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Abstract
The influence of ultrasonic pretreatment with specific energy input ranging from 25 to 550 kJ/kg volatile solids on the mixture of
Sida hermaphrodita (L.) Rusby mixed with cattle manure disintegration and subsequent anaerobic digestion was assessed. The
pretreatment process led to significant increase in the biomass solubility by 21.9% as chemical oxygen demand and enhanced
biogas yield by 157% (567.1 L biogas/kg volatile solids) when the specific energy input was from 200 to 550 kJ/kg. However,
only pretreatments where ultrasound was applied at 25–50 kJ/kg led to positive net energy gain, indicating that the biomass
processing with this method does not always compensate the energy consumption for irradiation.
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Introduction

Nowadays, biomass constitutes at least 8% of global primary
energy supply in Europe [1]. However, the use of renewable
energy sources should represent 20% by 2020 and 35% by
2050 [2]. The biomass potential for bioenergy production is
affected by biomass supply and demand in various sectors of
the economy, especially for the production of food, feed, fiber,
and biochemical purposes. In consequence, the increasing at-
tention is now being paid to search the non-food plant species
in order to support biofuels production thus reducing the con-
sumption of the food feedstock. The biomass of perennial
herbaceous crops e.g., Sida hermaphrodita, Helianthus
salicifolius, and Miscanthus × giganteus, offers a promising
alternative to conventional energy crops for energy purposes

[3]. These plants are characterized by the high biomass yield,
valuable biological composition, and low nutrient require-
ment, and thus can be grown on light soils with low organ-
ic matter and nutrient content, unusable for food or feed
production [4, 5].

Out of many biological technologies, anaerobic digestion
(AD) is the most cost-effective and widely used for commer-
cial production of renewable energy from organic waste bio-
mass [6, 7]. The ratio of energy gain/input in AD was estimat-
ed at 28.8 MJ/MJ, which is higher than for other biomass
conversion technologies for energy production [8]. However,
the direct utilization of lignocellulosic biomass for biogas pro-
duction is limited because of the complex structure of the plant
cell walls. Fermentable sugars of biomass carbohydrates such
as cellulose and hemicellulose are trapped inside the cross-
linking structure of the lignocellulose which is recalcitrant to
biodegradation by enzymes and microbes [7]. Therefore, the
pretreatment of biomass is always required to convert ligno-
cellulosic material into a form amenable to biodegradation [9].

The pretreatment step is the most critical challenge for
bioenergy production from lignocellulosic agricultural bio-
mass due to the cost efficiency of the bioconversion processes
[10]. As a result, the extensive research has been already done
on lignocellulosic biomass pretreatment comprised of physi-
cal, chemical, and biological methods. As the result, the ex-
tensive research has been already done on lignocellulosic bio-
mass pretreatment comprised of physical, chemical, and bio-
logical methods. Generally, all pretreatment methods are
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intended to decrease the crystallinity of cellulose, increase
accessible surface area, and reduce lignin content, but not all
of them have the positive effects on these factors. Chemical
pretreatment methods including acid pretreatment, alkaline
pretreatment, and ionic liquids improve the biodegradability
of cellulose by delignification of cellulosic material, but they
have a lesser impact on depolimerization and decreasing the
crystallinity of cellulose complex [11]. The disadvantage of
chemical pretreatment is the possible formation of harmful by-
products that can adversely affect anaerobic digestion and the
cost of chemicals used for treatment [12]. Biological pretreat-
ment is very slow and requires careful control of growth con-
ditions and large amount of space for performing pretreatment
[11]. Physical pretreatment methods such as mechanical, hy-
drothermal, ultrasonic, andmicrowave radiation pretreatments
are effective at reducing the cellulose crystallinity, but they
may generate inhibitory by-products [13]. The effects of dif-
ferent pretreatment techniques on the chemical composition
and physical characteristics of lignocellulosic biomass have
been summarized by Zheng et al. [7]. They stated that the
choice of pretreatment method depends on the type of ligno-
cellulosic biomass, and the best method is characterized by
improving the digestibility of biomass for AD microbes,
avoiding carbohydrate degradation and requiring minimal
and inexpensive chemicals and low energy input. Thus, ultra-
sonic pretreatment is a promising solution due to the low in-
vestment and operational convenience [14].

In ultrasonic pretreatment (UP), ultrasound generates
monolithic cavitation by passage of ultrasonic waves through
the liquid medium, leading to many physical and chemical
changes in the liquid solutions [8]. Cavitation is defined as
the rapid formation, growth, and subsequent collapse of the
bubbles; predominates at low frequencies (< 40 kHz); and
causes an intense local heating (around 5000 °C) and high
pressure (around 50Mpa) on a liquid/gas interface, turbulence,
and high shearing phenomena in the liquid phase [15–17]. The
extreme temperatures and pressures generated during
cavitational collapse produce highly reactive free radicals
(H∙, OH∙, HO2·), which facilitate chemical reactions of organic
compounds in the liquid [16]. The cell wall structure of ligno-
cellulosic biomass is disrupted due to the combined effects of
both physical and chemical change, resulting in an increase in
specific surface area, reducing the degree of polymerization,
making cellulose more available to the enzymes through solu-
bilization of hemicelluloses and lignin, eventually leading to
the increase in biogas productivity by 4–83% [7, 9, 18, 19].

Considering all of the above, the aim of the study was to
determine the effects of ultrasonic pretreatment of the biomass
Sida hermaphrodita on fermentative biogas and biomethane
production. To the best of our knowledge, there is no study
available in the literature focusing on correlating of biogas and
methane outputs to composition of lignocellulosic agricultural
feedstock and different ultrasonic pretreatment conditions.

Thus, a multiple regression model was used to predict energy
gain based on experimental data.

Materials and Methods

Substrate Origin and Characteristics

In this study, the silage of Sida hermaphrodita (L.) Rusby
mixed with cattle manure was used as a substrate for AD.

Sida hermaphrodita (L.) Rusby was cultivated in the
Research and Experimental Station in Łężany of the
University of Warmia and Mazury in Olsztyn (Poland),
(53°58′00″N, 21°08′27″E). No fertilizers were applied for
the plant cultivation. The biomass was harvested in July of
the second year of growing by a maize bale chopper, and
subsequently ensiled with the bale silage process for
16 weeks.

The cattle manure produced by 360 head of dairy cattle was
collected directly from the temporary field storage of solid
manure located at the Research Station in Bałdy of the
University of Warmia and Mazury in Olsztyn (Poland),
(53°36′01″N, 20°36′14″E).

Samples of silage of Sida and cattle manure were collected
at five random locations, each in amount of 0.3 kg and then
were transported on the same day to the laboratory. The plant
material was mixed with cattle manure in weight-based ratio
of 2:1 w/w and hydrated with fresh water to obtain 90 ± 0.4%
hydratation. Two hundred fifty grams of a mixed sample was
homogenized for 20 min (Robo 30, Germany) to obtain a
homogeneous mixture with particle size of ± 3.0 mm. The
characteristics of a homogenized substrate are shown in
Table 1.

Pretreatment Equipment and Procedure

Ultrasonic equipment used in this study was an ultrasonic
horn (IS-1, InterSonic, Poland) with a power of 300 W and a
frequency of 25 kHz. Avolume of 1 L of homogenized sample
was manually dosed in the ultrasonic horn. Subsequently, the
pretreated sample was mixed with anaerobic inoculum and

Table 1 Characteristics
of homogenized
substrate

Component Content

Total solids (TS) 18.9 ± 2.1%

Volatile solids 88.5 ± 1.9%TS

Total carbon 45.6 ± 1.8% TS

Total nitrogen 3.62 ± 1.6% TS

Cellulose 8.82 ± 1.5% TS

Hemicellulose 15.17 ± 1.9% TS

Lignin 6.35 ± 1.4% TS
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subjected to respirometric reactors. The experimental design is
shown in Fig. 1.

The specific energy input (Es) was calculated as a function
of ultrasonic power, the volume of sonicated substrate, and
volatile solids (VS) concentration using the following equa-
tion:

Es kJ=kg VSð Þ ¼ P � t=V � VS ð1Þ
where P is the applied ultrasonic power in kW, t is the ultra-
sonic duration in seconds,V is the volume of the substrate, and
VS is the volatile solids concentration in kg/L. The setup
pretreatment conditions are shown in Table 2. During UP,
the increase of temperature created by cavitation was ob-
served; thus, the thermal treatment was also carried out in
experimental variants.

The energy output (Eout) generated from biogas production
was calculated using the following equation:

Eout kJ=kg VSð Þ ¼ Ybiogas � yCH4 � ECH4 ð2Þ

where Ybiogas is biogas production in L/gVS, yCH4 is the meth-
ane mole fraction in biogas, and ECH4 is the methane heating
value in kJ/L. The net energy output (Enout) was calculated by
subtracting the energy output in n-variant and the energy out-
put in variant 1 (without pretreatment). The net energy gain
(Enet) was calculated by subtracting the net energy output

(Enout) and the energy input (Es).

Batch Anaerobic Biodegradability Test

Batch anaerobic biodegradability tests were conducted by
using respirometric reactors (WTWGmbH, Germany). A sin-
gle anaerobic reactor was consisted of the glass bottle with a
working volume of 0.5 L coupled tightly with a cap, serving as
a pressure sensor to determine the partial pressure increasing
induced by biogas production. Pressure in the gaseous phase
of the bottle was recorded every 15 min. The respirometric
system allowed determining the biogas production based on
the pressure changes inside the bottle headspace on the basis
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Fig. 1 Scheme of the
experimental design

Table 2 Setup conditions during UP applied to homogenized substrate

Variant Es (kJ/kg) Treatment time (s)

1 0 0

2 25 2

3 50 4

4 100 8

5 200 16

6 350 32

7 550 64
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of an ideal gas equation. The tests were carried out at a con-
stant temperature of 36 ± 0.5 °C.

At the beginning of the tests, the respirometers were inoc-
ulated with 100 mL of anaerobic sludge. The inoculum was
collected from agricultural biogas plant operated with liquid
manure and crop residues. The main characteristics of the
inoculum were total solids (TS) concentration 3.7 ± 0.3%,
VS concentration of 69.2 ± 2.8%, and pH 7.57. At the begin-
ning of the tests, anaerobic conditions inside the reactors were
met by blowing the bottles with nitrogen gas to remove atmo-
spheric air. In all variants, the initial organic loading rate
(OLR) was established on 5.0 g VS/L. Batch anaerobic bio-
degradability tests were carried out for 40 days. All tests were
run in triplicate.

Analytical Methods

The measurements of TS and VS were determined following
the gravimetric method. In the solid fraction, the total carbon
(TC) and total nitrogen (TN) were determined by elementary
particle analyzer Flash 2000 (Thermo Scientific, USA).
Soluble fraction (supernatant) for analysis was obtained after
centrifugation (5000 rpm, 10 min, MPW-251 Donserv,
Poland). Total organic carbon (TOC) was determined in the
soluble fraction by a TOC analyzer (TC 100 L, Shimadzu,
Japan). Chemical oxygen demand (COD) was determined in
the soluble fraction using a DR 5000 spectrophotometer with
an HT 200 s mineralizer (Hach-Lange, Germany). The cellu-
lose, hemicellulose, and lignin contents were analyzed in the
solid phase of homogenized samples after centrifugation
(5000 rpm, 10 min, MPW-251 Donserv, Poland) by
ANKOM 220 Fiber Analyzer (ANKOM Technology) with
Van Soest method.

Methane content in biogas produced in the gaseous phase
of the bottles was measured every 24 h using a gas chromato-
graph (GC, 7890A Agilent) with a thermal conductivity de-
tector (TCD). The GC was fitted with the two Hayesep Q
columns (80/100 mesh), two molecular sieve columns (60/
80 mesh), and Porapak Q column (80/100) operating at a
temperature of 70 °C. The operational temperatures of the
injection and detection ports were set on 150 °C and 250 °C,
respectively. Helium and argon were used as the carrier gases
at a flow rate of 15 mL/min.

The formulas that can predict biogas and methane outputs
depending on Es and the chemical parameters of lignocellu-
losic agricultural feedstock were developed during the study
[20–22]. A multiple regression model using a stepwise pro-
gressive regression algorithm was used to identify the relevant
predictor variables in the formulas, among the investigated
variables by Statistica 12.0 PL package (Statsoft, Inc.).
Then, the residual analyses were carried out to validate the
regression models. The statistical results of the study were
analyzed by Statistica 12.0 PL package (Statsoft, Inc.) with a

Shapiro-Wilk W-test. One-way analysis of variance
(ANOVA) was applied to determine the significance of differ-
ences between variables. Variance homogeneity in groups was
checked with a Levene’s test, whereas the significance of dif-
ferences between the analyzed variables was determined with
a Tukey RIR test. In all tests, the level of significance wasα =
0.05.

Results and Discussion

Effect of UP on Organic Matter Solubilization

The COD and TOC represent the concentration of soluble
organics, and the increase in these concentrations means that
UP enhance the transfer of organic matter from lignocellulosic
substrate into supernatant. The COD and TOC concentrations
before pretreatment were 11,895 mg/L and 3856 mg/L, re-
spectively. Pretreatment of lignocellulosic substrate with ul-
trasonic irradiation provided the release of COD and TOC
from the substrate and solubilization degree increased with
the specific energy supplied (Es) (Figs. 2 and 3; Table 3),
(p < 0.05). Maximum COD solubilization by 21.9% and
TOC solubilization by 24.7% were reached with Es ranging
from 200 to 550 kJ/kg. However, it was observed that with the
highest specific energy input (Es), the solubilization rate
slightly decreased. Pretreatment influenced the characteristics
of the mixture of substrate and anaerobic sludge, in which an
increase of COD and TOC content by respectively 9.9% and
11.0% with Es ranging between 200 and 550 kJ/kg was ob-
served (Figs. 2 and 3). The high values of the determination
coefficient (R2) demonstrated a good fitting of the experimen-
tal data to the model proposed (Figs. 2 and 3). The cellulose,
hemicellulose, and lignin concentrations in the solid phase of
the raw substrate were decreased with an increase in the spe-
cific energy input (Figs. 4, 5, and 6), which means that they
have been dissolved. The maximum decrease in the concen-
tration of cellulose was significantly higher than the observed
decreases in hemicellulose and lignin, whose values were by
33.6%, 27.2%, and 14.0%, respectively (p < 0.05).

Taking into account other works [23–25], it could be as-
sumed that ultrasonic pretreatment enhances delignification
and solubilization of the plant materials. In a liquid medium,
ultrasonication breaks the bonds between lignin monomers to
breakdown the lignin structure [9, 23, 26]. The cavitation pro-
cess takes place most actively at the liquid-solid interphase,
leading to contracting, expanding, and finally fractionating of
the lignocellulosic biomass [27, 28]. The partial decomposi-
tion of lignin facilitates enzymes to access the glycoside bonds
of polysaccharides, leading to increasing bioconversion of the
plant substrate [29]. Garcia et al. [30] observed decreasing
contents of hemicellulose in the solid samples of olive tree
pruning residues treated with ultrasounds over 30 min and
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increasing of hemicelluloses and lignin in the liquid fraction.
According to the literature, sonication enhanced degradation
of lignin by 10%; however, it did not affect the fibrillary struc-
ture of cellulose [24, 25, 30, 31]. Sul’man et al. [28] demon-
strated the effects of UP (368 W/cm2, 30 kHz) on cellulose
and lignin degradation of sunflower husk biomass when the
treatment time was no longer than 15 min. After that time,
their contents increased gradually, which was associated with
the initiation of the anew lignin polymerization process. In our
study, we also observed the increasing concentration of lignin
in the solid phase of the substrate when the irradiation time
was higher than 16 min. Generally, higher energy inputs lead
to the formation of large biomass particles due to re-
flocculation process; in contrast, low energy inputs and short

pretreatment time only enhance biomass deagglomeration in-
stead of its solubilization [32, 33]. An increase in the intensity
of ultrasound enhanced the polysaccharide extraction from
lignocellulosic biomass and enhanced the degradation of com-
pounds with high molecular weight, e.g., lignin [28].
According to Rehman et al. [34], the efficiency of ultrasonic
pretreatment increases with energy input increasing until the
increasing number of cavitational bubbles is as much that
starts to decrease energy transfer to the liquid. In our study,
the optimum Es for pretreatment of the mixture of Sida
hermaphrodita and cattle manure at which the most complete
destruction of the substrate was achieved ranged from 200 to
350 kJ/kg.

Effect of UP on Biogas Production

Figure 7 illustrates the experimental results of the batch anaer-
obic biodegradability tests. The statistical analyses allowed
the calculation of the determination coefficient (R2), which
was higher than 0.95 in estimation of the methane yield and
as low as 0.87 in biogas yield analysis. The raw substrate
without pretreatment showed the biogas and methane yields
of 341.4 L/kg VS and 139.8 L/kg VS, respectively. Ultrasonic
pretreatment had significant effect on the biogas yield
(p < 0.05) when the specific energy input (Es) ranges between
100 and 550 kJ/kg. Lower energy inputs had no significant
effects on biogas yield. The highest biogas production of
567.1 L/kg VS was achieved with the highest specific energy
input; however, there was no difference when Es ranges from
100 to 550 kJ/kg. In turn, sonication of the raw substrate had
significant effect on methane yield under all pretreatment con-
ditions (p < 0.05). The highest methane yields ranged between
318.0 and 337.9 L/kg VSwithEs of 200–550 kJ/kg (p > 0.05).
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Significant improvement in methane yield by ultrasound
was observed by several researchers [18, 33, 35]. According
to Schroyen et al. [36], the methane production from lignocel-
lulosic crops was in the range of 170 to 390 L/kg VS and
substrate composition, especially the lignin content, highly
affected the results of methane production [37, 38]. Under
the studied conditions, maximum methane yield was lower
than the maximum values for lignocellulosic materials.
However, ultrasonic pretreatment enhanced biogas evolution
by 142%. Similarly, Castrillón et al. [33] observed increase in
biogas production from cattle manure pretreated by ultrasound
by 121%. Pretreatment of waste activated sludge by ultra-
sound enhanced the biogas production by 172.56% [39]. In
turn, Pérez-Rodríguez et al. [24] observed that the sonication
of corn cob did not allow enhancing the methane yield.

Methane concentration in biogas increased due to pretreat-
ment, and the increase was found to be significant with respect to
the level achieved in the substrate without UP (Fig. 8).
Maximum methane concentration of 59.6% was noted with the
highest specific energy input; however, there was no difference

in methane content in biogas (p > 0.05) when ultrasonic energy
input ranges from 200 to 350 kJ/kg. It is in contrast to the find-
ings of other researchers, who did not observe the increase in
methane concentration in biogas due to UP [18, 33, 40].

The mathematical formula of biogas yield (3) from ligno-
cellulosic agricultural feedstock is characterized by a standard
error of ± 12.36 and represent about 95.84% of changes ob-
served in the biogas production process (coefficient of deter-
mination R2 = 0.9584). The formula of methane yield (4) is
characterized by a standard error of ± 10.63 and represent
about 96.45% of changes observed in the process (coefficient
of determination R2 = 0.9645).

B L=kg VSð Þ ¼ 0:081Es−9:168C þ 1:709H−4:655L−0:056TOC
þ 1373:957

ð3Þ

M L=kg VSð Þ ¼ 0:1403E s−3:1407C þ 0:6505H−7:5883L−0:011TOC
þ 816:6387

ð4Þ

where B is the predicted yield of biogas in L/kg VS, M is the
predicted yield of methane in L/kg VS, Es is the specific

Table 3 Carbon compound concentrations in the solid and liquid phase of homogenized substrate

Es
(kJ/
kg)

Total carbon (TC) Total organic carbon (TOC) Inorganic carbon (IC)

Homogenized
substrate

Solid
fraction

Liquid
fraction

Homogenized
substrate

Solid
fraction

Liquid
fraction

Homogenized
substrate

Solid
fraction

Liquid
fraction

Concentration (g/L)

0 21.67 ± 3.12 16.5 ± 2.11 5.17 ± 0.41 18.78 ± 0.73 14.92 ± 0.49 3.86 ± 0.18 2.89 ± 0.45 1.58 ± 0.19 1.31 ± 0.31

25 21.51 ± 2.99 16.07 ± 1.88 5.44 ± 0.39 18.77 ± 2.09 14.61 ± 1.71 4.16 ± 0.20 2.74 ± 0.39 1.46 ± 0,24 1.28 ± 0.18

50 21.08 ± 3.92 15.45 ± 2.72 5.63 ± 0.70 18.61 ± 2.41 14.25 ± 2.04 4.36 ± 0.19 2.47 ± 0.77 1.20 ± 0.37 1.27 ± 0.32

100 21.12 ± 3.07 15.26 ± 2.03 5.86 ± 0.63 18.71 ± 3.01 14.14 ± 2.11 4.57 ± 0.23 2.41 ± 0.28 1.12 ± 0.11 1.29 ± 0.16

200 20.92 ± 2.96 14.83 ± 1.99 6.09 ± 0.71 18.53 ± 2.60 13.75 ± 1.93 4.78 ± 0.20 2.39 ± 0.52 1.08 ± 0.37 1.31 ± 0.23

350 20.59 ± 4.01 14.46 ± 3.05 6.13 ± 0.83 18.19 ± 4.02 13.38 ± 3.01 4.81 ± 0.21 2.40 ± 0.51 1.08 ± 0.16 1.32 ± 0.37

500 20.65 ± 3.64 14.55 ± 2.61 6.10 ± 0.88 18.52 ± 3.17 13.73 ± 2.19 4.79 ± 0.15 2.13 ± 0.57 0.82 ± 0.11 1.31 ± 0.40
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energy input of ultrasonication in kJ/kg, C is the cellulose
content in the solid fraction of lignocellulosic biomass in
mg/L, H is the hemicellulose content in the solid fraction of
lignocellulosic biomass in mg/L, L is the lignin content in the
solid fraction of lignocellulosic biomass in mg/L, and TOC is
the total organic carbon concentration in the soluble fraction
of lignocellulosic biomass in mg/L.

The effectiveness of ultrasonic pretreatment of agricultural
biomass is strongly depending on the feedstock characteris-
tics, and these formulas allow for basic prediction of biogas
and methane yield from lignocellulosic biomass pretreated
with ultrasound and does not require a large number of pre-
dictor data.

Effect of UP on Anaerobic Digestate Characteristic

In our study, the reduction in TOC, COD, and VS (as %
TS) was observed (Figs. 2, 3, and 9) which was the result

of biogas production. When ultrasonic pretreatment was
used, the TOC reduction ranged from 71.7% (Es of 25 kJ/
kg) to 76.6% (Es of 550 kJ/kg) (Fig. 2). For the raw sub-
strate, the TOC reduction achieved 62.8% (p < 0.05). The
COD reduction ranged from 70.9 to 76.9% when the sub-
strate was pretreated with ultrasound and 68.5% without
pretreatment (p < 0.05%), (Fig. 3). They corresponded to
VS reduction, which was the highest with ultrasonic ener-
gy input of 550 kJ/kg (Fig. 9). However, no significant
differences in VS reduction were observed in samples
pretreated with ultrasound and without pretreatment
(p > 0.05). Zeynali et al. [35] noted significant effects of
ultrasounds on TS and VS reduction in fruit and vegetable
wholesale market waste samples. They obtained 63% of
VS and 58% of TS reductions in sonicated samples, which
were respectively 8% and 12% higher than in samples
without pretreatment.

0

10

20

30

40

50

60

70

80

90

100

0 25 50 100 200 350 550

V
S

 (
%

 T
S

)

Es (kJ/kg)
homogenized substrate

mixture of homogenized substarate and anaerobic sludge

digestate

Fig. 9 Effect of UP on VS concentration in the homogenized substrate,
mixture of homogenized substrate and anaerobic sludge, and digestate

0

10

20

30

40

50

60

70

0 25 50 100 200 350 550

L
ig

n
in

 c
o
n

ce
n

tr
at

io
n

 (
m

g
/L

)

Es (kJ/kg)
homogenized substrate

mixture of homogenized substarate and anaerobic sludge

digestate

Fig. 6 Effect of UP on lignin concentrations in the solid phase of the
homogenized substrate, mixture of homogenized substrate and
anaerobic sludge, and digestate

y = 133.8 ln(x) + 307.21

R² = 0.8767

y = 106.73 ln(x) + 134.51

R² = 0.9515

0

50

100

150

200

250

300

350

400

450

500

550

600

650

0 25 50 100 200 350 550

B
io

g
as

/m
et

h
an

e 
y
ie

ld
 (

L
/k

g
 V

S
)

Es (kJ/kg)
biogas

methane

Fig. 7 Effect of UP on biogas and methane yield

y = 9.1478 ln(x) + 43.936 R² = 0.8339

0

10

20

30

40

50

60

70

80

0 25 50 100 200 350 550

C
H

4
 (
%

)

Es (kJ/kg)

Fig. 8 Effect of UP on methane concentration in biogas

830 Bioenerg. Res.  (2020) 13:824–832



Energy Balance of UP

The energy gain assessment of anaerobic digestion of lig-
nocellulosic agricultural feedstock pretreated with ultra-
sonic is presented in Table 4. The net energy output gained
from methane production was increased with the specific
energy input increasing, because UP enhanced the biogas
yield. However, only ultrasonic pretreatments with Es be-
tween 25 and 50 kJ/kg led to the positive net energy gain.
In other variants (from 4 to 7), the negative energy bal-
ances were noted because the amount of energy inputs
(Es) used for irradiation of the substrate far exceeded the
amount of energy produced from biogas. It could be states
that from economic point of view, ultrasonic pretreatment
is not suitable for lignocellulosic agricultural biomass
pretreatment.

Conclusions

Ultrasonication of Sida hermaphrodita mixed with cattle ma-
nure resulted in significant effects on organic matter solubili-
zation by 21.9% as COD and by 24.7% as TOC with the
specific energy input ranged from 200 to 550 kJ/kg. The max-
imum decrease in the concentration of cellulose, hemicellu-
lose, and lignin in the solid phase of the raw substrate was
33.6%, 27.2%, and 14.0%, respectively. Significant improve-
ment in biogas/methane yield by ultrasonic pretreatment was
observed. The methane yields ranging between 318.0 and
337.9 L/kg VS with Es of 200–550 kJ/kg were achieved.
Ultrasonic pretreatment increased the net energy output
gained from methane production. However, the overall pro-
cess results were energetically favorable only when Es ranged
from 25 to 50 kJ/kg, which indicated that the increased meth-
ane yield by UP did not compensate the energy consumption
for irradiation.
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