The
co-HTL of SCB in the presence of RSO, along with the use of a binary solvent system and
the ancillary separation methods, was a promising procedure to produce bio-crude at high
yields and high quality.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr12071371/s1: Figure S1. Heating and pressure profiles of a
10 min reaction course using the water and ethanol mixture as solvents; Figure S2. Heating and
pressure profile of a 10 min reaction course using water as solvent; Figure S3. Heating and pressure
profiles of 50 and 60 min reaction courses using water as solvent; Figure S4. Heating and pressure
profile of a 120 min reaction course using water as solvent; Figure S5. Phase envelope for the reactional
system of interest: lines represent the saturation line for the pure components of water and ethanol.
Open symbols represent the maximum coordinates of temperature and pressure that were reached
during the experiments with pure water (blue triangles) and with the water and ethanol mixture
(black squares). The crosses represent the critical points of the pure components (blue cross: water,
and red cross: ethanol). The dotted green line represents the critical line of the water and ethanol
mixture, calculated with EoS-PR; Figure S6. Phase envelope for the water and ethanol system with a
projection of the heating and cooling curves of the reactional system.
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