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HIGHLIGHTS

e Alkali and hydrothermal pretreatments
modified biomass composition and
structure.

e Dry/wet storage had minor changes on
lignocellulose & organic matter content.

e Hydrothermal carbonization of biomass
resulted in the highest methane yield.

e Dry storage was the most feasible option
based on this study’s economic analysis.

o Microbiome shifted under alkali and
hydrothermal pre-treatments.
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ABSTRACT

Sparganium erectum is a macrophyte whose use is very recent and offers a promising feedstock for biogas pro-
duction. This study evaluates its methane yield after applying low and high-energy demand pretreatments (solar
drying or ensiling, and aqueous ammonia soaking or hydrothermal treatment). These treatments are relatively
easy to implement in existing biogas plants by using waste heat from the biogas engine or an aqueous ammonia
solution recovered from the digestate. All pretreated biomasses exhibited higher methane yields than the un-
treated biomass (103 NmLCH4/gCOD), reaching the hydrothermal carbonization at 200 °C the greatest increase
(46 %). Drying altered slightly the biomass composition and structure, while alkali and hydrothermal pre-
treatments produced notable effects. Although all pretreatments enhanced the methane yield, less than 50 % of
COD was converted, suggesting room for biodegradability improvement. At the microbiological level, only the
alkaline pretreatment with ammonium caused a significant change in the population involved in anaerobic
digestion, as well as a decrease in the abundance of taxa. These findings highlight the importance of pre-
treatments for the anaerobic digestion of macrophytes, where simple processes such as drying prove to be the
most viable given its net energy gain obtained (474 %) compared to the obtained with untreated biomass (231
kwh).
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1. Introduction

The excessive natural growth of aquatic macrophytes poses a global
problem disrupting human activities, requiring substantial resources for
periodic removal to prevent flooding, avoid clogging, facilitate irriga-
tion, control plagues, and enhance boat traffic and recreational activities
(Thiemer et al., 2021). These plants can also constructed wetlands (CWs)
use macrophytes to efficiently treat various pollutants in domestic, in-
dustrial, or agricultural effluents, improving the water quality (Fletcher
et al., 2020) while generating significant biomass without competing
with the human and husbandry food chain (Dotro et al., 2017). Spar-
ganium erectum, prevalent specie in the Sparganium genus and commonly
known as bur-reeds, is an emergent macrophyte that typically grows in
shallow waters or very wet soils, found in various temperate regions of
Europe, North Africa, Asia, North America, and Australia (Gottsberger,
2020). Although it has not been commonly employed so far, its pros-
pects are driving recent attention since S. erectum also presents metal
phytoextraction potential, making it a suitable candidate for CWs
(Porras-Socias et al., 2024). A screening study in Germany showed that
bur-reeds were the most abundant plants sampled and have a methane
yield of 223 NmL CH4/g VS (Moeller et al., 2018).

Current disposal methods (landfilling, incineration or composting)
fail to realize the full resource potential of these abundant non-edible
plants, while sustainable valorization strategies for biomass reuse are
required (Kochi et al., 2020). Anaerobic digestion (AD) emerges as a
promising cost-effective solution, converting macrophyte biomass into
valuable bioenergy (Cinar et al., 2022). However, the efficient use of
macrophytes in AD is constrained by their cell walls, composed of cross-
linked polysaccharides (cellulose, hemicellulose and pectin), lignin and
proteins, recalcitrant to chemical and/or microbial degradation even at
high temperature (Ahmed et al., 2019; Alam et al., 2021; Moeller et al.,
2018). Therefore, effective pretreatment strategies are essential to
overcome this challenge and enhance the biodegradability of aquatic
plants by improving the accessibility of cellulose and hemicellulose to
microbial degradation by disrupting the lignin (Alam et al., 2021).

Comprehensive assessments of storage strategies and pretreatment
technologies for Sparganium erectum remain scarce since research on
macrophyte valorisation has mainly focused on species such as Phrag-
mites, Typha, or Egeria (table S1 in E-supplementary materials).
Furthermore, few studies have systematically compared low-cost pres-
ervation approaches, such as drying and ensiling, with more intensive
alkaline and hydrothermal pretreatments within the same experimental
framework. Pretreatments, classified as physical, chemical, physico-
chemical, or biological, vary in effectiveness across substrates. Me-
chanical methods (grinding or milling) reduce the particle size,
incrementing the surface area and the microbial accessibility during AD
(Abraham et al., 2020). Thermal drying facilitates waste management
by reducing biomass volume and mass, saving costs in storage, handling,
and transport, while also improves biogas production. Greenhouse solar
drying offers a cost-effective and sustainable option (Papastefanakis
et al., 2023). Another storage method is ensiling where the biomass is
compacted and sealed under anaerobic conditions that promote lactic-
acid fermentation: the pH drop enhances lignocellulosic digestibility
leading to an increase in the production of methane (Herrmann et al.,
2021). Aqueous ammonia soaking improves lignin and xylan removal
without inducing significant changes in the cellulose structure,
enhancing hydrolysis (Yuan et al., 2020). The hydrothermal pretreat-
ment is a heating process at a high temperature and pressure: hemicel-
lulose and lignin are solubilized above 150 °C, while the solubilization
of cellulose into sugars, aldehydes and other molecules initiates above
230 °C (Ahmed et al., 2019).

The present work evaluates the effect of two storage processes (solar
drying, ensiling) and two thermal treatments (aqueous ammonia soak-
ing, hydrothermal pretreatment) on the methane production potential of
Sparganium erectum. Pretreatments were selected considering resources
available in a full-scale biogas plant (water, energy and ammonia). This

Bioresource Technology 464 (2027) 135822

study aims to elucidate how these pretreatments affect methane pro-
duction by analysing their effect on the plant’s physicochemical char-
acteristics, and and on the kinetics and microbial population involved in
methane production.

2. Materials and methods
2.1. S. erectum biomass

The biomass, harvested from a lab-scale CWs, was the aboveground
part of S. erectum because only this part is harvested in regular main-
tenance of industrial CWs. The lab-scale CWs treated liquid fraction of
the digestate from a biogas plant (Porras-Socias et al., 2024). All
S. erectum plants were collected once (November 2021) and stored at -20
°C in sealed plastic bags (5 kg/ bag). Unfrozen biomass was cut with
scissors into 1 cm pieces approximately, simulating the size of industrial
choppers. The fresh chopped biomass (FB) has a moisture content of
82.1 +£ 0.3 %.

2.2. Pretreatments

FB were subjected to three different pretreatments that were selected
considering their feasibility in a biogas plant: storage, since the biogas
plant would have storage space; ammonia soaking, since ammonia
aqueous solution would be recovered from the digestate; hydrothermal
carbonization, since the biogas plant would have water and energy. The
effectiveness of each pretreatment was evaluated with the biodegrada-
tion percentage, the potential methane yield and the net energy gain.
Among, the morphological modification of the leaf tissues was qualita-
tively assessed (see E-supplementary materials).

Every pretreatment was done in triplicate.

The two storage conditions were dry and wet storage. The dry stor-
age pretreatment (DS) was done by solar drying with 300 g of FB
distributed homogenously in three aluminium trays (8.4 x 10.6 x 3.7
em®), following Prenafeta-Boldi et al. (2021). The drying process
occurred for 14 days (December 2022) while monitoring the tempera-
ture, the air velocity inside the solar dryer and the weight of the trays.
The maximal temperature was 45 °C and the final moisture of biomass
was 8.94 %. Dried biomass was stored in sealed plastic bags at -20 °C.

The wet storage (WS) was conducted as a lab-scale ensiling. Vacuum
bags were prepared with 100 g of FB at room temperature (25 °C) in
dark conditions for 14 days, following Hillion et al., (2018). At day 14,
the ensiled biomass was stored at -20 °C in sealed plastic bags.

The aqueous ammonia soaking pretreatments were conducted at two
different temperature and time. For that, 100 g of FB were added to
Pyrex bottles (2 L) with 610 mL of an aqueous ammonia solution (15 %
w/w) (ammonia solution 32 %, Sigma-Aldrich, MO, USA). The liquid-
solid ratio in each bottle was 1/1 (v/v), corresponding to 2.98 % of
total solids (TS) of FB. Bottles were sealed to avoid NH3 losses and left in
darkness. One set of bottles was kept at room temperature (25 °C) for 96
hours (AAS) following Lymperatou et al., (2022), while another set was
placed in an incubator at 51 °C for 27 hours (AAST) following Li et al.,
(2015). At the end of each pretreatment, the treated biomass was
recovered first adding 610 mL of deionized water to each bottle, then
performing a vacuum evaporation of the solution using a rotary evap-
orator (Rotavapor™ R-100, Biichi, Switzerland) at 130 mbar with an
initial temperature of 20 °C that was progressively raised up till 80 °C,
with a total duration of 80 min, following Lymperatou et al. (2017).
After the vacuum evaporation, a liquid-solid separation of the substrate
was performed by centrifugation at 13,000 g for 20 min at 4 °C
(Eppendorf™ Centrifuge 5810 R, Germany). Both fractions (centrates
AAS-L and AAST-L; and cakes AAS-S and AAST-S) were stored separately
in sealed plastic bags at -20 °C.

For the hydrothermal pretreatment, 200 g of FB and 1,220 mL of
deionized water were added in a high-temperature and high-pressure
reactor (model Autoclave Zipperclave Pressure Vessel, Iberfluids S.A.,
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Spain), keeping a liquid-solid ratio 1/1 (v/v). Two different conditions
were performed: 2 hours at 120 °C (HT) following Vakalis et al., (2022);
and 1 hour at 200 °C (HTC) following Ghimire et al., (2021). Reactions
were under equilibrium pressure (< 2 bar at 120 °C and 14 bar at 200 °C
for HT and HTC, respectively). When the reaction stopped, the product
was cooled to room temperature (25 °C) and centrifuged at 13,000 g for
20 min at 4 °C. The centrate and the cake fractions (centrates HT-L and
HTC-L; cakes HT-S and HTC-S) were stored separately in sealed plastic
bags at -20 °C.

2.3. Chemical analysis

Samples were characterized with the content of total and volatile
solids (TS, VS), pH, electrical conductivity (CE), total chemical oxygen
demand (COD), total Kjeldahl nitrogen (TKN), total ammonium nitrogen
(NHZ-N) (APHA et al., 2017). All analyses were performed in triplicates.
The protein content was calculated with a conversion factor specific to
vegetables following equation 1: protein = (TKN — NH{) -5.95 (Mariotti
et al., 2008). The individual volatile fatty acids (VFA) content (acetate,
propionate, iso-butyrate, n-butyrate, iso-valerate and n-valerate acids)
was determined with a CP-3800 gas chromatograph (sample volume 0.3
uL; TRB-FFAP (30 m - 0.32 mm - 0.25 pm) capillary column at 90 °C; FID
detector; Varian, Palo Alto, CA, USA). Only the cake fractions were
analysed for fibres characterization, once lyophilized as powdered
samples (CRYODOS-50 lyophilizer, Azbil Telstar, S.L.U., Terrassa,
Spain). The hemicellulose and lignin content were determined by
gravimetric analysis with a NaOH treatment and a two-stage acid hy-
drolysis, respectively; while the cellulose content was calculated based
on the acid detergent fibre (ADF) and the acid detergent lignin (ADL)
methods (AOAC international, 2019).

2.4. Biochemical methane potential test and kinetics

The six pretreated materials (DS, WS, AAS, AAST, HT and HTC-L) and
the untreated FB were submitted to a biochemical methane potential (BMP)
test in 1.2 L flasks (working volume 0.5 L), all prepared in triplicate. The
AAS, AAST and HT samples were reconstructed maintaining the same
percentage of centrate and cake phases, that were stored separately after
centrifugation. Only the pH in the AAS and AAST bottles was neutralized
(pH 7) with hydrochloric acid. In the case of HTC, only the centrate HTC-L
was used for the BMP test, while the cake phase (hydrochar) was kept for
other revalorization purposes.

The inoculum was collected in a mesophilic anaerobic digester treating
sewage sludge (La Llagosta, Barcelona, Spain) and stored at 37 °C for two
weeks to consume the residual organic matter. The substrate-to-inoculum
ratio was adjusted to 1:1 based on VS content, except for the three control
flasks (Ct) that contained no substrate, being the initial inoculum and
substrate concentration of 5 g VS/L and 5 g COD/L, respectively. Bicar-
bonate (2.5 g/ vial) was added to buffer the medium, maintaining an op-
timum pH of 8.0 - 8.5. All bottles were sealed with rubber stoppers and
flushed with N for three minutes to ensure an anaerobic environment and
then placed at 37 °C for 56 days. All vials were stirred manually once per
day. The biogas production (CH,4, CO2) was monitored three times a week
with an Agilent CP-3800 gas chromatograph (sample volume 0,1 pL; Hay-
esep packed column Q 80,100 Mesh with 2m x 1.8"x 2.0 mm SS, at 90 °C;
thermal conductivity detector; Varian, USA). At days 7, 13, 19, 26, 35, 41,
48 and 56, 1 mL of working volume per vial was collected and immediately
centrifuged for 5 min at 20,000 g and 4 °C. The pellets were stored at - 80 °C
for microbial community analysis and the supernatants were kept at— 20 °C
to measure the VFA content. The total VFA and the net cumulative methane
volume produced were expressed in terms of COD equivalents for com-
parison purposes. The biodegradability was assessed using the COD con-
version efficiency, calculated as the ratio between the experimental
methane yield (NmL CH4/g COD) by and the theoretical yield (350 NmL
CH4/g COD). Pearson correlation coefficients were calculated to evaluate
the relationship between these variables.
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A non-linear least-square regression analysis was performed with the
solver tool (Excel 2016) to fit the kinetics of the experimental methane
production to the modified Stannard-Richards model (Zwietering et al.,
1990), using the following equation 2: BMP; = A (1 + v - exp (1 + v) -
exp ((um /A) - (1 + 0)°(1 + 1/0) - (A - 1)))°(-1/v), where BMP; is the net
methane production (NmL CH4 /g COD), being A is the maximum
specific methane production potential (NmL CH4 /g COD), up, is the
maximum specific methane production rates (NmL CH4 /g COD - d), A is
the lag-phase time (d), t is the incubation time (d), and v is the shape
coefficient.

2.5. Molecular analysis

Both DNA and RNA were extracted simultaneously from pellet
samples collected at days 7, 13, 19 (exponential growth phase) of the
BMP test, with the RNeasy PowerMicrobiome kit following the manu-
facturer's instructions (Qiagen Inc., Venlo, Netherlands), while residual
DNA (of RNA aliquot) was removed with RNase-free DNase I 2 U/uL
(Applied Biological Materials Inc., Canada). Then, 20 uL of mRNA was
reverse transcribed to cDNA with PrimeScript™ RT reagent Kit (Perfect
Real Time; Takara Bio Inc., Kusatsu, Japan). cDNA concentration and
purity were assessed through spectrophotometry (NanoDrop ND-2000
and Qubit 4 Fluorometer, Invitrogen, MA, USA). Archaea and bacteria
functional profiles were assigned according to the FAPROTAX database
(Louca et al., 2016). V4 region of 16S rRNA gene was amplified with the
primer pair 515FB (GTGYCAGCMGCCGCGGTAA) and 806RB (GGAC-
TACNVGGGTWTCTAAT), following the protocols from the Earth
Microbiome Project. Amplicons were subjected to sequencing on an
[lumina MiSeq sequencer with V3 chemistry (Illumina, San Diego, CA,
USA) at Genoinseq (Cantanhede, Portugal). Data was processed
following the method described in Porras-Socias et al. (2024). The
sequencing data is available in the Sequence Read Archive of National
Center for Biotechnology Information with accession number PRJ
NA1085251.

2.6. Data and statistical analysis

Each pretreatment was performed in triplicate. Each product was
submitted to the BMP in triplicate. The averages and standard deviations
were calculated with Microsoft Excel 2019 and statistical analysis were
conducted with Sigmaplot software v 14.0. The Shapiro-Wilk test was
used to first test the normality of the dataset with a confidence interval
of 95 %. If the distribution was normal, an ANOVA test was performed,
followed by a Tukey test to calculate the significant differences between
the pretreatments with p values < 0.05. If not, a Kruskal-Wallis one-way
ANOVA on ranks was used.

2.7. Energy balance assessment

The preliminary energy balance assessment was performed to esti-
mate the feasibility of the integration of harvest biomass from CWs
treatment as biogas feedstock, after being submitted to the described
pretreatments. The assessment was performed based on the energy
produced or consumed in kWh per 1 ton of substrate (untreated or
pretreated) entering the reactor. For that, the equivalent tons of raw
biomass were calculated. Four possible scenarios were considered
depending on the hydraulic retention time (HRT) of the anaerobic
mesophilic digester: 19, 25, 35, and 56 days. The assumed methane
calorific value was 10.97 kWh/Nm?; and the thermal and electric yield
of a combined heat and power unit was 45 % and 36 %, respectively
(Misson et al., 2020). The energy requirements were assumed as 16
kWh/ton for the chopper (Moiceanu et al., 2019) and 14.3 kWh/ton for
the vacuum evaporator (Akbari Vakilabadi et al., 2019). The energy
demand of the heating unit was calculate with the equation 3
(Lymperatou et al., 2022): Q= p -V -c -(Tf - TO), being Q the heat demand
(kJ), p the density of the substrate (kg/m3), V the volume of the reactor
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Table 1
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Characteristics of the biomass before and after the pretreatments (n = 3). Notes: Underlined treatments denote that these materials were submitted to a BMP test. The
symbol * indicates the reconstruction of sample with the corresponding cake (—S) and centrate (—L). The same letters indicate that there are no significant differences
between groups with p < 0.05. Abbreviations: FB — chopped biomass, DS — dry storage, WS — wet storage, AAS — aqueous ammonia soaking at room temperature, AAST
— aqueous ammonia soaking at 51 °C, HT — hydrothermally treatment at 120 °C, HTC — hydrothermal carbonization; nd: not determined; FW — fresh weight; VS —
volatile solids; COD - chemical oxygen demand; EC - electrical conductivity; TKN - total Kjeldahl nitrogen; NH4-N, total ammonia nitrogen.

Treatment  Moisture (% VS (% TS) Ash (% COD (g 02/ COD/VS pH EC (mS/ TKN (g N/kg  NHi-N (% methane yield
FW) TS) kg FW) ratio cm) FW) TKN) (NmLCH,4/ gCOD)
FB 82.1 +0.3a 86.3 + 13.7 + 254+ 4a 1.650 + 5.80 + nd 38+03a 12.2 +£ 0.7 103+ 6
0.8a 0.8a 0.007 ab 0.02 a ab
DS 9+1b 86.0 + 14.1 + 1185 + 79b 1.5+ 0.1 ac nd nd 20 + 2b 12.0 + 1.0 121 +1
0.7 ab 0.7 ab a
ws 83.6 + 0.6¢ 84.1 £ 15.9 + 219+ 20a 1.58 + 0.09 4.26 + nd 33+04a 13.5+ 0.9 113+ 10
1.6 ab 1.6 ab ad 0.07b ab
AAS* 98.39 + 0.09 78.6 + 21.4 + 20.4 + 0.5¢ 1.36 + 0.06 11.4 + 4.6 +£0.2 14 + 3¢ 76.0+2.0c 140+5
d 1.3¢ 1.3¢ cd 0.1c ab
AAST* 98.44 + 0.05 82 +1bc 18 + 1 be 19.6 + 0.4c 1.30 + 11.35 + 5.01 + 13 + 2¢ 92.0 £ 5.0 143 +13
de 0.02¢ 0.09¢ 0.02a d
HT* 97.5+0.2de 69+3d 31+3d 35+ 3¢ 1.5+ 0.2 ac 5.4+ 0.1 4.24 + 0.51 + 0.07 24.0 £ 4.0 122 +1
d 0.07b a e
HTC-L 99.27 + 0.03 69 +1d 31+1d 9.2 + 0.6¢ 1.84 + 3.77 + 4.5+ 0.202 + 22.0+7.0 151 +3
e 0.08b 0.04 e 0.3b 0.001 a be
HTC-S 92.1 £ 0.7 90 £+ 2 10+ 2 129 + 2 1.8+ 0.2 nd nd 1.09 + 0.15 9.0 +£2.0 nd
AAS-L 99.60 + 0.03 75+ 2 25+ 2 3.9+ 0.2 1.33 £ 0.06 114+ 0.1 4.6 +0.2 16 £3 76.0 + 3.0 nd
AAS-S 94.3 £ 0.1 91.8 + 8.2+ 0.5 77 £7 1.5+0.1 nd nd 8+3 73.0 + nd
0.5 11.0
AAST-L 99.43 + 0.04 79+1 21+1 57 +0.2 1.26 + 0.01 11.35 + 5.01 + 14+ 2 94.0 + 5.0 nd
0.09 0.02
AAST-S 94.0 £ 0.1 92.3 + 7.7 £ 0.9 82+2 1.49 + 0.04 nd nd 9+1 79.0 £ 3.0 nd
0.9
HT-L 99.50 + 0.04 55+ 4 45+ 4 4.1+0.3 1.5+ 0.3 5.4+ 0.1 4.24 + 0.12 + 0.03 15.0 + nd
0.07 18.0
HT-S 942+ 0.2 92+1 8+1 85+4 1.58 + 0.05 nd nd 1.2+0.2 26.0 + 3.0 nd

(rns), c the specific heat capacity of the substrate (kJ/kg-°C), T¢ and Ty
the temperatures at the end and beginning of the heating process,
respectively. The density and specific heat capacity of all materials were
considered like water.

3. Results and discussion
3.1. Untreated and pretreated S. erectum characterization

FB physicochemical characterization is summarized in Table 1. The
harvested biomass presented a TS content of 17.8 %, VS content of 86.3
%TS, comparable with the bur-reed literature values (Moeller et al.,
2018), and an COD of 254 g/kg. The TKN and NHj-N contents were
3.8 g N/kg and 12.2 %TKN respectively, also coherent with bur-reed TN
values of Moeller et al., (2018). The COD/VS ratio of the untreated
biomass was 1.65, reflecting a composition dominated by complex
carbohydrates and recalcitrant lignin, typical of plant biomass. The
cellulose, hemicellulose and lignin were 40 %, 24 % and 8 %VS,
respectively (Table 2), like other macrophytes namely Phragmites aus-
tralis, Typha latifolia or Carex elata (Czubaszek et al., 2021), and with
lower lignin content, akin to Egeria densa (Dutra et al., 2024). The
variability in the lignocellulosic content can be due to the plant species,
the geographical location, the environmental conditions, and the
maturity level (Czubaszek et al., 2021).

DS increased the TS content, reaching 91 %, with a slight decrease in
VS, as observed in Papastefanakis et al. (2023), and a COD/VS ration of
1.5. However, WS slightly reduced TS and VS content to 16 % and 84 %
TS (Table 1), respectively, also consistent with short-period ensiling
studies (Herrmann et al., 2011), and a COD/VS ratio of 1.58. The
ensiling process resulted in a pH drop to around 4, potentially indicating
lactic acid fermentations (Sun et al., 2021). Both storage conditions had
a minimal impact on the main components, showing a mild increase in
hemicellulose and lignin and a decrease in cellulose.

The alkali and hydrothermal pretreatments significantly decreased
both the TS and VS due to the addition of aqueous reagents and water.

No dewatering steps of the biomass were included because each addi-
tional process would increase the pretreatments cost. The VS content in
the centrate phase in AAS, AAST, HT, and HTC suggests the solubiliza-
tion of organic matter from the plant tissues to the liquid phase, as
previously observed (Kim et al., 2016; Poomsawat & Poomsawat, 2021).
On the one hand, AAS and AAST treatments presented a significant
reduction of COD/VS ratio, potentially indicating an increased propor-
tion of readily digestible material. This effect is likely due to lignin
solubilization, as supported by data in Table 2, where the lignin content
decreased and the cellulose % rose, as previously observed (Yuan et al.,
2020).

Ammonia has a high lignin selectivity, cleaving its linkages with car-
bohydrates and making them more accessible for microbial degradation
(Kim etal., 2016). Regarding the hydrothermal pretreatments, the COD/VS
ratio was 1.54 for HT and 1.81 for HTC-L, with the increased value in HTC-L,
suggesting a relative reduction of the carbohydrates fraction and potential
solubilization of non-digestible lignin products. The pH of HTC-L was 3.8,
consistent with the production of organic acids during biomass hydrolysis
(Poomsawat & Poomsawat, 2021). In the cake fraction, cellulose and lignin
were relatively concentrated, and hemicellulose was significantly reduced
(Table 2). This indicates that hemicellulose was preferentially solubilized
and mobilized to HTC-L, which likely contained readily available substrates
such as sugars, organic acids, and oligomers from hemicellulose, and
smaller amounts of solubilized lignin and cellulose fragments (Nguyen
et al., 2023). In addition, the cellulose and lignin content of HT-S was
also relatively concentrated, as reported previously (Dutra et al., 2024).

Therefore, apparently, the pretreatment offering the best improve-
ment of anaerobic digestibility of S. erectum, would be AAST due to its
high cellulose content, and lower hemicellulose and lignin content,
diminishing the complexity of the leaf structure, facilitating enzymatic
hydrolysis (Lymperatou et al., 2017). Furthermore, it was noted that for
both alkali and hydrothermal pretreatments, higher temperature resul-
ted in greater effect on organic matter solubilization, which was re-
flected in higher COD and VS content in the centrate (Li et al., 2015;
Yuan et al., 2020; Vakalis et al., 2022).
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Table 2

Content of cellulose, hemicellulose and lignin content of S. erectum (n = 3) after the pretreatment (FB) and before the pretreatment (DS, WS, AAS-S, AAST-S and HT-S).
The same letters indicate that there are no significant differences between groups with p < 0.05. Abbreviations: nd: not determined; TS - total solids; VS — volatile
solids; DS — dry stored biomass, WS — wet stored biomass, AAS-S — cake fraction after aqueous ammonia soaking pretreated biomass at room temperature, AAST-S —
cake fraction after aqueous ammonia soaking at 51 °C, HT-S — cake fraction after hydrothermal treatment at 120 °C, HTC-S — cake fraction after hydrothermal
carbonization.

Before anaerobic digestion After anaerobic digestion
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Fig. 1. Net cumulative methane yield of BMP experiments of untreated and pretreated biomass (n = 3). Dots represent the experimental data, while the lines
correspond to the fit to the Stannard-Richards model for each batch. Abbreviations: FB — untreated biomass, DS - dry storage, WS — wet storage, AAS — aqueous
ammonia soaking at room temperature, AAST — aqueous ammonia soaking at 51 °C, HT — hydrothermally treatment at 120 °C, HTC-L - centrate phase after hy-

drothermal carbonization.

The TKN content of DS rose significantly (Table 1), due to a con-
centration effect because of the loss of water content, while its NH-N
percentage did not vary from FB. During ensiling, NH;-N percentage
increased mildly, thus, apparently, no protein degradation occurred
(Sun et al., 2021). However, aqueous ammonia treatments increased
significantly the TKN and NH4-N of pretreated biomass, due to the
addition of NH4OH solution. Finally, hydrothermal pretreatments
decreased the TKN content, due to the addition of water, and increased
significantly the NH4-N in % TKN, elucidating the potential breakdown
of cell structures, proteins or other organic compounds releasing NH4
(Ahmed et al., 2019).

The pretreatments changed the surface structure of the biomass, prob-
ably improving the accessibility of the lytic enzymes. The untreated
biomass presented compacted epidermal cells and a smooth surface (figure
S2; E-supplementary). DS and WS shared a similar morphology, featuring
flattened cells with low relief and showing some pores in WS. In contrast,
aqueous ammonia soaking induced significant morphological changes,
with AAS exhibiting numerous pores (<50 um) in the cell wall, and AAST
presenting larger pores (about 150 um) and apparent fibre detachment. HT
showed fissures (about 100 um wide and over 600 ym long) on the leaf
epidermis, despite the remaining parts of the surface preserved integrity,
while HTC resulted in a high degree of disruption. These morphological
changes are consistent with previous studies on similar pretreatments of
E. densa (Dutra et al., 2024) and rice straw (Yuan et al., 2020). Therefore,
apparently, the pretreatment causing more damage to the epidermal
morphology, allowing the anaerobes to increase the digestibility of the
biomass were HTC, AAST and HT.

3.2. Effect of the pretreatment on the methane yield

Fig. 1 shows the cumulative methane yield curves. A 3-day lag phase
was shown for FB (table S1; E-supplementary), followed by an expo-
nential phase culminating in a methane yield of 80 NmL CH4/g COD at
day 25, and finally a gradual increase resulting in a final yield of 103
NmL CHy/g COD at day 56, which is comparable with untreated
seaweed (Lymperatou et al., 2022).

DS and WS showed similar profiles with slightly higher yields,
reaching 121 and 113 NmL CH4/g COD on average, respectively, having
the least effect on methane yield among all pretreatments. Dried
biomass appeared to hinder bacterial growth due to reduced moisture
and nutrient accessibility (Moussaoui et al., 2024). Similarly, ensiling
serves mainly as a storage method, with limited improvements in
methane yield (Herrmann et al., 2011), and with increases mainly seen
after extended silage periods due to increasing ethanol concentration
(Sun et al., 2021).

Alkali pretreatments (AAS and AAST) resulted in a longer lag phase
of 16 days (table S1; E-supplementary), likely due to initial inhibition of
microbial activity by high ammonia concentrations or dissolved lignin
produced during the alkali pretreatment (Yang et al., 2018). Subse-
quently, the methane yield exhibited an exponential growth, surpassing
the methane yield of FB at day 25, reaching 140 NmL CH,4/g COD for
AAS and 143 NmL CHy/g COD for AAST at the end of the experiment
with no significant differences between them. While these values
represent a 28 and 31 % increase, respectively, this is lower than pre-
viously found for other substrates (Lymperatou et al., 2022).
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Fig. 2. Conversion efficiency of the initial organic matter, expressed as chemical oxygen demand (COD), into volatile fatty acids (VFA) or methane after 7, 13, 19, 25,
35 and 55 days of the biochemical methane potential test (n = 3). The dashed black lines indicate the FB level and the percentages on the top of the bars present the
increase of methane or COD conversion efficiency compared to FB. Abbreviations: FB — fresh untreated biomass, DS — dry storage, WS — wet storage, AAS — aqueous
ammonia soaking at room temperature, AAST — aqueous ammonia soaking at 51 °C, HT — hydrothermal treatment at 120 °C, HTC-L — centrate fraction after hy-

drothermal carbonization.

HT presented the highest cumulative methane yield during the first
16 days but then was surpassed by HTC-L. HT yield gradually rose
throughout the experiment reaching a final yield of 122 NmL CHy/g
COD. It represents a 12 % increase in methane yield, falling within the
range reported in previous studies (Luo et al., 2019). HTC-L had a short
lag phase of 7 days (table S1; E-supplementary), reaching a final yield of
151 NmL CHy4/g COD, a 38 % increase in methane yield. This increase is
supported by previous studies since hydrothermal carbonization facili-
tates cell disruption, releasing available organic compounds (Nguyen
et al., 2023).

The Stannard-Richards kinetic model successfully simulated the
experimental results (Fig. 1), with R? values higher than 99.05 % (table
S1; E-supplementary). The parameters A and A values fitted well with
experimental results. Notably, the model revealed that HT had no lag
phase, while AAS and AAST showed the longest lag phases, 15 and 18
days, respectively, which correlates with experimental data. Moreover,
the kinetic model predicted that the most suitable pretreatment given its
high methane yield and relatively short lag phase, was hydrothermal
carbonization, as HTC-L produced 146 NmL CH,4/g COD with a lag phase
of 7 days.

Fig. 2 illustrates the VFA and methane yields and the global COD
conversion efficiency, all expressed as percentage of the initial COD.
VFA yield presented a positive correlation with COD conversion effi-
ciency on day 19 (r = 0.7313), indicating that higher VFA levels were
associated with COD degradation in the early AD phase. From day 25
onwards, the methane yield showed a strong positive correlation with
COD conversion efficiency (r>0.999). FB showed the highest VFA pro-
duction on day 7 (3.9 %), while DS and WS treatments presented low
VFA levels.

In the initial 5 days, easy-biodegradable compounds are the hydro-
lysed (Dutra et al., 2024). The lack of a VFA peak confirmed the absence
of an exponential phase of methane yield in FB, DS and WS, although the
2 % as VFAs on day 13 led to the steepest methane increase, suggesting a
coordinated acetogenic-methanogenic activity. A progressive but low

COD conversion into methane (29 - 35 % at day 56) reflected S. erectum
recalcitrance, that could not be overcome by the storage’s methods.

The HT also presented low VFA levels but a higher initial COD
conversion into methane, over 73 % as compared to FB, which then
stabilized around 12 — 19 % after day 19. The pretreatment potentially
accelerated hydrolysis and acidogenesis reaching the highest VFA levels
in the initial period (Luo et al., 2019), and increased the lignocellulosic
substrate’s carbohydrates availability (Dutra et al., 2024) but had
limited effect in the long term likely due to the recalcitrance of the
biomass. However, this pretreatment may be suitable for AD processes
with short retention times.

In contrast, AAS, AAST and HTC-L had higher VFA production,
peaking between days 7 and 19, and alkali-pretreated biomass presented
an initial inhibition in methane conversion with low COD conversion
efficiencies. It was only from day 35 onward that this value exceeded FB
levels by more than 36 %. High VFA levels can indicate inhibition of
acetogenesis and methanogenesis due to ammonia or other factors (Luo
etal., 2019; Yang et al., 2018). Overall, at the end of the experiment, the
highest methane yields were achieved by HTC-L, AAST and AAS, con-
firming that these three pretreatments increased the biodegradability of
S. erectum biomass, especially hydrothermal carbonization. The degra-
dation efficiency followed this trend, being AAS and AAST the pre-
treatments enhancing the degradation efficiency (94 and 107 %),
potentially due to the disruption of the lignin enhancing carbohydrate
accessibility (Lymperatou et al., 2022), and DS, WS and HT the ones
with less pronounced biodegradability improvements (80 — 86 %;
Table 2).

After the BMP test, the surface structure of all biomasses, raw and
pretreated, were damaged (figure S1; E-supplementary). Despite the
degradation of the leaf’s tissues, FB, DS and WS products maintained
epidermal or mesophyll cells and vascular tissues. However, in AAS and
AAST, the initial morphology of the leaf surface was unrecognizable,
forming a spherical conglomerate with fibres that hadn’t been degraded.
As for HT products, micrographs show the opening of the leaf, exposing
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the internal cavities undergoing degradation. Overall, the aqueous
ammonia soaking pretreatments presented at the end of AD process
more apparent biomass degradation.

3.3. Effect of the pretreatments on the microbial communities

Fig. 3 illustrates the taxonomic profiles of the reactors’ microbiota at
the phylum and genus levels. Metabolically active prokaryotes in AD
were analysed at three days (7, 13 and 19) during the exponential phase
of methane production. Both AAS and AAST presented the lowest pro-
karyotic richness and Shannon diversity index, indicating a decrease of
the diversity of the community with significant differences with the
other treatments (table S2 and figure S2; E-supplementary data). The
aqueous ammonia treatments exerted a selective pressure on the
microbiome. In terms of beta diversity, only FB and stored biomass
presented no significant differences (PERMANOVA, p = 0.077), while
significant differences were observed (p < 0.001) between all the other
treatments (table S2 and figure S2; E-supplementary data), indicating
that aqueous ammonia and hydrothermal pretreatments led to shifts in
the reactors’ prokaryotic population.

In general, FB, DS and WS presented similar profiles, with Aceto-
thermia, Cloacimonadota and Halobacterota, being the most abundant
phyla at day 7, and Desulfobacterota gaining dominance at day 19. In
addition, HT showed minimal variation in the taxonomic profile over
time, where Cloacimonadota, Actinobacteriota, Firmicutes and Aceto-
thermia were the predominant communities. The reaeters” inoculum
seemed to drive the microbial profiles rather than the pretreatment
conditions of the feedstock, as similar taxonomic patterns appeared
across FB, DS, WS, and HT reactors as compared with Ct.

The analyses of the functional metabolic pathways of these treat-
ments confirmed that, while several pathways were found, fermentation
and chemoheterotrophs were the most prominent (figure S3; E-supple-
mentary data), both playing a critical role in hydrolysis and acidogenesis
stages of AD (Harirchi et al., 2022). In addition, sulphate respiration
metabolism was also statistically significant, indicating that sulphate
reducing bacteria could outcompete with acetogens and methanogens
(Harirchi et al., 2022).

However, HTC-L, AAS and AAST presented clear population shifts
from Ct. HTC-L reactors were dominated by Actinobacteriota (Fig. 3),
potentially related to the substrate's low pH and putatively high sugar
and organic acids availability (Nguyen et al., 2023), or their ability to
degrade lignocellulosic compounds (Perman et al., 2022), their syntro-
phic interactions with acetogens and methanogens facilitating the pro-
duction of VFAs, and for their adaptability to low pH conditions (Liu
et al., 2023). The functional analysis (figure S3; E-supplementary
data) confirmed this shift, showing that HTC-L significantly enhanced
fermentation, chemoheterotrophy, and nitrogen compounds respiration,
which may be due to the solubilization of nitrogen from protein
breakdown and other organic compounds (Nguyen et al., 2023). In
contrast, AAS and AAST reactors were dominated by Firmicutes, Bac-
teroidota, and Spirochaetota, presenting a notorious shift from Ct, also
found in reactors with high levels of ammonia (Yang et al., 2018). These
phyla are often associated with syntrophic acetate-oxidizing bacteria
that metabolize acetate excess due to the ammonia inhibition of aceto-
trophic methanogens (Ruiz-Sanchez et al., 2018).

At the genus level, the treatments harboured numerous fermentative
bacteria involved in hydrolysis, acidogenesis, and acetogenesis. Gener-
ally, FB, DS, WS, HT and HTC-L displayed taxonomic profiles like Ct.
Cloacimonadaceae W5, unclassified W27 and Candidatus Calda-
tribacterium had abundances over 5 % on day 7, and Syntrophorhabdus
increased at day 19. These genera have been previously reported in AD
reactors and are propionate oxidizers, with degradation capacity of
cellulosic metabolites and phenolic compounds in association with
hydrogenotrophic methanogens (Perman et al., 2022; Usman et al.,
2023; Struckmann Poulsen et al., 2022). The presence of Clostridium
sensu stricto 1 in FB, DS, and WS, suggest that this organism with
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cellulolytic activity also could contribute to the stability of the system
(Struckmann Poulsen et al., 2022).

Regarding hydrothermal pretreatments, the prokaryotic community of
the reactor showed stability over time. HT and HTC-L reactors were simi-
larly dominated by Cloacimonadaceae W5, unclassified W27, Candidatus
Caldatribacterium and unclassified Spirochaetaceae, and HTC-L reactors
also presented higher abundances of Microtrichaceae that is related to the
degradation of organic nitrogen in nitrification-anammox systems and the
hydrolysis of complex organic matter (Guo et al., 2022).

However, the taxonomic profile of AAS and AAST reactors
differed from the Ct. On day 7, the most abundant genera were
Treponema, known for its capacity to hydrolyse lignocellulosic
biomass and its positive cellulase activity correlation, and Hunga-
teiclostridium UCG-012, which is related to carbohydrate hydrolysis
and fermentation with a potential for methane production inhibi-
tion. Both genera are described as assimilating ammonia (Cazau-
delhore et al., 2022; Jensen et al., 2021). Ruminofilibacter, a genus
with xylan and hemicellulolytic activities, was also prevalent (Wang
et al., 2020). This could indicate a dominance of hydrolytic and
acidogenic activity in the initial stages of the digestion, supported
by the analysis of metabolic pathways (figure S3; E-supplementary
data). At days 13 and 19, less abundant taxa such as, Longilinea
which can ferment sugars to produce acetate, lactate, and Hy and
Thermovirga, that can oxidize acetate, gained prevalence suggesting
a shift from primary hydrolysers to organisms involved in interme-
diate metabolism (Wang et al., 2023).

The activity of other detected genera such as Romboutsia, active in
acidogenesis by fermenting carbohydrates and amino acids to formate
and acetate, Syner-01, Syntrophorhabdus and Syntrophobacter, that are
syntrophic VFA-oxidizing bacteria producing H,, acetate and other
VFAs, and Acetobacterium, that consumes Hy and CO, to form acetate,
highlights the complex interactions within the AD (Jensen et al., 2021;
Harirchi et al., 2022).

The methanogenic archaeal community belonging to the Halobacterota
phylum, exhibited relatively high abundance in FB, DS and WS reactors.
Methanoculleus and Methanosaeta were the dominant genera, while Meth-
anobacterium and Methanomethylovorans were less prevalent. Methanosaeta,
an acetoclastic methanogen, is typically associated with stable conditions
and low ammonia concentrations, whereas Methanoculleus are hydro-
genotrophic methanogens tolerant to high ammonia concentrations
(Harirchi et al., 2022). In FB, DS and WS both Methanoculleus and Meth-
anosaeta presented relative abundances between 6.4 and 9.5 % on day 7. In
contrast, in AAS, AAST and HTC-L, only Methanoculleus emerged as one of
the most dominant genera, with 11.7, 4.6 and 5.9 %, respectively, with
Methanosaeta having minimal presence, likely due to the higher ammonia
and/or acetate levels that inhibited the obligate acetotrophic genus (Ruiz-
Sanchez et al., 2018).

Overall, the methanogenic community structure appeared more
influenced by the ammonia concentrations than by substrate type. The
active microbial community potentially showed strong syntrophic
cooperation, balancing VFA production and consumption for methano-
genesis. However, only few detected genera were directly related to
complex-carbon hydrolysers, suggesting a limited capacity for ligno-
cellulosic biomass processing (Basak et al., 2025).

3.4. Energy balance of S. erectum pretreatments

The preliminary energy balance of the different pretreatments
was assessed by comparing the net energy obtained from methane
production (heat and electricity) with the energy consumed during
pretreatments. Table 3 presents the analysis for different scenarios
based on the HRT of the digester (19, 25, 35, 56 days). DS yielded
the highest net energy gain (630 kWh on day 19; 1,234 kWh on day
56) with a 474 % increase over FB energy production.

The energy requirements of aqueous ammonia soaking and hy-
drothermal pretreatments were high, leading to processes not
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Fig. 3. Taxonomic profile of most metabolically active prokaryotic communities in the reactors at day 7, 13, and 19. Average (n = 3) relative abundance for each
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Table 3

Preliminary energy balance assessment of pretreatments of S. erectum biomass combined with anaerobic digestion, including the net energy gain compared to the energy produced by chopped biomass (FB). The study

considered the energy consumption to pretreat 1 ton of substrate entering the digesters and the energy produced based on experimental methane yields. Abbreviations: AD — anaerobic digestion; HRT- hydraulic retention

time; FB - chopped untreated biomass, DS — dry storage, WS — wet storage, AAS — aqueous ammonia soaking at room temperature, AAST — aqueous ammonia soaking at 51 °C, HT — hydrothermal treatment at 120 °C, HTC-

L - centrate fraction after hydrothermal carbonization.

AD-HRT 56 days
production
(kWh)

AD-HRT 35 days
production
(kWh)

AD-HRT 25 days
production
(kWh)

AD-HRT 19 days
production
(kWh)

Net gain (%
energy FB)

Energy
balance

(kWh)

Net gain (%
energy FB)

Energy
balance
(kWh)

Net gain (%
energy FB)

Energy
balance
(kWh)

Net gain (%
energy FB)

Energy
balance
(kWh)

Energy
demand
(kWh)

Treatment

0 %

215

231

0 %

186

202

0 %

162

928

154

178

0 %

125

630

114
-23

141
718

16

FB
Ds

474 %
—6 %

1234
203

1323
219

473 %
—6 %

1065
174

1154
189

473 %
-5 %

1017
170
16

404 %
9%

130

16
28
63

WS

—101 %
-118 %
—-137 %
—215%

—103 %
—-122%
—146 %
—234 %

—108 %
—130 %
—155 %
—255 %

~13
—49
-89

—118 %
—146 %
—174 %
—302 %

AAS

-38
-79

—41
-85

-58
—93

AAST

HT

34
11

30

25

118
260

—248

—249

—251

—252

HTC-L
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energetically viable. This contrast with previous studies which pre-
sented positive outcomes with those pretreatments (Lymperatou
et al., 2022).

The improvement in methane yield observed with DS was minor,
which indicates that the effect of DS was limited in the predigestion of
S. erectum. However, it is a suitable pretreatment to store biomass before
digestion, and to produce dried biomass that could be used a co-
substrate with highly biodegradable or N-rich substrates, as it en-
hances methane yield (Papastefanakis et al., 2023).

The use of ensiling and solar drying, with their low impact in biomass
composition, did not overcome the recalcitrance of S. erectum leaves,
and the results suggest they act as a storage method by preserving the
biomass, and enhance slightly the methane yield. In contrast, although
both ammonia and hydrothermal pretreatments had a negative energy
balance, they enhanced the biogas production by improving the biode-
gradability of the biomass.

The presented study only provides a preliminary feasibility assess-
ment of different pretreatments to be applied in biogas plants working
with bur-reeds. Further attention should be directed towards the opti-
mization of these pretreatments, tailored to the specific macrophyte
specie, to release cellulose and hemicellulose from lignin and unlock its
potential methane yield, considering the significant impact of pre-
treatments on the overall process cost. Therefore, future assessments
about aqueous ammonia soaking and hydrothermal pretreatments
should focus on optimizing the liquid-solid ration in the reactors or
exploring the digestion of only the cake fractions, even if it would
involve a centrifugation step into the industrial process.

Several studies show that biogas yield is affected by C:N ratio while
the biomass from wetlands often falls outside the optimal range of 20-30
for the growth of methanogens (Czubaszek et al., 2021). Therefore, co-
digestion potential of S. erectum with other substrates such as animal
manure might be optimized to adjust the C:N ratio, as co-digestion
particularly improves hydrolysis and methanogenesis (Kaushal et al.,
2022). In addition, it is important to consider the harvesting period
because the methane yield differs significantly depending on the
mowing season. The biomass in this work was harvested in Novembre,
while higher energy yields have been reported for macrophytes with a
cutting period between July and August (Czubaszek et al., 2021).

4. Conclusion

This study evaluated the effect of storage, aqueous ammonia soaking
and hydrothermal pretreatments to enhance the methane yield of
S. erectum harvested from constructed wetlands. This study explores
energy recovery options from aquatic weeds, promoting circular econ-
omy principles. Storage resulted in mild alterations in biomass compo-
sition and structure, while alkali and hydrothermal pretreatments led to
notable effects. All pretreated biomass improved the methane yield, but
hydrothermal carbonization presented the highest increase, reaching 46
%. At a microbiological level, the inoculum mainly drove the taxonomic
profiles of reactors, with numerous active fermentative and syntrophic
bacteria genera. However, alkali pretreatment led to a significant shift in
the population and a taxa abundance decrease. These findings under-
score the importance of pretreatments for AD of macrophytes, being dry
storage is more feasible, because it is more economical and support the
need of further optimization of aqueous ammonia soaking and hydro-
thermal carbonization to achieve a feasible outcome.
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