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ABSTRACT

Invasive plants in the Lower Mekong Basin, although ecologically challenging, offer significant potential for bioenergy. This study assessed mimosa (Mimosa pigra),
giant salvinia (Salvinia molesta), and water lettuce (Pistia stratiotes), collected from Nakhon Phanom province, Thailand, as feedstocks for hydrothermal liquefaction
(HTL) and anaerobic digestion (AD). The biomass underwent HTL treatment at 160-200 °C and was subsequently evaluated for biomethane potential (BMP). The
HTL of mimosa at 200 °C for 3 h (M-200-3) yielded 16.2 wt% bio-oil (BO) and 6.98 wt% hydrochar (HC). The BO from M-200-3 possessed a higher heating value
(HHV) of 31.4 MJ/kg and energy recovery efficiency (ERE) of 26.6%. Giant salvinia BO also performed effectively, with an HHV of 26.7 MJ/kg and an ERE of 23.2%
at 4 h. In contrast, water lettuce showed limited HTL effectiveness, with BO yields below 10 wt%. Characterization through GC-MS revealed that phenolic com-
pounds dominated the BO composition, while FTIR confirmed the presence of ketones, aldehydes, carboxylic acids, and aromatic rings. TGA analysis demonstrated
that BO thermal degradation occurred between 261 and 314 °C, with low-boiling-point components enhancing BO performance. Additionally, SEM images revealed
the formation of carbon spheres in HC at 200 °C. Energy production calculations indicated mimosa could generate 49,418 kWh of BO and 19,273 kWh of HC per
hectare of feedstock (kWh/ha) under maximum annual biomass conditions. BO and HC from giant salvinia could produce 5,023 and 986 kWh/ha, respectively.
Notably, water lettuce excelled in anaerobic digestion, achieving the highest BMP of 0.238 + 0.022 NL CH4/gVS and yielding 5,517 kWh/ha. These findings establish
that invasive plant species can serve as viable bioenergy feedstocks, with mimosa optimal for HTL processing and water lettuce demonstrating superior performance
in biogas production.

1. Introduction

Due to increasing energy demand, biofuels have been viewed as an
alternative to unsustainable and non-renewable fossil fuels. However,
employing important edible plants like corn, soybeans, and palm for
biofuel has raised significant concerns about food security [1]. Conse-
quently, there has been a shift toward utilizing non-food biomass sour-
ces, including algae, sewage sludge, and other lignocellulosic biomass,
as more sustainable feedstocks for biofuel precursors.

Like in many regions, the problem of invasive plants in the Lower
Mekong Basin remains unsolved. The Lower Mekong Basin includes
Cambodia, Lao PDR, Thailand, and Vietnam, encompassing their water
bodies and river systems that connect to the Mekong River before it
flows through Vietnam and empties into the sea. Mimosa (Mimosa pigra),
an invasive woody weed that has spread rapidly throughout the Mekong
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River Basin since 1970, covers about 30% of agricultural land near
Kratie, Cambodia [2]. Similarly, Water lettuce (Pistia stratiotes) and giant
salvinia (Salvinia molesta) are classified as pest water plant species by the
Mekong River Commission [3]. In recent years, the local communities in
provinces of Thailand have reported increasing difficulty with trans-
portation and water access due to the dense growth of these invasive
species [4,5]. Although efforts have been made to turn these plants into
livestock feeds and organic fertilizers, their fast-growing nature con-
tinues to pose significant environmental and logistical problems [6,7].
Accordingly, scalable approaches must be developed to simultaneously
mitigate the spread of these invasive species and derive value from their
biomass for energy production.

Thermochemical conversion technologies, particularly hydrother-
mal treatment, offer a promising pathway for transforming invasive
plant biomass into energy-rich products. Hydrothermal treatment
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Fig. 1. Overall methodology of this study, divided into two main components: hydrothermal liquefaction (HTL) treatment and biochemical methane poten-

tial (BMP).

involves heating wet biomass or organic waste under elevated pressure
and temperature to produce an energy carrier, mimicking the natural
geological processes over millions of years. Hydrothermal processing
offers several advantages over other thermochemical methods. The pa-
rameters and conditions can be adjusted to yield different products, such
as hydrochar (HC), bio-oil (BO), and biogas. Hydrothermal liquefaction
(HTL), also known as hydrous pyrolysis, converts wet biomass and other
macromolecules into crude oil under moderate temperatures and high
pressure through a thermochemical depolymerization process. While
conventional pyrolysis requires high temperatures (400-800 °C) to
convert biomass into biofuel, HTL operates at a lower temperature range
(250-374 °C) and higher pressure (2-25 MPa), effectively eliminating
the time and energy required for drying [8-10]. Under optimized con-
ditions, the operating temperature for HTL can be reduced to 200 °C, as
demonstrated in previous studies that converted chlorella into BO [11].

The trend for HTL has been increasing throughout the years, espe-
cially for microalgae, lignocellulosic biomass, and sewage sludge [12].
This growing interest in HTL aligns with the green energy transition, and
the use of diverse biomass sources underscores the potential to develop a
circular economy [13]. For instance, red pine sawdust processed at
350 °C yielded HC of 47% with a high heating value (HHV) of 29.3
MJ/kg [14]. In another study, coconut coir and coconut pith demon-
strated an energy recovery efficiency (ERE) of 43.4% [15]. Although
energy parameters were not provided in all cases, water hyacinth, an
invasive aquatic plant, was successfully processed via HTL at 280 °C,
yielding 8.86 wt% light oil and 26.4 wt% heavy oil. While HTL has not
previously applied to giant salvinia, hydrothermal carbonization of this
invasive species resulted in a 54.5 wt% HC yield with a high heating
value (HHV) of 23.5 MJ/kg [16].

Anaerobic digestion (AD) is another potential technology for the
valorization of invasive plant biomass. This biological process utilizes
microbial activity under anaerobic conditions to convert organic matter
into biogas, mainly methane (CHy4), and it is well suited for the valori-
zation of high-moisture aquatic biomass. The biochemical methane
potential (BMP) test is fundamental for evaluating CH4 production,
which depends on the organic composition of the feedstock. There is
considerable previous research on a variety of freshwater macrophytes
for biogas production, showing high variability of the results depending
on the habitat of the plant and its age, pre-treatment and AD process
conditions [17]. Studies have also examined the feasibility of commu-
nity energy provision from the AD of invasive plants. For instance, in
India, water hyacinth has been explored for biogas production through

AD [18-20]. A village microgrid study predicted that, at optimized
conditions, the energy produced by anaerobic digestion of water hya-
cinth could contribute to 61% of 22 MWh/year in a rural village in India,
the potential biogas obtainable from the AD of water hyacinth would
generate 87.6 kW and provide electricity to 934 households [20]. The
integration of hydrothermal treatment and AD offers a sustainable
approach for maximizing energy recovery. AD can treat hydrothermal
process water containing soluble organic compounds, enabling CHy re-
covery and COD removal [21]. For example, AD achieved 61% COD
removal and recovered 213 mL CH4/gCOD from water-hyacinth-based
HC process water [22].

This research aimed to investigate HTL and AD as viable technologies
for managing invasive plant species in the Lower Mekong Basin while
simultaneously exploring local bioenergy sources, with a primary focus
on converting selected invasive plants (mimosa, giant salvinia, and
water lettuce) into biofuel precursors. The study offers an innovative
approach by transforming problematic invasive plants into valuable
bioenergy resources, addressing two critical challenges simultaneously:
environmental management and sustainable energy production through
the integrated application of HTL and AD technologies.

The production of crude BO was investigated by examining the ef-
fects of different invasive plant species and various parameters on the
crude BO characteristics. HC from invasive plants was also a product of
HTL and was analyzed where applicable. The potential for CH4 pro-
duction from the same set of invasive plants was evaluated using BMP
tests to compare the HTL pathway with the more established AD tech-
nology. The combined approach was not investigated in this study.

2. Methodology
2.1. Invasive plants collection and preparation

Mimosa, giant salvinia, and water lettuce were collected from
Nakhon Phanom province, Thailand. The plants were cleaned with tap
water and dried in a hot-air oven at 70 °C for at least 24 h or until
constant weight was achieved. The temperature was selected to avoid
changes in biomass composition prior to the HTL treatment. Dried plants
were cut into small pieces and ground into powder. The powdered
samples were sieved to obtain particles in the 125-500 um size range. All
samples were subjected to HTL treatment and BMP tests. The overall
methodology is given in Fig. 1.
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2.2. Bio-o0il and hydrochar production

A standard 100 mL hydrothermal batch reactor with a Teflon
chamber was used to convert invasive plants into BO and HC. The
invasive plants with 125-250 um particles (5 g) were mixed with
distilled (DI) water (50 mL) in the chamber. A hot air oven was set to
150 °C before the reactor was placed inside. Then, the temperature was
raised to different final setpoints of 160, 180, 200 °C, with a heating rate
of 4 °C/min. Different residence times, ranging from 1 to 6 h, were tested
for each temperature setpoint. Product yields were used to determine
the optimal residence time. Reactions were performed under autogenous
water pressure (approximately 0.62, 1.0, and 1.55 MPa at 160, 180, and
200 °C, respectively), without external gas addition. After the retention
time was reached, the reactor was removed from the hot air oven and
immediately quenched in running water for 30 min to stop any further
reactions. The solid-liquid mixture was removed from the chamber and
mixed with 250 mL of ethyl acetate to separate the water-soluble
products from crude BO. The solid phase or HC was separated from
the liquid phase by vacuum filtration through Whatman filter paper
no.4. For the liquid phase, the ethyl-acetate-soluble product (BO) was
separated from the water-soluble product using a separatory funnel. The
BO was extracted from the ethyl acetate mixture using a rotary evapo-
rator. The obtained BO and HC were dried in a hot-air oven at 80 °C for
at least 24 h, until the mass was constant. The samples were stored in a
desiccator cabinet for analysis.

2.3. Bio-o0il and hydrochar yields calculation

The obtained BO and HC were weighed to determine the yields. Egs.
(1) and (2) calculated the yields of BO and HC (wt.%), respectively.

BO yield (wt.%) = [mpo (g)/mdry biomass (g)] x 100 m
HC yield (wt.%) = [mpc (8)/Mdry biomass ()] x 100 2)

where Mgry biomass is the oven-dried mass of the invasive plant feedstock,
and masses of BO and HC are mpp and my, respectively. HHV was
determined using a bomb calorimeter (Parr 6200 FE, USA), following
the standard ASTM E7113. BO was used directly. HC and dry biomass
samples were first pelletized using a pellet press before HHV was
determined. Eq. (3) calculates the energy recovery efficiency (ERE, %),
the fraction of energy from biomass retained in the product. The product
yield can be either the BO or HC yield.

ERE (%) = [HHV of product (MJ/kg)/HHV of dry biomass (MJ/kg)] x
product yield (%) 3

2.4. Bio-oil and hydrochar characterization

The standard NREL/TP-510-42618 was used to determine lignocel-
lulosic content. Proximate analysis was conducted in accordance with
ASTM D7582-15:2015 to assess moisture, volatile matter (VM), and
fixed carbon (FC). Ash content was measured following the standard
analysis method, NREL/TP-510-42622. The pristine and HC samples
were identified for their elemental compositions: carbon, hydrogen,
nitrogen, and sulfur (CHNS) with an elemental analyzer (FlashSmart
CHNS/O, Thermo Scientific, USA) with (2,5-Bis(5-tert-butyl-2-benzo-
oxozol-2yl) thiophene) as a standard. Due to technical limitations, only
C, H, and N were quantified for BO. The O content of each sample was
calculated by deducting 100% from the C, H, N, S, and ash contents.
Subsequently, C, H, and N were used to calculate the O content for BO. A
scanning electron microscope (SEM, JSM-IT500LA, Japan) was used to

Energy Conversion and Management: X 29 (2026) 101554

produce surface images of HC. The surface functional groups of HC were
determined by absorbance graphs produced from Fourier transform
infrared spectroscopy (FTIR, Thermo Fisher Scientific, iS50, USA). The
thermal stability and decomposition behavior of both BO and HC were
assessed using thermogravimetric analysis (TGA) and derivative ther-
mogravimetry (DTG) with a simultaneous thermal analyzer (Mettler
Toledo, USA). Samples were placed in alumina 70 pL crucibles, and the
thermal analyzer was operated at 25-900 °C (10 °C/min heating rate)
under 25 mL/min Ny. Gas chromatography-mass spectrometry (GC-MS,
GCMS-TQ 8040, Shimadzu, Japan) equipped with a column (SH-Rxi-5Sil
MS, Shimadzu, Japan) was used to determine organic constituents in
BO. Samples were diluted in ethyl acetate to 1 mg/L, and the GC-MS was
set up as described in a previous study [23].

2.5. Biochemical methane potential of invasive plants

Substrates and inoculum for BMP were analyzed for total solids (TS),
volatile solids (VS), total ammonia nitrogen (TAN), intermediate and
partial alkalinity (IA & PA) and pH. TS and VS were determined gravi-
metrically following APHA standard methods: samples were dried at
105 °C for TS and combusted at 550 °C for VS [24]. pH measurements
were performed using a calibrated Hach probe (Hach, USA). IA and PA
were quantified by titration, using an automated titrator (Mettler
Toledo, USA), to pH end points of 5.75 and 4.30, respectively [25]. TAN
was measured according to the APHA method 4500-NH3 B [24].

Batch BMP assays were conducted in 500 mL glass bottles, with
triplicate samples for each substrate, inoculum blank, and positive
control. Each bottle received 400 mL of inoculum sourced from a mes-
ophilic (37 °C) lab-scale digester treating diluted pet food at an organic
loading rate of 3 gVS/L/day. The inoculum was sieved (0.5 mm) and
incubated in BMP bottles for 4 days to degrade residual labile organics.
Before feeding the substrate, the inoculum was sampled for analysis; its
characteristics were TS 2.08%, VS 1.16%, total alkalinity 8.6 g CaCO3/
L, and TAN 2.2 g/L, satisfying the quality requirements suggested by a
previous study [26].

Dry biomass samples were added to achieve an inoculum-to-
substrate ratio (ISR) of 3 (VS basis) to minimize inhibition and ensure
hydrolysis-limited CH4 production [27]. Bottles were purged with Ng,
immersed in a 37 °C water bath, and stirred at 60 rpm. Evolved gas was
scrubbed of CO3 and H5S in 80 mL of 3 M NaOH solution, then measured
by an AMPTS II system (Bioprocess Control, Lund, Sweden) with 10 mL
resolution. Tests ran until daily CH4 production <1% of the cumulative
volume for three consecutive days. The performance of the inoculum
was validated using cellulose controls, which resulted in a BMP of 0.376
NL CHy4/gVS + 0.015, confirming inoculum activity [26].

Time-resolved CH4 production data were exported from AMPTS II
and were subsequently processed with custom MATLAB R2024a scripts.
CH,4 volumes were corrected to STP (0 °C, 1 bar), accounting for
scrubber efficiency (98% %, assumed based on manufacturer validation
data for a scrubber operated at biogas production rates <3 L/day; Bio-
process Control AB, Lund, Sweden, personal communication, 2024),
water vapor and initial Ny headspace, as detailed by a previous study
[28]. The data were then interpolated to a daily resolution using
piecewise cubic Hermite splines and averaged across replicates. Stan-
dard deviations were propagated by quadratic addition, considering also
the blank subtraction [26]. Net cumulative CH4 production curves were
normalized by VS dose to obtain the specific methane yield (SMY),
expressed in NL CH,4/gVS and plotted with +1 SD error bars.

Eq. (4) shows a first-order hydrolysis model [29], which was fitted to
each SMY curve using unweighted nonlinear least squares (Isqcurvefit,
MATLAB R2024a). Initial guesses of the parameters were V}, = V(tend)
and k = 0.1/d with bounds 0 < k < 10. Ninety-five-percent confidence
intervals were estimated via the asymptotic Wald method (nlparci,
MATLAB) from the Jacobian and residual variance. Goodness-of-fit
statistics for the model were calculated as the coefficient of determina-
tion (R?) and the root-mean-square error (RMSE).
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Table 1
Lignocellulosic content, proximate analysis, and HHV for selected invasive plants.
Sample lignocellulosic contents proximate analysis HHV
(wWt.%, dry basis) (Wt.%, dry basis) (MJ/kg)
Cellulose Hemicellulose Lignin Extractives Moisture Ash VM FC
mimosa 21.2 17.9 319 22.2 8.53 5.80 65.4 20.3 19.2
giant salvinia 23.2 18.5 27.6 19.9 9.98 20.8 53.9 15.4 15.6
water lettuce 26.7 16.7 10.9 19.4 10.1 12.2 64.9 12.7 11.1
VM - volatile matter.
FC - fixed carbon
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V(t) = V,(1 — exp( — kt)) 4)

3. Results and discussion
3.1. Invasive plants characteristics

The characteristics of prepared pristine biomass samples, including
lignocellulosic composition, proximate analysis, and HHV, are summa-
rized in Table 1. Lignocellulosic content, proximate analysis, and HHV
for selected invasive plants. Among the three invasive plant species
studied, Mimosa exhibited the most favorable energy profile, with a low
ash content (5.80%), high lignin content (31.9%), and high extractives,
which contributed to the highest HHV of 19.2 MJ/kg on a dry basis. On
the other hand, water lettuce had the lowest lignin content (10.9%) and
moderate ash content (12.2%), resulting in the lowest HHV of 11.1 MJ/
kg among the three biomass types. Giant salvinia yielded a moderate
HHV (15.6 MJ/kg). Despite its relatively high lignin content (27.6%),
the biomass contained high ash content (20.8%), which limited its fuel
quality. A previous study reported a much lower lignin content in giant
salvinia of 12.8-14.2% [30]. Still, this variation may be due to differ-
ences in quantification methods and the geographic locations where the

samples were collected. Compared to previous studies, the HHV of
mimosa is comparable to that of seed oil residues, such as canola and
camelina meal, which have values of 19.6 and 19.0 MJ/kg, respectively
[31]. Meanwhile, the HHV of giant salvinia is similar to that of corn
stalk, spirulina powder, and oat hull at 15.0, 15.4, and 15.2 MJ/kg,
respectively [32,33]. These results suggest that invasive plant species,
particularly mimosa, had greater energy potential than conventional
biomass feedstocks.

3.2. Product yields and energy

Product yield is a key indicator for evaluating the feasibility of
converting invasive plant species into bioenergy via HTL. The yields of
BO and HC were calculated, and the results are shown in Fig. 2.
Generally, higher reaction temperatures yielded higher BO and HC.
Under subcritical water conditions, lignocellulosic biomass is widely
recognized to undergo conversion into BO through a series of complex
reactions, such as hydrolysis, isomerization, fragmentation, depoly-
merization, and condensation processes [34]. Raising the process tem-
perature enhances the ionic product of water, making subcritical water
an effective medium for facilitating both acid- and base-catalyzed
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reactions [35]. HC yields exhibited an inverse trend. Increased tem-
perature enhanced solid decomposition into BO. For mimosa, the
maximum BO yield (16.2 wt%) was achieved at 200 °C, whereas the
maximum HC yield (17.8 wt%) was achieved at 160 °C. For giant sal-
vinia, optimal BO (13.7 wt%) and HC (10.8 wt%) yields were obtained
at 200 °C and 160 °C, respectively. The optimum time was determined as
the point at which the product yield began to level off. For mimosa, it
took 3 h, whereas the yield from giant salvinia stabilized after 4 h. As a
result, these values were used as the optimum hydrothermal treatment
times for each invasive plant biomass. In contrast, water lettuce pro-
duced BO and HC yields of less than 10 wt% each (see Supplementary
Material, Fig. S2). These minimal yields made the products difficult to
handle in the experiment. Therefore, water lettuce was discontinued
from further hydrothermal experiments or characterizations.

The HTL conditions selected in this study appeared to promote the
conversion of mimosa into BO. According to a previous study, the
amount of BO increases with increasing lignin content and decreases
with increasing cellulose and hemicellulose content in the biomass [36].
Water lettuce contains the highest cellulose (~27%) and the lowest
lignin (~11%) of the three weeds, whereas giant salvinia and mimosa
have markedly higher lignin fractions. This might be why water lettuce
produces low BO. Lignin may also take longer than cellulose and
hemicellulose to form phenolic compounds [36]. Nevertheless, an HTL
treatment time of more than 1 h would be sufficient to convert lignin-
rich biomass into crude BO [36]. Furthermore, operating at 200 °C
appeared to enhance hydrolysis and dehydration reactions compared to
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lower temperatures at 180 and 160 °C, thereby increasing the yield of
BO.

Sample identifiers are used for BO and HC products to clarify the
results under various experimental conditions. Each identifier indicates
the invasive species, the treatment temperature, and the treatment
duration. For instance, M-160-1 represents a product derived from
mimosa that has been subjected to hydrothermal treatment at 160 °C for
1 h. In comparison, S-200-4 represents a product derived from giant
salvinia that has been subjected to hydrothermal treatment at 200 °C for
4h.

ERE represents the proportion of the original feedstock’s energy
retained in the product following HTL, while the HHV indicates the
energy content of the resulting fuel [37]. HHV and ERE are presented in
Fig. 3, with corresponding numerical data provided in the Supplemen-
tary Material (Table S2 and Table S3). Generally, BO exhibited superior
HHYV compared to HC. The BO of M-200-3 had the highest HHV and ERE,
at 31.4 MJ/kg and 26.6%, respectively. For S-200-4, its BO possessed the
HHV and ERE of 26.7 MJ/kg and 23.2%, respectively. These HHV results
were comparable to a recent study on BO derived from crude olive
pomace, which had an HHV of 32 MJ/kg [38]. However, the ERE of
crude olive pomace was exceptionally high at approximately 60% [38].
The BO derived from cassava rhizome showed a similar HHV of 23.1
MJ/kg and a comparable ERE of 37.5% [39]. Among HC products, the
highest ERE was from M-160-3 at 17.8%, with a corresponding HHV of
21.0 MJ/kg. Based on HHV values and ERE, mimosa appears to be a
more promising precursor than giant salvinia. This may be because
mimosa has lower ash content and higher lignin and extractives
compared to giant salvinia. The compositional and thermal character-
istics of BO and HC could further explain this phenomenon.

3.3. Bio-oil and hydrochar properties

The elemental composition of HTL products is shown in Fig. 4.
Compared to pristine biomass, BO exhibited significantly higher carbon
(C) content, which further increased with rising HTL temperatures.
Conversely, the oxygen (O) content in BO was substantially lower than
that in raw biomass and decreased with increasing temperature.
Retention time, however, had only a minimal effect on both C and O
levels. These shifts indicated deoxygenation reactions during the process
[40]. As a result, the higher carbon and lower O contents contributed to
a significantly elevated HHV of BO relative to raw biomass, with HHV
improving as the processing temperature increased. Among all the
products, M-200-3 possessed the highest C content for both BO and HC,
consistent with its superior product yields and energy results. High
lignin biomass yields BO with higher HHV and ERE because of the low
H/C ratio typical of lignin and the dominance of heavy organics in the
resulting BO [41]. The H/C and O/C ratios of HTL-derived BO, for both
mimosa and giant salvinia, become increasingly similar to those of diesel
with rising temperature, as demonstrated by their proximity on the Van
Krevelen diagram (Fig. 4c). For the HC products (Fig. 4d), S-200-4
started to enter the peat zone as the O/C ratio decreased with increasing
temperature conditions. On the other hand, M-160-3 was located at the
intersection of peat and lignite. The HC products of mimosa shifted to-
ward higher H/C ratios due to decarboxylation. Except for salvinia-
derived HC products, all other products displayed an early heating
stage where dehydration was the primary influence, transitioning to
dominance by decarboxylation in later stages. A similar phenomenon
was shown in the HTL of microalgae and sewage sludge [42,43].

GC-MS detected volatile and semi-volatile BO components. The non-
volatile compounds remain uncharacterized. Fig. 5 shows the relative
abundance (% of total GC-MS peak area) of compound classes in BO
samples, determined from peak area integration of GC-MS chromato-
grams. The actual areas under the GC-MS chromatograms for the
compounds are provided in the Supplementary Material (Table S4). In
Mimosa-derived BO, ester was the dominant compound class present in
M-160-3, whereas phenolic compounds became the dominant class in M-
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Fig. 4. Elemental composition (%) of BO and HC after hydrothermal treatment at 160, 180, and 200 °C and optimum time conditions. (a) BO of mimosa at 3 h and
salvinia at 4 h; (b) HC of mimosa at 3 h and giant salvinia at 4 h; (c) Van Krevelen diagram for BO in comparison to conventional fuel oil; (d) Van Krevelen diagram

for HC in comparison to conventional solid fuels.

180-3 and M-200-3. This coincided with the elemental trends shown in
Van Krevelen diagram (Fig. 4c). In the early stage, light esters such as
propanoic acid and formic acid would form from residual carbohydrates
or extractives. For Giant salvinia-derived BO, the volatile fraction at
180-200 °C, acids were decarboxylated, and lignin degradation and
depolymerization took place more often with mimosa products to create
phenolic species like 1,2,3-Benzenetriol and 2,4-Di-tert-butylphenol. For
giant salvinia BO products, the volatile fraction at 180-200 °C was
mainly composed of phenolic compounds, especially catechol, which
was probably derived from carbohydrate fragmentation and lignin. The
presence of phenolic compounds contributes to the aromatic richness
and potential calorific value of the BO. At the same time, hydrocarbon-
like compounds such as campesterol, stigmasterol, gamma-sitosterol,
and isophytol decreased, likely due to their thermal instability and
subsequent degradation at these temperatures.

The FTIR results are displayed in Fig. 6 and Supplementary Material
(Table S5-S6). All samples exhibited the broad O-H stretch around
3200-3400 cm ™. Both pristine samples of mimosa and giant salvinia
exhibited C-H stretching bands around 2905 and 2858 cm™?, corre-
sponding to the presence of the CHy and CHjs functional groups typically
found in lignocellulosic contents [44]. These functional groups were still
present in BO and HC. A shoulder band at approximately 1720-1730
em ™! was detected only in the biomass samples and can be assigned to
carboxyl or carbonyl functional groups associated with lignin structures
[45]. All BO samples exhibited a distinct C=O0 stretching around 1700
cm L, corresponding to the presence of mono-alkyl ester, ketones, al-
dehydes, and carboxylic acids [46]. The same peak was observed,

though less prominently, in HC samples. The peaks at approximately
1600-1610, attributed to aromatic ring vibrations, were observed in all
samples [45]. Absorption bands at 1500-1510 cm ™, attributed to aro-
matic C—=C stretching vibrations, were observed in both BO and, to a
lesser extent, HC, suggesting the presence of phenolic compounds [47].
C-N stretching vibrations were observed at approximately 1370-1470
cm™! in all samples, with some variation in intensity. A prominent peak
around 1035 cm ! of biomass corresponded to the C-O-C pyranose ring
skeletal vibration in cellulose [48]. This peak was also detected in the
HC samples, though with diminished prominence. Additionally, the C-O
stretching bands of BO, at approximately 1045 and 1005 cm ™2, corre-
sponded to those of phenol and esters [46]. These FTIR-detected func-
tional groups were consistent with the molecular compounds identified
by GC-MS (Fig. 5).

SEM images of HC are also shown in Fig. 6. The surfaces of raw
mimosa and salvinia exhibited smooth, layered surface textures. At
160 °C, the derived HC exhibited intermediate changes, with some
roughness while retaining some of its original smoothness. The HC of S-
180-4 had an irregular surface appearance, whereas M-180-3 began
forming carbon spheres. At 200 °C, well-defined carbon spheres became
prominent on the surface of the HC products from both plants. The
formation of these carbon spheres typically occurs through four stages:
dehydration, condensation, polymerization, and aromatization, with
time, temperature, and catalysts playing crucial roles [49]. The experi-
mental conditions employed in this study successfully achieved the re-
quirements for sphere nucleation.

The thermal characteristics of BO are illustrated by TGA and DTG
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Fig. 5. GC-MS analysis of BO samples showing relative abundance of seven major compound classes (alcohols, amides, esters, hydrocarbons, ketones/aldehydes,
organic acids, and phenols), with corresponding structures of molecules detected in each class.

curves, as shown in Fig. 7. Approximately 10% of the pristine samples
were lost due to dehydration at temperatures ranging from 100 to
150 °C. The majority of the mass loss for each sample occurred between
150 and 500 °C, consistent with the thermal decomposition of biomass
components. Raw mimosa and giant salvinia exhibited maximum tem-
peratures (Tpqy) of 332 °C and 320.5 °C, respectively. This was typical
biomass thermal behavior, as similar results have been shown in other
water plants and agricultural residues [50]. In contrast, BO showed
several peaks in the degradation temperature range, which may be due
to the sample's complex composition. For instance, M-200-3 had a Ty
of around 261-314 °C, indicating that the majority of the volatile con-
tent was lost within that range. However, some components in the
samples may also have a Tpqy around 390 °C. Although the increase in
temperature did not create a noticeable trend in TGA and DTG, the
experiment revealed that HTL facilitates the formation of low-boiling
components. This transformation enhances the fuel potential of BO by
increasing its volatile fraction and reducing the thermal stability of its
components [51].

3.4. Biochemical methane potential of invasive plants

The 42-day BMP trials confirmed a clear performance hierarchy
among the invasive plants: water lettuce > giant salvinia > mimosa.
Table 2 displays CH4 and energy yields of the invasive plants. Water
lettuce produced 0.238 + 0.022 NL CH4/gVS, almost twice the CHy
obtained from mimosa (0.119 + 0.010 NL/gVS) and giant salvinia
(0.127 + 0.011 NL/gVS) and reached 63% of the cellulose control.
Relative standard deviations were below 10%, indicating good repeat-
ability across replicates.

The compositional profile of the substrates explains these differ-
ences. Unlike HTL, the AD process seemed to favor high-cellulose

biomass like water lettuce. Because lignin is essentially non-
biodegradable under anaerobic conditions, it forms a physical and
chemical barrier that impedes microbial access to the otherwise
fermentable cellulose and hemicellulose matrix; it also adsorbs hydro-
lytic enzymes, diverting them from productive action [52]. Previous
extensive cross-dataset analyses showed that lignin concentration is the
single strongest negative predictor of BMP across diverse feedstocks
[53]. The present results reinforce this relationship and underscore the
need for pretreatment, mechanical, chemical, or biological, when high-
lignin biomasses, such as mimosa or giant salvinia, are targeted for
biogas production [54]. ERE values indicate the low degradability of
mimosa and giant salvinia, with AD recovering only 23-24% of the
energy content of the substrates, compared to almost 50% for the more
degradable water lettuce.

Literature BMP data for water lettuce reported a yield of 0.39 NL
CH,4/gVS for the whole plant and 0.30 NL CH,4/gVS for roots only, with a
60-day duration of the batch test, an ISR of 1 (VS basis) and using
digested cow manure as inoculum [55]. Another work achieved up to
0.24 NL CH4/gVS in BMP tests conducted at different inoculum-to-
substrate ratios, employing digested sludge as inoculum at a relatively
low ISR (between 0.06 and 0.2) and therefore requiring longer duration
of the test up to 73 days [56]. Therefore, the results of the present study
align with the lower end of the literature data.

For giant salvinia, a previous study performed both BMP tests and
pilot-scale batch digestions [57]. In the BMP tests, using a relatively low
ISR (actual values not reported) and digested sludge plus food waste as a
source of inoculum, salvinia produced only 52 + 55 L biogas/kgVs,
more than three times lower than water hyacinth and cabomba, con-
firming its relatively recalcitrant nature [57]. In the pilot-scale batch
reactor, the study reported a biogas yield of 155 L/kgVS with an average
CH4 content of about 50%, corresponding to about 0.08 NL CHy4/gVS,
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Fig. 6. Surface characteristics of BO and hydrochar HC after hydrothermal treatment at 160, 180, and 200 °C and optimum time conditions. (a) FTIR spectra of
mimosa products at three h; (b) FTIR spectra of giant salvinia products at 4 h; (c) SEM images of HC.

and a k value of 0.047/day, again lower than for the other weeds (water
hyacinth and cabomba) [57]. Given the different inoculum loading and
reactor scales in the study, the higher yield (0.13 NL/gVS) and first-
order rate (0.148/day) obtained seem to represent an upper bound for
raw giant salvinia without chemical pretreatment [57].

No peer-reviewed BMP data were found for mimosa. The present
study thus provides the first calibrated value for this species. The lowest
CH,4 yield among the three substrates may have been influenced by the
methane-suppressing effect of condensed tannins, which are docu-
mented in rumen studies, where substitution with mimosa foliage
reduced CH,4 formation by 20-45% [58].

The first-order hydrolysis model fits can be found in Fig. 8, while
their fitting parameters are tabulated in Table 3. The model reproduced
94-98% of the variance in the cumulative methane curves (R =
0.94-0.98), with low residual errors (RMSE = 0.005-0.018 NL CHy4/
gV8S). The fitted plateau volume (V}) closely matched the experimental
BMP, with relative confidence intervals of +2-2.5%, whereas the con-
fidence intervals for the rate constant k were wider, at +9-12%,
reflecting greater uncertainty in the rate estimates.

Although mimosa had the lowest ultimate yield, it exhibited the
highest k (0.202/day). Conversely, giant salvinia degraded most slowly
(k = 0.149/day) and reached a plateau at the lowest methane volume.
Water lettuce combined a comparatively high V, with an intermediate k,
making it the best overall performer. Its cumulative production curve
displayed a mildly sigmoidal profile, characteristic of a Gompertz-type
response with a short initial lag phase preceding active degradation. A
three-parameter sigmoidal model, such as the modified Gompertz,

would represent this lag more explicitly, but given that the first-order
model already describes the data well and preserves the same ranking
between substrates, it was retained here for consistency and parsimony.

When HTL co-products are considered, the process captured sub-
stantially more of the feedstock energy than AD for the woody invaders,
but not for the soft-tissue species. For mimosa, summing the 26.6%
retained in BO with the 17.8% locked in hydrochar, under the best
process conditions, yields a total HTL ERE of 44.4%, almost double the
23.2% recovered as CH, in AD. Giant salvinia BO preserved 16.2% of the
initial energy, and the accompanying HC contributed 17.8%, resulting in
an overall HTL ERE of approximately 34%. This was only about ten
percentage points higher than the 24.7% realized through AD. In sharp
contrast, water lettuce achieved the opposite pattern: AD recovered
49.3% of its energy content, whereas HTL retained <10% in total,
underlining that feedstock composition ultimately decides whether HTL
or AD is the superior valorization route.

3.5. Estimation of energy production from invasive plants

Energy production estimates based on the sampled dry biomass of
invasive plant species are presented in Table 4. While the energy esti-
mates were calculated based on the results of this work (Sections 3.2 and
3.4), the amounts of dry biomass presented for the Lower Mekong Basin
were obtained from previous studies [59-61]. Eq. S1 (Supplementary
Material) was used to calculate the estimated energy. Due to limited
sampling data for giant salvinia in the Lower Mekong Delta, a study
conducted in Puerto Rico was utilized as a reference [62]. Moreover, it is
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Table 2

CH4 and energy yields of the invasive plants on VS and fresh matter basis.
Substrate CH, yield on VS (NL CH4/gVS) RSD (%) VS content substrate, dry basis (%) energy yield substrate, dry basis (MJ/kg) # ERE (%)
cellulose (control) 0.376 + 0.015 4.1% 100 14.96
mimosa 0.119 + 0.010 8.5% 94.0 4.45 23.2%
giant salvinia 0.127 £ 0.011 8.7% 76.1 3.86 24.7%
water lettuce 0.238 + 0.022 9.1% 57.8 5.47 49.3%

a. Higher heating value (HHV) of CH, is 39.8 MJ/mS3.
RSD - relative standard deviation
VS - volatile solid.

important to note that the estimated energy values were overestimated
due to the exclusion of suitable energy conversion efficiencies (Table 4).
With a dry biomass of 679 g/m?, BO and HC from mimosa could provide
about 15,763 and 6,147 kWh/ha, respectively. The energy yielded from
CH4 produced through AD of the mimosa was calculated to be 8,402
kWh, higher than that of HC. However, when using the maximum
annual results, mimosa can produce about 2.13 x 10* kg/ha. This would
produce up to 49,418, 22,054, and 26,023 kWh worth of energy from
BO, HC, and AD, respectively. Giant salvinia produced significantly
lower dry biomass per hectare than mimosa. Energy outputs from its BO,
HC, and BMP were estimated at 5,023, 986, and 3,140 kWh/ha,
respectively. For water lettuce, the only available results for energy
yields were from the BMP experiment. According to biomass availability
from Nong Han Kumphawapi, Thailand, a hectare of water lettuce
would produce approximately 5,517 kWh. Although the water lettuce
achieved higher CH4 and HHYV yields on a dry-matter basis than mimosa,

its biomass production was lower, resulting in lower overall energy
production from CHy.

It should be noted that while HC produced the lowest maximum
energy, its production process required the fewest resources. In contrast,
separating BO from the solid phase required a substantial amount of
ethyl acetate (over 250 mL per 5 g of substrate) and subsequent solvent
evaporation. Similarly, anaerobic digestion will require a long retention
time (>40 days) to achieve maximum biogas production. Actual dry
biomass per hectare in other areas of the Lower Mekong Basin may vary
from the values reported in Table 4. Consequently, energy production
will vary depending on growth rates and the associated dry biomass
yields of the chosen invasive plants. Lastly, this study excluded trans-
portation costs and other localized economic analyses. The need for
specific energy production methods or combined systems will largely
depend on the contextual requirements of the area utilizing bioenergy
production.
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Fig. 8. Net specific yield (NL CH,4/gVS) from the BMP experiments and their respective first-order hydrolysis model. (a) cellulose (control); (b) mimosa; (c) giant

salvinia; (d) water lettuce.

Table 3

Fitting parameters of the first-order hydrolysis model of invasive plants BMP with cellulose as a reference.
Substrate A Confidence interval V, k Confidence interval k R? RMSE
Cellulose 0.370 0.362 0.378 0.174 0.155 0.193 0.963 0.018
Mimosa 0.113 0.110 0.115 0.202 0.178 0.225 0.941 0.006
Giant salvinia 0.122 0.119 0.124 0.148 0.134 0.163 0.958 0.005
Water lettuce 0.240 0.235 0.244 0.174 0.159 0.190 0.975 0.010

Vp — ultimate methane potential (NL CH4/gVS).
k — first order rate constant (1/day).

R2 - coefficient of determination

RMSE - root-mean-square error.

All in all, this study demonstrated that invasive plants from the
Lower Mekong Basin, including mimosa, giant salvinia, and water let-
tuce, demonstrated potential as viable bioenergy feedstocks. Mimosa
and giant salvinia are better suited for BO and HC production via hy-
drothermal treatment. Despite mimosa's high biomass abundance, water
lettuce exhibited higher CH,4 yield per unit mass and emerged as a
promising substrate for biogas production.

Further investigations are required to advance this research. First,
the solvent extraction protocol used a notably high solvent-to-biomass
ratio of 50:1 (250 mL of ethyl acetate per 5 g of biomass). Future
studies should systematically optimize this parameter to reduce solvent
use while maintaining effective extraction efficiency, thereby enhancing
the environmental sustainability and economic viability of the process.
Second, the research should investigate the potential utilization of HTL
process water, which may contain nutrients and organic compounds.

Third, comprehensive upscaling analyses are crucial to assessing the
practical applicability of this technology. Such evaluations should
include energy input-output balances, techno-economic feasibility
studies, and engineering considerations for pilot-scale implementation.
Lastly, future work should incorporate empirical data specific to the
invasive plant species under study and actual energy conversion
efficiency.

4. Conclusions

This study demonstrated that invasive plant species from the Lower
Mekong Basin can serve as viable bioenergy feedstocks through various
conversion pathways. Mimosa showed the highest HTL conversion,
producing 16.2 wt% BO and 17.8 wt% HC at 200 °C for 3 h (M-200-3).
Its BO reached a HHV value of 31.4 MJ/kg and ERE of 26.6%. The

10
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Table 4
Estimated maximum energy production per hectare of invasive plants (kWh/ha).
Invasive plants  Dry biomass (g/m?)  Dry biomass per hectare (kg/ha)  Maximum Estimated energy per hectare of dry Reference sampling site Ref.
biomass (kWh/ha)
HTL-BO® HIL-HC® AD"
Mimosa 679°¢ 6.79 x 10° 15,763 6,147 8,402 Tram Chim National Park, Vietnam [59]
n/a 5.80 x 10% ¢ 13,457 5,248 7,177 Dong Thap Province, Vietnam [60]
n/a 2.13 x 10* ¢ 49,418 19,273 26,023
Giant salvinia 293f 2.93 x 10° 5,023 986 3,140 Las Curias Reservoir, Puerto Rico [62]
Water lettuce 363°¢ 3.63 x 10° n/a n/a 5,517 Nong Han Kumphawapi, Thailand [61]

n/a — not available.

a—calculated from Eq. S1 (Supplementary Material) and the samples with the highest HHV and ERE; values may be overestimated, as energy conversion efficiency was

not considered.

b - calculated from Eq. S1 (Supplementary Material) and the HHV of the produced CH,4 in BMP tests; values may be overestimated as energy conversion efficiency was

not considered (this.

¢ — temporal results.

d - minimum annual results.

e — maximum annual results.

f — temporal results calculated from a quadrat.

g — location is not from the Lower Mekong Basin

species' high lignin content promoted the formation of phenolic com-
pounds during thermal processing, with acids decarboxylating at
180-200 °C to generate phenolic compounds, including 1,2,3-benzene-
triol and 2,4-di-tert-butylphenol. This biochemical transformation,
coupled with mimosa's abundance of 2.13 x 10% kg/ha (temporal),
produced substantial energy outputs of 49,418 kWh for BO and 19,273
kWh for HC per hectare under optimal conditions. The Van Krevelen
diagram analysis further indicated that increasing the HTL temperature
improved the H/C and O/C ratios of the BO, making them more similar
to those of diesel fuel.

Giant salvinia underwent similar hydrothermal treatment patterns,
with phenolic-rich volatile fractions forming at 180-200 °C. However,
its lower lignin content and biomass availability generated reduced
energy yields of 5,023 kWh BO and 986 kWh HC per hectare.

Water lettuce presented a contrasting profile, producing minimal
yields through hydrothermal treatment (less than 10 wt% BO and HC)
but excelling in anaerobic digestion with the highest BMP of 0.238 +
0.022 NL CH4/gVS. This superior performance in biogas production was
attributed to its elevated cellulose content and reduced lignin content.
The cellulose-rich composition enabled more efficient microbial con-
version compared to lignin-rich giant salvinia and mimosa, which
exhibited inhibitory effects on biogas production. Due to its moderate
biomass growth yield, water lettuce was estimated to produce 5,517
kWh per hectare.

The composition of the feedstock ultimately determined whether
HTL or AD was the more suitable valorization pathway. In terms of
production, HC required fewer resources than BO, which necessitated
substantial use of ethyl acetate (>250 mL per 5 g substrate) and sub-
sequent solvent evaporation. Furthermore, biogas production required
longer processing periods to achieve maximum yields. Actual energy
generation varied with species-specific growth rates, corresponding dry
biomass yields, and processing resource needs.

Future research should optimize the solvent quantity, utilize the HTL
process water, conduct comprehensive upscaling and techno-economic
analyses, incorporate species-specific data, and determine the actual
energy efficiency to enhance the practical viability of converting inva-
sive plants in the Lower Mekong Basin into bioenergy. Overall, this study
highlights that invasive species such as mimosa, giant salvinia, and
water lettuce have promising potential as bioenergy feedstocks,
contributing to regional energy security in the Lower Mekong Basin.
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