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SUSCEPTIBILITY OF CONDITIONED EXCESS SEWAGE SLUDGE
TO BIODEGRADATION AND DEWATERING

A direct effect of chemical disintegration of excess sludge is an increase in concentration of or-
ganic compounds in the sludge liquor, expressed with the levels of soluble chemical oxygen demand
(SCOD) and volatile fatty acids (VFAs). The substrate used in the study was activated sludge. The aim
of the study was to determine susceptibility of disintegrated excess sludge to biodegradation and de-
watering. A SONICS VCX-1500 ultrasonic disintegrator with automated tune-up was used. Thermal
disintegration of excess sludge was carried out in water bath with a shaker. Disintegration of excess
sludge by the hybrid method was carried out as a combination of the ultrasonic and thermal methods.

1. INTRODUCTION

Disintegration of sludge has been regarded as one of the processes of conditioning.
The idea behind this process is to release organic matter and biological water contained
in microorganisms’ cells and simultaneously lead to the destruction of the bonds be-
tween the cells as well as direct destruction of these cells and eventually affect subse-
quent processing of this sludge (thickening, dewatering, aerobic stabilization) [1-3].
Disintegration accelerates hydrolysis in anaerobic stabilization through release of en-
zymes contained in microorganisms’ cells which were disintegrated through the effect
of the conditioning agent [4]. It also influences the effectiveness and course of the pro-
cesses of thickening, dewatering and flow [5, 6].

There are some difficulties in precise defining borders between the methods of
disintegration and classical methods of sludge conditioning. One example is condi-
tioning by means of ultrasound waves, which might be one of the methods of sludge
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conditioning before thickening or dewatering. On the other hands, ultrasounds are
considered one of the methods of sludge disintegration, thus contributing to accelera-
tion of hydrolysis [7].

Unlike initial sludge, excess sludge is characterized by a flocculent structure formed
by microorganisms’ cells using polymers and biopolymers. Sludge can be considered
a specific “warehouse” for organic matter which usually accounts for over 70% of dry
matter that remains substantially unavailable in the stabilization processes and cannot
be biologically decomposed [4].

The degree of disintegration of sewage sludge is determined by means of a variety
of laboratory methods which utilize many physical, chemical and biological parameters.
Breaking organisms’ cells leads to release of organic intracellular organic substances to
sludge liquor. The degree of cell destruction might be defined as an increase in protein
concentration, DNA, TOC or soluble chemical oxygen demand (SCOD) in sludge liquor
[8—11].

The increased effectiveness of anaerobic stabilization depends largely on the use
of sludge disintegration processes. The examinations carried out by Xu et al. [12]
demonstrated the intensifying effect of excess sludge sonication on the effectiveness
of methane fermentation. The effect of this process was an increase in soluble chem-
ical oxygen demand (SCOD) and volatile fatty acids (VFAs) during the process. Vol-
atile fatty acids are an important intermediate product of methane fermentation while
the rate of their generation and their quality influence the subsequent phases of anaer-
obic stabilization, thus causing intensification of biogas generation and increasing the
degree of sludge fermentation [13, 14]. The intensifying effect of sludge disintegration
was demonstrated in studies carried out by Bougrier et al. [8, 15], where excess sludge
disintegrated by means of ultrasounds was used in methane fermentation.

The examinations carried out by Bougrier et al. [8] demonstrated that the biogas
production depends on the specific energy input. For specific energy input lower than
3000 kJ/kg of total solids, biogas production linked to the particulate fraction of sludge
was constant, even if the concentration of solids decreased. On the other hand, biogas
production linked to the soluble part of sludge increased with ultrasound power. In-
creased overall amount of generated biogas was reported in the studies carried out by
Zawieja et al. [16]. In the case of ultrasound disintegrated excess sludge, and the soni-
fication times 5 and 10 min, the biogas yields of 5.15 dm*/g VSS and 9.63 dm’/g VSS
were determined with the degree of digestion of 43% and 64%, respectively. During the
study ultrasonic disintegrator VCX-1500 with automated tuning (SONICS, USA) was
applied. For this device, maximum power output is 1500 W, whereas the frequency of
vibration of the ultrasound field is 20 kHz. Moreover, in the case of raw excess sludge
biogas yield and degree of digestion of 3.20 dm*/g VSS and 35%, respectively, were
recorded.
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2. EXPERIMENTAL

The basic substrate in the study was excess activated sludge (90%) and fermented
sludge (10%) which represented the inoculum. The sludge was sampled from the Warta
Sewage Treatment Plant in Czgstochowa. The sludge was characterized by the follow-
ing parameters: hydration: 99.06-99.09%, dry matter: 9.42-9.66 g/dm’, dry organic
matter: 6.67—6.84 g/dm’, dry mineral matter: 2.75-2.82 g/dm’.

In order to determine the increase in the degree of disintegration of the excess sludge,
the process of conditioning with ultrasound field was carried out using a VCS-1500 ultra-
sonic disintegrator with the frequency of ultrasound field of 20 kHz. The sonotrode was
immersed into a vessel containing the excess sludge, at the depth of 5 cm from the ves-
sel’s bottom. The volume of the conditioned sample amounted to 0.5 dm’.

Evaluation of the effect of ultrasound field on thickened excess sludge was carried
out in five research cycles, with the vibration amplitudes 4 of 7.85, 15.7, 23.57, 31.2
and 39.25 pm, while sonication time ranged from 60 to 600 s.

The following physicochemical parameters were evaluated:

e dry matter, dry organic matter, dry mineral matter by means of a direct weighing
method according to the standard PN-EN-12879,

e volatile fatty acids (VFAs) according to the standard PN-75/C-04616/04,

e chemical oxygen demand by means of a dichromate method based on HACH
2100NIS tests according to ISO 7027.

Measurements of the capillary suction time (CST) were carried out according to the
method by Baskerville and Galle [17], based on the measurement of transition of bound-
ary layer of filtrate as a result of suction forces in the used paper (Whatman 17). Gravity
densification was measured using 100 cm® measurement cylinders for 120 min.

Based on the changes in organic matter expressed by means of SCOD (mg O»/dm®) of
the sludge liquor and VFAs (mg CH;COOH/dm?), the authors determined the most fa-
vorable conditions of ultrasonic disintegration.

Thermal disintegration of excess sludge was carried out in water bath with an ELPIN+
shaker. The sludge samples were placed in 0.5 dm® laboratory flasks. Thermal condition-
ing was carried out at 60, 70, 80 and 90 °C within the time range of 1-3 h.

The results obtained for ultrasonic and thermal disintegration of the sludge were
obtained to select optimum parameters for the combination of the methods using the
ultrasonic method first and then the thermal method.

The next stage of the study was a 10-day anaerobic stabilization. The study was
carried out for all the mixtures in 0.5 dm® laboratory flasks used as fermentation cham-
bers. They were securely closed with a glass plug and a fermentation pipe and placed in
a laboratory thermostat at 37 °C. Anaerobic stabilization was carried out for the follow-
ing mixtures:
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e mixture A — 90% of non-conditioned excess sludge and 10% of fermented

sludge,
e mixture B — 90% of sludge conditioned with ultrasounds (39.25 pm, 600 s) and 10%

of fermented sludge,

e mixture C — 90% of sludge conditioned by the thermal method (90 °C, 3 h) and
10% of fermented sludge,

e mixture D — 90% of sludge conditioned by the combined ultrasonic and thermal
method (39.25 pm, 600 s, 90 °C, 3 h) and 10% of fermented sludge.

3. RESULTS

In order to determine the most favorable operational parameters of conditioning of
excess sludge with ultrasound field (frequency 20 kHz) using thermal and combined
methods, the authors evaluated the effect of selected methods on the SCOD and VFAs

levels in the sludge liquor.

Table 1

SCOD in excess sludge liquor
after ultrasonic conditioning [mg O2/dm?]

Sonication Amplitude of vibration [pum]
time [s] | 7.85 | 15.7 | 23.57 | 31.4 | 39.25
60 217 | 367 | 586 | 910 | 1112

120 345 | 590 | 866 | 945 | 1190
180 554 | 789 | 1297 | 1189 | 1565
240 676 | 987 | 1498 | 1476 | 1667
300 776 | 1245 | 1567 | 1787 | 2012
360 876 | 1567 | 1787 | 1826 | 2190
420 1067 | 1754 | 2119 | 2108 | 2589
480 1145 | 2328 | 2187 | 2218 | 2856
540 1498 | 2389 | 2435 | 2504 | 3125
600 1610 | 2676 | 3287 | 3651 | 3819

The SCOD for the unconditioned sample
(sample 0) is 174 mg O2/dm?.

In Tables 1, 2 the SCOD values in the sludge liquor after ultrasonic and thermal
conditioning, for various amplitudes of vibration (Table 1) and durations (Table 2), re-
spectively, are given. The SCOD for the unconditioned sample was 174 mg O,/dm’.
The VFAs contents in the sludge liquor after ultrasonic and thermal treating are given
in Tables 3 and 4, respectively.
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Table 2

SCOD in excess sludge liquor
after thermal conditioning [mg O2/dm?]

Duration of | Temperature of exposition [°C]

exposition [h] | 60 70 80 90
1 1276 | 1932 | 1987 | 2143
2 1605 | 2405 | 2188 | 2658
3 1978 | 2712 | 2715 | 3273

The SCOD for the unconditioned sample
(sample 0) is 174 mg Oz/dm’.

Table 3

VFAs in excess sludge liquor after ultrasonic
conditioning [mg CH3COOH/dm?]

Sonication Amplitude of vibration [um]
time [s] | 7.85 | 15.7 | 23.57 | 31.4 | 39.25
60 59 | 78 | 137 | 198 | 216
120 76 | 93 | 157 | 232 | 243

180 115 | 122 | 187 | 237 | 251
240 132 | 136 | 218 | 242 | 263
300 145 | 149 | 221 | 245 | 275
360 156 | 162 | 227 | 253 | 279
420 175 | 177 | 234 | 264 | 286
480 185 | 197 | 243 | 275 | 312
540 197 | 212 | 254 | 287 | 334
600 208 | 215 | 263 | 312 | 354

VFAs for unconditioned sample (sample 0) is
37 mg CH;COOH/dm?.

Table 4

VFAs in excess sludge liquor after
thermal conditioning [mg CH3COOH/dm?]

Duration of | Temperature of exposition [°C]

exposition [h] 60 70 80 90
1 168 201 217 224
2 174 215 227 257
3 211 225 254 282

VFAs for unconditioned sample (sample 0) is
37 mg CH;COOH/dm?.
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Thermal conditioning or by means of ultrasound field led to changes in the structure
of sludge through breaking the bonds between flocs, causing an increase in the value of
SCOD and VFAs in the sludge liquor.

The results concerning the most satisfactory values of SCOD in the excess sludge
liquor conditioned with ultrasound field and by the thermal method were used to select
the parameters of conditioning of the excess sludge in the combined method. It was
found that the increase in vibration amplitude, temperature of thermal processing and
exposure time causes increase in SCOD and VFAs in the excess sludge liquor.

The highest value of SCOD after sonication was recorded for the exposure time of
600 s for the vibration amplitude 4 = 39.25 um (the sonication density of 0.42 W/cm?).
Apula and Sanin [18] applied the sonication density of 0.51W/cm® for 15 min noticing
a significant increase in SCOD concentration from 50 (unsonicated sludge) to 2500 mg
0,/dm* (sonicated sludge). The sonication frequency of the device was 24 kHz and the
maximum power input was 400 W. BMP tests showed 15 min of sonication led to the
most enhanced anaerobic digestion with the highest methane production.

With regard to thermal processing in the temperatures considered, the highest level
of SCOD and VFAs was found for the exposure time of 3 h (Table 2 and 4). According to
Neyens and Baeyens [19], thermal pretreatment in the temperature range of 60—180 °C can
destroy walls of cells and makes the proteins accessible for biological degradation.

In the next stage of the study, concerning anaerobic stabilization of the modified
sludge, the following parameters were used for ultrasonic disintegration: sonication time
—600s, vibration amplitude — 39.25 um. In the case of thermal disintegration, the sludge
before stabilization was subjected to thermal conditioning at 90 °C for 3 h. All the above
parameters were used in the hybrid ultrasonic and thermal method.

3.1. ANAEROBIC STABILIZATION

During the first stage of the study, mixture A was subject to 10-day methane fer-
mentation. The next stage involved methane fermentation of the prepared sludge, i.e.
mixtures B, C and D (Fig. 1).

Figure 2 presents the dry matter content recorded on consecutive days of anaerobic
stabilization of the non-conditioned excess sludge and its mixtures after physical mod-
ification with the methods used in the study. The reduction in dry mass for mixtures A,
B, C and D was 15.6%, 28.06%, 28.99% and 38.9%, respectively.

Table 5 presents the most beneficial values of SCOD and VFAs obtained during
10-day acid fermentation of the excess sludge. During fermentation of mixture A, the
maximum level of volatile fatty acids (VFAs) was found on the 3rd day and amounted
to 531 mg CH;COOH/dm® whereas the maximum value of SCOD (1145 mg O»/dm”)
was found on the 4th day of acid fermentation. During each of the processes for the
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mixtures B, C and D, the maximum values of volatile fatty acids (VFAs) were reached
on the 2nd day of the process. The levels of VFAs for the mixtures were: mixture B
— 1385 mg CH;COOH/dm?, mixture C — 1020 mg CH;COOH/dm?, mixture D — 1491 mg
CH;COOH/dm’. The maximum levels of SCOD were recorded for each of the mixtures
at the beginning of the fermentation process. They were: mixture B — 3752 mg O»/dm’,
mixture C — 3105 mg O,/dm?, mixture D — 3614 mg O»/dm’.
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Fig. 1. SCOD and VFAs values recorded during 10-day anaerobic stabilization
of the excess sludge without conditioning and after physical modifications
by independent methods and a hybrid method (mixtures A-D); UD — ultrasound field
Table 5
Most beneficial values of SCOD and VFAs obtained during 10-day anaerobic stabilization
of non-conditioned (mixture A) and conditioned excess sludge (mixtures B, C, D)
] Mixture
Indicator A B C D
3
VFAsq, mg CH3COOH/dm’ (value before methane 68 171 137 68
fermentation for non-prepared sludge)
VFASmax, mg CH3COOH/dm? (maximum value 531 1385 1020 1491
for 10 days of the methane fermentation) (3rd day) | (2nd day) | (2nd day) | (2nd day)
SCODmax, mg O2/dm? (maximum value 1145 3752 3105 3614
for 10 days of the methane fermentation) (4th day) | (Oth day) | (Oth day) | (Oth day)
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Fig. 2. Dry mass content recorded during 10-day anaerobic stabilization
of the excess sludge without conditioning and after
physical modifications by independent methods
and a hybrid method (mixutres A-D); UD — ultrasound field

The results suggest the intensifying effect of the disintegration methods studied on hy-
drolysis and acidogenesis (which are the initial stages of anaerobic stabilization) in all the
mixtures studied where the basic component was the prepared excess sludge. Regarding the
changes in the values of SCOD and VFAs observed during stabilization of mixtures B (ex-
cess sludge after disintegration with ultrasound field with 4 =39.25 pm and exposure time
of 600s) and D (hybrid disintegration method), no significant differences were found in
the indices studied.

The effects of disintegration recorded during the ongoing process of anaerobic
stabilization of the sludge prepared by hybrid (combination of disintegration per-
formed under the field with 4 = 29.25 um and during sonication 600 s and thermal
disintegration carried out at 90 °C) and independent ultrasonic method indicate that
the use of ultrasound field with power of 1500 W, frequency of 22 kHz, established
sonication time and the selected vibration amplitude showed strong disintegration ef-
fect, comparable to the efficiency recorded during the disintegration conducted by the
hybrid method. Therefore, in further studies, especially because of the economy of the
process, it is advisable to use the ultrasound field of shorter sonication time and the
lower value of the amplitude.
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According to Thiem et al. [20], the methane yield of the sonicated sludge is directly
related to the VFAs concentration. Quarmby et al. [21] observed that the biogas produc-
tion in a solubilised sludge increased by 15% due to sonication at 356 W-min compared
to control sample (unsonicated sludge). Moreover, the effect of sonication on VFAs
production was evaluated. Their concentration for the control sample in the digester
increased from the initial value of 1100 mg/dm® to 1400 mg/dm® on the second day of
digestion process. After complete digestion, the VFAs concentration decreased to
86 mg/dm’. For the sludge sample sonicated at 356 W-min, the VFAs initial concentra-
tion in the digester increased to 1300 mg/dm?, and further increase in VFAs concentra-
tion (to 1800 mg/dm’® on the second day of digestion process) was observed. The incre-
ment in VFAs production due to sonication amounted to 22%. The observed increase in
the amount of VFAs was the result of increased susceptibility to biodegradation for
sludge subjected to disintegration.

3.2. CAPILLARY SUCTION TIME AND THICKENING OF EXCESS SLUDGE
AFTER 10-DAY ANAEROBIC STABILIZATION

Higher values of capillary suction time (CST, Fig. 3) were reported after initial con-
ditioning of the sewage sludge. The highest value of this index was found in the sludge
conditioned with ultrasounds (1710 s), followed by the hybrid method (1082 s), while
the lowest value was observed for thermal conditioning (206 s).
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Fig. 3. Capillary suction time of non-conditioned sewage sludge
and initially conditioned one by various methods during 10-day anaerobic stabilization
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The values from 40 to 60 s were noted for the non-conditioned sludge. Before the
beginning of the fermentation process, both sludge conditioned with ultrasounds and by
the hybrid method showed high values of CST which were reduced during stabilization.
The highest decrease was recorded for the sludge conditioned with ultrasound field on
the first day, with the CST reduced by ca. 1000 s. The trend to reduce the CST continued
until the 3rd day of fermentation and then the CST did not change on the subsequent
days.
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Fig. 4. Thickening of non-conditioned sewage sludge and initially conditioned one
by various methods during 10-day anaerobic stabilization

The process of gravity thickening was the most intensive during the first 30 min.
Figure 4 presents the volume of the sludge studied on each day of fermentation after 30 min
thickening. It was found that the sludge which was the most susceptible to thickening
was the sample after conditioning with the hybrid method. The biggest decrease oc-
curred after the 2nd day, when sludge volume was 43 cm®. On the consecutive days, the
volume was still decreasing but the changes were smaller. The highest degree of thick-
ening for the sludge conditioned with ultrasounds was observed in the 3rd day (33 cm®)
and on the 5th day (43 cm’®) for the thermally conditioned sludge. The volume of the
sludge conditioned by this method reached similar value (29 cm®) on the 7th day, which
did not change until the end of the fermentation process. Among the sludge samples
studied, the poorest thickening was found for the non-conditioned sludge (mixture A),
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which sedimented gradually, with the first noticeable decrease in its volume observed
on the 7th day (84 cm®).

According to Akin et al. [22, 23] increased level of disintegration positively affects
intensification of the process of hydrolysis and conditions the effectiveness of anaerobic
stabilization.

4. CONCLUSIONS

The aim of the study was to analyze excess sewage sludge after physical condition-
ing by exposing to ultrasound field, by the thermal and the hybrid method being a com-
bination of both. Based on the results obtained for SCOD levels in sludge liquor, the
most favorable conditions of preparation have been determined. The processes of
10-day anaerobic stabilization of the mixtures studied were carried out and the changes
in SCOD, VFAs, dry matter content, CST and thickening were analyzed. It was found
that application of the thermal method and the combination of these methods increases
the degree of sludge disintegration due to release of organic matter contained in micro-
organisms’ cells, thus contributing to acceleration of the first phases of anaerobic stabi-
lization such as acidogenesis.

An essential effect of anaerobic stabilization of excess sludge after modification by
methods studied with respect to anaerobic stabilization of non-conditioned excess
sludge was reduction in dry matter content. With regard to anaerobic stabilization of
excess sludge after disintegration with the combined methods, no essential effect of
combination of the methods studied (compared to the independent ultrasonic method)
on process effectiveness i.e. degree of reduction in dry mass, changes in SCOD and
generation of VFAs from hybrid modification of sludge was found.

Capillary suction time of the initially conditioned excess sludge decreased upon in-
creasing anaerobic stabilization time. The sludge after initial conditioning showed con-
siderably higher capillary suction time compared to that observed for the non-prepared
sludge (ca. 50 s). The highest CST was obtained for the sludge conditioned with the
ultrasound field (1710 s). On the last day of anaerobic stabilization, all the mixtures
studied had similar CST of ca. 70 s.

Analysis of the results obtained after thickening process revealed the effect of the
conditioning methods on the thickening degree. Sludge after previous conditioning
demonstrated improved sedimentation properties. The process of sludge thickening oc-
curred much faster than in the non-conditioned sludge and its volume after 30 min was
much lower.

The most favorable effect of the exposure of the sludge to ultrasound field can be
found for the amplitude of 4 = 39.25 um and sonication time of 600 s, with ca.
22-fold increase in SCOD compared to its level observed in the control sample.
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The most promising effect of thermal conditioning on the sludge can be observed
for the temperature of 90 °C and exposure time of 3 h, with ca. 18-fold increase in SCOD
compared to its level observed in the case of the control sample.

The biggest reduction in dry matter (38.9%) is observed for the sludge conditioned
using a combined method, whereas the lowest degree of reduction (15.6%) was found
for the sludge which was not initially modified.

Regarding anaerobic stabilization of the excess sludge after disintegration by the
methods studied, the most favorable and similar SCOD values were obtained in both mix-
ture B (ultrasound field of 39.25 mm and exposure time of 600 s), as well as mixture D
(hybrid disintegration) at the beginning of the process: 3752 mg O/dm’ and 3614 mg
0»/dm’, respectively. The maximum levels of VFAs occurred on the 2nd day of the an-
aerobic stabilization process. Stabilization process is very effective in reduction in CST.

Initial conditioning of excess sludge after stabilization leads to decrease in the vol-
ume of sludge after gravity thickening. The most intensive thickening is observed for
sewage sludge initially conditioned by the hybrid method.

ACKNOWLEDGEMENTS

The research was funded by the project No. BS-PB-401/303/12.

REFERENCES

[1] WOLNY L., STEPNIAK L., STANCZYK-MAZANEK E., Changes of sludge characteristic after ultrasound
field action, Pol. J. Environ. Stud., 2007, 16 (2A) Part 3, 573.

[2] BIEN J., KOWALCZYK T., KAMIZELA M., STEPNIAK L., The analysis of sedimentation and thickening of
sewage sludges after ultrasonic disintegration, Environ. Prot. Eng., 2004, 30 (4), 23.

[3] STANCZYK-MAZANEK E., PIATEK M., KEPA U., Effect of sewage sludge applied to sandy soils on the
sorption complex properties, Ann. Set Environ. Prot., 2013, 15 (3), 2451.

[4] ZHANG G., ZHANG P., YANG J., L1U H., Energy-efficient sludge sonification. Power and sludge char-
acteristics, Biores. Technol., 2008, 99, 9029.

[5] MALMUR R., MROWIEC M., Transfer reservoir as a modern solution of storm water transfer to water
receivers, Ann. Set Environ. Prot., 2013, 15 (3), 2339.

[6] MROWIEC M., MALMUR R., Comparative analysis of methods for dimensioning of storage reservoirs
in sewage systems, Ann. Set Environ. Prot., 2013, 15 (1), 272.

[7] TieaM A., NICKEL K., ZELLHORN M., NEIS U., Ultrasonic waste activated sludge disintegration for
improving anaerobic stabilization, Water Res., 2001, 35 (8), 2003.

[8] BOUGRIER C., CARRERE H., DELGENES J.P., Solubilization of waste-activated sludge by ultrasonic
treatment, J. Chem. Eng., 2005, 106, 163.

[9] BIEN J., KAMIZELA T., KOWALCZYK M., MROWIEC M., Possibilities of gravitational and mechanical
separation of sonicated activated sludge suspensions, Environ. Prot. Eng., 2009, 35 (2), 67.

[10] GROSSER A., KAMIZELA T., NECZAJ E., Treatment of wastewater from the fibreboard production en-
hanced with ultrasound sonification in the sbr reactor, Eng. Prot. Environ., 2009, 12 (4), 295.
[11] KWARCIAK A., BOHDZIEWICZ J., MIELCZAREK K., PUSZCZALO E., Influence of ultrasound field on co-

treatment efficiency of land(fill leachate and synthetic wastewater in hybrid system biological nanofil-
tration process, Pol. J. Environ. Stud., 2009, 18 (3A), 214.



Susceptibility of conditioned excess sewage sludge to biodegradation and dewatering 17

[12] QUARMBY J., ScotT J.R., MASON A.K., DAVIES G., PARSONS S.A., The application of ultrasound as
a pre-treatment for anaerobic digestion, Environ. Technol., 1999, 20, 1155.

[13] WANG Q., KuNINOBU M., KAKIMOTO K., OGAWA H.I., KATO Y., Upgrading of anaerobic digestion of
waste activated sludge by ultrasonic pretreatment, Bioresour. Technol., 1999, 68, 309.

[14] GROSSER A., WORWAG M., NECzAJ E., GROBELAK A., Semi-continuous anaerobic co-digestion of
mixed sewage sludge and waste fats of vegetable origin, Ann. Set Environ. Prot., 2013, 15 (3), 2108.

[15] KHANAL S.K., GREWELL D., SUNG S., VAN LEEUWEN J., Ultrasound applications in wastewater sludge
pretreatment. A review, Crit. Rev. Environ. Sci. Technol., 2007, 37, 277.

[16] ZAWIEIA 1., WOLNY L., Ultrasonic disintegration of sewage sludge to increase biogas generation,
Chem. Biochem. Eng., 2013, 27 (4), 491.

[17] BASKERVILLE R.C., GALE R.S., 4 simple automatic instrument of determining filterability of sewage
sludge, J. Inst. Wat. Pollut. Ctrl., 67, 1968.

[18] APUL O.G., SANIN F.D., Ultrasonic pretreatment and subsequent anaerobic digestion under different
operational conditions, Biores. Technol., 2010, 101, 8984.

[19] NEYENS E., BAEYENS J., A review of thermal sludge pretreatment processes to improve dewaterability,
J. Hazard. Mater., 1998, 1-3, 51.

[20] TiEaM A., NICKEL K., NEIS U., The use of ultrasound to accelerate the anaerobic digestion of sewage
sludge, Water Sci. Technol., 1997, 36, 121.

[21] QUARMBY ., SCOTT J.R., MASON A K., DAVIES G., PARSONS S.A., The application of ultrasound as
a pre-treatment for anaerobic digestion, Environ. Technol., 1999, 20, 1155.

[22] AKIN B., Waste activated sludge disintegration in an ultrasonic batch reactor, Clean Soil, Air, Water,
2008, 36, 360.

[23] WANG F., JIM., LU S., Influence of ultrasonic disintegration on the dewaterability of waste activated
sludge, Environ. Prog., 2006, 25, 257.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


