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ABSTRACT:

This study investigates the effects of reaction temperature and ethanol per water
ratio (EPW) on bio-oil yields from the hydrothermal liquefaction (HTL) of
sugarcane leaves. Experiments were performed in a high-pressure 100 mL Ni-
alloy batch reactor at different EPWs (0:1, 1:10, 1:5, 1:2.5,and 1:1). The HTL
process was conducted with 5 g. sugarcane leaves and 1 wt.% Na,COs; as a
catalyst. The reaction temperatures ranged from 250-350 °C with a reaction time
of 60 min. A maximum yield of 34.8% was obtained with an EPW of 1:5 at a
reaction temperature of 300 °C. The maximum conversion of 89.36% was
obtained at an EPW of 350 °C. Gas chromatography-mass spectrometry results
indicated that the main bio-oil component was the fatty acid methyl ester group,
of which the oleic acid methyl ester was the largest component. Finally, the WSP
from the HTL process was weakly acidic and had high conductivity.

Keywords: Bio-oil, Co-solvent, Hydrothermal liquefaction, Reaction
temperature, Sugarcane leaves

1. INTRODUCTION

New renewable energy sources have become more urgent due to increasing global energy demand coupled with rising
atmospheric temperatures from fossil fuel combustion. As a result, several types of renewable fuels, such as biodiesel
[1-3], bio-oil [4-6], synthesis gas [7-9], have been studied in recent years. Thermochemical Conversion (TCC) is a
promising approach for converting solid biomass into liquid and gaseous products. The TCC has been widely
researched for several years [10] and is widely utilized. The core technologies involved in TCC include direct
combustion, pyrolysis, gasification [11], hydrothermal liquefaction (HTL), and hydrothermal gasification. Both
pyrolysis and HTL processes generate bio-oil. However, pyrolysis is significantly limited by its requirement of dry
feedstock before the process can be initiated [12]. Furthermore, the drying process is an energy- and time-intensive
procedure, and the resulting bio-oil has a high oxygen content [13]. Furthermore, the typical pyrolysis temperature is
enormously high, ranging from 500-700 °C [14]. Nevertheless, hydrothermal technologies are relatively new & they
have not been widely employed on a commercial scale yet.

Sugarcane is among the most important agricultural plants in Thailand. However, each year, 22 million tons (14% of
the sugar cane crop) of sugarcane leaves are disposed of in fields or burned before harvesting [15]. This pre-harvesting
process causes environmental problems such as particle dust, smoke, unpleasant smells, as well as producing CO; of
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1,303 g/kg, CO of 65 g/kg, and NOx of 1.5 g/kg [16]. Therefore, it would be highly desirable to utilize sugarcane
leaves as an energy resource.

Some studies on sugarcane leaves (SCL) pyrolysis have been carried out. A maximum yield of 63.2% for sugarcane
pyrolysis at a pyrolysis temperature of 900 °C with a heating rate of 15 °C/min has been reported [17]. Furthermore,
the result shows the properties of bio-oil and biochar obtained from SCL by fast pyrolysis at 550 °C with a feed rate
of 150 g/h. The results indicated that the bio-oil yield was 53.34%, with a higher heating value of 15.77+1 M.J./kg.

HTL is a thermal depolymerization process that can convert wet biomass into crude oil at medium to high-pressure
conditions [17]. Additionally, HTL exhibits several advantages over other thermochemical processes and has thus
been widely investigated for its potential applicability in crude bio-oil synthesis [18]. For instance, the HTL process
does not require a drying process to remove water from the feedstock [19, 20]. Moreover, the HTL process uses
pressurized water as a solvent, and hence, this process is environmentally friendly [21]. In recent years, an increasing
number of researchers have focused on HTL with various types of feedstock [22]. Several high-water-content
feedstocks can be converted to bio-oil via the HTL process [23-26].

Several homogenous and heterogeneous catalysts have been employed in the HTL process to improve bio-oil yields
and properties [27, 28], with Na,COs being the most commonly used generic catalyst in ongoing studies on the HTL
of lignocellulosic biomass [29, 30]. The composition and yield of the HTL process depend on the type of feedstock
and process conditions. However, previous works have only focused on local raw materials [31-36] and some aquatic
biomass [37-43]. For example, sorghum bagasse was also reported as a high yield feedstock of about 61% with a
K2COs catalyst [44]. Furthermore, rice straw, wheat stalk, and corn straw are also used as hydrothermal liquefaction
feedstocks [45-47]. In addition, there are reported on hydrothermal co-liquefaction of rice straw and waste cooking-
oil mode and obtain oil yield about 88.7% [48]. Furthermore, the high pressure and temperature required to reach the
critical point of water pose considerable challenges for successfully implementing the hydrothermal process.
Therefore, a co-solvent has sometimes been used to reduce the reaction temperature and pressure of the HTL process,
one consisting of a mixture of water with a liquid with a lower critical point (e.g., methanol or ethanol) being optimal
[38, 49]. However, no report on sugar cane leaves, and co-solvent for the HTL process has been published.

Therefore, this work aims to investigate the effect of reaction temperature and co-solvent (ethanol + deionized (DI)
water) ratio on bio-oil (BCO) yield and conversion from sugarcane leaves via HTL. A comprehensive investigation
is critical to understand which parameters (or combinations) will significantly affect the HTL yield and conversion.
Thus, the influences of reaction temperature, ethanol-to-water ratio (EPW), bio-oil composition, and water-soluble
product (WSP) properties are discussed.

2. EXPERIMENTAL SETUP
2.1 Feedstock preparation process and analysis

Fresh sugarcane (Saccharum offcinarum L.) cultivar, Khon Kaen 3, was obtained from a farm in the Ubon Ratchathani
province, Thailand. In generals, the moisture content of the fresh SCL is about 15%-25%. To maintain a consistent
feedstock concentration in each experiment, the SCLs were dried at 105 °C for 48 h. Subsequently, the dry SCL was
ground using a rotary mill and screened using a wire cloth laboratory sieve with a mesh size of 0.25 mm (60 meshes).
The feedstock samples were analyzed following the ASTM D7582, ASTM D5373, ASTM D4239, and ASTM D5865
standards [50]. The Rigaku Thermo Plus, 2 TG-DTA TG8120 model, was employed for a thermogravimetric (TGA)
study. SCL analyzes were performed at 10 ° C / min heating level. The study was performed over a temperature range
of 28 ° C to 800 ° C in the presence of a nitrogen atmosphere. The flow rate of nitrogen was 20 mL/min. In addition,
3.70 mg SCL samples were used for analysis. The SCL preparation procedure is illustrated in Fig. 1, and the
compositions and properties are listed in Table 1. The catalyst (Na,COs), deionized (DI) water, ethanol (99.99%),
and dichloromethane (DCM) were purchased from a local chemical supplier (Chemipan Crop., Bangkok, Thailand).
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Fig. 1. SCL preparation for the HTL process

2.2 Hydrothermal liquefaction apparatus and procedure

The HTL experiments were performed in a high-pressure experimental unit, as illustrated in Fig. 2. The experimental
unit included a 100 mL non-stirred batch Ni-alloy reactor with an internal diameter of 25 mm (Model: CY-100x,
Zhengzhou CY Scientific Instrument Co., Ltd.). A 3.0 KW electric heater was equipped with an automatic temperature
controller to heat the reactor, and the reaction temperature was detected using a K-type thermocouple attached to the
bottom of the heating chamber. The operating pressure was detected using an in-built pressure transducer, which was
also used to detect overpressure conditions.
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& Pressure

V3 controller
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Fig. 2. Hydrothermal experimental unit with a capacity of 100 mL.
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Eiectric heater 3 kW

First, 5 g of SCL powder was mixed with 45 g of the solvent (ethanol and DI water) and 0.5 g of Na;COs. Next,
nitrogen gas was used to purge the reactor for 5 min, and an initial pressure of 1.0 MPa was established. Afterward,
the reactor was heated using an electrical heater, the heating rate for all the experiments being constant at 10 °C/min.
The pressure throughout the reaction was autogenously increased from 6.0-15.0 MPa.
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2.3 Separation procedure

The procedure for the separation of the liquefaction product is shown in Fig. 3. Once the preferred reaction time was
reached, the reactor was cooled down rapidly to ambient temperature by being quenched in water; the gaseous
products (GAS) inside were then vented without further analysis. Furthermore, DCM was used to extract the bio-oil
from the solid residue and the reactor wall. Liquid and solid residues (SR) were removed from the reactor and
separated by filtration. Subsequently, the reactor was washed with 100 mL DCM to rinse out any reaction products
that may have been attached to it. This washing procedure was repeated three times for each testing condition. The
resultant WSP was separated from the DCM solution with a separatory funnel. The water- WSP was seen to dissolve
in this portion.

Biomass + Solvent

HTL

v
I : Rinse with DCM ‘

T T

L Filtration ‘
l RS | LIQUID PRODUCT
| Drying ] o AL
I ‘ j l— DCM SOLUIBLE __LwaTer F:RODUCT
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J' | ]
W W,y Wivater

Fig. 3. Product separation procedure for the HTL process

Finally, the SR from the filtration was dehydrated at 105 °C for 48 h. The DCM was removed from the BCO by a
rotary evaporator. Subsequently, all the products were weighed to calculate the yield. The conversion and BCO and
GAS yields were calculated according to Eq. (1)-(3), respectively, as described below:

Conversion(%) = [1 — MV/V—S;] x 100% (¢H)]
BCOyieia = (2) X 100% @)
Vieldyspoas = (1- W) x 100% 3)

In these equations, conversion (%) is the percentage of the solid fuel to the liquid and gaseous products, BCOy;e14 1S
the BCO yield (wt.%), Yieldy, sp.as iS the yield of the WSP and gaseous product (wt.%), Wy is the mass of the SCL
(9), W,;; is the BCO weight (9), and Wgy is the weight of the solid residue (g).
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2.4 BCO properties analysis

The composition of the BCO obtained from the HTL was analyzed using gas chromatography-mass spectrometry
(GC-MS). The GC (Perkin Elmer Clarus 680) was directly linked to the MS (Perkin Elmer Clarus SQ8C). The
injection port and detector operated at 250 °C for 10 min with the GC oven heated to 45 °C and then heated to
250 °C at a rate of 3 °C/min. The operating conditions were reaction temperature 350 °C, reaction time 60 min, and
DI water quantity 5 g.

3. RESULTS AND DISCUSSIONS
3.1 Characterization of feedstock

The Ultimate analysis, proximate analysis, and calorific value are commonly used to characterize the properties of
solid biomass fuel. The proximate analysis offers a primary means of determining the behavior of a solid biomass
fuel when it is heated. The proximate analysis also lists the feedstock's moisture content, volatile matter, ash, and
fixed carbon content. It is noted that a high content of volatile organic material results in high volatility and reactivity
and therefore encourages the processing of large amounts of liquid and gas products. In contrast, the presence of fixed
carbon contributes to the formation of charcoal [51]. The existence of low hydrocarbons, high HHV, volatile matter,
and low sulfur levels also clearly indicates that SCL is a reliable and suitable alternative source for the production of
liquid fuels. Also, the primary purpose of the ultimate analysis is to determine the elementary composition of the
solid fuel material. The calorific value of the fuel is a direct measure of the chemical energy content of the fuel. Table
1 indicates that the hydrogen, carbon, and oxygen contents in SCL were valued to be 5.97%, 47.1%, and 42.28%,
respectively.

Furthermore, Table 1 also indicates that SCL is a sulfur-free and low-nitrogen-containing feedstock. High levels of
carbon and hydrogen have a beneficial impact on higher heating values (HHV), while high levels of oxygen minimize
HHV [52]. Table 2 indicates that the amount of volatile matter in SCL is 79.09%, while the fixed carbon and ash
content in SCL is 17.16% and 3.75%, respectively.

Table 1: SCL composition is determined by proximate and ultimate analysis
Group Component Amount (%)
Proximate analysis

Volatile matter 79.09

Fixed carbon 17.16

Ash 3.75

Hydrogen 5.97

Ultimate analysis Carbon 47.10
Nitrogen 0.73

Oxygen 42.28

Sulfur 017

3.2 Thermogravimetric analysis (TGA) of SCL

The TGA analysis provided the relationship between the temperature and the biomass's mass loss (wt.%). It is usually
employed to determine the temperature range, which gives the high rate of decomposition of the biomass. From
Fig. 4, the thermal decomposition of SCL started at approximately 200 °C, and sharp decomposition occurred between
250-350 °C. Furthermore, over 95% of the SCL was decomposed when the temperature reached approximately
600 °C. Therefore, the high percentage of mass loss observed from the TGA analysis suggests that 250-350 °C was
an appropriate temperature for optimizing SCL conversion to a bio-oil.
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Fig. 4. TGA curve of SCL.

3.3 Effect of reaction temperature on liquefaction product yield

The effect of the reaction temperature on liquefaction product yields can be observed in Fig. 5. This line chart
illustrates the results corresponding to three reaction temperatures 250 °C, 300 °C, and 350 °C. The EPW values were
0:1, 1:10, 1:5, 1:2.5, and 1:1, the reaction time in each run being fixed at 60 min. According to the ultimate analysis
of SCL, SCL is an oxygen-rich feedstock (42.28%), while the amount of C and hydrogen is 47.1% and 5.97%,
respectively. Inthe HTL process, the C and H will typically convert to BCO with some bio-char and gaseous products.
Theoretically, if all C and H become BCO, the maximum yield should be 53.07%. In this study, the maximum BCO
yield is 34.8 wt.%., which is 65.57% of the theoretical yield. The data indicate the bio-oil yields at EPWs of 0:1, 1:10,
and 1:1 significantly increased when the temperature was increased from 250 °C to 300 °C. Following that, they then
decreased when the temperature was increased to 350 °C. This bio-oil yield trend was similar to that reported in
previous studies [53-55]. In particular, high temperatures are not suitable for the production of liquid oils in terms of
operating costs and liquid oil yields. Ultimately, there are two hypotheses for this behavior. First, secondary
decompositions and Bourdard gas reactions are activated at high temperatures leading to gas production [56]. Second,
the recombination of free radical reactions leads to char formation due to their high concentrations. At higher
temperatures, these two processes dominate, thereby reducing the production of biomass oil.
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Fig. 5. The yield of crude bio-oil (BCO) with different EPW ratios at various reaction temperatures
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Fig. 6. Conversion of sugarcane leaves with different EPW ratios at various reaction temperatures.

Furthermore, previous studies suggest that the incomplete decomposition of the biomass at temperatures < 280 °C
will limit bio-oil production [57] in the HTL process. In contrast, for EPWSs of 1:5 and 1:2.5, the yield increased
steadily. In general, a high reaction temperature led to the fragmentation of polymers into the oil phase. Further
increases in reaction temperature led to an enhanced decomposition of the oil portion into gas. However, the bio-oil
yields corresponding to the EPWs of 1:5 and 1:2.5 exhibited a different trend as the EPW exceeds 1:2.5, wherein the
critical temperature of the co-solvent is approximately 285.85 °C [58], the actual liquefaction temperature at 300 °C
being higher than that of the critical value. As the ethanol content increased, the critical pressure and temperature of
the co-solvent decreased. Therefore, the liquefaction process in this study was performed under sub/supercritical
conditions. As a result, the maximum bio-oil yield of 34.8% was obtained with an EPW of 1:1 at 300 °C. These
results match those observed in previous studies that considered the hydrothermal aspects of rice straw and algae [58,
59]. Earlier studies have shown that decomposition and degradation have been strong reactions to low-temperature
biomass liquefaction [60, 61]. However, the formation of gas products and char becomes significant at high
temperatures due to the breakdown and repolymerization of the generated liquid products [31, 62].

Figure 6 demonstrates that the conversion increases with the increase in the reaction temperature for all the EPW
ratios. The maximum conversion is 89.36% when using an EPW of 1:2.5 at 350 °C. The minimum conversion of
35.80% was obtained when an EPW of 1:1 was employed at a temperature of 250 °C. The reason for this finding is
that a reaction temperature greater than 250 °C allows BCO to convert to synthesis gas due to condensation, re-
polymerization, or cracking reactions; this being concluded from the TGA curve, which shows that SCL
decomposition starts at a low temperature and occurs sharply when the temperature is above 250 °C.

3.4 Effect of ethanol-to-water ratio (EPW) on HTL product contents

The products obtained from the HTL process can be divided into three main groups: BCO, RS, and WSP+GAS. The
proportion of each HTL product group at various reaction temperatures is presented in the bar charts of Fig.7-Fig.9.
Fig. 7 shows that the bio-oil yield rises from 6.6% to 17.4%, related to the EPW increasing to 1:5 then decreasing
after that. In contrast, the RS decreases slightly when the EPW increases from 0:1 to 1:5 and increases steadily. The
WSP and GAS yields reacted inversely to the EPW for a reaction temperature of 250 °C.
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Interestingly, this trend could also be observed in Fig. 8, which shows that the maximum BCO yield (34.8 wt.%) and
minimum WSP and GAS vyields (44.44 wt.%) were obtained with an EPW of 1:5 at 300 °C. The results presented in
Fig. 9 indicate that the BCO vyield increases steadily over the EPWs of 0:1 to 1:5. Consequently, BCO vyield decreases
slightly to 25.4 wt.% at an EPW of 1:1 at 350 °C. In summary, the conversion rate generally tends to increase with
an increase in the EPW, which reaches its maximum value and then decreases when the EPW ratio becomes
excessively high. The maximum conversion rate of 89.36% was obtained with an EPW of 1:1.25. Overall, these
results indicate that the EPW considerably affects the conversion rate at temperatures below 300 °C.

It has been reported [63] that reaction times exceeding 30 min led to the formation of larger-molecular weights due
to re-condensation or reaction crosslinking between ethanol groups and monomeric phenol. These results match those
observed in earlier studies by Yuan et al. [58], who studied the HTL product content of rice straw using a co-solvent
of ethanol and water. Their experimental results indicated that increasing the proportion of ethanol in the mixture
from 10% to 50% encouraged rice straw conversion and reduced the oxygen content of the bio-oil.

3.5 Chemical composition of BCO and WSP analysis

The composition of the BCO obtained from the HTL using Na,COsz as a catalyst was analyzed using gas
chromatography-mass spectrometry (GC-MS). The GC (Perkin Elmer Clarus 680) was directly linked to the MS
(Perkin Elmer Clarus SQ8C). The injection port and detector operated at 250 °C for 10 min with the GC oven heated
to 45 °C and then heated to 250 °C at a rate of 3 °C/min. The operating conditions were reaction temperature at
350 °C, reaction time at 60 min, and DI water quantity at 5 g.

Table 2 presents the chemical composition of the BCO compound. The primary compound composition is stated as
a percentage (%) of the maximum area. Twenty conditions were considered for the SCL HTL. Oleic acid methyl
ester, hexadecenoic acid methyl ester, and o-guaiacol were the major compounds. These findings suggest that BCO
primarily consists of fatty acids accounting for more than 95% of its composition. Furthermore, the presence of fatty
acid methyl ester suggests formal condensation of the oleic acid carboxy group with methanol [39]. Therefore, it can
be assumed that the transesterification reaction occurred during the HTL process. Loubna also observed and reported
a similar trend [33].

Table 2: GC/MS analysis result for the BCO obtained from the HTL of SCL at a reaction temperature of 350 °C
and EPW=0:1

No. RT Compound Area %
1 3.138 Cyclopentanone 4,52
2 4.109 2-Cyclopenten-1-one 2.87
3 4.309 2-Methylcyclopentan-1-one 0.77
4 6.745 2-Methyl-2-cyclopenten-1-one 9.15
5 10.922 3-Methyl-2-cyclopenten-1-one 0.41
6 12.597 Phenol 7.49
7 12.737 Phenol 1.27
8 12.792 Phenol 1.00
9 12.922 Pyrrole-2-carboxaldehyde 2.68
10 13.117 2,3-Dimethyl-2-cyclopenten-1 3.02
11 15.788 2,3-Dimethyl-2-cyclopenten-1 3.85
12 17.459 m-Cresol 0.98
13 18.875 0-Guaiacol 9.99
14 19.06 2-Cyclopenten-1-one, 3,4,5-trimethyl- 3.75
15 23.982 Phenol, 4-methyl 5.76
16 28.999 4-Ethylguaiacol 3.15
17 54.614 Hexadecanoic acid, methyl ester 17.15
18 59.736 Cyclohexene, 1,2-dimethyl- 1.52
19 59.991 Oleic acid, methyl ester 19.57
20 60.876 Methyl tridecanoate 1.10
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Furthermore, the WSP produced from the HTL process was analyzed at the Environmental Protection Center (Ubon
Ratchathani University). Notably, the WSP from the process had a pH of 5.07, indicating the weak carboxylic acid
[64]. A biochemical oxygen demand (BOD) of 12,600 mg/L, a chemical oxygen demand (COD) of 51,000 mg/L, and
a conductivity of 20.5 mS/cm. Thus, the WSP was weakly acidic and highly conductive (i.e., approximately 100-
fold) compared to DI water. Therefore, the water treatment process is also required before releasing the WSP to public
water resources.

4.. CONCLUSION

The present study was performed to determine the influence of reaction temperature and ethanol concentration on
the conversion and bio-oil yield from the HTL process of the SCL using Na,COs as a catalyst. The experiment was
conducted in an autoclave batch reactor in a nitrogen atmosphere. The proximate analysis showed that SCL has
79.09% volatile matter and 17.16% fixed carbon. The estimated analysis showed that SCL has a high content of
carbon and oxygen of 47.1% and 42.28%, respectively. Because of its high volatile matter, the TGA analysis showed
that the SCL starts decomposition at temperatures in the range low to high of 250-350 °C. The results indicate that
the co-solvent (ethanol + DI water) enhanced bio-oil yield at these operating conditions. A similar result was reported
by Cheng et al. [63]. The yield from lignin degradation by co-solvent (ethanol + water) was also higher than that of
water. However, a low conversion occurred with an increase in the EPW, especially at 250 °C. The maximum BCO
yield of 34.8 wt.% was obtained from an EPW ratio of 1:5 and a reaction temperature of 300 °C.

Furthermore, a high conversion could be achieved at all EPW ratios at a reaction temperature of 350 °C. The current
analysis shows that the main components of the BCO obtained from the HTL of SCL were fatty acids. This is
consistent with other reported findings. Finally, the WSP from the HTL process exhibited a high BOD, COD, and
conductivity. As a result, the water treatment process is also required before releasing the WSP into public water
resources.
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NOMENCLATURE

BCO bio-crude oil
BCOyieia  bio-crude oil yield (wt.%)

We. biomass weight (g)
Wsr solid residue weight (g)
Woil bio-oil weight (g)
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