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Abstract
The presence of lignin in the biomass makes it difficult for the microorganisms to decompose during the anaerobic digestion 
process, resulting in a prolonged hydrolysis phase and decreased biogas production. This study investigates the effect of 
four different types of thermal pretreatment techniques, i.e., hot air oven, microwave, autoclave, and hot water bath, on the 
hydrolysis of a lignocellulosic biomass Hydrilla verticillata to find the best pretreatment method that enhances solubiliza-
tion. The degree of substrate solubilization imparted by different pretreatments was evaluated based on variations in soluble 
chemical oxygen demand (sCOD) and volatile fatty acid (VFA) concentrations. Variable parameters, time, and temperature 
were optimized for each pretreatment technique based on the degree of solubilization. Among all pretreatment techniques, 
the hot air oven showed the most significant improvement with a tremendous 3.38 times solubilization when operated at 
optimized conditions of 100 °C and 70 min. The biochemical methane potential (BMP) test revealed that pretreatment con-
siderably decreased maturation time and increased methane yield by 34.27%. The energy balance demonstrated a net positive 
specific energy of 6918.39 kJ/kg, asserting the effectiveness of hot air oven pretreatment.
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1 Introduction

Anaerobic digestion of aquatic weed biomass could be highly 
promising, especially Hydrilla verticillata, which proliferates 
and regenerates naturally [1]. The aquatic weed H. verticil-
late is native to Asia and Australia but distributed world-
wide due to its invasive nature and rapid growth. The weed is 
notoriously known as an invisible menace as it grows rooted 
and submerged in still and slightly flowing waters and stays 
unnoticed until it covers the whole water body with its dense 
mats of vegetation and tops out at the water surface [2]. The 
weed’s average growth rate is 2.5 cm per day [3, 4]. Once 

invaded, this weed can severely affect the aquatic ecosystem 
by depleting the dissolved oxygen and nutrients, limiting 
the resources to the native species. Also, it hinders human 
beings’ livelihood and recreational activities [4–6].

The lignocellulosic biomasses are very economical as 
they are renewable and naturally abundant [7]. However, 
a higher percentage of rigid crystalline lignin content in 
lignocellulosic biomass makes it difficult for the anaerobes 
to access the easily digestible carbohydrates cellulose and 
hemicellulose [8, 9]. Besides, the presence of lignin affects 
a prolonged hydrolysis period and low methane yield. Vari-
ous pretreatment techniques benefit the de-crystallization of 
biomass structure, making it more accessible to microbes. 
It will shorten the hydrolysis period and improve the con-
version rate to enhance methane yield [8, 10–12]. Differ-
ent pretreatment techniques on substrates include physical, 
chemical, and biological processes [13–15]. Optimization of 
these process strategies is crucial to achieving the maximum 
output from any substrate. Thermal pretreatment is a physi-
cal technique that provides heat energy by various means 
to solubilize the substrate. Various thermal pretreatment 
methods include hydrothermal, microwave, and autoclave. A 
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combination of thermal and chemical pretreatment methods 
is also very effective [14–16].

1.1  Pretreatment techniques

In the thermal pretreatment study, heat is transferred in dif-
ferent forms to melt down the weed biomass’s lignin layer. 
The primary modes of heat transfer are conduction, convec-
tion, and radiation [17]. The heat transfer mechanism in a 
hot air oven is initially convection, followed by conduction. 
Chopped hydrilla is placed in glassware and kept in a hot 
air oven. With the help of a fan, dry air is circulated equally 
throughout the chamber. The outer layer first absorbs the 
dry heat and then goes through the middle layer, tearing 
the hydrilla cell wall. The dry heat is delivered to the glass-
ware holding the substrate via convection and subsequently 
from the glassware to the substrate via conduction. Heat 
transmission in a hot water bath pretreatment occurs first 
through convection, then through conduction, as in a hot air 
oven pretreatment [18]. The key distinction lies in the heat 
transfer mechanism, where water is utilized instead of hot 
air. Microwave pretreatment involves using electromagnetic 
radiation to break down the hydrogen bonds within the bio-
mass’s cell wall [19]. On the other hand, autoclave pretreat-
ment utilizes moist heat to break down the robust lignin layer 
of hydrilla and solubilize the cellulose present[20]. Various 
studies are available on the effect of thermal pretreatment on 
biogas production and methane yield for different lignocellu-
losic biomasses. Thermal pretreatment was conducted in two 
stages to get the optimum condition required to solubilize 
the substrate. They are as follows:

(a) Temperature study in which samples were kept at dif-
ferent temperatures for a fixed time. The optimum 
temperature was fixed after treatment according to the 
sCOD and VFA values.

(b) Time study in which the samples were kept at optimum 
temperature got from temperature study for different 
time variations. After treatment, the optimum time was 
confirmed from the sCOD and VFA values [17, 21].

In a study on the effect of hydrothermal pretreatment 
on biogas production from rice straw, it was observed that 
an increase in the methane yield of 3% occurred at 180 °C 
for 15 min and gradually decreased at higher temperatures 
[22]. Another study on the hydrothermal pretreatment of 
sunflower residues reported an increment of 43–63% in 
biodegradability at 180 C for 30 min [23]. Contrary to 
that, improved methane yield was reported for studies with 
extended periods at lower temperatures [24].

Despite the existing body of research on the thermal pre-
treatment of various lignocellulosic biomasses, there is a 
dearth of literature that investigates and compares specific 

thermal pretreatment techniques applied to H. verticillata, 
such as hot ovens, microwaves, hot water baths, and auto-
clave pretreatment. This study addresses a significant gap in 
the literature by highlighting the novel use of aquatic weed 
biomass for biogas production via anaerobic digestion. 
Using sCOD and VFA as performance markers to deter-
mine the degree of solubilization appears to be a methodical 
analytical tool for distinguishing four thermal pretreatment 
methods. In addition, it uses the biomethane potential (BMP) 
tool to systematically evaluate and compare the effects of 
pretreatment on biogas potential and substrate degradability.

2  Methodology

2.1  Substrate and inoculum

H. verticillata was collected from lakes inside the Indian 
Institute of Technology Guwahati (IITG), India. Fresh cow 
dung for anaerobic inoculum was collected from a cattle 
shed in Amingaon near the IITG campus. An active inocu-
lum with well-balanced microbial communities is critical for 
decreasing the initiation time of anaerobic digestion (AD) 
and ensuring its steady and efficient operation [25]. The 
fresh H. verticillata was ground uniformly and mixed with 
distilled water in a 1:1 ratio to ensure consistency.

2.2  Pretreatment study

Different pretreatment studies were conducted to increase 
biogas production and decrease the hydrolysis period. Tem-
perature and time studies were done to get the optimum 
condition in thermal pretreatment. The parameters, VFA 
and sCOD, were studied to determine the optimum condi-
tion. Freshly ground hydrilla mixed with distilled water in 
a 1:1 ratio was used for pretreatment. Temperature and time 
range for each equipment were selected based on the previ-
ous works of literature [9, 10, 17, 21, 22, 26, 27].

2.2.1  Hot air oven

Fifty grams of a sample containing ground hydrilla and dis-
tilled water (1:1) was placed in a sealed conical flask and 
heated at 70, 80, 90, 100, and 110 °C for 20 min each to 
study the effect of different temperatures. To study the effect 
of time, the sample was heated at optimized temperatures for 
60,70, 80, 90, 100, 110, 120, 130, and 140 min. The range 
of time and temperature of operation of hot air oven was 
selected based on previous literature available [28, 29]. This 
pretreatment uses the conduction and convection principles 
to transfer heat energy through the sample.
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2.2.2  Autoclave

To study the effect of autoclave pretreatment on hydrilla, the 
sealed conical flask containing 50 g of a sample containing 
ground hydrilla and distilled water (1:1) was heated at 80, 
90, 100, 110, and 120 °C for 20 min each. From the tem-
perature study, the optimum temperature was selected. The 
samples were kept in an autoclave at optimized temperature 
for 20, 40, 60, and 80 min. Steam is a conduit transporting 
heat to the hydrilla’s refractory matrix via conduction and 
convection [17, 22, 28].

2.2.3  Microwave

To study the effect of microwave on the hydrolysis of H. 
verticillata, the sealed flask containing 50 g of hydrilla was 
heated at 160, 180, 200, 220, and 250 °C for 10 min each. 
From the temperature study, the optimum temperature was 
selected. To investigate the effect of time, the samples were 
kept in the microwave at optimized temperatures for 5, 10, 
15, and 20 min. In the microwave, samples were placed in 
the center of the plate. As the sample spins inside the oven’s 
electromagnetic field, it allows consistent energy absorption 
in the sample. Temperature and time were decided based on 
available literature on the same type of substrate [20, 26, 30].

2.2.4  Hot water bath

To study the effect of a water bath on the hydrolysis of H. 
verticillata, the sealed flask containing 50 g of weed was 
heated at 70, 80, 90, and 100 °C for 30 min each. From the 
temperature study, the optimum temperature was selected. 
To investigate the effect of time, the samples were kept in 
a water bath at optimized temperatures for 30, 60, 90, and 
120 min. The temperature and time were taken based on 
the available literature [22, 28]. Conduction and convection 
principles were responsible for heat transfer throughout 
the biomass samples and hydrating H. verticillata’s com-
plex structure. The effect of treatment on digestibility was 
determined by using a BMP setup to assess the substrate’s 
hastened methane potential for various F/M ratios (0.5, 1.0, 
1.5, 2, 2.5, 3) [26].

2.3  BMP setup

The BMP test was carried out in batch mode using 1000 
mL glass reagent bottles. Rubber cork and Teflon tape 
were used to seal the openings. Each bottle was connected 
to a specific aspirator bottle containing 1.5 N NaOH solu-
tions through long silicon tubing. Based on volatile solids 
(VS), the amount of hydrilla and cow dung was decided. 
Different food-to-microorganism (F/M) ratios F/M 5, 1.0, 
1.5, 2.0, and 2.5 were studied in triplicates for each ratio. 

The composition of each digester, showing the amount of 
substrate and inoculum corresponding to the F/M ratios, 
is provided in the supplementary data. Two controls (cow 
dung and H. verticillata) were also studied separately in 
triplicate. The F/M ratio is the amount of VS of H. verticil-
lata divided by VS of cow dung. The batch reactors were 
fed with different amounts of H. verticillata and cow dung 
and essential macro- and micronutrients (phosphate buffer, 
ferric chloride, calcium chloride, magnesium chloride, 
nickel chloride, cobalt nitrate) [31]. The level of inocu-
lum plus substrate in each reagent bottle was maintained 
at 700 mL using distilled water. Nitrogen gas was pumped 
into reactor bottles for 3 min each to ensure the reactors’ 
prevailing anaerobic conditions by purging out any trapped 
air if present. Then, the reactor bottles were closed with 
airtight butyl rubber corks, followed by connecting to 
aspirator bottles having 1.5 N NaOH. Methane production 
was quantified daily using the water displacement method 
(Fig. 3). 1.5 N NaOH was used in place of water because 
NaOH can absorb the  CO2 produced in biogas. Thymol 
blue was added to the aspirator bottle as an alkali indica-
tor [32, 33].

2.4  Analytical methods

Initial characterization of the sample was done on the fresh 
substrate cut and ground to thick paste. Weekly sampling 
was performed for the analysis of volatile solids (VS), 
volatile fatty acids (VFA), and soluble chemical oxygen 
demand (sCOD). The sample’s pH was determined by a 
pH meter with an electrode (Thermo Fisher Scientific). 
The total solid (TS) content was calculated by weighing 
a fresh sample amount before and after drying at 105 °C 
according to standard methods [34]. The volatile solid 
(VS) content was determined by measuring the weight of 
the dried sample before and after burning at 550 °C. Total 
chemical oxygen demand (COD), acid-soluble lignin, 
hemicellulose, and cellulose were estimated by titrimet-
ric analysis according to standard methods [34]. VFA was 
analyzed by a modified titrimetric method [35]. Five grams 
of well-mixed sample was taken for sCOD and VFA, and 
the volume was brought up to 100 mL with distilled water. 
The sample was filtered after being shaken for 2 h at 150 
rpm in a horizontal shaker. After that, the filtered sample 
was used straight for analysis. Biogas was measured every 
day by the water displacement method [29]. 1.5 N NaOH 
was used instead of water to absorb the  CO2 produced as 
 CO2 reacts with NaOH to form  Na2CO3 [36]. Thymol blue 
was added as an alkali indicator. The volume of NaOH 
displaced represents the amount of methane produced. The 
displaced NaOH was measured using a cylinder [37].
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2.5  Characterization

To determine structural changes of the sample, FESEM (Zeiss, 
Sigma), FTIR (PerkinElmer Spectrum 2), and XRD (Rigaku 
TTRAX III) were used for characterization analysis. Samples 
of untreated weed, hot air oven pretreated biomass, and the 
digestate were prepared by drying at room temperature and 
then ground to make a fine powder. FESEM images were 
clicked at 3 kV for different magnifications, i.e., 300X, 500X, 
and 1000X. An XRD diffractometer was used to record X-ray 
diffractograms from 0 to 70 °C at a diffraction angle (2θ) at a 
scanning speed of 4°/min. To produce the sample pellets for 
FTIR, the sample was thoroughly mixed with 300 mg of KBr, 
then pressed it to sample discs using a hydraulic jack for 1 min 
at 20 Mpa. With 16 scans at 4  cm−1, the FTIR spectra were 
collected from 4000 to 400  cm−1.

2.6  Energy balance assessment

The specific energy utilized, Eu (kJ/kg), for various thermal 
pretreatment techniques adopted in this study was determined 
using the following Eq. 1.

where P denotes the power rating of the equipment used, 
te denotes the exposure time, and W denotes the amount of 
substrate that can be treated at once. Furthermore, the spe-
cific energy, Ea (kJ/kg), made available by the pretreatment 
technique is calculated based on the sCOD increment from 
the pretreatment and conversion of sCOD to biogas followed 
by converting to electrical energy. Conversion factors for 
sCOD to biogas as well as biogas to electric energy are 
assumed throughout the calculation based on the available 
literature and equipment efficiency ratings [28, 38].

where sCODi indicates the sCOD increment caused due to 
the pretreatment, Φε sCOD removal efficiency of the reac-
tor, Β denotes the sCOD to biogas conversion rate, Η is the 
lower heating value of biogas, and λε represents the biogas 
generator efficiency [39].

The net specific energy of each pretreatment technique is 
calculated by differencing the specific energy utilized (Eu) by 
the equipment from the specific energy made available by the 
corresponding pretreatment as given in Eq. 3 [40].

(1)E
u
=
(

P × t
e

)

∕W

(2)E
a
= sCOD

i
× Φ

�
× B × H × �

�

(3)E
n
= E

a
− E

u

3  Results and discussion

3.1  Initial characterization

The physicochemical characterizations of the substrate and 
inoculum tested in the current study are shown in Table 1.

3.2  Pretreatment studies

The best thermal pretreatment techniques were determined 
based on the variation in sCOD and VFA. VFA exhibits 
a direct relationship with sCOD for the hot air oven pre-
treatment, as the soluble products formed in the first step 
of anaerobic digestion convert into short-chain VFA in the 
second step. Figure 1a shows that with the increase in sCOD, 
there is an increase in VFA at 100 °C. At this temperature, 
the sCOD and VFA gave maximum values (9472 mg/L and 
2250 mg/L, respectively), after which they started decreas-
ing. The observed decline in soluble chemical oxygen 
demand (sCOD) and volatile fatty acids (VFA) following a 
specific temperature threshold can be attributed to the dis-
ruption of cell walls at higher temperatures. This disruption 
leads to the release of the maximum available organic com-
pounds at that temperature. Additionally, volatile organic 
matter may be released through evaporation above these 
elevated temperatures [20, 41].

Figure 1b depicts the temporal variations of hot air oven 
pretreatment in which the highest sCOD and VFA values 
were observed at 70 min, which were 12160 mg/L and 
2025 mg/L, respectively. These values indicate a significant 
238.82% (3.38-fold) solubilization increment compared to 
untreated biomass. Hence, the optimum conditions for hot 
air oven pretreatment are 70 min at 100 °C for H. verticil-
lata. A similar study on papermill sludge pretreatment using 
a hot air oven stated significant improvement in solubiliza-
tion at 80°C for 90 min [27].

Table 1  Initial characteristics of substrate and inoculum

*Note: figures situated after the “±” correspond to the standard devi-
ations

Sl. no Parameters Hydrilla verticillata Cow dung

1 pH 6.8±0.3 7±0.2
2 Moisture content (%) 93±1 78±0.5
3 sCOD (mg/L) 3600±50 1050
4 VFA (mg/L) 1000±50 850±50
5 VS (mg/L) 68.5±1 80±2
6 Acid-soluble lignin (%) 6.9±0.5 -
7 Acid insoluble lignin (%) 11.8±0.5 -
8 Cellulose (%) 32.5±2 -
9 Hemicellulose (%) 9±1 -
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For the autoclave pretreatment temperature study 
(Fig. 2a), the increase and decrease of VFA and sCOD were 
evident. Up to 100 °C, the VFA and sCOD increase and 
then decrease. The soluble carbohydrates in the suspen-
sion decompose into a mixture of long-chain fatty acids or 
organic acids, increasing VFA concentrations. It is evident 
from the data that the optimal temperature for the process is 
100 °C. This temperature disassembles complex molecules 
into simpler monomers. By analyzing the results of a time 
study, it was determined that a pretreatment duration of 60 
min produced the best results with sCOD of 11776 mg/L 
and VFA 3240 mg/L (Fig. 2b). Therefore, the recommended 
autoclave pretreatment conditions are 100 °C for 60 min. 
This pretreatment significantly increased the soluble chemi-
cal oxygen demand (sCOD) of H. verticillata by 3.27 times 
compared to the sCOD of untreated H. verticillata.

For the microwave pretreatment, the temperature study 
revealed that both the sCOD and VFA concentration showed 
maximum values of 6912 mg/L and 870 mg/L, respectively, 
at 180 °C, as shown in Fig. 3a. After the time studies, it 

further increased to 9728 mg/L sCOD and 780 mg/L VFA 
which accounted for an increment of 170% (2.70-fold) solu-
bilization with 15 min at 180 °C as the optimum conditions 
(Fig. 3b).

Similarly, for the hot water bath pretreatment, the tem-
perature study revealed that both the sCOD and VFA con-
centration increased and gave the maximum values 6400 
mg/L and 1140 mg/L, respectively, at 90 °C (Fig. 4a). In 
the time study, samples pretreated for 90 min gave the best 
results 6560 mg/L and 1200 mg/L of sCOD and VFA respec-
tively (Fig. 4b). The sCOD increases by 82.22% through this 
pretreatment technique, i.e., 1.82 times increase in the sCOD 
than that of untreated H. verticillata.

The percentage increment in sCOD for the pretreated 
biomass from the untreated biomass delineates the degree 
of solubilization. Among the four thermal pretreatment tech-
niques, the hot air oven pretreatment showed maximum solu-
bilization with an increment of 237.77% in sCOD, followed 
by autoclave pretreatment (227.11%), microwave (170.22%), 
and hot water bath 82.22%). However, in terms of VFA 
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Fig. 1  Effect of a temperature and b time on VFA and sCOD during hot air oven pretreatment of H. verticillata 
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variations, autoclave pretreatment elevated to the highest 
with 3240 mg/L, while the minimum was for microwave 
pretreatment with 780 mg/L. This may be due to varying 
degrees of evaporation across equipment. Thermal pretreat-
ment aids in shortening the hydrolysis period of weed bio-
mass in two ways. Firstly, the water available in the sample 
with heat energy disrupts the organic compound’s hydrogen 
bonds that hold the crystalline lignocellulosic structure. Sec-
ondly, it actuates cellulose and hemicellulose depolymeriza-
tion to short-chain monomers [42, 43].

3.3  BMP study of the untreated H. verticillata

For the untreated hydrilla biomass, it was observed that the 
untreated hydrilla of F/M 2.5 produces the highest amount of 
biogas (180 ± 14 mL) on the 33rd day of anaerobic digestion 
(Fig. 5a). Figure 5b depicts that for the cumulative methane 
production after 50 days of BMP study, F/M 2.5 is highest 
(4857 mL) among all the F/M ratios. During the BMP study 

of untreated H. verticillata, the lag phase was observed due 
to the lignin layer, which acts as a barrier for the microor-
ganisms to access the cellulose.

Reduction of VS indicates mass loss in anaerobic diges-
tion and biogas production. At day zero, the microbial activ-
ity is less. Hence, the VS reduction starts after that. The 
analysis of the results of the BMP study of untreated HV is 
shown in Fig. 5c.

A decreasing trend of volatile solids was observed 
over time. Higher VS reductions are observed to increase 
biogas production. After the initial week, VS decreased 
considerably. It persisted until the fourth week of anaero-
bic digestion. The delay in degradation may result from 
lower microbe activity in the initial days and lower 
availability of cellulose to microbes due to the presence 
of a dense lignin layer surrounding the cellulosic por-
tion of the substrate [44]. F/M 2.5 has the most signifi-
cant volatile solid reduction at 41.46%, followed by F/M 
2.0 at 36.34%. The decreasing order of VS reduction is 
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Fig. 3  Effect of a temperature and b time on VFA and sCOD during microwave pretreatment of H. verticillata 

70 75 80 85 90 95 100

4500

5000

5500

6000

6500

 sCOD

 VFA

Temperature (°C)

s
C

O
D

 (
m

g
/L

)

800

850

900

950

1000

1050

1100

1150

1200
 V

F
A

 (
m

g
/L

)

20 40 60 80 100 120

4000

4500

5000

5500

6000

6500

7000

 sCOD

 VFA

Time (min)

s
C

O
D

 (
m

g
/L

)

800

850

900

950

1000

1050

1100

1150

1200

1250

 V
F

A
 (

m
g
/L

)

Fig. 4  Effect of a temperature and b time on VFA and sCOD during hot water bath pretreatment of H. verticillata 



16279Biomass Conversion and Biorefinery (2023) 13:16273–16284 

1 3

2.5>2.0>1.5>1.0>3.0>0.5, indicating that the maximum 
biogas production must occur at F/M 2.5, which is con-
sistent with the experimental findings. The graph dem-
onstrates that the most significant VS reduction occurred 
within the first 28 days of the BMP study.

Change in sCOD concentration with time for untreated H. 
verticillata is shown in Fig. 5d. Different F/M ratios provide 
varied substrate removal rates in the form of sCOD. The 
F/M ratio 2.5 shows the highest sCOD (6357 ± 147 mg/L) 
on the 28th day. After 28 days, there was no further increase 
in sCOD concentration. This may be due to the lower avail-
ability of organic substrate, which was already degraded by 
microbes till that time. While studying the VFA concen-
tration variation of the digesters, it was observed that the 
concentrations were moderately low in the initial days due 
to the lower availability of solubilized substrate. Later, due 
to microorganisms’ hydrolytic and acetogenic activity, the 
VFA concentration began to increase. After organic matter 
is converted to volatile fatty acids (VFA), the removal can 
be viewed in terms of gas production. The highest amount 
of VFA production was observed (1610 ± 148 mg/L) on 
the 28th day (Fig. 5e). It can be considered that up to the 
28th day, acidogens were active and led to the production 
of VFA, followed by conversion of these acids into methane 
and carbon dioxide with the help of methanogens.

3.4  BMP study of the hot air oven pretreated H. 
verticillata

Hot air oven pretreatment gave the best solubilization among 
the four thermal pretreatment techniques applied to H. verti-
cillata. A BMP study has been done to compare the biogas 
production of pretreated H. verticillata with the untreated 
one. The study produced maximum biogas (227 ± 16 mL) on 
the 16th day of the BMP study by the F/M 2.0, as shown in 
Fig. 3.6a. The untreated H. verticillate took 33 days to pro-
vide the maximum biogas production. Hence, it is clear that 
through hot air oven pretreatment, delignification occurred, 
and hydrolysis occurred faster. This may also be due to the 
application of heat, which converted the crystalline structure 
of cellulose into an amorphous nature, making the weed 
biomass easily digestible for the hydrolytic bacteria.

Rapid VS reduction was seen in this study. This indicates 
better biogas production. F/M 2.0 of pretreated H. verticil-
lata showed the highest VS reduction of 64.78% (Fig. 6c). 
This justifies the daily and cumulative biogas generated dur-
ing the study. As F/M 2.0 showed maximum VS reduction, 
biogas produced from the particular ratio was also maxi-
mum. For untreated H. verticillata, the maximum reduction 
was for F/M 2.5 of 41.46%. From this, it can be inferred 
that this treatment enhanced substrate biodegradability. 
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Fig. 5  a Daily biogas production, b cumulative biogas production, c variation of VS, d variation of sCOD, e variation of VFA during the BMP 
test of untreated H. verticillata. *Note: CD cow dung, HV H. verticillata, F/M food-to-microorganism ratio
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F/M 2.5 also had a VS reduction of 56.60% in the hot air 
oven study. The VS reduction during BMP test of pretreated 
H. verticillata for different F/M ratios followed the order 
2.0>2.5>1.5>1.0>3.0>0.5, with F/M 2.0 having the most 
significant VS reduction and F/M 0.5 having the least.

In a hot air oven, pretreated H. verticillata, sCOD 
increased up to the 14th day of the BMP study, which 
decreased rapidly. F/M 2.0 showed maximum sCOD con-
centration (7274 ± 352 mg/L) on the 14th day (Fig. 6d) 
because of better substrate solubilization. Particulate COD 
was converted to soluble COD. Hot air oven pretreatment 
also helped to decrease the prolonged hydrolysis period. As 
a result, particulate matter was converted to soluble within 
a brief period. The maximum sCOD produced on the 28th 
day of anaerobic digestion of untreated H. verticillata was 
6357 ± 147 mg/L.

Biogas production, volatile solid (VS) reduction, and sol-
uble chemical oxygen demand (sCOD) values differ signifi-
cantly between BMP studies of untreated H. verticillata and 
H. verticillata that have been pretreated in a hot air oven. For 
untreated H. verticillata, the highest biogas yield (180±20 
mL) was obtained on the 33rd day at an F/M ratio of 2.5, 
whereas the highest cumulative methane production (4857 
mL) was obtained after 50 days. Whereas, in the BMP study 

of hot air oven pretreated H. verticillata, the highest daily 
methane yield (227 ± 16 mL) was obtained much earlier 
on day 16, and a cumulative yield of 152.23 mL  CH4/gVS 
biogas was generated within 35 days (F/M 2). Compared to 
the cumulative methane production from untreated H. ver-
ticillata at 35 days (113.37 mL  CH4/gVS for F/M 2.5), the 
biogas production increased by 34.27%. In addition, cumula-
tive biogas production analysis revealed that the pretreated 
BMP produced the same amount of biogas in a significantly 
shorter period, whereas the untreated biomass took 50 days 
to mature. The cumulative methane yield on the 50th day for 
untreated biomass (157.69 mL  CH4/gVS) was comparable 
to that of pretreated biomass produced by just 35 days. A 
study on lawn grass with thermal, alkaline, and acidic pre-
treatment and validation with BMP reported an increase of 
25.7% in methane yield [45]. Similar results were reported 
with enhancement in methane yield for the range of ligno-
cellulosic substrates with various pretreatment techniques 
obtaining methane yield in the range of 20–40% [46–50].

Due to its barrier effect on cellulose accessibility, the 
presence of lignin induces a lag phase, with VS reduction 
indicating anaerobic digestion progress. For untreated bio-
mass, F/M 2.5 results in the highest VS reduction (41.46%), 
followed by F/M 2.0 (36.34%), indicating that F/M 2.5 is 
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optimal for biogas production. In contrast, pretreatment 
with a hot air oven accelerates delignification and hydroly-
sis, resulting in a quicker VS reduction (e.g., F/M 2.0 with 
64.78%). Additionally, the sCOD concentration rises rapidly 
in pretreated biomass due to improved substrate solubiliza-
tion, with F/M 2.0 exhibiting the highest sCOD (7274 ± 352 
mg/L) on day 14. This result indicates increased substrate 
biodegradability and decreased hydrolysis times. Compared 
to untreated biomass, which reaches a maximum sCOD con-
centration of 6357 ± 147 mg/L on the 28th day, the hot air 
oven pretreatment proves to be exceptionally effective.

3.5  Spectroscopic characterization

Spectroscopic characterization analysis was performed using 
FESEM, FTIR, and XRD to understand the structural and 

morphological changes on the substrate due to hot air oven 
pretreatment. Figure 7 shows the images FESEM (Zeiss, 
Sigma 300) took at ×1000 magnification. Structural changes 
to the untreated H. verticillata by hot air oven pretreatment 
followed by BMP test are evident as the rigid lignocellulosic 
biomass ruptured after the process. As per the visual inspec-
tion of the electron-microscopic images, it is evident that 
the cell wall is bound and rigid for the untreated biomass 
(Fig. 7a), whereas for the pretreated biomass, it gets cracked 
open (Fig. 7b). The digested biomass further deteriorated 
with significant breaks on the cell wall due to microbial 
activity (Fig. 7c). A significant 34.27% increment in methane 
yield from pretreated biomass over that of untreated biomass 
can be attributed to the breakdown of cell wall during the 
hot air oven pretreatment. It may have allowed the microbes 
to access easily digestible cellulose and hemicellulose of 

(a) 

(c) 

(b) 

Fig. 7  FESEM images of a untreated H.verticillata, b hot air oven pretreated H. verticillata, c digestate



16282 Biomass Conversion and Biorefinery (2023) 13:16273–16284

1 3

the lignocellulosic biomass [51]. FTIR and XRD spectra of 
untreated, hot air oven pretreated, and the digestate biomass 
are provided in the supplementary data.

3.6  Energy balance assessment

The specific energy utilized, energy available, and net spe-
cific energy were calculated for each pretreatment technique 
based on the optimized pretreatment conditions, power rat-
ings of equipment, sCOD increment caused by the pretreat-
ment, and other conversion factors by applying Eqs. 1–3. 
The outcomes of the energy balance analysis are determined 
and compiled in Table 2.

Except for the hot water bath, every pretreatment method 
exhibited a positive net specific energy value. It was because 
the sCOD increment by the hot air oven was extremely low. 
Pretreatment in a hot air oven yielded the highest En (6918.39 
kJ/kg), whereas autoclave pretreatment also yielded compa-
rable results (6608.04 kJ/kg). Even though power consump-
tion was higher for hot air oven pretreatment, the amount 
of substrate treatable at once and sCOD increment by the 
treatment were significantly higher which added to the net 
specific energy. Interestingly, microwave pretreatment also 
showed a net positive specific energy, which can be attributed 
to the low time requirements for the pretreatment.

4  Conclusions

The research has emphasized the comparative efficacy of 
various thermal processes, highlighting hot air oven pre-
treatment as the most promising technique. The application 
of hot air at 100 °C for 70 min and autoclave treatment at 
100 °C for 60 min significantly increased the solubility of 
biomass by 3.38 and 3.27 factors, respectively. In contrast, 
the hot air oven method exhibited superior solubilization at 
100 °C and 70 min. Analyses of comparative biomethane 
potential (BMP) highlighted the efficacy of hot air oven pre-
treatment in enhancing methane production from hydrilla 
biomass. On the 33rd day at an F/M ratio of 2.5, untreated 
biomass yielded a maximum of 180 ± 14 mL  CH4, while 
pretreated biomass yielded 227 ± 16 mL  CH4 on the 16th 

day for F/M 2. Comparing cumulative biogas yields on the 
35th day revealed a 34.27% increase in methane yield for 
pretreated biomass. These results highlight the significance 
of refining pretreatment techniques in order to increase 
methane yields and promote efficient anaerobic degradation 
of lignocellulosic substrates.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13399- 023- 04890-7.
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