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Abstract

As energy demand continues to increase, the environmental impact of conventional
petroleum-based sources has become a growing concern. Biofuels offer a sustainable
alternative, with crude glycerol from biodiesel production showing promise for methane
production via anaerobic digestion. To optimize methane production, the application
of ultrasound as a pretreatment method has been investigated. This study introduces
the novel use of ultrasound pretreatment to enhance methane yield from crude glycerol
and improve anaerobic digestion efficiency. This work explores the relationship between
ultrasound-pretreated crude glycerol and methane production while also assessing the role
of reactor operational parameters in determining the final generated volume. The main
purpose of this study is to determine how ultrasound duration and process conditions
affect biogas performance and to identify an optimal strategy for maximizing methane
output from this biodiesel by-product. Chemical oxygen demand (COD) increased from
29.1 to 45.1 g L−1 after 30 min of ultrasound, representing a 55% rise due to enhanced
organic matter disintegration. Methane generation improved markedly with pretreatment
duration, increasing from 520 mL (10 min) to 1440 mL (15 min) and reaching 13,185 mL
after 30 min in the laboratory reactor. The methane volume obtained in 22 days from
glycerol subjected to a 30 min ultrasound pretreatment using a 1% glycerol mixture reached
an impressive 16,224 mL.

Keywords: anaerobic digestion; circular economy; glycerol; methane; pretreatment

1. Introduction
Energy supply is crucial for the development of industrial, commercial, and domestic

activities worldwide. As the global population grows rapidly, the energy demand has risen
significantly, with projections indicating a 48% increase over the next few decades [1]. But
depending heavily on oil-based fuels as our primary energy source has caused serious
environmental problems—like climate change, dirty air, acid rain, and damage to the ozone
layer [2]. Because fossil fuels are running out and burning them harms the environment,
there is now much greater interest in developing and using sustainable biofuels. Biofuels
could be a cleaner, more sustainable replacement for the fossil fuels we rely on today,
supporting the transition towards a carbon-neutral bioeconomy [1,3]. In recent years, the
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global consumption of biomass-derived fuels has increased significantly. This consumption
has already reached 50 EJ, and experts predict it could grow further, reaching a staggering
150–400 EJ per year by 2100 [4].

Biofuels offer several benefits over conventional fuels: they strengthen energy security,
reduce environmental impact, lower foreign exchange costs, and create valuable socioeco-
nomic opportunities, especially in rural areas. Today, renewable energy accounts for less
than 15% of the world’s total primary energy use [5]. In many developed countries, the
main sources are hydropower and wood-based fuels [3]. Sustainable energy strategies aim
to cut energy use by improving efficiency, expanding renewable energy, and phasing out
petroleum-based fuels [1,2].

Biofuels from renewable natural sources come in several forms: solid biochar, liquid
ethanol (made from crops like corn or sugar beets), biodiesel (produced from oilseeds or
used cooking oil), and gaseous fuels such as biogas from organic waste or bio-hydrogen [6].
Biofuels are readily available and biodegradable and contribute to reduced greenhouse gas
emissions, making them attractive from both environmental and energy access perspectives,
particularly in rural areas [6,7].

Biodiesel, considered a sustainable alternative to conventional diesel, generates ap-
proximately 10 kg of crude glycerol per 100 kg of biodiesel produced [8,9]. It can be
utilized as a raw material for the pharmaceutical industry or as a fuel. Numerous stud-
ies have demonstrated the potential of crude glycerol in anaerobic digestion for biogas
production [8,9].

Optimizing an anaerobic digestion plant involves careful consideration of various
operating parameters that can significantly affect biogas or digestate yield and quality.
Key factors include pH, temperature, hydraulic retention time, organic loading rate, and
pressure. Managing these well is crucial to getting the most out of anaerobic digestion and
producing biogas efficiently [10]. While specific reactor parameters, such as volatile solids,
temperature, pH, and mixing, can be controlled to improve the results, the characteristics of
the substrate also play a crucial role. Consequently, various optimization techniques known
as pretreatments have been explored to achieve these objectives, focusing on treatment
prior to digestion [11].

Ultrasound (US) is well known for causing cavitation—the process where tiny bubbles
form, grow, and then burst in a liquid [12]. The intensity and frequency of the US irradiation
source play a crucial role in determining the extent of cavitation and size of the nuclei
generated. Used as a pretreatment, ultrasound can significantly alter the physical and
chemical properties of a substrate—increasing its surface area, breaking down particles,
and releasing more organic matter into solution. These changes make the material easier
for microbes to digest, leading to a notable boost in biogas production. The use of US as
a pretreatment method holds great promise in optimizing the efficiency and effectiveness
of anaerobic digestion processes, paving the way for enhanced biogas yields and overall
process performance [12,13].

This study aimed to assess how varying the duration of ultrasound pretreatment
affects crude glycerol in a batch reactor for biogas production. Furthermore, this study
aimed to compare how controlling the parameters of the reactor can influence this process.

2. Materials and Methods
2.1. Inoculum and Substrate

Anaerobic sludge collected from a septic tank in a rural area of Bragança, Portugal,
served as the inoculum for the experiments (Figure 1a). The collected sludge was kept
under controlled low-temperature conditions (4 ◦C) before experimental use. Preliminary
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feasibility assessments and characterization analyses were undertaken to ensure sufficient
biomass availability for the process.

 
(a) (b) 

Figure 1. Experimental materials: (a) inoculum derived from sewage sludge and (b) crude glycerol.

For the experimental work, crude glycerol obtained as a by-product of laboratory-scale
biodiesel synthesis was supplied by the Biofuels Laboratory of ESTIG, Bragança Polytechnic
University (Figure 1b).

The physical and chemical characterization of both the inoculum and the substrate was
performed according to the procedures described in [14], encompassing the determination
of total and volatile solids, as well as chemical oxygen demand (COD). Each reactor was
operated with a mixture of 99% inoculum and 1% substrate.

2.2. Ultrasound Pretreatment

Before anaerobic digestion, crude glycerol was treated with ultrasound. Pretreatment
was carried out using an ultrasonic system operated at 50 kHz with a nominal power input
of 900 W. Treatment times of 10 min, 15 min, and 30 min were tested.

2.3. Methane Production System

A batch reactor system (500 mL) operated under mesophilic conditions (37 ◦C) was
employed to investigate how pretreatment duration influences methane generation. The
laboratory-scale setup is shown in Figure 2.

 
Figure 2. Laboratory-scale biogas production apparatus.

The reactors were filled with a 400 mL mixture of the substrate and inoculum. All
experiments were carried out in duplicate to ensure reproducibility of the results. A tube
was connected between the reactors and the alkaline trap, functioning as the key element
for measuring gas displacement.

Daily methane measurements were performed by volumetric analysis, with biogas
passed through a 3% sodium hydroxide alkaline trap. The experiment continued for
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32 days, ending when the flow methane generation dropped to less than 1% of the total
cumulative volume.

The mesoscale experiments were performed in a 7 L batch reactor operated under
mesophilic conditions, maintained by a recirculating water jacket connected to a thermo-
static bath (steel cylinder). Throughout the study, temperature, pH, and mixing were
carefully monitored and controlled. Figure 3 illustrates the laboratory-scale setup applied
in the experiments.

 

Figure 3. Mesoscale system for biogas generation.

The pH was checked daily and kept at 7.2 to support optimal microbial activity during
organic matter breakdown. Reactor samples were taken regularly and measured with
a pH meter, and whenever needed, a 40% sodium hydroxide solution was added to correct
the pH.

Temperature control was achieved by equipping the reactor with a heating system,
maintaining consistent experimental conditions.

Reactor content homogeneity was maintained using a dedicated mixing system. A two-
piece umbrella-type stirrer operating at 40 rpm was used to provide adequate mixing of
the substrate and the inoculum.

Mesoscale testing was conducted under the conditions that yielded the best perfor-
mance in laboratory-scale trials. A 6 L mixture of substrate and inoculum, in the same ratio
as used in the previous experiments, was introduced into the reactor.

The daily production volume was measured using alkaline displacement columns
employing a system similar to that used in previous tests. This method enabled the accurate
measurement and monitoring of methane production throughout the experiment.

3. Results and Discussion
3.1. Optimizing Pretreatment Times for Enhanced Biogas Production

The composition of the reactor after digestion was characterized by determining COD,
TS, and VS. Each analysis was conducted in duplicate, with the resulting values expressed
as the mean of the two measurements. These analyses help assess how much organic matter
was broken down, the distribution of solid fractions, and the overall performance of the
digestion process.

The control reactors (with no pretreatment) had a COD of 29.1 ± 3.2 g L−1. After
ultrasound pretreatment for 10, 15, and 30 min, COD rose to 37.1 ± 1.1, 43.5 ± 0.9, and
45.1 ± 2.3 g L−1, respectively. This corresponds to increases of about 27%, 50%, and
55% compared to the control. This increase in COD can be attributed to the effect of
ultrasonic treatment on the disintegration of organic matter, as highlighted in [15,16]. The
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longer the ultrasound pretreatment, the more the crude glycerol droplets and microbial
cells are broken apart by cavitation forces. This releases additional soluble organic matter
into the liquid phase, which increases the amount of oxidizable material—and therefore
raises the COD value.

The total solids (TS) in the reactor were determined after different durations of glycerol
pretreatment, with values of 28.4 ± 2.1, 26.6 ± 1.3, and 19.7 ± 1.1 g L−1 recorded for 0, 15,
and 30 min, respectively. The volatile solids showed values of 14.1 ± 0.9, 11.9 ± 1.1, and
8.5 ± 0.6 g L−1 after 0, 15, and 30 min of treatment, respectively. These results indicate that
volatile solids decreased with longer pretreatment times, as shown in Figure 4.

 
Figure 4. Solid concentrations during US pretreatment at various times.

According to previous studies [17,18], the concentration of volatile solids (VS) can
serve as an indicator of potential methane production from the substrate, with a decrease
in VS expected after anaerobic digestion.

Regarding methane production, the reactor with glycerol pretreated for 10 min yielded
a volume of 520 ± 25 mL. In comparison, reactors with 15 and 30 min of pretreatment
achieved volumes of 1440 ± 210 and 13,185 ± 760 mL, respectively. Longer pretreat-
ment times resulted in increased methane production, as shown by the experimental data
(Figure 5).

Figure 5. Cumulative volume of methane for different pretreatment times.

When we looked at these results together with earlier biogas data, it was clear that
a 30 min ultrasound treatment greatly boosted both biogas and methane output. This shows
that ultrasound pretreatment can significantly improve anaerobic digestion. The higher
COD solubilization likely made more organic material available to microbes, accelerating
breakdown and gas formation. Overall, longer exposure to ultrasound appears to enhance
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substrate accessibility without inhibiting microbial activity. These findings suggest that
a longer duration of ultrasound treatment, specifically 30 min, can effectively optimize
biogas and methane production potential from the substrate.

3.2. Evaluation of the Effect of Controlled Parameters on Biogas Production

The initial COD value in the reactor was 142.0 ± 15 g L−1, which increased to
207.0 ± 12 g L−1 after anaerobic digestion. This increase in COD can be attributed to
the disintegration of organic matter in the substrate.

Before anaerobic digestion, the substrate–inoculum mixture exhibited TS, FS, and VS
concentrations of 32.0 ± 0.8, 20.1 ± 1.2, and 11.9 ± 1.4 g L−1, respectively. After anaerobic
digestion, TS, FS, and VS concentrations fell to 5.3 ± 0.4, 1.8 ± 0.2, and 3.5 ± 0.2 g L−1,
representing decreases of 84%, 91%, and 70.5%, respectively.

The total methane volume (16,224 mL) and its evolution for the experiment conducted
in the mesoscale reactor with a 30 min ultrasound pretreatment are depicted in Figure 6.

 
Figure 6. Cumulative methane production recorded in the mesoscale reactor, with 30 min of US
pretreatment, for 22 days.

3.3. Comparison Between Tests (Lab and Mesoscale Reactors)

The pretreatment time experiments yielded the best result for 13,185 mL of methane
after 32 days. For the experiments assessing the effect of the controlled parameters, 6 L
of glycerol–inoculum mixture (maintaining the same ratio in previous tests) was applied,
with the reactor maintained at mesophilic conditions. Continuous mixing and controlled
pH were maintained for 22 d, resulting in improved anaerobic digestion [19]. Mesoscale
experiments yielded results 123% greater than the values recorded in laboratory-scale tests.
Over the same 22-day period, the laboratory-scale test produced 5456 mL of methane,
corresponding to 297% less than the 16,224 mL recorded in the mesoscale experiment.

4. Conclusions
The observed rise in COD following ultrasound pretreatment indicates that the me-

chanical disruption enhances the breakdown of organic matter, thereby increasing the
availability of crude glycerol for microbial degradation during anaerobic digestion.

At the laboratory reactor scale, the highest methane production value of 13,185 mL
was achieved for glycerol after 30 min of ultrasound pretreatment.

Comparing the results from lab-scale and mesoscale reactors shows that methane
production can be significantly improved by carefully managing key operational param-
eters. In particular, ultrasound pretreatment time, pH, temperature, and mixing all play
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a crucial role in optimizing the digestion process and maximizing methane yield. Methane
production of 16,224 mL was attained.

The findings underscore how optimizing process parameters can significantly improve
methane yields from crude glycerol.

Future work should test this approach at a larger scale, adjust the ultrasound settings to
save energy, and combine treated glycerol with other wastes to support a circular bioeconomy.
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