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Abstract

Cow dung contains high concentrations of organic matter, which can be used for methane production by anaerobic digestion.
However, the refractory lignocellulose in cow dung often hiders methane production through anaerobic digestion. Ultrasonic
pretreatment is an efficient method to enhance lignocellulose degradation and methane production, but the mechanism is
not well studied. In this work, the influence of ultrasonic pretreatment on the anaerobic digestion of cow dung was studied.
The impact of ultrasonic pretreatment on the dissolution rate of organic matter (including soluble chemical oxygen demand
(sCOD) and carbohydrates) was investigated by modifying the ultrasonic power, length, and impulse time. The dissolution
rate of sSCOD increased by 96% with an ultrasonic power of 325 W by comparing the treatment without ultrasonic pretreat-
ment. The optimized dissolution rates of SCOD (10,915 + 112 mg/L) and carbohydrate (942 + 12 mg/L) were achieved at
325 W ultrasonic power, 30 min ultrasonic time with impulse time of 2 s close and 1 s open. Under the above condition,
after 26 days of anaerobic digestion, the cumulative methane production in the treatment with ultrasonic pretreatment was
851 mL, which was 1.36 times higher than that of the control without ultrasonic pretreatment (360 mL). In comparison with
the treatment without ultrasonic pretreatment, the bacteria of Actinaobacteria phyla, which could degrade unselective organic
substances, was significantly increased (by 44%) in the treatment with ultrasonic pretreatment. We conclude that ultrasonic
pretreatment has a high potential to enhance methane production by anaerobic digestion of cow dung.
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Introduction

In recent years, how to economically deal with livestock
waste has become very important in many parts of the
world. If treated with inappropriate disposal methods, live-
stock manure such as cow dung (CD) may cause serious
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environmental problems such as pathogens in ground and
surface water, odor, airborne ammonia, greenhouse gases,
spills, etc. [1]. Generally, a mature cow can excrete around
15 kg of CD per day, and about 35 million tons of CD are
produced annually in China [2, 3]. Recently, large volumes
of CD generated from feedlot farming have increased annu-
ally, and most of them are disposed into landfills or piled
up around farms without sufficient treatment [4]. The CD
contains degradable organic materials, including a high con-
tent of lignin and lignocellulose fibers, about 40-50% of the
total solids (TS) [5]. Anaerobic digestion (AD) is an efficient
method widely used for bioenergy production from sew-
age sludge, animal manure, agricultural residue, industrial
sludge, and energy crops in developing and developed coun-
tries [5, 6]. The process of AD includes four major steps:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis.
In the first step, hydrolysis is the rate-limiting step of the
overall process due to the dissolution of insoluble particulate
matter and the biological decomposition of organic polymers
with complex structures (such as lignin and cellulose) [5-7].


http://orcid.org/0000-0002-6114-3238
http://crossmark.crossref.org/dialog/?doi=10.1007/s12155-023-10629-z&domain=pdf

BioEnergy Research (2024) 17:660-668

661

Hence, to accelerate the anaerobic digestion of CD, an effi-
cient pretreatment method is highly recommended.

A few pretreatment methods have been developed for
methane production from AD of the recalcitrant fraction of
manure. These methods can be divided into four classes:
physical, chemical, biological, and combined pretreatment
[8]. Thermal pretreatment is a type of physical pretreatment
in which the lignocellulosic biomass is subjected to heat
at a certain temperature and pressure, and it can promote
organic matter hydrolysis and breakdown during AD [9-11].
Chemical pretreatment is a widely used method to alter the
physical and chemical characteristics of lignocellulose bio-
mass [11]. Biological pretreatment is used to break down the
complex structures in a substrate with enzymes such as cel-
lulose and protein [12]. These pretreatments alter the ligno-
cellulose structures by destroying the chemical bonds, which
may improve biogas production [13]. Some pretreatments
studied for biogas production are summarized in Table 1.
However, there are certain limitations in the use of these
pretreatments. For instance, thermal pretreatment needs
high energy requirements, chemical pretreatment produces
secondary pollution, and biological pretreatment needs to
monitor microorganism growth [13].

Ultrasonic pretreatment is a type of physical pretreat-
ment that is simple, time saving, environmentally friendly,
and has no chemical addition [20, 21]. The ultrasonic treat-
ment is performed through the cavitation effect, including
mechanical, thermal, and sonochemical effects [22]. Pre-
vious research has established that ultrasonic technology
can damage the fiber structure, break the hydrogen bonds
between fiber molecules, and also increase the inner surface
area of fiber [23, 24]. Quiroga et al. [25] evaluated the effect
of ultrasonic pretreatment in methane production when co-
digesting CD with food waste and sewage sludge. The results
showed that after sonication treatment of CD and sludge, the

Table 1 Different pretreatments on biogas production

methane yield (0.85 L CH,/L day) for mesophilic showed
an increase of 31% with respect to the non-sonicated waste
(0.74 L CH,/L day). Ormaechea et al. [26] studied the pre-
treatment by ultrasound (sonication energy of 1040 kJ/kg
TS) for a mixture of cattle manure, food waste, and raw glyc-
erine. They obtained specific methane production of 290 L
CH,/kg VS without pretreatment and 520 L CH,/kg VS with
pretreatment.

Many studies have reported ultrasonic pretreatment with
CD can improve biogas production. However, they just
focused on the ultrasonic power and time. Few research-
ers discussed the influence of ultrasonic impulse time on
anaerobic digestion. Therefore, the main objectives of this
study are to (1) evaluate the effect of different ultrasonic
pretreatment conditions (power, time length, and impulse
time) on CD; (2) analyze the correlation of methane produc-
tion and characteristics of substrate (pH, ammonia nitrogen,
and soluble organic matters) during AD process; and (3)
explore the changes of microbial community after AD with
and without ultrasonic pretreatment of CD.

Materials and Methods
Substrate and Inoculum

The dry CD was collected from a cow farm in Linyi, Shan-
dong Province, China. The dry CD was cut into small pieces,
milled, and then mixed with tap water to the TS of 10%
before further use. Anaerobic seed sludge was collected
from an anaerobic digester treating waste-activated sludge
from the Haibo River sewage treatment plant, Qingdao.
The CD contained about 10.69 +0.87%, 8.76 +0.58%, and
14.16 +1.03% of TS, VS (volatile solid), and C/N (carbon to
nitrogen ratio). The initial characteristics of anaerobic seed

Pretreatment method Feedstock Pretreatment conditions Results Selected
reference
Thermal pretreatment Dairy cow manure 125 °C for 37.5 min Positive effect of up to 34% [14]
increase in biogas yield
Microwave pretreatment Corn straw 120-210 °C for 10 min Increase of 73.08% in methane [15]
yield at 150 'C
Electrohydrolysis pretreatment Fresh water hycinth Voltage of 10-30 V and time of 26.8% enhancement of methane [16]
20-100 min yield
Alkaline pretreatment Wheat straw 0-9% KOH, at ambient tempera- 45% enhancement of cumulative [17]
ture for 3 days biomethane yield for 6% KOH
Acid pretreatment Agave tequilana bagasse 1.8-1.9% (w/w) HCI, 119-130 'C  More than 4 times in methane [18]

Biological pretreatment

and 103-133 min

Rice straw and pig manure 10% (v/v) of the activated micro-

bial consortium solution at 55 °C
for 36 h

production compared to H,SO,
pretreatment

Increase of 37.8% in methane yield [19]
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sludge were TS 5.11 (0.53%), VS 3.82 (0.39%), and C/N
7.21 (0.64%). The substrates and inoculum were individu-
ally homogenized and stored in a refrigerator at 4 °C before
further use.

Ultrasonic Pretreatment

Ultrasonication was performed using an Ultrasonic cell pul-
verizer (SCIENTZ, China). The sonication frequency of the
device was 20 kHz, and the maximum power input was 650
W when using a 6-mm probe. A volume of 40 mL of 10%
CD added in a centrifuge tube (50 mL) was manually dosed
in the ultrasonic horn. During sonication, the temperature
was controlled at around 30 °C. The pretreatment study was
split into two approaches. In the first approach based on the
ultrasonic power (W) study, the prepared samples were kept
at different applied ultrasonic powers (65, 130, 195, 260, and
325 W) [27] at an ultrasonic time of 10 min and impulse
time of 2 s opened, 1 s closed. After getting the suitable
power, the second approach based on time study, the pre-
pared samples were kept at certain times (5, 10, 15, 20, and
30 min) [28]. At the suitable ultrasonic power and length,
the third approach based on impulse time study, the samples
were kept at different impulse times (1 s opened 1 s closed,
2 s opened 1 s closed, 2 s opened 2 s closed, 3 s opened 2 s
closed, and 3 s opened 3 s closed) [29]. The control treat-
ment without ultrasonic pretreatment was prepared in the
same way.

Anaerobic Biodegradability Tests

A batch reactor was performed to test the rate and extent
of anaerobic biodegradability of untreated (control) and
ultrasonic pretreated CD. All batch tests were performed
at 37 °C in 500-mL anaerobic reactors with a working vol-
ume of 400 mL. The reactors were set with a CD-to-ASS
ratio of 1 based on VS content [13]. All of the reactors were
purged with nitrogen for at least 3 min to remove oxygen
from the reactor space in order to maintain anaerobic condi-
tions. Each reactor was connected with an inverted bottle,
containing a solution of 1.5 N sodium hydroxide (NaOH),
through a silicon S-tube to ensure the scrubbing of CO, and
H,S from the biogas generated from the reactor [30]. The
CH, was gathered in aluminum foil bag. The pH value of the
culture was not controlled. The experiment was conducted
in triplicate for 26 days.

Analytical Methods
Scanning Electron Microscopy (SEM) The surface morphol-

ogy of the adsorbents was determined by scanning electron
microscopy (SEM) (SU8010, Hitachi, Japan). The raw
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substrate samples were oven dried at 105 “C for 24 h and
then analyzed after cooling to room temperature [17].

pH and Lignocellulose The pH was determined with a pH
meter (Thermo, USA). The cellulose and lignin were studied
by using the titration method.

Solubility Index Samples from the reactor were taken and
the volume of methane was measured every 2 days. Before
analysis, the samples were centrifuged at 10,000 rpm for
5 min and the supernatant was filtered using 0.45-pm fil-
ters. The sample’s TS, VS, and soluble chemical oxygen
demand (sCOD) were obtained using standard methods [31].
The total ammonia nitrogen (TAN) content and carbohy-
drate were studied using the spectrophotometer (HACH,
DR/2800) [32].

The free ammonia nitrogen (FAN) concentration was cal-
culated based on the following equation [33]:

FAN = AN
14+ 2=

a

where TAN is the total ammonia nitrogen, K, is a disso-
ciation constant that reflects on temperature with values
1.29x 107 for 37 °C, and pH is equal to the pH of the
substance.

Methane Production The produced methane was collected
using an aluminum foil bag and the volume of methane was
measured by using a graduated 100-mL plastic syringes.

Statistical Analysis

The analysis of the solubility index was performed in trip-
licate sets. The average and standard deviation of the dupli-
cates were calculated and shown using GraphPad Prism v.
7.0 (GraphPad Software, Inc.). Also, an analysis of variance
and the Tukey test were performed, with a 95% confidence
interval (p <0.05).

Results and Discussions
Pretreatment Effect on Chemical Characteristics

The effect of solution characteristics with various ultra-
sonic powers was studied under the operation condition
of the ultrasonic length of 10 min with impulse time of
2 s opened and 1 s closed. The effect of ultrasonic power
with constant time on CD in ultrasonic pretreatment is
shown in Fig. 1a. It was observed that the increase in ultra-
sonic power could improve the solubilization rate, which
was measured by sCOD and carbohydrate. The increase
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Fig. 1 Effect of a ultrasonic power, b ultrasonic length, and ¢ ultra-
sonic impulse time on sCOD and carbohydrate

of soluble organic matter indicated that the polymer was
broken and the intracellular constituents were released
[22]. The maximum value was achieved by the ultrasonic
power of 325 W. The maximum value of sSCOD and carbo-
hydrate reached 10,362 mg/L and 760 mg/L (94% increase
in sCOD and 77% increase in carbohydrate). Qi et al. [21]
proved the similar conclusion that the sCOD increased
in ultrasound power and peaked at 200 W-20 min, which
was 66% greater than the control sCOD. Kisielewska et al.
[34] reported that ultrasound pretreatment of Sida her-
maphreodita made the maximum COD solubilization by
21% increased with energy input (Es) ranging from 200
to 550 kl/kg.

The effect of solution characteristics with various ultra-
sonic lengths was studied under the operation condition of
ultrasonic power of 130 W with impulse time of 2 s opened
and 1 s closed. Figure 1b illustrates the effect of ultra-
sonic time on CD measured by sCOD and carbohydrates.
As seen in Fig. 3, disintegration increased after 10 min of
ultrasound and then remained stable of ultrasonic length
from 10 to 20 min, and increased at the ultrasonic length
of 30 min. It was observed that the highest soluble organic
matters, including sCOD and carbohydrate, can be achieved
by 30 min of ultrasonic (96% increase in sCOD and 120%
increase in carbohydrate). Apul et al. [28] indicated that
soluble COD achieved the highest value by 15 min of ultra-
sonic pretreatment and increased nearly 5 times. Longer
ultrasonic pretreatment time led to more complex reactions
and resulted in fluctuations of soluble organic matter. The
stabilization of sCOD and carbohydrate at the ultrasonic
time from 10 to 20 min is most probably due to the entrap-
ment of organics into floc structure since the released organ-
ics and polymers can have flocculation during the ultrasonic
pretreatment [35].

The effect of solution characteristics with various ultra-
sonic impulse times was studied under the operation condi-
tion of ultrasonic power of 130 W and ultrasonic time of
10 min. Figure 1c evaluates the effect of sSCOD and carbo-
hydrates with different ultrasonic impulse times. It can be
seen that at the impulse time of continuous time: 2 s and
pulsive time: 2 s, SCOD and carbohydrate decreased sharply.
While the sSCOD and carbohydrate reached the highest level,
increasing 58% and 67%, respectively, with the continuous
time of 2 s and pulsive time of 1 s. This phenomenon indi-
cated that smaller bubbles dissolve into the liquid more rap-
idly as the pulse-off time becomes longer, while an appro-
priate pulse-off time could increase the number of bubbles,
which were adequate for sonochemical reactions [36].

Considering the energy input and the effect of solubiliza-
tion, we use the condition of the ultrasonic power of 325 W,
ultrasonic length of 30 min with the ultrasonic continuous
time of 2 s, and pulsive time of 1 s to study the anaerobic
digestion process.

SEM Analysis

The micromorphology of the untreated (control) and ultra-
sound-pretreated CD was studied by scanning electron micros-
copy (SEM). SEM images of control and ultrasound pretreated
CD (Fig. 2) showed significant changes in microscopic mor-
phology. The control sample had a rigid, compacted smooth
surface with some batches, while the surface of the ultrasound-
pretreated sample had more fissures and larger hollows. This
was because the micro-jet produced by the cavitation effect
of ultrasonic impacted the shear substances and destroyed
the interior transistor of the substances [37]. Thus, the results
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Fig.2 SEM images of CD
before (ax 500) and after ultra-
sonic pretreatment (b x 500)
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carbohydrate during anaerobic digestion; d the change of pH during anaerobic digestion

concluded that the ultrasonic pretreatment damaged the physi-
cal structure of CD, which could increase the accessible sur-
face and release more biodegradable substances.

The Influence of Pretreatment on Anaerobic
Digestion

Effect of Ultrasonic Pretreatment on Methane Production

The quantity of biogas produced from CD over 26 days solid
retention time (SRT) is shown in Fig. 3a. The daily methane

@ Springer

yields of pretreatment exhibited two peaks (day 6 and day
12). In contrast, the group of control only has one peak (day
12). The maximum daily methane production was found on
day 2, which was 150 and 222 mL in control and ultrasonic
pretreated treatment, respectively. That may be because the
dissolved organic matter and easily degradable substances
existed and were digested by methanogens at the beginning
of AD. The daily methane yield of ultrasonic pretreated
CD reached the first peak on day 6. This result indicates
that ultrasonic pretreated CD was more easily accessible
to hydrolytic bacteria at the early stage of digestion [38].
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The organic acids gained from macromolecule organic
matter digested by hydrolytic acidification resulted in the
inhibition of methanogen activity and decline in the daily
menthane yield [39]. The cumulative methane production
of pretreatment increased by 136% compared with the con-
trol. The result demonstrated that ultrasonic pretreatment
could increase the daily methane peak and improve the total
methane production of AD. This result was consistent with
Braguglia et al. [40] and Zou et al. [37]. The reason for this
might be that ultrasonic pretreatment dissolves the soluble
substances and strengthen the activity of methanogens.

Effect of Ultrasonic Pretreatment on TAN and FAN

The variation of TAN contents was observed to evaluate the
impact of ultrasonic pretreatment on CD with AD. TAN was
made up of ionized ammonium nitrogen (NH,*) and union-
ized free ammonium nitrogen (FAN/NHj;). Unionized NH;
is more toxic than ionized form due to its uncharged nature
and solubility in lipids, which may cause the unionized NH;
to pass the biological cell membranes easily and can affect
the stability of the microbial cells during the methane pro-
duction process [41]. Figure 3b illustrates the evolution of
TAN and FAN concentration following the AD time. The
transitions of TAN of the group of control and pretreatment
were dominated by an upward trend universally in the first
14 days as the nitrogenous organics, such as protein, were
degraded by hydrolytic bacteria. Then there was a brief dip
in evolution, which may be because of the rapid metabolism
of TAN for methanogens growth. After that, the stages in
control and ultrasonic pretreatment treatment remained sta-
ble at 450 and 390 mg/L, respectively. Ultrasonic pretreat-
ment can enhance the activity of the methanogens, which
utilize more ammonium for growth metabolism and cause
the TAN concentrations to decrease after stability. The vari-
ation trends of FAN and pH were similar, and pH affected
FAN concentration in the AD process [42].

Effect of Ultrasonic Pretreatment on sCOD
and Carbohydrate

Ultrasonic pretreatment significantly influenced the sCOD
and carbohydrates during the AD process. The variation
of sCOD and carbohydrate is shown in Fig. 3c. The sCOD
and carbohydrate concentration decreased at the begin-
ning, which was different from the result of Pan et al. [39],
the sCOD was increased during the first 10 days, and then
decreased. This phenomenon indicated that the methano-
genic rate was higher than the hydrolysis rate during the
initial stages of AD. The dissolved organic matter was con-
sumed higher than that produced by the microorganism.
Ultrasonic pretreatment can effectively improve the con-
sumption of biodegradable organic matter and enhance the

activity of methanogenic microbic. The sCOD removal rate
of pretreatment (58%) was higher than that of the control
(36%). The same result was observed in the removal rates
of carbohydrates, which were 47% and 35% in the treatment
with ultrasonic pretreatment and control, respectively.

Effect of Ultrasonic Pretreatment on pH

One of the most important factors that directly affect biogas
production during AD process is the pH value. The variation
of pH during the AD process is shown in Fig. 3d. The pH
value showed a rapid drop during the first 4 days for both
control and pretreatment reactors. This phenomenon was
attributed to the production of volatile fatty acids resulting
from the digestible organic matter decomposition. Then, due
to the consumption of volatile fatty acids by methanogens,
the pH value increased gradually from day 4 to day 18. The
optimum pH range during AD is estimated between 6.5 and
7.2, which is preferable for methanogenic archaea [43]. The
pH of group pretreatment is lower than the group control
after stable, which may be because ultrasonic pretreatment
made the organic matter easier degradation and produced
more volatile fatty acids.

Effect of Ultrasonic Pretreatment on the Removal Rate
of Organic Matter

The removal rates of VS, cellulose, and lignin are repre-
sented in Fig. 4. The VS removal rate was increased after
ultrasonic pretreatment (21.8%) compared with the con-
trol (18.4%). This result indicated the substance was eas-
ily biodegraded and used after ultrasonic pretreatment. The
increasing VS removal rate could be interpreted as ultrasonic
pretreatment could destroy the cell structure of organic mat-
ter, and hydrolysis, the rate-limiting step of digestion, was
overcome by sonication [28]. Ultrasonic pretreatment of CD
results in the alteration of the surface structure and produc-
tion of oxidizing radicals that chemically attack the lignocel-
lulosic matrix [23]. The cellulose and lignin removal rates
with ultrasonic pretreatment were 30.1% and 10.4%. Without
pretreatment, the removal rate of cellulose and lignin was
29.6% and 7.5%, respectively. After anaerobic digestion,
the removal rate of cellulose with ultrasonic pretreatment
was increased with no significant change compared with the
control. However, the lignin removal rate with ultrasonic
pretreatment has a major difference compared with the con-
trol. Because through pretreatment, lignin is dissolved in
the liquid [44]. The hydrolysis of cellulose yields ferment-
able sugars such as glucose, xylose, arabinose, mannose, and
galactose as by-products. These fermentable sugars can be
further used as a carbon source for energy production [45].
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Microbic Community

In the process of AD, microorganisms play an important
role, and the stability of the microbial community can be
used as an indicator of system stability. To explore which
specific microbic species were predominant under ultra-
sonic pretreatment, we used the barplot graph to compare
the average relative distribution of microbial communi-
ties at the phylum level of bacteria and the genus level of
archaea, observed with and without ultrasonic pretreatment
(Fig. 5). The relative abundance of microbic community in
the culture with ultrasonic pretreatment is higher than con-
trol. Figure 5a shows the relative abundance of bacterial
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community at the phylum level. Several phyla were found
ubiquitous, and three phyla (Proteobacteria, Acidobacteria,
and Actinobacteria) were found to be dominant. Proteobac-
teria are known for utilizing glucose, acetate, propionate,
and butyrate [46]. Acidobacteria encodes a wide repertoire
of carbohydrate-active enzymes involved in the breakdown,
utilization, and biosynthesis of diverse carbohydrates [47].
Actinobacteria have the main functions, including degrada-
tion/decomposition of all sorts of organic substances, for
example, cellulose, polysaccharides, protein fats, organic
acids, and so on [48]. The relative abundance of Proteobac-
teria was decreased after AD, which can be explained by
the biodegradable substance utilized by the microorganism.
The Acidobacteria abundance had no noticeable changes
after ultrasonic pretreatment, while the relative abundance
of Actinobacteria was increased after pretreatment (con-
trol: 6.38%, pretreatment: 9.16%). The explanation for the
increasing of Actinobacteria was that ultrasonic pretreatment
could enhance the hydrolysis of macromolecular organic
matter and the utilization of the hydrolysate.

The relative abundance of the archaeal community at the
genus level is shown in Fig. 5b. Methanothrix, a type of
acetoclastic methanogen (which utilizes acetate as the sub-
strate to produce methane), was the most abundant. The next
most abundant specie was different, Methanobrevibacter
for P-0 and C-0, which is hydrogenotrophic methanogens,
utilizes H,/CO, as the substrate to produce methane, while
Methznolinea for C-26 and P-26, which is both hydrogeno-
trophic and acetoclastic methanogen, utilizes both H,/CO,
and acetate as the substrate to produce methane. The third
most abundant specie was Methanomassiliicoccus, which
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Fig.5 Relative abundance of predominant bacterial phylum (a) and archaeal genus (b)
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is hydrogenotrophic methanogen [49]. And it also shows
that the relative abundance of Methanothrix decreased and
Methznolinea increased from day O to day 26, both in con-
trol and ultrasonic pretreatment. The reason for this result
was that the pH in the reactor increased, and the acetate
substance decreased. For day 26, the abundance of Methano-
thrix in the group of ultrasonic pretreated (44%) was higher
than that of the control (38%). And also, the next most abun-
dant specie was Methznolinea, with 14% detected in the con-
trol culture and 17% detected in the pretreatment culture,
respectively. That may be because the soluble organic matter
increased, and nutrients were provided to microbes in ultra-
sonic pretreatment culture.

Conclusion

Ultrasonic pretreatment can increase the solubilization rate
of sCOD and carbohydrates in the anaerobic digestion of
CD. Ultrasonic pretreatment significantly improves methane
production by increasing the methanogen activity to utilize
ammonium. During anaerobic digestion, the ultrasonic pre-
treatment can also change the bacterial community, where
Actinobacteria phyla were significantly increased. In the
future, the studies should perform the energy balance and
energy benefit when using pretreatment to increase methane
production.
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