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Abstract

At present many WWTPs are focused on increasingtgyaf biogas generated during
sewage sludge processing. Various disintegratiahode can be used for this purpose —
thermal heating, ultrasonic disintegration, chemnit@atment. The limiting step
in sewage sludge digestion is hydrolysis, increasie rate of this process allows for
shortening solids retention time in digester, iasirg soluble COD concentration in the
reject water and as a result also biogas productioriechnical scale ultrasonic and
thermal disintegration are used. The most effective ultrasounds below 100 Hz.
In thermal conditioning various technological paetens are applied (from 60 — 80 °C to
even 250°C, retention times from 15 min. to 2 hpuEffectiveness of the processes can
be increased by using combined processes, e.gmahetreatment and chemical
stabilization. Chemical methods are at present imaipplied in laboratory scale. They
include alkaline and acidic pretreatment or advdrateemical oxidation methods.
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1. INTRODUCTION

Treatment of wastewater, among others wastes, afsealso sewage sludge.
The sludge is separated from wastewater duringinpirelry sedimentation
(primary sludge, raw sludge) and in secondary fadasi (secondary sludge,
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excess sludge). Preliminary sludge contains mormn tB0% of volatile

suspended solids (VSS), up to 8% of total suspesdéds (TSS) and several

percent of phosphorus and nitrogen (Kjeldahl Nigrgg- Table 1.

Table 1. Characteristics of primary sewage sludge fvarious WWTP

. Average WWTP
Parameter Unit WWTP[ir]] Poland (European
Union) [2]

pH - 5-7 5-8
TSS % 05-3 2-8
VSS % TSS 60 - 75 60 - 80
Alkalinity mgCaCO/L 500 - 1000 500 - 1500
Volatile acids mgCHCOOH/L 1800 - 3600 200 - 2000
Proteins % TSS - 20 - 30
Nitrogen (Kjeldahl) % (w/w) 2-7 15-4
P ROs % TSS 0.4 -3* 0.8 2.8

*As P% TSS

Secondary sludge consists mainly of excess bionmssctivated sludge

or biofilm [3]. It contains 40 — 50% of VSS, ands$eTSS than raw sludge

(Table 2).
Table 2. Characteristics of excess sewage sludge ¥arious WWTP
. WWTP
. WWTP in WWTP in according to
Parameter Unit . Thesaloniki,
Brazil [3] the data
Greece [6] :
given by [5]
pH - 7.2-75 no data 6.0-7.0
TSS g/L 37.9-56.3 no data 0.4-1.2
VSS g/L 16.6 - 23.7 no data no data
% no data 66.3 + 1.57 55 - 80
Alkalinity mgCaCQJ/L 442 - 781 no data 55 -1000
Volatile mgCHCOOH/L 109 - 130 no data 1800 - 36(
acids
Proteins g/L 9.8 -18.7 no data no data
Nitrogen % (w/w) 3.3-3.6 no data 3-10
(Kjeldahl) g/kg no data 447 +1.4* no data
P g/kg 6.7-8.1 8.G:1.1 9.0
*Total N

Compared to raw sludge the excess sludge one oerttagher concentrations of
phosphorus (it is especially noticeable in WWTPhvwBINR removal). Because
of relatively high organic matter content both lsnaf sewage sludge are well
putrescible and in WWTP undergo methane digestiduring this process
biogas is generated [4]. It contains about 50 — T3% The volume of biogas
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which is generated can reach 875 — 1020 L/kg cbinAt present many WWTP

are focused on generation high quantities of bialyaig fermentation process,
because usage of this gas is important in elegtveer supply of the plants and
allows to decrease sewage treatment costs [8].uBecaf this there is a lot of
interest in technologies which allow for increasibgpgas production by

ensuring better availability of organic compoundssgnt in sewage sludge.
These technologies are especially effective inddee of excess sludge which
contains bacterial cells quite resistant to fastdbgradation. Quantities and
guality of biogas which is generated during methdigestion are affected both
by technological parameters of the process anddyrpatment of the sludge.

2. EFFECT OF TECHNOLOGICAL PARAMETERS ON BIOGAS
PRODUCTION

Main technological parameters having an effect aogds generation are
composition of the sludge (including among othérsrfess of the sludge solids)
and temperature [9,10].

2.1. Composition of sewage sludge

During methane digestion of sewage sludge quality quantities of biogas
generated is strongly connected with content anchposition of organic
substrates in solids. Percent share of methandoma® increases as protein
content in the sludge increases however the voloihi®ogas generated during
fermentation of proteins is equal to 0.5 — 0.7%gmBiogas yield is the highest
(1.125 — 1.515 Afkg) when fats are present in substratum being dated.
Carbohydrates generates at average 0.2Adfnbiogas/kg. When proteins are
a source of organic carbon methane content inltltgs reaches 71 — 84% of
CH,. Proteins and fats are more valuable sources of I€bch biogas than
carbohydrates. Biogas generated during methanataigeof mixed substratum
(e.g. sewage sludge) usually contains 65 — 70%eathame [11]. Research work
on the effect of grease on the biogas generatioimglunethane digestion was
carried out by Neczaj et al. [12]. They digestedtore of sewage sludge and
grease from the fat trap. Grease trap sludge ateddar 20, 22, 24, 26, 28 and
30% of the mixture (on VSS basis). Digestion wasfqumed for 10 days.
Significantly important increase in methane progurctwas stated during the
research work. Similar results (increase of bicgyad methane yield in methane
digestion process of fat reach substratum) werairodd by Davidsson et al. [13]
and Luostarinen et al. [14]. In the studies by Dason et al. [13] it was stated
that addition of grease trap fats into sewage dudlpowed for increasing
methane yield by 9 — 27% when 10 — 30% of theviei®e added into the sludge.
The authors have also observed that amendmenteakgrtrap fats increased
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methane yield but not increased the sludge prooluctiuostarinen et al. [14]
added 46% of grease from the trap to the digeSteey stated that 16 day
digestion of fat reach substratum at organic logdiate 3.46 kgVSS/fd
significantly increased biogas production; no dffe¢ fats amendment on
characteristics of digested sludge was observeso #ie results obtained by
Martinez et al. [15] indicate that addition of fatsthe sewage sludge increases
biogas production. Under thermophilic conditionsigpem with poor quality of
supernatant occurs because of high volatile fatt§isacontent and high COD.
Another problem during anaerobic digestion of thelge with fats is that lipid
components adsorb onto the biomass which disturbptaie degradation of
substrate. The results of the research works dof@ sndicate that co-digestion
of sewage sludge with fats is an effective methddinzreasing biogas
production, it is however necessary to uphold thenmal process parameters,
mainly volatile fatty acids concentration.

2.2. Temperature

Generation of biogas during methane fermentatiarntsstat temperature above
0°C, and increases as process temperature incréésedays two temperature
ranges: 25 - 45°C (mesophilic conditions) and 4%0°C (thermophilic
conditions) are the most frequently applied in WWTR]. Thermophilic
methane digestion allows to generate higher quesitif biogas with higher
methane content (Table 3).

Table 3. Mesophilic vs. thermophilic fermentatiakihg into consideration biogas
production [10]

Parameter Unit Mgsophilic Thgrmophilic
digestion digestion
Optimal temperature range °C 35-40 55 - 60
Temperature variations oC 3.5 1-2
tolerated by microorganismis
TSS reduction % 45 - 55 55-70
Nm/tone of
Biogas production organic material 920 - 980 950 - 1000
dry mass
Methane content in biogas % 60 - 70 70 - 85

Thermophilic digestion has a lot of advantagesibig less frequently used in
WWTP as a process of sludge utilization than meiiogine. This is because of
the fact that thermophilic process needs more gnerdpeat the digester and it
is more sensitive to temperature fluctuations alé ageto toxic substances [10].
The problem during the thermophilic process is afmmtioned in chapter 2.1.
poorer quality of the supernatant. Research workiezh out by Kardos et al.
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indicate, however, that the production of biogasirdy thermophilic process
is enough high to equalize the larger energy copsiom[10].

3. PRETREATMENT PROCESSESUSED FOR INCREASING
BIOGAS PRODUCTION

3.1. Ultrasonic disintegration of sewage sludge

Use of ultrasounds in sewage sludge pretreatmenttprmethane digestion has
been described by many authors [16 - 21]. Tiehia.qtL6] used ultrasounds at
a frequency of 31 kHz and high acoustic intensltigey achieved more than
30% increase of COD in supernatant after 96 secultvAsound treatment.
Ultrasonic pretreatment was followed by mesopldigestion of the sludge and
allowed for achieving higher reduction of volatielids in the sludge compared
to not pretreated one. Reduction of VS was equab@% and 45.8% for
pretreated and not pretreated sludge, respectiValy.researchers also observed
significantly higher (220%) biogas production dgrimethane digestion of
ultrasonically pretreated sludge. Methane digestibtihe pretreated sludge was
also more stable. The results of research workscatel that ultrasonic
disintegration is especially effective as a metliod disintegration of waste
activated sludge. This kind of sludge contains dxéatt cells which are quite
persistent to biological hydrolysis because otlitemical composition. Research
carried out by Appels et al. [17] with ultrasourad®25 kHz (time of sonification
was up to 250 min. with recirculation of WAS) foNed by mesophilic digestion
in single stage bath reactors for 8 days showedtssibility of 15 to 40%
increase in biogas production. The study by Nawvwaee[18] showed 57 — 81
% increase of biogas production after ultrasorsatinent of sewage sludge at
constant frequency of 20 kHz. Appels et al. indidathat extra amounts of
biogas generated during methane digestion of @atetlesewage sludge offset
the costs of ultrasonic device application, andabse of this the process is cost-
efficient [17]. Ultrasonic pretreatment increa€¥3D of supernatant and make
the organic substances more available for anaenwiiicoorganisms. In the
study by A. Davidsson et al. [19] COD in supernatseparated from sludge
pretreated by 50 kHz ultrasounds was equal to 40n0§Q/L (however soluble
COD was only about 40% of total COD). As a resigih#icantly higher biogas
production was achieved. It was stated that byhjftzomechanical shear forces
generated by ultrasonic cavitation macromoleculés &molecular mass above
40,000 are effectively disrupted. The most effextseems to be ultrasounds
with frequencies below 100 Hz. To obtain satisfacteffects of ultrasonic
pretreatment it is necessary to supply enough gnerdyse cells of activated
sludge and organic polymers [20].
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Ultrasonic disintegration has been since now agdpbeth under laboratory
conditions and on pilot and full scale. Pilot scaistallations were operated in
Bad Bramstedt and Ahrensburg in Germany. Full sdaktallations were
operated in Bamberg, Freising and Meldorf in Gerpnaand in Ergolz
(Switzerland) [21]. The effects obtained in thialscare presented in Table 4.

Table 4. Effects of ultrasonic pretreatment of glidunder pilot and technical scale
(according to [21])

Place Scale Effect opEffect on| Other remarks
biogas TSS or VS
generation | reduction
Bad Pilot scale, 3 | Increased Reduction | Reduction of
Bramstedt | years of by factor 4 | of digested | digestion time from
operation sludge 20 to 4 days, with no
mass by decrease in process
25% efficiency in terms of
VSS degradation
Ahrensburg | Pilot scale, Increase by | Increase by -
operated for 3| 20% 20%
months
Bamberg Full scale Increase by | Increase by -
4 month test | 30% 30%
Freising Full scale, 4 | Increase by | No data Improving of sludge
month test 15% dewatering
Meldorf Full scale, 3 | Increase by | Increase by| No foam and
month test 25% 25% filamentous
organisms in the
sludge
Ergolz Full-scale, 3 Increase byl Increase by -
month tests 25% 15%

Biogas yield under pilot and technical scale insegbet least by 15%. Increase
of degradation of sludge TSS was in the range t538%. Results commented
by Zafar [21] indicate that ultrasonic pretreatmbéat technical potential and
can be used also in full scale WWTP installations.

3.2. Thermal pretreatment

Thermal heating of sewage sludge is also usedhastiaod for improving biogas
yield during methane digestion. Thermal pretreatndésintegrates cell walls of
microorganisms and releases water from the pastiofesludge. It results in
coagulation of solids and decomposition of cell snakwaste activated sludge
[22]. Operating conditions of thermal pretreatmehtsewage sludge are very
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diversified from 60 — 80 °C to even 250°C [22, 2Rgtention times for these
processes range from 15 to 60 min. [22, 23]. Theroaaditioning can be
supported by oxygen addition or by addition of &lkand acids [22].
Nonoxidative heat treatment usually occurs at 1206-°C and under pressure
from 1034 to 2068 kPa. Oxidative heat treatmentussially conducted at
temperatures from 175 to 360°C (under pressutgeimange 1279 — 11,377 kPa)
[24]. According to Kepp et al. the highest yieldhyfdrolysis of waste activated
sludge can be achieved at temperature betweenrtb280°C; the sludge must
be keep in this temperature at least for 10 mik].[Some research works
indicates that at temperature above 250°C harnyfyrbducts can be generated
during disintegration, such as e.g. phenols. Rekeawork on the effect of
thermal conditioning (70°C; 1 hour) on biogas prtthn did by Davidsson et
al. [13] showed that COD of supernatant can in@¢ast0 200 mg@L (in the
case of waste activated sludge) and to 34100 fhg@r the mixture of primary
and waste sludge). In the not pretreated sludgethalues were equal to 40700
and 330000 mgé&l, respectively. It means that thermal pretreatmaidn’t
significantly affect total COD value. It howevercneased soluble COD value.
Soluble COD increased to 87 000 — 39 000 glig@compared to 12000 — 17
000 mgQ/L in not treated sludge). Thermal pretreatmertéased methane
production by 10 - 20% compared to not treatedtsafesn. Studies by Kepp et
al. [25] indicate that thermal pretreatment of geidallowed to save 50% of
digester volume, net electricity production in WWilBs over 20% higher than
if thermal conditioning was used. Research workZlbang et al. [26] did not
increase biogas production such spectacularly &yl pretreatment of sewage
sludge (170°C, 30 min.); biogas production incrdasely by 7 -11%. More
effective it seems to be combination of thermal attcasonic disintegration.
Baraaski et al. obtained even four times higher biogaddyduring methane
digestion of thermally pretreated sewage sludg¢ [2@wever under laboratory
conditions Myszograj have obtained even 200 % Hhigimeduction of biogas
after thermal pretreatment of the sludge (2 hdlir§°C). The findings show that
thermal conditioning can be effective method ofréasing biogas production,
however the technological parameters of the prooasst be experimentally
confirmed for individual cases [28].

Some technical applications of thermal pretreatnaet used so far. Thermal
hydrolysis under high pressure is a basis of C428ji The thickened sludge is
heated at 150 — 165°C under pressure of abouts/ Dhe producer guarantees
that Cambi technology enhances biogas productlmwsfor doubling digester
capacity and improves the final sludge cake dryness
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3.3. Chemical pretreatment

Also chemical methods of sewage sludge pretreatarentised as pretreatment
step of sludge processing. The most frequently udesimical agents are:
Fenton’s reagent, hydrogen peroxide, acids andiald@Ps methods are mainly
applied for improvement of dewatering propertieshaf sludge, but also can be
used for removal of organic micropollutants fromwage sludge [30, 31].
Chemical reagents can be also used to providefticeent solubilisation of the
sludge. As a result enhanced biodegradation of mprganic substratum
occurs [32]. Use of chemical agents is quite simplyd effective. The
disadvantages of their use are corrosion and odolhe sludge after
pretreatment must be in many cases neutralized [32]

For acidic pretreatment .80, is frequently used, for the alkaline processes
mainly NaOH. According to the literature data alkpietreatment is more
effective that acid treatment [32]. Cassini ef{&B] proved that the same doses
of H2SO4 and NaOH (20 mmol/L) allowed for solukdlisn COD in the sludge
at level 11% and 60%, respectively. Banu et al] §8#wed that optimal dose of
NaOH for sludge pretreatment is 1600 mg/L (time rekction 3 hours).
Pretreatment effect was increased by simultanemas ai NaOH and lime.
Myszograj et al. [28] used the doses of NaOH frahtd 1.0 gNaOH/g d.m.
(sludge was chemically stabilized for 24 h) to ease COD solubility. They
realized that doses of NaOH in the range of 0.1GaBdjNaOH/g d.m. increased
COD values in supernatant. Higher doses of thislialeduced soluble COD
concentration. As a result of soluble COD increaisgias production increased
after alkali treatment. Studies by Lin et al. [3Bpwed that optimal NaOH dose
for organics solubilisation in the paper sludge 8880 mgNaOH/100 g d.m.
Under this conditions the highest methane yield &88 miCH,/kg of removed
VS. Alkaline pretreatment was also used for prétneat of lignocellulosic
biomass [36]. Chemical processes can be also usadtaneously with e.g.
ultrasonic pretreatment [37] and thermal treatnj@Bf. Studies by Kim et al.
[37] indicated that combined (alkaline + ultrasQnpretreatment of sewage
sludge resulted in solubilisation of 70% COD. Comalbion of pH 9 and
ultrasounds (7500 kJ/kg TS) allowed for significamtrease in methane yield
(from 81.9 + 4.5 mL ChHg CODygeq to 127.3 + 5.0 mL Ckg CODyygeq-
Penaud et al. [38] carried out experiments on sganebus NaOH treatment
(approx. 26 gNaOH/L) and thermal heating (140°C 36r min.). It allow to
obtain high COD solubilisation (over 50%).
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CONCLUSIONS

At present both physicochemical and chemical methmidsewage sludge
pretreatment are widely researched worldwide.

Common opinion connected with the use of these odsths that they are
very flexible but expensive. Some research workfopmed under technical
scale showed that advantages of these method ¢hese economically
acceptable.

Thermal disintegration and ultrasonic disintegmati@are at present
implemented in technical scale. Pretreatment methade especially
effective in waste activated sludge pretreatmefiite Tost effective are
ultrasounds below 100 Hz. In the case of thermatrpatment operating
conditions of thermal pretreatment of sewage sluaige very diversified
from 60 — 80 °C to even 250°C. Retention timestl@se processes range
from 15 to 60 min. Effectiveness of the processashie increased by using
combined processes.

Pretreatment methods allow for significant increatsoluble COD in the
reject water and as the result increase biogasuptioach.

Technological parameters must be selected expetathebecause of the
variety of physicochemical properties of the sludgel effects which we
would like to achieve.

For chemical pretreatment acids or alkali are ugd#ali pretreatment
seems to be more effective that acid treatmerituphge processing. It is also
used in lignocellulitic waste treatment.
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Streszczenie

Obecnie wiele oczyszczaldiciekéw zainteresowanych jest zkszaniem produkcji
biogazu powstagego podczas stabilizacji osadéaiekowych. W tym celu magby¢
wykorzystywane réne metody dezintegracji: termiczne, ulttagtckowe lub chemiczne.
Limitujgcym etapem procesu fermentacji metanowej jest higdrdPoprzez zwkszenie
szybkdci hydrolizy uzyskuje si skrocenie czasu zatrzymania osadéw w komorze
fermentacyjnej oraz zwkszenie zawartei rozpuszczalnego ChZT w cieczy osadowej,
a w rezultacie zwkszenie produkcji biogazu. W skali technicznej dbtzas byly
wykorzystywane ultragivi¢ki oraz metody termiczne. Najpkszy efektywnd¢ uzyskuje

si¢ stosujc ultradzwigki o czstotliwosci ponizej 100 Hz. W przypadku dezintegracii
termicznej stosowaneg szréznicowanie parametry technologiczne (od 60 - 80°C do
nawet 250°C, czas obrobki od 15 min. do 2 godztgkiwnas¢ procesu mee by
zwickszona przez zastosowanie kombinacji proceséwiarmicznych i chemicznych.
Metody dezintegracji chemicznep becnie stosowane przede wszystkim w skali
laboratoryjnej. Do metod chemicznych zaliczamy oled kwasami, alkaliami oraz
Zaawansowane procesy utleniania.
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