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Abstract

Purpose Physical pretreatment methods using ultrasound
and hydrothermal cavitation were compared in the pro-
cess of mesophilic anaerobic co-digestion of cattle manure
mixed with straw wheat.

Methods To evaluate the anaerobic biodegradability of
pretreated lignocellulosic biomass, 20-days batch anaerobic
digestion experiments were used.

Results The results showed that both methods achieved
similar biomass solubilization (ca. 30% as COD), but in
hydrothermal cavitation the pretreatment time was shorter
and energy required was lower than in ultrasonic pretreat-
ment. Solubilization of nitrogen compounds was higher in
hydrothermal cavitation. Application of sonication with
energy input of 4839 kJ/kg TS increased biogas production
rate to 177 mL/mg VS.-d, compared to 194 mL/mg VS-d
with hydrothermal cavitation. However, biogas productiv-
ity was higher with ultrasound, where biogas enhancement
ranged 59.6-64.2% in contrast to 35.6-39.4% hydrother-
mal cavitation. Both methods did not contribute to increase
methane concentration in biogas.

Conclusions The optimization of pretreatments for the
production of biofuels from lignocellulosic residues is
needed to be feasible at industrial scale. Physical pretreat-
ment based on cavitation enhanced lignocellulosic bio-
mass solubilization as well as biogas productivity, but the
process yield was related to the cavitation equipment and
mechanism.
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Introduction

Nowadays, one of the most important requirement for sus-
tainable development is the production of biofuels from
waste biomass. Out of all bioconversion technologies for
biofuels generation, anaerobic digestion (AD) for biogas
production from organic materials is most advantageous
[1-4]. It has been evaluated as one of the most energy-
efficient and environmentally beneficial technology which
allows to reduce greenhouse gases emission compared to
fossil fuels [5].

Lignocellulosic biomass exists as the most abundant raw
materials such as hardwood, softwood, grasses, as well as
household, industrial and agricultural residues that can be
used for sustainable biogas production [6]. Lignocellulosic
biomass mainly contains cellulose, hemicelluloses and
lignin, which make it resistant to microbial attack and limit
its direct use for biogas production via anaerobic digestion
(AD) [7]. To improve AD efficiency, the pretreatment step
is necessary to reduce the polymerization of lignocellulosic
biomass [6]. Additionally, this enhances the lignin removal
which subsequently increases the surface area and reduces
the crystallinity of cellulose [8, 9]. There are several meth-
ods to provide an efficient pretreatment of lignocellu-
losic biomass involving physical, chemical and biological
approaches [10-12]. The effects of different pretreatment
techniques on the chemical composition and physical char-
acteristics of lignocellulosic biomass have been summa-
rized by Zheng et al. [6].

Physical pretreatment methods are the most commonly
used due to low investment and operational convenience
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[13]. Ultrasonic pretreatment (UP) is a physical method,
which disrupt the cell wall structure, increase the specific
surface area and reduce the degree of polymerization by
effect of compression and cavitation [6]. Cavitation is
predominant at low frequencies and causes an intense
local heating (around 5000 °C) and high pressure (around
50 MPa) on a liquid/gas interface, turbulence and high
shearing phenomena in the liquid phase [11, 14, 15]. The
physical effects of sonication leads to particles disinte-
gration and microorganisms lyses, according to the treat-
ment time and power [11]. These may provide to improve
the methane production during the subsequent AD of
pretreated lignocellulosic biomass [2]. In turn, at high
frequencies (over 40 kHz) the production of free radicals
(H-, OH-, HO,") prevails, which facilitate chemical reac-
tions for organic materials [6, 15]. In acoustic cavitation
due to ultrasonic equipment, cavitation is produced by
passage of ultrasonic waves through the liquid medium.
In turn, hydrodynamic cavitation is caused by making
use of the alternations in the liquid flow in the hydraulic
system [16, 17]. During the passage of liquid through the
equipment, the liquid at very high velocities enters to the
indentation due to rotary action of the cylinder, and when
liquid comes out from the indentation due to centrifugal
flow, a low pressure region is generated near the upper
surface of the indentations which results into cavitation
[16]. The collapse of the cavities in hydrodynamic cavi-
tation releases of large energy to support dissolution of
lignin in lignocellulosic biomass [16]. Despite many dif-
ferences in appearance, the principles which govern the
hydrodynamic cavitation bubbles and the acoustic cavita-
tion bubbles are basically the same [18].

Dairy cattle manure represents an excellent organic
substrate for AD due to its steady availability, high nutri-
ent content, high buffering capacity and the absence of
harmful contaminants such as heavy metals [1]. However,
it is well known that biogas production from manure as
only substrate is usually low [19]. For this reason, co-
digestion strategies with other organic waste and differ-
ent pretreatments have been applied to enhance methane
production [20-22]. Different researchers have studied
the effects of UP on anaerobic digestion of cattle manure
[13] and co-digestion of cattle manure with waste and
sludge [23], with industrial meat-processing by-products
[1], with crude glycerin [24]. They concluded that UP
may improve the total biogas production via AD.

The aim of the study was to determine the effects of
the two pretreatment methods based on cavitation phe-
nomena, i.e. ultrasound and hydrothermal cavitation, on
fermentative biogas/biomethane production from cattle
manure mixed with straw wheat.
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Materials and Methods
Substrate Origin and Characteristics

In this study, cattle manure mixed with straw wheat was
used as a substrate for anaerobic digestion. The cattle
manure was collected directly from the temporary field
storage of solid manure located at the Research Sta-
tion of University of Warmia and Mazury in Olsztyn in
Batdy (Poland). All samples were collected at five loca-
tions, each in amount of 1 kg. Then, the 5 kg sample was
stirred to ensure the homogeneity. Straw wheat was col-
lected from the bale from five random place at that same
research station like the manure.

Cattle manure and straw wheat were mixed in weight
based ratio of 2:1. A 250 g of a mixed sample was
homogenized for 20 min. (Robo 30, Germany) to obtain
a homogeneous mixture. The characteristics of a homog-
enized sample is shown in Table 1. Then the sample was
hydrated with fresh water to obtain a total solid (TS) con-
tent of 6.2+0.3%.

Pretreatment Equipment and Procedure

Ultrasonic equipment used in this study was an ultra-
sonic horn (UP400S Hielscher, Germany) with a power
of 400 W and a frequency of 24 kHz. Hydrothermal cavi-
tation pretreatment (HCP) was carried out with a hydro-
sonic pump (Contex, Poland) with a power of 1.2 kW and
a working volume of 5 L. The hydrosonic pump was con-
structed of steel cylinder inside which were the cavitating
blades coaxially placed on the drive shaft. A volume of
I L of homogenized sample for UP and 5 L for HCP was
used.

The specific energy (E,) inputs used for UP and HCP
ranged from 0 to 8064 klJ/kg (Table 2). The time required
for pretreatment and the processing temperature are shown
in Table 2. No cooling system was used to decrease the
inherent increase of temperature during pretreatment. Thus,
the thermal treatment was also carried out in experimental
variants where the temperature raised over 35 °C via energy
released from the bubbles created by cavitation.

Table 1 Characteristics of homogenized sample of the cattle manure
mixed with straw wheat

Parameter Ranges
Total solids (%) 24.4-26.5
Volatile solids (% TS) 68-76
Total nitrogen (% TS) 34-7.2
Total phosphorus (% TS) 1-1.5
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Table 2 Setup conditions

. . E, (kl/kg TS) UP HCP

during UP and HCP applied to ’

homogenized mixture of cattle Variant Temperature ~ Treatment Variant Temperature  Treat-

manure and straw wheat °C) time (s) °O) ment

time (s)

0 UPO 20.2 0 HCPO 242 0
806 UP1 23.1 4.41 HCP1 325 4.02
1613 Up2 30.0 8.82 HCP2 37.5 8.29
2419 UP3 44.8 13.07 HCP3 455 13.08
3326 UP4 51.3 16.81 HCP4 50.0 18.03
4034 UP5 443 21.23 HCP5 48.5 224
4839 UP6 52.5 25.95 HCP6 57.5 27.43
5645 UP7 56.5 31.29 HCP7 64.5 32.34
6452 UPS 67.2 42.47 HCP8 67.0 37.10
7258 UP9 69.0 47.71 HCP9 72.0 41.35
8064 UP10 71.3 54.14 HCP10 75.0 46.11

Batch Anaerobic Biodegradability Test Analytical Methods

Anaerobic digestion of pretreated biomass was conducted
using respirometers (WTW, Germany) that consisted of
the reaction tanks with an active volume of 0.5 L cou-
pled tightly with measuring devices recorded an increase
of the partial pressure induced by biogas production. The
perfect gas equation was the basis for computing the vol-
ume of produced biogas in respirometric tests. The vol-
umes of biogas generated per normal conditions were
computed on the basis of pressure changes inside the bot-
tle headspace. Pressure in the reaction tank was recorded
every 180 min.

0.5 L fermenters were filled with 200 mL anaero-
bic sludge originated from the closed postfermentation
tanks of agriculture biogas plant with TS concentration of
3.74+0.3% and VS concentration of 69.2 +2.8%. In order to
ensure anaerobic conditions inside the respirometers, they
were blown through with nitrogen to remove atmospheric
air at the beginning of the fermentation. The measurements
were carried out at a constant temperature of 35 °C for 20
days. In all technological variants, the initial organic load-
ing rate (OLR) was 5.0 g VS (volatile solids)/L. Biodegra-
bility tests were carried out for a period of 20 days.

The composition of biogas produced in the headspace
of respirometers was measured every 24 h using a gastight
syringe (20 mL injection volume) and a gas chromatograph
(GC, 7890A Agilent) equipped with a thermal conductivity
detector (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 temperature of the injec-
tion and detector ports were 150 and 250 °C, respectively.
Helium and argon were used as the carrier gases at a flow
of 15 mL/min.

The gravimetric method was used to determine TS and
VS in samples of homogenized mixture of cattle manure
and straw wheat and anaerobic sludge. In the homog-
enized samples dried at 105 °C, the total nitrogen (TN.)
was determined by elementary particle analyser Flash
2000 (Thermo Scientific, USA). Determination of total
phosphorus (TP) was carried out by colorimetric analy-
sis using ammonium metavanadate (V) and ammonium
molybdate (VI) after the sample mineralization in a mix-
ture of sulphuric (VI) and chloric (VII) acids, at a wave-
length of 390 nm, using a DR 2800 spectrophotometer
(HACH Lange, Germany).

Soluble fractions for analysis were obtain after centrif-
ugation (5000 rpm, 10 min, MPW-251 Donserv, Poland).
Total carbon (TC,,) and total organic carbon (TOC,)
were determined in the soluble phase by a TOC analyser
(TC 100 L, Shimadzu, Japan). Chemical oxygen demand
(COD,,) and total nitrogen (TN,,) were determined in
the soluble phase using a DR 5000 spectrophotometer
with an HT 200 s mineralizer (Hach-Lange, Germany).

Each experimental variant was conducted in three rep-
lications (both pretreatment and anaerobic digestion).
The statistical analysis of results was carried out with
Statistica 10.0 PL package (Statsoft, Inc.). The hypoth-
esis on distribution of each analyzed variable was verified
with a Shapiro—Wilk W-test. One-way analysis of vari-
ance (ANOVA) was applied to determine the significance
of difference between variables. Variance homogeneity in
groups was checked with a Levene’s test, whereas the sig-
nificance of differences between the analyzed variables
was determined with a Tukey RIR test. In all tests, the
level of significance was adopted at p=0.05.
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Fig. 1 COD solubilization as a function of specific supplied energy
obtained with different pretreatment methods (UP ultrasonic pretreat-
ment, HCP hydrothermal cavitation pretreatment)

Results
Effect of Pretreatment on Soluble Organic Matter

Ultrasonic pretreatment and Hydrothermal cavitation pre-
treatment provided the release of COD form the mix-
ture of cattle manure with straw wheat and solubilization
increased with specific supplied energy (E,) (Fig. 1). The
lowest E, input of 806 kJ/kg TS increased the COD,
only by 3.1% in UP1 (p>0.05) and 17.7% in HCPI1
(p<0.05) with regard to the values obtained for no-pre-
treated biomass. When testing UP, energy input ranged
4034-5645 kJ/kg TS ensured the highest increase in solu-
bilization of organic matter by about 30% in UP5 — UP7.
A similar effect was obtained by the HCP method using a
lower E; of 3326 kl/kg TS and further energy increasing
did not provide a better solubilization of cattle manure
(p>0.05).

In terms of TC,,, both pretreatment methods ensured
similar solubilization (Fig. 2). Energy input of 2419 kJ/
kg TS increased hydrolysis by 15% with UP method and
14% with HCP method. More energy contributed to better
release of carbon compounds to 18-19% (p<0.05). Even
though the maximum increase in TC, after the HCP was
similar to ultrasound, it did increase TOC,, by more than
UP (p<0.05) without regard to E input (Fig. 3). The best
results were observed within the E, ranged 4034-8064 kJ/
kg TS provided the increase in TOC; of about 18.2-19.9%
after the HCP and 13.1-15.5% after the UP.

The pretreatment method and energy inputs also affected
TN, content (Fig. 4). Better results were obtained by
using HCP method. With the highest E,, the concentration
of TN, increased to 26.5%, but good effects (p <0.05%)
were observed at a lower E; in variants from HCP4 to
HCP7 (E, ranged from 4034 to 6452 kJ/kg TS). In UP, the
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Fig.2 TC solubilization as a function of specific supplied energy
obtained with different pretreatment methods (UP ultrasonic pretreat-
ment, HCP hydrothermal cavitation pretreatment)
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Fig. 3 TOC solubilization as a function of specific supplied energy
obtained with different pretreatment methods (UP ultrasonic pretreat-
ment, HCP hydrothermal cavitation pretreatment)
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Fig.4 TN solubilization as a function of specific supplied energy
obtained with different pretreatment methods (UP ultrasonic pretreat-
ment, HCP hydrothermal cavitation pretreatment)
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highest increase in TN, content of 11.1% was recorded
using maximum E of 8064 kJ/kg TS.

Effect of Pretreatment on Batch Anaerobic Digestion

The effect of the two pretreatment methods on cumula-
tive biogas production (CBP) is shown in Fig. 5. Low
biogas enhancement (p>0.05) was recorded for the low-
est E, of 806 kl/kg TS, which was 8.7% in UP1 and 5.7%
in HCP1 (Table 3). Using UP method, maximum CBP
of 743.5 L kg VS (UP5) was obtained for E; of 4034 kJ/
kg TS (Fig. 5a). Sonication with the specific energy input
higher than 4034 kJ/kg TS did not contribute to increase in

Fig. 5 Cumulative biogas A s00
production (CBP) of previ-
ously pretreated lignocellulosic
biomass (UP ultrasonic pretreat- 700
ment, HCP hydrothermal
cavitation pretreatment) 600
500
['d
>
Y
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biogas productivity in UP (p>0.05). Similarly, the appli-
cation of the hydrosonic pump with E of 4034 kl/kg TS
allowed to produce biogas of 801.9 L kg VS (HCPS), and
the subsequent increase in energy input did not provide the
significant CBP increasing (p>0.05) (Fig. 5b). However,
UP supported higher enhancement in biogas productiv-
ity (59.6-64.2% in UP5-UP10) than HCP (35.6-39.4% in
HCP5-HCP10) (Table 3). In contrast, biogas production
rate (BPR) was higher in HCP method (p <0.05) (Table 3).
A maximum net daily biogas output of 194 mL/mg VS
was produced with E¢ of 4839 kl/kg TS in HCP6, but the
rate of biogas production did not significantly differ in
HCP5-HCP10 (p>0.05). UP provided the BPR ranged
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Table 3 The effects of UP

Variant Methane (% v/v) Methane BPR (L/’kg BPR con- Biogas BPR
fmd ‘HCP on methane content enhancement VS-d) stant (1/d) enhancement constant
in biogas, blogas/m'ethane (%) (%) (1/d)
enhancement and biogas
production rate (BPR) during UPO 51.1 _ 59 0.13 _ 0.13
o o s o

up2 53.1 39 100 0.17 29.6 0.17

UP3 51.9 1.6 112 0.18 37.9 0.18

UP4 52.0 1.8 150 0.21 58.2 0.21

UPS5 52.8 33 171 0.23 64.2 0.23

UP6 532 4.1 177 0.24 63.0 0.24

UP7 52.6 2.9 162 0.23 55.9 0.23

UP8 51.9 1.6 163 0.23 56.6 0.23

UP9 53.1 39 154 0.22 54.9 0.22

UP10 524 2.5 166 0.23 59.6 0.23

HCPO 50.3 - 77 0.13 - 0.13

HCP1 51.9 32 94 0.15 5.7 0.15

HCP2 523 4.0 114 0.17 13.4 0.17

HCP3 51.3 2.0 136 0.19 21.1 0.19

HCP4 51.9 32 163 0.21 314 0.21

HCP5 52.7 4.8 184 0.23 35.6 0.23

HCP6 52.6 4.6 194 0.24 36.6 0.24

HCP7 52.6 4.6 185 0.23 35.7 0.23

HCP8 52.7 4.8 188 0.23 38.1 0.23

HCP9 53.0 54 178 0.22 37.1 0.22

HCP10 51.9 32 190 0.23 39.4 0.23

154-177 mL/mg VS.d in HCP5-HCP10 with maximum
value in UP6 (E, of 4839 kl/kg TS).

Neither UP nor HCP contributed to increase methane
concentration in biogas (p>0.05). Regardless of E, input,
increase in methane concentration ranged from 1.6 to 4.1%
in UP and from 3.2 to 5.4% in HCP (Table 3).

Discussion

Hydrothermal cavitation pretreatment (HCP) and ultra-
sonic pretreatment (UP) are both based on cavitation phe-
nomena. Our study found that differences in cavitation
manner strongly affected the release of organic matter
form cattle manure mixed with straw wheat, and the sub-
sequent biogas/methane production via AD. As ultrasound
waves propagate through the medium, they create regions
of compression and rarefaction to form cavitation bubbles
[15]. Cavitation bubbles grow in successive cycles to reach
a critical size at which they violently collapse creating a
destructive shock wave [25, 26]. In turn, in hydrothermal
cavitation, the cavitation bubbles grow on the solid surface
(the cavitating blades) and then collapse by the shear flows.

Samples pretreated with ultrasonics and hydrothermal
cavitation exhibited similar solubilization of organic matter
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(as CODg,), however required energy supply was about
1.6-fold lower in HCP method. It is evident that to obtain
the similar solubility, the pretreatment time was shorter in
HCP, but the temperatures of the process were about on the
same level in UP and HCP (Table 2). It suggested that tem-
perature is an important factor in cavitation-based pretreat-
ment of lignocellulosic biomass. According to Gonzalez-
Fernandez [27], the slightly higher temperature reached
during sonication may be responsible for the higher bio-
degradability of organic matter, rather than the ultrasound
pretreatment itself. Using HCP method, even the lowest
energy input ensured significant (p <0.05) solubilization of
organic matter in the temperature of 32.5°C, in contrast to
the results obtained with the same E, in lower temperature
of 23.1°C with UP.

In turn, E; higher than 3326 kl/kg TS in HCP and
4034 kJ/kg TS in UP combined with higher temperature
did not provide a better solubilization of cattle manure
mixed with straw wheat. According to Rehman et al. [7],
the efficiency of a sonochemical process increases with
increasing energy input until the increasing number of cavi-
tational bubbles start to interfere with each other leading to
decrease energy transfer to the fluid. Low energy inputs as
well as short pretreatment time enhances only deagglomer-
ation of flocs instead of releasing soluble material [28, 29].
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Increasing in energy power promotes the cell wall disrup-
tion and high solubilization of organic material [1]. How-
ever, low energy levels ensure a smaller particles forming,
while higher energy inputs generate larger-sized particles
via re-flocculation process forming structures resistant to
anaerobic degradation [1, 27].

Pretreatment of the cattle manure was also led to a nitro-
gen release into the liquid phase. Organic nitrogen solubili-
zation was significantly higher in HCP method. Ultrasound
did not cause a nitrogen mineralization or volatilization
[14], thus total nitrogen was constant whatever the spe-
cific energy (E,) and the pretreatment method used. In our
study ultrasound-assisted nitrogen solubilization did not
exceed 11%. However, the pretreatment method through
the cavitation process can influenced the nitrogen avail-
ability for microorganisms. It is possible that UP of cat-
tle manure released most of the nitrogen attached do the
solids [1], which may limit the availability of nitrogen in
subsequent AD to decrease the biogas yield. In turn, high
concentrations of readily biodegradable soluble nitrogen
may increase ammonia nitrogen concentration during AD,
leading to the methanogenesis inhibition [30, 31]. By using
UP, very little nitrogen can be transformed into ammonium
[14], but AD highly increases the ammonia nitrogen pro-
portion from soluble nitrogen [1].

Even though HCP ensured high solubilization of organic
matter, enhancement of biogas production was much lower
than that obtain in UP (23.5-30% in HCP vs. 48.7-53.6%
in UP). Bougrier et al. [32] showed that different pretreat-
ments applied to waste activated sludge released differ-
ent organic matter, and in turn, the type of organic matter
strongly determined the biogas/methane production [27].
Pretreatments of lignocellulosic biomass ruptured adhesive
lignin structures, which could be resistant to subsequent
anaerobic digestion [33]. It was also possible that organic
matter pretreated by hydrothermal cavitation re-floccu-
lated more easily and this could have affected the biogas
production.

The exposure of cattle manure to ultrasound or hydro-
thermal cavitation did not influenced the methane con-
tent in biogas. Similarly, only a slight increase in methane
content in biogas (1.3-2.8%) produced from Scenedes-
mus biomass pretreated with ultrasound was observed by
Gonzalez-Fernandez et al. [27].

Sonication is an energy intensive process. Energy
requirement is one of the most important factor in pro-
cess economics for commercialization of the lignocel-
lulosic biomass conversion. In our study, energy inputs
provided the highest biogas production was 4034 kJ/kg
TS for both UP and HCP, and subsequent energy increas-
ing did not contribute to higher biogas productivity. Luste
et al. [1] found, that low ultrasound E, input of 1000 kJ/
kg TS enhanced the methane production from cattle

slurry mixed with meat processing by-products by about
11%, which was similarly to the value obtained with E
of 6000 kJ/kg TS. Sonication of waste activated sludge
with specific energy of 6250 kJ/kg TS increased methane
production by 47% [32]. Low methane yield enhance-
ment (14%) from microalgae biomass was recorded for
E, of 76.5 MJ/kg, while E; ranged 100.7-128.9 MJ/kg
enhanced methane production by 75-88% [27]. Accord-
ing to Rehman et al. [7], differences in energy demand
for lignocellulosic biomass pretreatment to enhance AD
resulted from the characteristics of the biomass.

Conclusions

Two physical pretreatment methods of lignocellulosic
biomass based on cavitation phenomena were compared.
HCP with hydrosonic pump could achieve the same
effects of lignocellulosic biomass solubilization (ca. 30%
COD,,) as UP, but the pretreatment time was shorter and
energy required (E,) was lower in HCP. Lignocellulosic
biomass pretreated with HCP achieved higher biogas
production rate (max. 194 mL/mg VS-d) than UP (max.
177 mL/mg VS-d) with the same E input of 4839 kJ/kg
TS. In turn biogas productivity was higher in UP, where
biogas enhancement ranged 59.6-64.2% in contrast to
35.6-39.4% in HCP (E, ranged 4034-8064 kl/kg TS).
Neither UP nor HCP contributed to increase methane
concentration in biogas.

Hydrodynamic cavitation offers an effective way of
lignocellulosic biomass pretreatment to make it more
suitable for subsequent microbial degradation. The study
showed, that during AD the yield of biogas production
from pretreated biomass was high. Moreover, the equip-
ment for HCP is easy to scale-up for industrial scale
application and more energy efficient as compared to
ultrasonic devices.
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