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Abstract

This study investigated the effect of harvesting time and using the co-digestion strategy on the digestibility of Phragmites
australis biomass and methane production. The P. australis biomass harvested from summer, autumn, and winter was
digested singly (mono-digestion) and combined with synthetic food waste (co-digestion) at an inoculum to substrate ratio
1:1 based on the volatile solid content of inoculum and substrate and under mesophilic conditions (37+1 °C). The results
found that cumulative methane production was low during mono-digestion of summer, autumn, and winter P. australis
(36.26+4.48, 35.59+3.08, and 34.90+4.40 mL/g VS added, respectively) due to the effect of lignin on the biodigest-
ibility of P australis. This issue was addressed by co-digestion of P. australis biomass from these three seasons with
synthetic food waste, which resulted in an increase in cumulative methane production (135.66+1.14, 137.33+3.21, and

123.94+1.01 mL/g VS added, respectively).
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Introduction

In recent years, perennial herbaceous plants have gained
increased attention for use as feedstock in anaerobic diges-
tion units for production of biogas, a mixture of gases
largely made up of methane (CH,) and carbon dioxide
(CO,) that is used as a renewable energy source [1]. The
main benefits of utilising herbaceous plants, such as com-
mon reeds (Phragmites australis), silvergrass (Miscanthus
spp.), switchgrass (Panicum virgatum) and grass silages,
for biogas production are their wide distribution and natural
growth with high biomass yields throughout the year. These
characteristics mean that energy needed for cultivation can
be saved, the use of fertilisers and pesticides can be avoided,
and the plants can be cultivated on non-arable and marginal
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lands, so they do not compete with food and fodder crops
for arable land [2—4].

Generally, the quality of herbaceous plants as a feed-
stock for anaerobic digestion is influenced significantly by
the grass composition, which is diverse seasonally [5]. The
vegetative mass of grass and their cell contents of proteins,
lipids and sugars increase in the early stages of these plants’
growth (often in spring to early summer), then decreases
with increasing maturity (late summer to end of winter) and
is offset by an increase in the percentage of cell wall com-
ponents made up of cellulose, hemicellulose and lignin [6].
However, to obtain high methane production, plant biomass
needs to be rich in readily degradable contents such as car-
bohydrates, proteins, and lipids, as well as having low lignin
content [7, 8]. Hence, the effectiveness of methane produc-
tion from these plants is strongly dependent on harvesting
time [5].

To minimize the recalcitrance to degradation of the
plants’ lignocellulosic biomass during anaerobic digestion
and increase methane production, the grinding process has
been suggested by many researchers [9—13]. The main ben-
efit of grinding process is the absence of the need to add
external chemicals or microorganisms [14].
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Generally, grinding technique can deliver approximately
60% increases in biogas production [15, 16]. The grinding
process can be carried out using different types of mills,
such as knife mills, ball mills, hammer mills, disk mills,
vibratory mills, colloid mills and centrifugal mills [17, 18].
The choice of milling equipment depends mainly on the
type of feedstocks, required final particle size, and biomass
moisture content [19]. For example, colloid mills are suit-
able to use with wet biomass (moisture contents 15-25%),
whilst knife and hammer mills are preferred for use with dry
biomass (moisture contents 10—15%) [19]. The implemen-
tation of grinding leads to a reduction in the particle size of
the substrate; an increase in pore size and particle surface
area — which leads to an increase in their accessibility for
hydrolysis enzymes; and decreases in cellulose crystallin-
ity and polymerisation grade by dissociation of the bonds
between lignin, hemicellulose and cellulose, which leads to
increased cellulose and hemicellulose availability to micro-
organisms, thus maximising the substrate degradation and
optimising biogas production [20-22].

Moreover, biogas production from lignocellulosic bio-
mass can be further improved by co-digesting it with other
substrates [23, 24]. Co-digestion of two or more substrates
can provide the appropriate nutrient composition required
by microorganisms, thus enhancing anaerobic digestion
performance. The co-digestion of carbon-rich lignocellu-
losic substrates with nitrogen-rich substrates such as food
waste and animal manure helps to achieve an appropriate
carbon-to-nitrogen (C: N) ratio, which is one of the critical
factors that control the stability of the anaerobic digestion
process [25, 26]. The low nitrogen content at a high C: N
ratio negatively affects microbial growth and consumption
of volatile fatty acids (VFAs), thus affecting biogas produc-
tion [27-29]. In contrast, low C: N ratios lead to increased
ammonia/ammonium concentrations generated from nitro-
gen reduction resulting in toxic effects on microorganisms
and thus system inhibition or even failure [30, 31].

As far as the authors are aware, the current study uniquely
explores the influence of a broad range of process param-
eters, including pH, alkalinity, total solids, volatile solids,
VFAs, ammonia, cellulose, lignin, crude carbohydrates,
crude proteins, and crude lipids, on the anaerobic digestion
performance and methane production from mono-digestion
and co-digestion of P. australis with food waste. The spe-
cific aims of the present study were to investigate the effect
of (1) different harvesting times on P. australis cell compo-
sition and biogas production and (2) pre-treatment (grinding
process) and co-digestion of P. australis with synthetic food
waste on the organic matter removal efficiency and improv-
ing methane production. The investigation was performed
through batch studies.

@ Springer

Materials and methods
Substrates and Inoculum

The P. australis samples were collected from Forrest Hills
Lake, Lancaster, United Kingdom (54.007°N, 2.772°W).
Sampling was conducted in three seasons: late summer
(August), autumn (October), and winter (December). The
P. australis plant samples were harvested manually using
scissors, the aboveground part of the P. australis plants was
cut at around 5—10 cm above the ground, and then the leaves
and flowers were removed. The remaining stalks were
packed in sealed plastic bags and taken to the laboratory.
The food waste substrate used in this study was simulated
and prepared in the laboratory based on the UK household
food waste components data from the Waste and Resources
Action Programme (WRAP) [32]. The prepared synthetic
food waste (SFW) was stored in a freezer at -20 °C until
use. The inoculum was obtained from a mesophilic (40 °C)
farm-scale anaerobic digester (Cockerham Green Energy
Limited, Lancaster, UK). The inoculum was passed through
a 1 mm sieve to remove coarse particles, poured into a plas-
tic jerrycan, and transported to the laboratory for use in the
experiments. The characteristics of the inoculum, P. austra-
lis and synthetic food waste are displayed in Table 1.

Pre-treatment (grinding process)

The collected P australis stalks from each season were
manually cut into 1-3 cm pieces with scissors and then
ground using a ring mill to obtain a powder with particle
size<(0.4 mm. The powder was dried in an oven at 65 °C for
24 h and stored in sealed plastic bags until use.

Experiment Setup

A batch experiment was conducted using continuously
stirred reactors (37 rpm) with a total capacity of 1 L and
a working volume of 500 mL. Inoculum and substrates
(ground P. australis from summer, autumn, and winter
seasons, and synthetic food waste) were added into the
reactors at an inoculum-to-substrate ratio (ISR) of 1:1 cal-
culated based on the mass of volatile solid content (g VS
of inoculum/g VS of substrates). For the substrate mix-
ture, a ratio of 75:25 (synthetic food waste to pre-treated
P. australis from each season was used to prepare a set of
co-digestion reactors. Additional reactors were prepared
using synthetic food waste only and pre-treated P. austra-
lis from each season only, as controls. Duplicate reactors
were prepared for each substrate, along with two additional
blank reactors containing inoculum and deionised water
only, serving as controls. After loading the inoculum and
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Table 1 Inoculum, synthetic food waste and ground P. australis characteristics (mean+standard deviation)

Parameter Inoculum Synthetic food waste Summer P. australis Autumn P. australis Winter P. australis
pH 8.61+0.00 5.46+0.00 7.00+0.02 7.00+0.01 7.00+0.01
TS (%) 6.20+0.02 18.83+0.02 97.61+0.12 98.25+0.11 98.20+0.36
VS (% dry basis) 63.11+£1.22 95.87+0.04 99.54+0.17 97.63+0.01 97.59+0.43
VS (% wet basis) 3.91+0.07 18.05+0.01 97.16+0.28 95.92+0.10 95.63+0.78
Carbohydrates (% wet basis) 0.57+0.00 11.18+0.12 90.09+0.14* 87.90+0.28* 87.24+0.14*
Proteins (% wet basis) 1.60+0.03 3.20+0.02 4.49+0.07* 3.48+0.09* 2.70+0.04*
Lipids (% wet basis) 0.71+0.02 2.65+0.02 0.99+0.01* 0.90+0.01* 0.87+0.01*
Total VFAs (g/l) 0.28+0.01 3.20+0.13 ND** ND ND

Total ammonia-nitrogen (mg/1) 4218.50+14.43 145.44+0.43 ND ND ND

Partial alkalinity (as, g CaCO5/1) 21.81+0.16 0.00 ND ND ND
Intermediate alkalinity (as, g CaCOj3/1) 4.63+0.10 2.05+0.07 ND ND ND

Total alkalinity (as, g CaCOs/1) 27.07+0.18 2.94+0.06 ND ND ND
Cellulose (% dry basis) 9.53+0.10 3.28+0.17 48.93+0.01 48.66+0.10 48.43+0.14
Hemicellulose (% dry basis) ND ND 27.31+0.06 25.24+0.10 24.84+0.11
Lignin (% dry basis) 12.57+0.14 6.38+0.28 8.99+0.03 10.29+0.07 10.63+0.04
C (% dry basis) 29.33+£0.25 39.20+0.14 44.62+0.75 47.16+0.08 49.44+0.06
N (% dry basis) 3.89+0.06 3.11+0.01 0.58+0.01 0.50+0.00 0.50+0.01
C/N 7.55 12.62 77.60 94.31 99.87

* % dry basis
** ND- Not determined

Table 2 Batch experimental setup - Amount of inoculum, P. australis, synthetic food waste and deionised water added to the reactors

Conditions Inoculum (g Treated Synthetic food  Deion-
wet mass) P. australis (g waste (g wet ised
dry mass) mass) water
€]
Inoculum (blank) 410.97 0.0 0.0 89.03
Mono-digestion of pre-treated summer P. australis (control) 410.97 16.14 0.0 72.88
Mono-digestion of pre-treated autumn P. australis (control) 410.97 16.46 0.0 72.57
Mono-digestion of pre-treated winter P. australis (control) 410.97 16.47 0.0 72.56
Mono-digestion of SFW (control) 410.97 0.0 89.03 0.0
Co-digestion of pre-treated summer P, australis with synthetic food waste 410.97 4.04 66.77 18.22
Co-digestion of pre-treated autumn P. australis with synthetic food waste 410.97 4.11 66.77 18.14
Co-digestion of pre-treated winter P. australis with synthetic food waste 410.97 4.12 66.77 18.14

substrates into the reactors, the total volume was adjusted to
500 mL by adding deionised water (Table 2). The reactors
were sealed and flushed with nitrogen gas (N2) for two min-
utes to remove oxygen and establish anaerobic conditions.
Finally, the reactors were placed in a water bath at 37+1 °C
(mesophilic conditions) and connected to gas counter units,
which were connected to 5 L gas bags and a data acquisition
system (DAS).

Analytical Methods

A series of analyses was conducted on the initial and final
samples of inoculum, substrates and digestate to mea-
sure pH, total solids (TS), volatile solids (VS), alkalinity,
carbohydrates, proteins, lipids, total ammonia-nitrogen
(TAN), carbon and nitrogen elements (C&N), volatile
fatty acids (VFAs), and fibre analysis (cellulose, hemi-
cellulose, and lignin). The pH was measured using a pH

meter (METTLER, Switzerland), TS and VS contents were
determined based on standard methods [33]. The alkalinity
parameters, including partial, intermediate and total alkalin-
ity, were measured using an auto digital titrator (Orion Star
T910, Thermo Scientific), following the method of Ripley
et al. [34] and Wu et al. [35]. The crude carbohydrates were
determined using a spectrophotometer following Dubois et
al. [36]. The crude proteins were estimated following Lowry
et al. [37] method. The crude lipids were measured using
the Bligh and Dyer [38] method. Total ammonia-nitrogen
was measured according to the method used by Gandhi et
al. [39] using a SEAL Auto-analyser AA3. The C and N ele-
ments were determined using an elemental analyser (Vario
EL III). VFAs C2-C8 were measured following Gandhi et
al. [39] using gas chromatography (GC, Agilent Technolo-
gies 7820 A), with hydrogen as a carrier gas at a flow rate of
1.51 mL/min. The GC device was equipped with a G4567A
autosampler, 30 mx0.25 mmx0.25 pm DB-Wax ultra-inert
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column and a flame ionisation detector (FID). The injection
port and FID detector work at operational temperatures of
280 °C. The column oven was set up at an initial tempera-
ture of 120 °C for 2 min, then ramped to 140 °C at a rate
of 5 °C/min with a hold time of 3 min, followed by a ramp
to 200 °C at a rate of 20 °C/min and hold time of 2 min,
and then a temperature ramp to 250 °C at a rate of 20 °C/
min which was then maintained for 5 min. The cellulose,
hemicellulose, and lignin were determined according to the
Van Soest et al. [40] method by analysis of neutral detergent
fibre (NDF), acid detergent fibre (ADF), and acid detergent
lignin (ADL) using a FOSS Fibertec™ 8000 Fibre Analyser.

The daily biogas production volume was obtained from
the DAS unit that automatically recorded the gas counters’
measurements. The counters were manufactured by CJC
Labs Ltd., UK, and comprise of small square units filled
with water to a specific level containing sensors and small
tipping buckets designed to hold 6 ml of gas each. These
counters are connected to the reactors, DAS unit, and gas
bags, so when the biogas is released from reactors, it will
enter the counters and fill their buckets, causing them to
tip and release the gas when they reach their 6 ml capacity,
which is then collected in the gas bags. The bucket tipping
is sensed by sensors and recorded on the DAS unit screen,
each single tipping count thus indicating 6 mL of biogas
detected. The composition of biogas was determined at
intermittent intervals (1, 3, 6, 9, and 21days) using a gas
analyser (Biogas 5000 - Geotech, England).

The cumulative biogas (methane and carbon dioxide)
produced from each reactor was measured at ambient tem-
perature and pressure and adjusted to standard temperature
and pressure (273.15 K and 1 bar, respectively) using the
Ideal Gas Law, and expressed in mL/ g VS added (VS of
inoculum+VS of substrate added). The specific methane
yield (SMY) was calculated by subtracting the cumulative
methane of inoculum from the cumulative methane of treat-
ment divided by VS mass of substrate added to the treat-
ment, and it is expressed as mL/g VS of substrate added.

The synergistic effect of co-digestion was determined
based on the method used by Cheng and Zhong [41]. The
synergistic effect could be represented as an extra methane
yield for co-digestion substrates, exceeding the weighted
average of specific methane yields obtained from each sub-
strate. While the effect indicates antagonism when methane
yield in the co-digestion substrates is lower than a weighted
average of the individual substrate’s specific methane yield.
The weighted specific methane yield (weighted SMY) was
calculated as follows [41-43]:

Weighted SMY= (SMYP australis RP. australis + SN[YSFW

RSFW) / (RP, australis+ RSFW)'
Where the:

@ Springer

(1) weighted SMY represents the weighted average of spe-
cific methane yield for co-substrates.

(2) SMYp siraiis a0d SMY gy refer to the specific methane
yields for P. australis and synthetic food waste.

(3) and Rp ¢aiis and Rgpyy are the VS mass for P. australis
and synthetic food waste in the mixtures of co-diges-
tion, respectively.

Statistical Analyses

The variance between values of the treatments in terms of
biogas (methane and carbon dioxide) production, specific
methane yield and macromolecules degradation were ana-
lysed statistically using the One-way Analysis of Variance
(ANOVA) test and Games-Howell post hoc multiple com-
parisons test at a confidence level of 95%, p. value <0.05 was
considered statistically significant. Moreover, an unpaired
t-test for unequal variances was used to analyse differences
between initial and final conditions. These analyses were
conducted using IBM SPSS Statistics software V.27.

Results
Cumulative Biogas, CH, and CO, Production

After 21 days of batch digestion, the cumulative biogas, CH,
and CO, production (mL/g VS added) varied significantly
depending on the type of digestion and harvest season of
P australis. Mono-digestion (single substrate digestion) of
P. australis produced significantly lower (p=0.0001) cumu-
lative biogas than that produced from co-digestion of P,
australis with synthetic food waste and mono-digestion of
synthetic food waste (Fig. la, c, and e). Furthermore, the
cumulative production of biogas from co-digestion of sum-
mer and autumn P. australis with synthetic food waste was
significantly higher (»p =0.001) than that produced from co-
digestion of winter P. australis with synthetic food waste
(Table 3). However, no significant differences (p =1.00)
in cumulative biogas production were detected among the
mono-digestions of summer, autumn, and winter P. austra-
lis. Generally, the mono-digestion of synthetic food waste
showed the highest cumulative biogas production of all the
systems.

Figure 1b, d and f showed the daily production patterns
of biogas, CH, and CO, from all conditions over the 21-day
of digestion period. It can be seen that the mono-digestion
of synthetic food waste and the co-digestion of P. australis
with synthetic food waste show higher biogas production
rates than the mono-digestion of P. australis through the
whole digestion period.
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Table 3 The total volume of cumulative biogas, methane and carbon dioxide production (mL/g VS added), peak biogas, methane and carbon
dioxide production rate (mL/g VS added/day), and specific methane yield (mL/ g VS of substrate added) over 21 days of the digestion period. Data
represents mean =+ standard deviation. The letters in parentheses represent the results of the Games-Howell pairwise comparison. Means that do not
have the same letters are significantly different at the 95% confidence level (p<0.05). Exact p-values for key variables are reported within the text

Conditions  Total volume of ~ Peak biogas Total volume of ~ Peak CH, Total volume of ~ Peak CO, Specific meth-
cumulative biogas production cumulative CH,  production cumulative CO,  production ane yield (mL/g
production (mL/g rate (mL/g VS production (mL/g rate (mL/g VS production (mL/g rate (mL/g VS VS of substrate
VS added) added/ day) VS added) added/ day) VS added) added/ day) added)

Inoculum 5022 + 17.90 + 1.47 + 0.82 £ 0.16 = 0.09 + -

(blank) 1.21 (E) 0.25 0.04 (E) 0.02 0.00 (E) 0.00

Mono- 118.83 + 1591+ 36.26+4.48 (D) 6.24 & 524 + 1.02 + 71.09+£1.05
digestion of 5.17 (D) 0.12 0.56 1.43 (D) 0.27 (D)
pre-treated

summer P,

australis

(control)

Mono- 119.70 + 12.78 + 35.59+3.08 (D)  4.60 + 473 + 0.73 + 69.74+3.15
digestion of 5.38 (D) 0.61 0.05 0.39 (D) 0.05 (D)
pre-treated

autumn P,

australis

(control)

Mono- 118.66 + 1295+ 3490+4.40 (D) 4.82+ 453+ 0.68 £ 68.37+4.75
digestion of 5.42 (D) 0.12 0.43 0.85 (D) 0.12 D)
pre-treated

winter P,

australis

(control)

Mono- 371.08 + 158.72+0.25 142.16+1.13 (A) 28.61+0.00 115.26+£4.02 (A) 87.12+1.40 283.00+1.05
digestion 3.13 (A) (A)

of synthetic

food waste

(control)

Co-diges-  305.98 + 114.74+£0.00  135.66+1.14 (B) 28.80+0.00 96.74+0.81 (C)  62.67+0.00 270.01+1.05
tion of 2.56 (B) B)
pre-treated

summer P,

australis

with syn-

thetic food

waste

Co-diges-  311.28 + 115.26+1.23  137.33+3.21 (B) 28.41+1.26 101.39+£1.07 (B) 67.04+0.16 273.34+4.14
tion of 4.66 (B) B)
pre-treated

autumn P.

australis

with syn-

thetic food

waste

Co-diges-  283.46 106.66+1.35 123.94+1.01 (C) 25.49+0.27 94.45+0.81 (C) 63.62+0.60 246.55+3.34
tion of 3.93 (O) ©)
pre-treated

winter P,

australis

with syn-

thetic food

waste

Despite the absence of significant differences (p =1.00)  synthetic food waste were significantly higher (p =0.0001)
in specific methane yields (SMY) across the mono-digestion ~ than those from co-digestion of winter P. australis with
of P. australis from summer, autumn, and winter, the SMY  synthetic food waste. Moreover, the SMY produced from
from co-digestion of summer and autumn P. australis with ~ mono-digestion of synthetic food waste and co-digestion
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of P. australis with synthetic food waste were significantly
higher (p =0.0001) than that from mono-digestion of P. aus-
tralis (Table 3).

The analysis of the synergistic effect in co-digestion
mixtures of synthetic food waste with P. australis biomass
revealed differences between the observed SMY from co-
digestion substrates and the weighted specific methane
yields (WSMYs) calculated from the digestion of individual
substrates (P. australis and synthetic food waste). The esti-
mated WSMY's from digestion of summer, autumn, and win-
ter P. australis and synthetic food waste were 229.99+2.24,
229.65+1.54,and 229.31+£2.20mL/g VS of substrate added,
respectively. At the same time, the observed SMY's of these
co-digestion substrates were 270.01+1.05, 273.34+4.14,
and 246.55+3.34 mL/g VS of substrate added, respectively.
This positive difference (between SMY and WSMY) in
methane yields provides evidence that the co-digestion of
these two substrates produces synergistic effects.

pH, Alkalinity, TAN, and VFA Profile

At the end of the digestion period, the pH values of all sys-
tems ranged between 8.50 and 8.82 (Table 3). This high pH
value coincided with high alkalinity in all digesters, where
the final total alkalinity values ranged between 23.95+0.37
and 28.69+0.04 (g CaCO,/L). However, the ratio of inter-
mediate alkalinity to partial alkalinity (IA/PA) in all reac-
tors was lower than the threshold of 0.3 [44], which is used
as an indicator of system stability (Table 4). Furthermore,
Fig. 2 shows that the initial concentration of TAN in all
reactors was increased after 21 days of digestion. However,
the final TAN concentration of the mono-digestion of syn-
thetic food waste and co-digestion of summer, autumn, and
winter P. australis with synthetic food waste was higher
than that of the mono-digestions of summer, autumn and
winter P. australis. At the end of the digestion, only trace

amounts of VFAs, in the form of acetic acid, were found
in the mono-digestions of summer, autumn and winter P,
australis (0.029+0.01, 0.026+0.00 and 0.026+0.00 g/L,
respectively). The mono-digestion of synthetic food waste
and co-digestion of summer, autumn, and winter P. aus-
tralis with synthetic food waste showed higher total VFA
concentrations (3.17+0.07, 1.78+0.02, 1.91+0.17 and
2.13+0.11 g/L, respectively) with a predominance of pro-
pionic acid (Fig. 3). However, the ratio of total volatile fatty
acids to total alkalinity (TVFAs/TA) in these reactors was
lower than the threshold point of 0.4, which is considered as
an early indicator of system stability [45, 46].

Changes and Removal of TS, VS, Carbohydrates,
Proteins, and Lipids

After 21 days of digestion, all systems showed a reduction
in the initial contents of TS, VS, carbohydrates, proteins,
and lipids (Fig. 4a and b). The final TS and VS masses in the
mono-digestion of synthetic food waste and co-digestion of
P australis with synthetic food waste were significantly
lower (p =0.0001) than in the mono-digestions of P. austra-
lis. Furthermore, the co-digestions of summer and autumn
P australis with synthetic food waste showed significantly
lower (p =0.001) TS and VS than the co-digestion of winter
P. australis with synthetic food waste. No significant differ-
ence (p=0.9) was detected in the final TS and VS content
among the mono-digestion of summer, autumn, and winter
P, australis. In general, this indicates that removal/degrada-
tion of TS and VS was significantly higher in the co-diges-
tions of P. australis with synthetic food waste than in the
mono-digestions of P. australis.

Figure 4b shows that carbohydrate macromolecules
represented the major organic component in all reactors at
the initial stage of digestion and had the highest removal
compared to proteins and lipids. Furthermore, it is observed

Table4 The values of final pH, partial, intermediate and total alkalinity, the ratio of intermediate alkalinity to partial alkalinity, and the ratio of total
volatile fatty acids to total alkalinity after 21 days of digestion period. Data represents mean+ standard deviation

Conditions pH Partial Alka- Intermediate Total alkalin- IA/PA TVFAs/
linity (as, g Alkalin- ity (as, g TA
CaCOy/1) ity (as, g CaCOy/1)
CaCO4/1)
Inoculum (blank) 8.72+0.02 18.66+0.15 4.72+0.17 23.95+0.37 0.25 0.004
Mono-digestion of pre-treated summer P. australis (control) 8.56+0.01 18.64+0.08 4.99+0.05 24.27+£0.03 0.27 0.001
Mono-digestion of pre-treated autumn P. qustralis (control) 8.51+0.00 18.04+0.03 5.13+0.05 23.83£0.04 0.28 0.001
Mono-digestion of pre-treated winter P. australis (control) 8.51+0.01 18.08+0.18 5.01+0.11 23.69+0.08 0.28 0.001
Mono-digestion of synthetic food waste (control) 8.81£0.01 21.56+0.08 6.30+£0.01 28.69+0.04 0.29 0.111
Co-digestion of pre-treated summer P. australis with synthetic 8.71£0.00 20.51+£0.03  5.98+0.00 27.22+£0.04 0.29 0.065
food waste
Co-digestion of pre-treated autumn P. australis with synthetic ~ 8.69+£0.02 20.66+0.08 6.02+0.08 27.31+0.08 0.29 0.070
food waste
Co-digestion of pre-treated winter P. australis with synthetic ~ 8.68+0.02 20.63+£0.02 6.02+0.12 27.44+0.11 0.29 0.078

food waste

@ Springer
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Fig.2 Initial and final TAN (g/L) in all systems. The bars represent the
mean=standard deviation. Significant differences between initial and
final quantities is represented as s p<0.05, #% p<0.01, % p<0.001.

Final

® Summer P. australis (control)
Winter P. australis (control)
m Co-digestion of summer P. australis with SFW
Co-digestion of winter P. australis with SFW
The letters above the bars represent the results of a Games-Howell

Pairwise Comparison. The bars that do not have the same letters are
significantly different at a 95% confidence level
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Fig. 3 Volatile fatty acid (VFA) profile after 21 days of digestion period. The bars represents mean+standard deviation

that the degradation of carbohydrates, proteins, and lipids
in the mono-digestion of synthetic food waste and the co-
digestions of P. australis with synthetic food waste was
significantly higher than those in the mono-digestions of P
australis (Fig. 4c). The co-digestion of summer P. australis
with synthetic food waste showed significantly higher pro-
tein degradation than the co-digestion of winter P. australis
with synthetic food waste. In contrast, no significant dif-
ferences (p=1.00) in lipid removal were observed among

@ Springer

the co-digestions of summer, autumn and winter P. aus-
tralis with synthetic food waste. Moreover, no significant
difference (p =0.7) was observed in carbohydrate and lipid
removal among the mono-digestions of summer, autumn
and winter P. australis.
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that do not have the same letters are significantly different at the 95%
confidence level. Exact p-values for key variables are reported in the
text
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Degradation of Cellulose and Lignin

The degradation of cellulose and lignin was significantly
higher (p =0.0001) in the mono-digestion of synthetic food
waste and in the co-digestions of P. australis with synthetic
food waste compared to the mono-digestion of P. austra-
lis (Fig. 5). Furthermore, the co-digestions of summer and
autumn P. australis with synthetic food waste exhibited
significantly higher (p=0.04) cellulose and lignin deg-
radation than the co-digestion of winter P. australis with
synthetic food waste. No significant difference (p =1.00)
was observed in cellulose and lignin degradation among
the mono-digestions of summer, autumn, and winter P
australis.

Discussion

Effect of P. Australis Harvesting Time, mono-
digestion and co-digestion on Biogas (methane)
Production, Process Characteristics, VFAs Profile and
Ammonia Production

The chemical composition of perennial grasses varies sea-
sonally. Their nutrient content gradually increases with
the onset of the growing season in spring to mid-summer.
It begins to decrease in conjunction with the increase in
cellulose, hemicellulose and lignin content as maturity
progresses from late summer to the end of winter. These
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m Co-digestion of summer P. australis with SFW
Co-digestion of winter P. australis with SFW

Comparison. The bars that did not share in their letters were signifi-
cantly different at the 95% confidence level. Exact p-values for key
variables are reported in the text

variations could crucially control the feasibility of using
these plants for anaerobic digestion and biogas production
[47-50]. Contrary to expectations, this study did not show
a clear effect of harvesting season on biogas production
from mono-digestions of summer, autumn, and winter P,
australis. This may be due to the high lignin content of the
P. australis biomass from these seasons, which limited the
microbial accessibility to cellulose molecules, thus reducing
biodegradability and biogas production. This is consistent
with previous research showing that high lignin content in
P australis impairs its biodegradability and leads to lower
methane production. Dragoni et al. [51] demonstrated a
clear negative relationship between lignin content of P. aus-
tralis and both biogas yield and decomposition rate. Simi-
larly, Baute et al. [52] found that autumn harvesting of reeds
produced low methane amount concluding that reeds are
not an economically viable feedstock for biogas production
without pretreatment to improve methane production.

However, the co-digestion of P. australis with synthetic
food waste revealed a significant influence of the harvest-
ing season, manifested as increased biogas production from
co-digestion of summer and autumn P. australis with syn-
thetic food waste than from co-digestion of winter P. aus-
tralis with synthetic food waste. This can be attributed to
differences in the nutrient content (proteins and lipids) of P
australis, which usually decrease in winter. When sufficient
synthetic food waste is available to support microbial activ-
ity, the seasonal differences in P. australis become substan-
tial enough to influence biogas production [53, 54].
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In general, the co-digestion of P. australis with synthetic
food waste showed significantly higher biogas production
than the mono-digestion of P. australis, owing to the role
of compatible substrates combinations in overcoming the
limitation of a single feedstock’s properties. The addition of
synthetic food waste compensates for the nutrient and nitro-
gen deficiency in P. australis biomass, thus assisting micro-
bial biomass growth and reproduction [55, 56]. In return,
the P. australis biomass acts as a source of carbon that is
required by microbes’ consortia for energy purposes and the
building of organic acids [57].

In line with this, multiple studies have shown that co-
digesting lignocellulosic materials with food waste can
markedly improve both biogas and methane production
compared to digesting these substrates alone. For example,
Sawasdee et al. [58] found that combining rice straw with
food waste led to higher methane yields than using rice
straw alone, emphasizing the role of a balanced carbon-
to-nitrogen ratio and the availability of easily degradable
organic matter in supporting microbial activity. Similarly,
Wang et al. [59] reported that co-digestion of Phragmites
australis with food waste enhanced biogas output, primarily
by improving microbial access to structural carbohydrates
and reducing the inhibitory effects of lignin-rich biomass.

Taken together, these studies reinforce the idea that co-
digestion can overcome the limitations of single lignocel-
lulosic feedstocks, stabilize the anaerobic digestion process,
and increase both hydrolysis efficiency and methane yield.
This aligns with the seasonal trends observed in our study,
where biogas production from summer and autumn-har-
vested reed exceeded that from winter-harvested reed, likely
due to higher nutrient content in the former. When com-
bined with food waste, this nutrient advantage further sup-
ports microbial activity and improves substrate degradation.

Furthermore, the easy biodegradable synthetic food
waste substrate promotes the production of high organic
acids concentrations that can serve as an acid treatment to
enhance the delignification of P. australis biomass, thus
increasing hydrolysis activity and fibre degradation of the
P. australis substrate [60]. At the same time, the recalcitrant
nature and lower degradability of P. australis substrate com-
pared to synthetic food waste could prevent the excessive
production of VFAs in co-digestion systems, thus maintain-
ing the pH level of the medium and preventing inhibition of
methanogens bacteria [60—64].

The mono-digestions of P. australis and co-digestions
of P. australis with synthetic food waste showed a gradual
increase in biogas production during the digestion period.
This indicates a balance between the production and con-
sumption of VFAs, and this was evident from the ratios of
IA/PA and TVFAs/TA that were within the ideal limits below
0.3 and 0.4, respectively, which are considered essential

indicators of system stability [45, 46, 65, 66]. This may be
attributed to the slow hydrolysis of P. australis substrate
because of recalcitrant lignin, thus avoiding the accumula-
tion of VFAs and preventing decreases in pH, thus preserv-
ing the microorganisms from inhibition. At the same time, a
minor disturbance and slowing down in methane production
was observed on the 2nd day in the synthetic food waste
mono-digestion reactors. This may be due to the easily bio-
degradable nature of synthetic food waste substrates, result-
ing in the production of high concentrations of VFAs that
exceeded the consumption ability of microorganisms, which
would lead to their accumulation and cause a decrease in
the pH of the medium, partially inhibiting methanogens and
slowing methane production. This hypothesis is supported
by the high concentrations of CO, that were observed on the
second day of the digestion process, which was produced
from the conversion of carbonates in the systems from the
liquid phase into CO, under the influence of the low pH of
the medium [39].

The mono-digestion of synthetic food waste and co-
digestion of summer, autumn and winter P. australis with
synthetic food waste resulted in higher TAN concentration
compared to the mono-digestion of summer, autumn and
winter P. australis. This could be due to the higher pro-
tein content of the synthetic food waste substrate, and its
degradation leading to increasing TAN concentrations in
the reactors. However, TAN concentrations in all reactors
were within the inhibitory limits reported in the literature
(1.7-6 g/L) [67-69]. Nonetheless, these concentrations did
not lead to any inhibitory effects on the stability of the sys-
tems. This may be due to of microbial consortia that had
become acclimated to the high concentrations of TAN, espe-
cially since the TAN concentration in the used inoculum
was already high [70].

Degradation of TS, VS, Carbohydrates, Proteins,
Lipids, Cellulose and Lignin

The type of substrates used, and their composition, the
nature of the microorganisms and their activity, operating
conditions, internal interactions, and reactor characteristics
are among the main factors that control the degradation of
VS content of substrates used in anaerobic digestion [71].
During the 21 days of digestion in this experiment, the deg-
radation level of TS and VS content in the mono-digestion
of P. australis were lower than TS and VS degradation in
the mono-digestion of synthetic food waste and co-diges-
tion of P. australis with synthetic food waste. The resistance
of lignin to microbial degradation mainly contributes to the
reduced bioavailability of cellulose and hemicellulose for
hydrolysis enzymes. Consequently, this led to a decrease in
the degradation of cellulose and carbohydrates during the
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mono-digestion of P. australis. Furthermore, the low con-
centration of nutrients in mono-digestion of P. australis
may have affected the growth and reproduction of microbes
that were responsible for the degradation of particular mol-
ecules. This might in turn cause a decrease in protein and
lipid degradation in those reactors compared to the reactors
containing co-digestions of P. australis with synthetic food
waste.

On the other hand, the organic acids resulting from the
hydrolysis of readily degradable synthetic food waste sub-
strates could have enhanced the breakdown of lignocellulose
components of P. australis, thus increasing the degradation
of cellulose and carbohydrate molecules in reactors contain-
ing co-digestions of P. australis with synthetic food waste.
Zou et al. [72] reported that the high VFA concentrations
resulting from the hydrolysis of food waste increased the
lignocellulose components hydrolysis efficiency of corn
cob by 17.3-28%. Moreover, the addition of synthetic food
waste to the P. australis may have contributed to providing
more nutrients (such as nitrogen) for microorganisms and
encouraged their growth and reproduction, causing more
degradation of lignin, carbohydrates, proteins, and lipids
molecules in co-digestion of P. australis with synthetic food
waste compared to mono-digestion of P. australis [73-76].

The observed synergistic effects between reed and food
waste suggest important implications for practical biogas
plant design. In particular, the enhancement of methane
yield through co-digestion indicates that selecting appro-
priate substrate mixtures can significantly improve process
stability and energy recovery. Such findings may guide
operators in adjusting organic loading rates and optimizing
feedstock composition, thereby supporting the scale-up of
laboratory results to real biogas facilities.

It is important to note that the use of a synthetic food
waste model in this study helped reduce variability and
ensure controlled, reproducible experimental conditions.
However, this approach does not fully reflect the hetero-
geneous and complex nature of real food waste streams.
Therefore, the results should be viewed as a preliminary
step toward understanding the underlying influences of
the studied factors. It is recommended that future studies
include real and diverse food waste to ensure the general-
izability of the results to applied conditions in anaerobic
digestion plants.

Conclusion

As it is a lignocellulosic plant, the exploitation of P. aus-
tralis as a source for methane production is limited with-
out implementing an effective pre-treatment process that
simplifies the substrate structure and eliminates the lignin’s
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influence in restricting the bioavailability of cellulose. The
current study shows that there was no significant difference
in the biogas production during mono-digestions of P. aus-
tralis harvested from summer, autumn, and winter seasons
due to the resistance of lignin to biodegradation and its role
in limiting the availability of cellulose for microorganisms,
consequently led to a decrease in the production of methane.

However, the co-digestion of summer and autumn P.
australis with synthetic food waste presented significantly
higher methane production than that for co-digestion of
winter P. australis with synthetic food waste, which could
be due to the increase of lignin content with the maturity of
P. australis biomass in winter.

The synergistic integration of P. australis substrate and
synthetic food waste improved the digestibility of P. austra-
lis substrate from the three seasons during the co-digestion
process. The co-digestion had a prominent role in deliv-
ering more nutrients for the microbial consortia than the
mono-digestion of P. australis, which may encourage their
reproduction and activity, thus increasing the degradation of
macromolecules and the production of methane.

Moreover, the high organic acids resulting from the
rapid decomposition of the synthetic food waste substrate
contributed to providing an acidic treatment of the P. aus-
tralis substrate, which may have helped in breaking down
lignocellulosic components and increasing the exposure
of cellulose to digestive enzymes, thus increasing methane
production. Based on the results from this study, the co-
digestion of synthetic food waste with P. australis biomass
harvested in the summer and autumn seasons is considered
more suitable for methane production than P. australis bio-
mass harvested in the winter.
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