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Abstract

Cilem prace je prokazani pozitivniho vlivu ultrazevwé dezintegrace biomasy na navyseni a
urychleni produkce bioplynu ve srovnani s kénumi systémy. Aplikaci ultrazvukovych vin
dochéazi k bu#tné lyzi, z¥tSeni specifického povrchidstic substratu a k sonochemickému
rozSepeni slozitych organickych latek obsazenych v bsem{tul, bilkovin, polysacharid)

na latky jednodussi. Vysledkem je paknejSi a rychlejSi penena biomasy na bioplyn. Pro
posouzeni vlivu sonikace na proces anaerobni degbgly provadny paralelni fermentani
experimenty v CSTR bioreaktorech BIOENGINEERING , 7Bfektivita samotného
dezintegra@niho procesu pak byla posuzovana na zakiadeni natistu CHSk;, v kapalné
fazi vzork pouzivaného substratu (v naSemippd® kukuicné silaze). Na z@v bylo
provedeno zjednoduSené zhodnoceni procesu z eickéhet hlediska.
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1. Introduction

In the 20" century, together with the increase of humankindrgy demand and fears from
possible exhaustion of its “conventional” resour(@§ coal, uranium etc.), a search for the
so-called renewable sources of energy started.dDtieem was identified in biomass, which
could be used generally in three different enengpdpcing ways: i) burning, producing

directly heat ii) alcoholic fermentation, producimghanol for burning and iii) anaerobic
digestion producing biogas for burning. The lasntimed way is very attractive due to the
form of energy source it provides: after some modifons of biogas (cleaning, drying etc.)
we may obtain the so-called Substitute Natural (&G) with guaranteed composition and
properties.

The main disadvantage of anaerobic digestion mafobied in relatively slow degradation

rate of the biomass. In conventional digesters réisalence time is typically about 3 weeks
and more (depending on the digester type, fermentaemperature etc.), resulting in

necessity of large bioreactors’ volumes. To impréwe biodegrability of input substrate,

various pre-treatment methods were tested: thertredtment, addition of enzymes,

ozonation, mechanical disintegration etc. Mosthaimh brought undoubtedly positive effects
on biogas production, but usually were found uradalé for application in industrial scale due
to high operating and investment costs (Anders52Q@0iment, 2007).

One of the possible methods is also ultrasonidrreat of biomass. Cavitation, which occurs
during the sonication, causes large shear stréssging to cell lysis (destruction of cell walls

and release of cell's content into the solutiowpachemical conversion of complex organic
compounds into simpler ones and increase of speaifta of substrate particles (Straka,
2006), making thus the biodegradation of biomastefaand more effective.

2. Theoretical background of Anaerobic Digestion and 8nication of Biomass

2.1. Biochemical Principles of Biogas Formation
The process of biological transformation of orgamiatter into methane and carbon dioxide
in the absence of oxygen is called anaerobic dayeslts main features in macro scale are



production of biogas as a possible source of energjgme and mass reduction of input
material which makes it very attractive and oftesediin the field of sustainable energetics
and waste water treatment. It is a highly complexi @omplicated process: anaerobic
digestion is a series of consequent biochemicalpsabesses, which are performed by
various microorganisms’ groups cooperating in sysisi. Even nowadays, this biochemical
path is still not described in detail. In generatould be divided into four stages (see Fig. 1
for a schematic depiction):

1)

2)

3)

4)

Hydrolysis — the first phase of the process anam@icg to microbiologists’ research
results (Malina, 1992, Boone, 1993) the most timmanding one. During this phase,
biomass macromolecules (proteins, polysacchariddslipids) are split into simpler
compounds (saccharides, amino acids, fatty acidsteir oligomers) by extracellular
hydrolytic enzymes produced by hydrolytic bactena then dissolved into solution.
Acidogenesis - further breakdown of the remainingmponents by acidogenic
(fermentative) bacteria. These produce volatileyfatids along with alcohols, carbon
dioxide, hydrogen and other by-products. This phassccompanied by decrease of
pH due to production of acids and protonic acidifion. If the reactor is overloaded,
low pH value may inhibit the process.

Acetogenesis — acetic acid, hydrogen and carboxddigoroduction from compounds
formed in previous phases.

Methanogenesis — during this terminal stage, prisdat the preceding phases are
converted into methane, carbon dioxide and watenethanogens. These bacteria are
sensitive to low as well as to high pH, which mbstkept within a range of 6.5 - 8.
Depending on the microorganism species, three coemis are used to produce
methane: i) mixture of COand H ii) acetic acid CHCOOH and iii) methanol
CH;0H.
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Figure 1: Biochemical scheme of biogas production from bi@nBach arrow represents a
microbiologically driven transformation (Straka, @®).



The biological nature of the process further maneglicates its application: microorganisms
are very sensitive to temperature and pH. Alsosemee of biotoxic substances like
antibiotics, biocides and disinfectants in the suatbs may lead to a functionality failure of a
biogas plant. Anaerobic digestion of substrated Wwigh content of nitrogen N and sulfur S
(both elements are contained in proteins’ chaimgpmplicated due to formation of ammonia
NH3; and hydrogen sulphide,H. Therefore, such substrates are mixed with on#s low
protein content (usually of vegetable origin) t@pe ratio of C:N within an optimal range of
25:1 - 30:1.

2.2. Mass-Energy Balance of the Process
The stoichiometry of anaerobic digestion is desdilby the following formula (Buswell,
1979):

C,H,0, +(n—a/4-b/2)H,0 — (n/2-al/8+b/4)CO, +(n/2+a/8-b/4CH, (1)

However, this formula does not include the influenof chemically bound nitrogen.
Therefore, another approach described in (Minkevit@73) was applied to anaerobic
digestion in (Sobotka, 1983). Basic mass balancesuaplemented by ion balance. The ions
act as donors or acceptors of free electrons ioxeeactions. C, H, P and Fe are the donors
of 4, 1, 5 and 3 electrons, respectively, whereadlGand S are the acceptors of 2, 3 and 2
free electrons, respectively. The electron balaridbe redox conversion of a substrate with a
general formula gH,OpN; (other elements are usually negligible in caserghnic materials)

is then described by the expression 4n + 1a - 2bwhich, referred to 1 C atom, represents
the so-called degree of reducibility of a substrate

y=4+aln-2b/n-3z/n (2)

This variable is an equivalent of available eleatrin the organic material per atom of C. The
maximum of degree of reducibility i$cnqs=8 and minimumyco=0. The degrees of
reducibility of all organic substrates,, are within the range given by these two limits anel
very important - the higher this value the higheergy could be obtained from the substrate.
To determine a formula in form of,B,0pN_, the elementary analysis must be carried out.

2.3. Sonication of Biomass
The most time demanding phase of the complex psooésanaerobic digestion is the
hydrolysis (Malina 1992, Boone 1993), during whitle organic macromolecules are
degraded to simpler substances extracellulary loydhytic bacteria and their enzymes. The
ultrasonic treatment of biomass provides similaules from the chemical point of view. Its
main advantage is significant decrease of timehef breakdown of macromolecules and
consequent reduction of residence time in the thgeslso, the accessibility of nutrients in
the substrate increases, resulting in more effectonversion into biogas of them and
consequent overall increase of production. On therchand, an additional amount of energy
needed for this operation has to be taken into wadcdt should be emphasized that the
positive energy balance is the key condition ofttbatment feasibility.
The acting of ultrasound on heterogeneous mixtwfeparticles (in our case pieces of
biomass) and liquid (water and dissolved organlzsgances) has two effects: i) mechanical
disintegration and ii) sonochemical reactions.
Both of them are caused by a phenomenon calledatiavi, which is defined as the formation
of vapor bubbles of a liquid in an area where thesgure of the liquid falls below its vapor
pressure and following implosive collapse of bubblehen the pressure increases again.



These pressure jumps are caused by ultrasonic wBubble collapse in liquids results in a
significant concentration of energy from the comsuwan of the kinetic energy of liquid motion
into heating of the contents of the bubble (see EigHigh local temperatures and pressures
combined with extraordinarily rapid cooling causemenous shear stresses in bulk liquid,
which mechanically destroy cells’ walls and deceesige of particles contained in the liquid.
Cavitation collapse produces local heating (upetmgerature of ~5000 K), high pressures
(~1000 atm.) and liquid jet streams (~400 Ki):HSuslick, 1999). But as stated before, not
only mechanical effects are observed: inside thieblas, the water vapor molecules are
splitted into radicals that chemically react withbstances dissolved in the liquid on the
liquid-gas interface (Parsons, 2004).
Disintegration of cellular structures is most sigint at low frequencies, because the bubble
radius is inversely proportional to the frequenog é&arge bubbles mean strong shear forces
(Tiehm, 2001). Therefore, the ultrasound frequenty20 kHz is considered the most
appropriate.
Other parameters of ultrasonic treatment are mainly

1) Intensityl [W-m?] — energy flux per unit of emitting area. The dation threshold

value for water is approximately 40 W-éifThiem, 2001).

2) Treatment timet [s]

3) PowerP [W] —energy consumed during sonication per untirok.

4) Specific US powePy [W-m® — Power input per unit of sonicated volume.
Due to specific properties of every substrate-atitand generator system it is necessary to
determine the sonication parameters experimentally.

Surrounding liquid
Increased statle pressure

Figure 2: Cavitation and its effect on a fixed surface
(http://en.wikipedia.org/wiki/Cavitation, 28/7/2008

3. Experimental Materials and Methods

3.1.Inoculum and Substrate
Inoculum (seeding sludge) contains a mixed micloti#ture. In our case, it was taken from
two sources, depending on the substrate to be feedei) from a biogas plant (Kaice) in a
form of fermenting sludge and ii) from the wastetavareatment facility (esk& Lipa) in
form of digested sludge from the anaerobic stadtilan tank. Both facilities operate at
mesophilic temperatures, so that during the feratemt experiments the temperature was
maintained at 40 - 41°C.
To eliminate the influence of endogenous productdrbiogas (due to residual organic
material contained in the sludge), the inoculum veiagred for 24 hours at optimal
temperature under anaerobic conditions.
Various substrates were used for the anaerobistiigebatch experiments. Maize silage has
the best C: N ratio and also the highest valueegjrele of reducibility (see Table 1). This
makes it the most convenient substrate for anagtigestion from the group of investigated
materials. The other materials were fermented dis e usually the inhibition of bioprocess
was observed due to elevated nitrogen content, lynaircase of poultry manure. Therefore,
the maize silage only was used in further work.



Table 1: Characteristics of substrates used for the expeattme

Substrate Formula C:N ratip

POUItry Slurry CH 65101 .264N0 083 11.98 2.91

POUItry Manure Chlg701.20dN0.162 6.17 2.97
Grass CH 780.919\0.068 14.72 3.75
Mixture:

P. manure+ GraSE;CHl7930095d\10081 1235 364
Maize Sllage Cli'_17201_157N0_034 29.00 3.76

3.2. Experimental Design — Sonication
The solution with biomass particles is pumped atglass continuous flow process cuvette
with maximum volumetric flow of 30 I/hr, where & iexposed to the ultrasonic waves. The
ultrasound is generated by US generator SONOPLUB 3 maximal power 400W at
frequency of 20 kHz (see Fig. 3). Both the cuvatid the generator are products of Bandelin
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Figure 3:Depiction of ultrasound generator and descriptidnts parts.

This procedure is applicable for substrates whiochndt contain larger pieces of solids.
Biomass of vegetable origin (grass, maize silage) as usually formed by fibres that
complicate the pumping at the laboratory scale pawhere the diameters of piping are very
small (in our case the inner diameter of rubbeesuls 8 mm) and the pipelines get stuck.
Therefore, the substrate was mixed with water achiehe dry-weight content of 8% and then
mechanically pre-disintegrated by a mixer. The ilgphase of the mixture was separated
(dry-weight content of approximately 5%) and thésirdegrated by ultrasound.

Above mentioned problem with pumping should disa@ppe larger scale, where the pipeline
diameter is much greater. On the other hand, teedgintegration by mechanical means
could also improve the disintegration effect ofasgbnic treatment because larger pieces of
biomass are not disintegrated by ultrasound (cteitaakes place only on their surfaces).
The mechanical pre-disintegration consumes enendych must be included in energy
balance of the process.

The quantitative evaluation of disintegration iséx on the idea that there is a direct relation
between disintegration of cells and tissues anit twtent released into the solution. The
increase of the amount of dissolved organic matteiquid phase by disintegration process
characterizes the disintegration efficiency and niey quantified by Chemical Oxygen



DemandCOD measurements. Degree of disintegratldb is then defined as a ratio of
increase of dissolved organic matter in liquid ghesleased into solution by disintegration
process to total organic matter in the substrat#bowing relation holds (Straka, 2006):

DD = CODdis (liq) CODo (lig) 3)
CODo (hom) CODO (liq)

To determine the COD in the liquid phase, the sampre centrifuged at 7000 r/min for 5
minutes at centrifuge Hettich Zentrifugen UNIVERSAROR.

Evaluation of disintegration would be incompletehsut consideration of its energy demand.
Therefore, specific disintegration enemgy (amount of disintegration energy per increase of
DD by 1% and per kg of solids in the material) wlained as follows:

Cais :L (4)
DD-m,,

3.3. Experimental Design — Fermentation
The fermentation experimental facility consistdwb fermentation units to carry out parallel
experiments. These are necessary in order to nmainthe differences not-caused by
ultrasonic treatment (e.g. changeable compositidninoculum and substrate). The
Bioengineering 75 ICSTR bioreactors were utilized, sensors for quainté measurements
were inserted, digital biogas monitoring subsystems designed and implemented and
ultrasound device for batch treatment installedthBaf the fermentors were equipped with
precise gas flow meters Ritter TGO1. For measurémwiebiogas composition, a gas analyzer
Aseko AIR LF was used. A schematic depiction offdrenentation unit supplemented by the
US loop for substrate sonication is in the Fig. 2.

6 Units
511 56| |57 1 Fermentor
2 Pump
. 3 Ultrasound generator
510 S5 - [ 59 4 Condenser
. 5 Vessel for BG accumulatign
84 5 / 6 Gas analyzer
7 Gas flow meter
g ; , 8 NaOH solution supply
512 513 | 10 | 9 Dosing pump
. 53 10 Monitoring, process contrgl
8 S14
Streams-Piping
|:|3 S1, S2 Untreated substrate
S3 Sonicated substrate
1 S4 Moist biogas
—t'@' 2 S5-59 Dry biOgaS
515 S10, S11 Cooling water
81 [ ] S12, S13 NaOH solution
S14, S15 Hot water

Figure 4: Scheme of the experimental facility, descriptionrofs and streams



The main part of the bioreactor is a cylindricabse&l with hemispherical bottom, made from
stainless steel. The vessel with maximum workinigime of 50 liters is equipped by various
slots in the shell, designed for pH electrode, rttemeter and other measuring probes.
Jacketed kettle is used to heat up the batch whiclecessary to keep the temperature in the
optimal range of mesophilic microorganisms. Thetagin system consists of an electro
motor (nominal power input 0.55 kW), transmissiom & shaft with three impellers. Two of
them are normalized Rushton turbines, i.e. the li@yseof radial type; the upper one is not-
normalized Ruax impeller of axial type, which wasstalled to prevent problems with
formation of the flotation layer.
The anaerobic fermentation of real substratesgllyiicomplex bioprocess: both the substrate
and inoculum compositions are usually not precigelgwn, the process is carried out by a
microbial consortium with many metabolic charadties. This fact makes the
implementation of a monitoring system and procesgrol very important. In our case, these
variables are monitored:

e pressure, pH and temperature in the fermentors

e pressure, temperature and relative humidity of tramsl dry biogas

e dry biogas volumetric flow rate and composition.
The composition of biogas was measured periodidalithe gas analyzer with minimal input
gas flow rate of 0.5 liters/min. This demand is possible to fulfill during all phases of the
bioprocess, because at the beginning and at thethediogas production is too low.
Therefore, the biogas was accumulated in an auxiiassel of volume of approximately 25
liters. From this vessel the gas is pumped contislyointo the analyzer and then returned
back. The immediate composition of biogas is thigh#y distorted at low flow rates (at high
flow rates the content of the auxiliary vesselegeshed quickly), but due to relatively slow
dynamics of the process this imprecision is nelglegi The analyzer is able to determine
volumetric fractions of four most important gasasbiogas: CH, CO,, O, and HS. The
content of first two gases is evaluated by IR meéthHor O, and HS electrochemical sensors
are implemented. One analyzing unit was used ftr parallel experiments, so the switching
of channels was driven by the monitoring systeme HaS assay consumes the chemical
sensor of the analyzer, so this value was measureg per 6 hours only.
Total biogas and methane volumetric yield couldchiulated from experimental data by
numerical integration or by simple summation:

Viogas = [V dt =DV, A

. . (5)
Vowe = [V x_, . dt=3V, x,,, At

4. Experimantal Results

4.1. Disintegration Experiments
From the point of view of financial and time demandsintegration experiments are more
favorable than fermentation batch tests. Disintigngorocess characteristics (mainly specific
disintegration energeqis) are useful for determination of suitable disimégmn process
parameters. However, it is not possible to deteentive overall biogas production increase
from their results, which only illustrate the sbildy of disintegration method for given
substrate.
Disintegration experiments were performed with thk substrates mentioned in Tab. 2.
However, successful fermentations were carriedvatit maize silage only because for all
other substrates inhibition by ammonia was observEderefore, only maize silage
disintegration is described.



These tests were aimed mainly at determinationptifmal specific power in the ultrasonic
chambelPy. This characteristics is very important also frili economical point of view: the
larger the treated volume, the shorter the ovdralitment time (the volumetric flow rate
increases, keeping the residence time in the psoo@gette constant) and consequently also
lower sonication energy.

First set of experiments was done with whole piexfehaize silage. The results show very
little effect of ultrasonic treatment on the disigtation of maize silage (see Tab.2). The peak
value ofDD is 5.7 %, but should be considered an error ofsom&ment more than an optimal
point of disintegration — the feasible valueld is lower than 4%. The explanation could be
found in the principle of cavitation: this phenormaroccurs only in liquid phase and because
the pieces of maize silage are relatively big (8mgs have small specific area where the
liquid phase is in contact with the solid one) Homication is less efficient. Therefore, it was
decided to introduce mechanical pre-disintegratimiore exposing the biomass to the
ultrasonic waves. This procedure would also sohabllems with pumping mentioned above.

Table 2: Ultrasound parameters and results of sonicatiothwmaize silage, sonication time

20 s.
Vsample E P R/ I DD €is
[ml] [kJ] W] [[kwim?®] | (Wiem?] | [%] | [kJ/(%DD kgrg)]
44.6 3.23 161.3 3616.6 56.9 3.2 284.2
87.1 3.26 162.9 1870.( 57.5 2.8 165.9
130.9 3.35 167.65 1280.7 59.1 3.1 103.6
200.0 3.24 162.1 810.5 57.2 5.7 35.4
300.7 3.37 168.45 560.2 59.4 3.7 37.6
511.9 3.37 168.25 328.7 59.3 2.5 33.5
628.0 3.39 169.4 269.7 59.7 3.4 20.0
822.8 3.31 165.55 201.2 58.4 2.6 19.1
1650.0 3.40 169.95 103.0 59.9 3.9 6.6

For another set of experiments the substrate had pee-disintegrated mechanically first (by
a kitchen mixer of nominal power of 400 W) and camgently the liquid phase only (with
dry-weight content of 4.73% was sonicated. Resarésin the Tab.3 and Fig.5. The feasible
DD is approximately 8 % and further increase of dpegower Py does not induce
significant improvement of disintegration effechélvalue of approximately 250 kWiris
the most convenient one from the energetic poinviefv, because the specific energy of
disintegratiorey;s is very low.

Once again, it is necessary to emphasize that tredses could be recommended only for a

system of given substrate and ultrasonic devicestodlld be determined experimentally for
different conditions.

Table 3: Ultrasound parameters and results of sonicatiathwnaize silage extract, treatment

time 25 s.
Vsample E P R/ I DD €is
[ml] [kJ] W] |kwim? | Wiem?] | [%] | [kI/(%DD kgro)]
44.6 3.60 144.1 3231.4 50.8 8.4 202.2
87.1 3.51 140.5 1613.1 49.6 8.7 97.8
130.9 3.62 144.6 1104.7 51.0 8.2 71.4
200.0 3.55 142.1 710.4 50.1 7.9 47.5
300.7 3.53 141.2 469.4 49.8 7.1 35.0
511.9 3.53 141.1 275.7 49.8 6.3 23.1
822.0 3.59 1435 1745 49.8 2.0 45.3




2000 3000 4000

Py[kW/m?]

Figure 5: Degree of disintegration DD with dependence onsiecific power in the
ultrasonic chamber P

4.2. Fermentation experiments
Parallel batch fermentation experiments with vasisubstrates were carried out to evaluate
the effect of biomass ultrasonic disintegrationbdogas production. Nevertheless, with all
examined substrates except maize silage inhibitibthe process by ammonia NHvas
observed and so this only substrate was chosdunrtber research.
First of all, it was necessary to determine maxinmaad of the reactor. If there is too much
organic material in the fermentor, acetogenous eoiganisms generate a high amount of
fatty acids which induces an abrupt decrease ofresuilting in the inhibition of methanogens
— batch buffering capacity is too low. This factsmasible from the time course of the first set
of experiments: no CHproduction was observed, although in early phasdbe anaerobic
digestion the C@volumetric fraction reached almost 97% and pH valas approximately
3.5.
Therefore, the maximum load was determined by fesksboratory scale prior to use larger
fermentor volumes. According to the results of éhessts the load ratio of the fermentor was
set to 20 : 1 in terms of total mass (ratio of reasilage to the inoculum in form of a
fermenting sludge from the waste water treatmerititig which equals to 1.2 : 1 in terms of
volatile solids. Also, a system of automatic pH ttohwas installed: in case of its decrease
under 6.5 a dosis of 30% NaOH solution was autaralyipumped into the bioreactor.
After determination of the maximum bioreactor lodd parallel batch experiments were
carried out. The cultivation conditions are summediin Tab. 4, Fig 6,7 & 8 present results
of one of the successful fermentation experiments.
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Figure 8: Time courses of biogas composition and pH.

The time course of methane volumetric fraction psothe acceleration of hydrolysis phase
by the ultrasound — in the fermentor with biomagsitl phase exposed to US the methane
volumetric fraction is about 36% at the fermentatione of 15 hours, while in the fermentor
without US treatment it is approximately 17% onbgé Fig. 8). It shows the disintegration
transformed various organic compounds into simgees that are easily digestible for
microorganisms of all phases of anaerobic digest@tiowing composition time course also



implies this assumption: the maximum value of me¢h&action is slightly lower for batch
with US treated biomass, which is caused by thetfeat a significant part of nutrients was
transformed into methane already at the beginnirtgefermentation, while in the untreated
batch there is a lot of digestible substrate gtiisent.

For batch with US treatment, the production ceastes approximately 300 hours and further,
the biogas gain is negligible (Fig. 6 and Fig. 7)al the organic substrate is already
biodegraded. On the other hand, in the untreatezhlzaslight increase is still visible even at
the end of the fermentation (i.e. after approxiryaBeweeks).

Another interesting effect of sonication on theemdic digestion process is visible from the
pH time course. In case of fermentation without ttatment, pH decreased almost to reach
the critical value 6.5 (below which the conditidmscome inconvenient or even lethal for the
methanogenous bacteria) and did not increase apitoximately 45 hours of fermentation
time. Slow biological conversion of higher fattyigeinto simpler fatty acids and acetic acid,
which are (together with hydrogen) transformed imethane during the final stage of
anaerobic digestion process, could have lead tibitdn of methanogenous bacteria if the
pH control system had not been implemented. pHevalso decreased during fermentation
with substrate US treatment, but its reverse irsgesas very fast: the simpler compounds
were transformed into methane much faster (alsovgaroby significantly higher CH
volumetric fraction mainly during the initial phasef the process), thus preventing an abrupt
drop of pH. This should be mentioned as a veryr@sting conclusion: the US treatment of
the biomass could have positive effect not onlytlge improvement of the biogas yield, but
may also improve the stability of the process.

Following table presents a summary of both sucoé$sfmentation experiments carried out
in parallel in fermentors of type BIOENGINEERINGI7Bccording to the working volume
of the facility, these experiments should be comsd as pilot scale tests.

Table 4: Summary of successful pilot scale experimentsmatize silage.
Legend: M...mechanical pretreatment, US-L...ultrasdroceof liquid phase,
N...no tretment.

Experiment No. I Il
Disintegration method M, US-L ‘ M M, US-L ‘ N
US treatment parameters
Frequency [kHz] 20 — 20 —
Treatment time [s] 40 — 2x20 —
Processing time [min] 54 — 55.1 —
Dissipated energy [kJ] 457.8 — 827.5 —
Power [W] 141.3 — 250.3 —
Intensity [W/cnf] 49.9 — 88.4 —
Results of disintegration
e e mert nery w | ol o [ -
Degree of disintegration [%] 4.09 N/A 4.67 —
ﬁ(ﬁiﬁggg'igggra“on energy 206.1 N/A 294.0 —
Fermentation experiments results
Biogas yield [NI/kgg] 526.6 452.1 448.9 401.3
Methane yield [NI/kgs] 201.2 1721 188.4 148.3
Maximum methane volumetric fraction [%] 66.3 75.4 78 78.2
Increase of biogas yield [%] 16.5 11.9
Increase of methane yield [%)] 16.9 27




Unfortunately, other experiments were unsuccedsfohuse of problems with leakage in case
of one of the reactors.

The average values of biogas and methane yieldrfwveated maize silage are approximately
427 Nl/kgss of biogas and 160 Nl/kg of methane. The average increase of biogas and
methane yield by ultrasonic treatment of biomask4i® %/ 22.0 %, respectively. However,
these results should be still considered valid diolly our experimental system:. due to
biotechnological nature of the process these nusnipery vary in different conditions. Also,
the optimization of US treatment parameters musidree for given geometry, substrate and
US generator. The estimated increase of both biagdsnethane productions in case of long-
term application in industrial scale is 15-20%.

5. Energy Balance

As was stated in previous section, the ultrasamatinent enhances the yield of biogas. On
the other hand, it also consumes additional enefggrefore, an energy balance must be
performed to assess the process.

Increase of electrical energy could be calculatefbbows:

AEeI = (5 ’ YCH4) -AH comb * Turb (6)

The estimation of disintegration energy is baseddsmtegration experiments carried out
with maize silage : feasible value DD was set to 8% and the specific disintegration gyner

egis Was set to 22 [J-kg™].

Two alternatives were investigated: i) “optimistigihicrease of methane production by 20%,
lower disintegration energy consumption) and ii)espimistic” (increase of methane

production 12%, higher disintegration energy congstion). Results of the calculation are in
the following table.

Table 5: Electric energy balance of biomass sonication

Production optimistic | pessimistic
CHj, yield [NI/kgVS] 160 160
Increase of CH,4 production 8 [%] 20 12
Lower heating value [kJ/NI] 35.8 35.8
Turbine effieciency [%] 35 35
Energy increase [kJ/kgys] 401.5 240.9
Disintegration

DD [%] 8 8
€4igkJ/(%DD kgrs)] 22.0 25.0
Disintegration energy [kJ/kgys] 176 200
Additional energy (pumping etc.) [kJ/kgys)] 30 50
Energy balance [kJ/kgys] 195.5 -9.1

Although in case of “pessimistic” alternative theemll electric energy balance is negative,
we still have to take into account another impdrtiact: heat is considered as a waste,
although it is almost always used at least for ihgabf the content of the bioreactor.

Therefore, the overall energy balance would betpeseven in this case.



6. Conclusions

The main aim of this project was to verify the ddly of the hypothesis of possible biogas
yield increase by ultrasonic treatment of biomd$ss process has two effects: i) mechanical
disintegration ii) sono-chemical conversion of céexporganic macromolecules into simpler
ones. Both of them are caused by cavitation, dunihggh extremely high shear stresses are
generated as a result of bubble implosions.
Disintegration
The quantitative evaluation of the disintegratiorogess was implemented, based on
measurements of COD increase in the liquid phassawoiples. For experiments with maize
silage following values were determined: the felasibegree of disintegration DD is 8 %,
recommended specific power in ultrasonic chamkeisP233 W/ni. With these parameters,
the average specific disintegration energysec. 23 kJ/(%DD-kg).
The maize silage disintegration process in indalsscale should consist of two main steps:

1. mechanical pre-disintegration - increase of theifgesurface.

2. ultrasonic treatment — disintegration of biomass#witation

Parameters of ultrasonic treatment in industrialesshould comply with two basic rules: i)
US intensity must be higher than 40 Wfcfthreshold of cavitation) and ii) the frequency of
ultrasound should be 20 kHz (size of bubbles fornueding cavitation is inversely
proportional to the frequency and large bubbles rmstiong shear forces). The other
characteristics should be determined experimentallygiven substrate, US generator and
geometry.

Fermentation Experiments

Parallel fermentation experiments were carried touminimize the differences caused by
variable biocenose activity, laboratory conditi@ts. The facility was successfully assembled
and tested in pilot scale in ferment@&isengineering 75l

After problems with inhibition of bio-process by arania due to elevated nitrogen content,
the C:N ratio was controlled and kept within a mangf 25-30:1. This value should be
determined before any anaerobic digestion expetitmgmeans of elementary analysis of the
substrate.

Also, pH value monitoring and control system iseessl. The minimal pH was set to 6.5 and
was controlled automatically by dosing of NaOH $oli. During the experiments, another
positive effect of US treatment was observed: fastenversion of acids and all simpler
compounds into methane prevented the pH value thwpping bellow tolerable value. This
should be interpreted as an improvement of biom®stability.

Successful parallel batch experiments with maitagsias a substrate and digested sludge
from waste water treatment facility used for in@tigdn were carried out. Average increase of
biogas and methane yield wdgl.2 and 22.0 %, respectively. However, it should be
emphasized that this value is valid only for givarbstrate, inoculum, geometry etc. In case
of industrial scale, this value could be estimatatthin a range of 12 to 20 % for both biogas
and methane yield increase.
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List of symbols

COD chemical oxygen demand [kg-m]
DD degree of disintegration [-]
€dis specific disintegration energy [3:Kg
E energy [J]
AH_., lower heating value of CH [J-mi]
I ultrasound intensity [W-m?]
m weight [kq]
P power [W]
Py specific power [W-m¥|
t treatment time [s]

V volume [m?]
Y, volumetric flow rate [m3.sY]
X volumetric fraction [-]

Y yield [m*-kg?]
Y degree of reducibility [-]

o coefficient of CH production increase []
n biological efficiency [-]
Nturb turbine efficiency []

I ndexes

0 untreated sample

el electric

dis disintegrated

hom homogenized

liq liquid

sol solid

VS volatile solids

References

ANDERS , Ek. Ultrasonic treatment of sewage sludge in ordemtwease biogas yields.
Link6ping, 2005. 35 s. Head of PhD thesis Per LiadmISRN: LIU-TEMAV/TBM-EX--
05/004--SE

BIEN , J. B., et al. Enhancing Anaerobic Fermentation of Sewadtudge for Increasing
Biogas Generation . : Journal of Environmental Sogeand Health : Part A. 2004, vol. 39, is.
4, s. 939-949.

BOONE, D.R., :Ecology and Microbiology of BiogasificatipBiomass and Bioenergy, Vol.
5, No. 3-4, p. 191-202, 1993

BOUGRIER, C. , CARRERE, H. , DELGEN'ES, J.P. Solubilisation wéaste-activated
sludge by ultrasonic treatment. Chemical Engingedournal. 2005, vol. 106, s. 163-169.
BRAGUGLIA, C.M., MININNI, G., GIANICO, G. Is sonication efféige to improve biogas
production and solids reduction in excess sludggestion?. In Wastewater Biosolids
Sustainability: Technology, Managerial and Publm&gy. Moncton, Canada : IWA, 2007.
S. 699-704

BUSWELL, A.M., MUELLER, H.F.: Mechanism of methane formatidnd.Eng.Chem. 44,
550 (1979).

CLARK, P.B., NUJJOO, I. . Ultrasonic sludge pretreatment fanasted sludge digestion .
Journal of the Chartered Institution of Water amyiEbonmental Management. 2000, vol. 14,
no. 1, s. 66-71.



CLIMENT M ., et al. Effects of thermal and mechanical prétneats of secondary sludge
on biogas production under thermophilic conditiorGhemical Engineering Journal.
September 2007. Volume 133. Issues 1-3. Pages &35-3

EDER, B. Practical experience of sewage sludge disintemgrady ultrasound : Reports on
Sanitary Engineering 35. TU Hamburg-Harburg : Ndis 2002. 16 s. Referat. ISBN 3-
930400-47-2.

GRONROQOS, Antti , et al. Ultrasound assisted method to increakdkgochemical oxygen
demand (SCOD) of sewage sludge for digestion. &iiinecs Sonochemistry. 2005, vol. 12,
no. 001, s. 115-120.

LAFITE-TROUQUE , S., FORSTER, C.F. The use of ultrasound andachation as pre-
treatments for the anaerobic digestion of wastdvatetd sludge at mesophilic and
thermophilic temperatures. The Bioresource Techgol2002, no. 84, s. 113-118.

MALINA, J.F., POHLAND F.G.: Water quality managementdiyrvol. 7: design of
anaerobic processes for the treatment of indusanal municipal wastes,1992, Technomic
Publishing Company, Lancaster, USA.

MARTINSSON, Par Erik . Characterization of energy gases hyasbund: theory and
experiments . Computer Science and Electrical Ewging / EISLAB , 2004. ISSN 1402-
1544 / ISRN LTU-DT--04/34--SE / NR 2004:34.

MINKEVICH |.G., EROSRIN, V.K.: Theoretical calculation of ssabalance during the
cultivation of microorganisme. Biotechnol.Bioengn®y. 4, 21 (1973).

NECZAJ, Ewa, LACH, Joanna . THE USE OF ULTRASOUND TO ACHRATE THE
ANAEROBIC DIGESTION OF WASTE ACTIVATED SLUDGE. In fAe Sixth International
Symposium and Exhibition on Environmental Contariorain Central and Eastern Europe
and the Commonwealth of Independent States. Prigta], 2003.

NEIS, U. , NICKEL, K. , TIEHM, A. Enhancement of anaerobstudge digestion by
ultrasonic disintegration. Water Science and Teldgy 2000, vol. 421, no. 9, s. 73-80.
NICKEL , Klaus, et al. Ultrasonic disintegration of bibds for improved biodegradation.
Ultrasonics Sonochemistry. 2007, vol. 14, s. 458-45

ONYECHE, T.l, et al. Ultrasonic cell disruption of stabdd sludge with subsequent
anaerobic digestion. Ultrasonics. 2002, vol. 431s35.

PARSONS S., et al.: Advances Oxidation Processes for Yatel Wastewater Treatment,
TJ International Ltd., Padstow, UK, 2004.

SCHIMEL , KA. Biogas plasticization coupled anaerobic dige: batch test results..
Biotechnol Bioengineering. 2007, vol. 97, no. 22%7-307.

SOBOTKA, M., et al. The Mass-Energy Balance of Anaerobiettidne Production. Folia
Microbiologica. 1983, no. 28, s. 195-204.

STRAKA, F., et al. :Bioplyn, GAS Inc., Prague 2006

SUSLICK, K.S., et al. : Acoustic Cavitaion and its cherhicansequences, Phil. Trans.
Royal Society, 1999

TIEHM , A., et al. ULTRASONIC WASTE ACTIVATED SLUDGE DISITEGRATION
FOR IMPROVING ANAEROBIC STABILIZATION. Water Reseeln. 2001, vol. 35, no. 8,
S. 2003-2009.

WUNSCH Britta, Heine Wolfgang, Neis Uwé&ombatting bulking sludge with ultrasound :
Reports on Sanitary Engineering 35. Ultrasound mvi®nmental Engineering II. TU
Hamburg-Harburg : Neis U., 2002. 11 s. ISBN 3-93D4@-2

Wikipedia, the Internet encyclopedghttp://en.wikipedia.org/wiki/Cavitatiord8/7/2008)
ZHANG, G. M., et al. Study of Ultrasonic Treatment obi@&le . Urban Environment &
Urban Ecology. 2003, vol. 16, no. 6, s. 258-259.



