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Abstract

:

Anaerobic digestion is the most common stabilization process at large sewage treatment plants. To improve its effects, a sludge pre-conditioning process called disintegration is recommended. The aim of the presented study was to compare the direct effects of various types of mechanical disintegration, performed for the same excess sludge, in relation to the energy parameters and effectiveness of the process. Four different disintegration methods were used: mechanical disintegration in semi-technical and laboratory scale homogenizing mixers, ultrasonic disintegration (US) and combined (hybrid) process. The disintegration was performed for volumetric energy EV = 4.67–100 kWh m−3, the results were evaluated based on dispersion (kdCOD, kdCST), lysis (kdSCOD), acidification (kdVFA) and nutrient release (kdTN, kdTP) disintegration indicators. The statistical analysis of the results indicates the influence of disintegrator type (mixer/US/hybrid), scale (laboratory/semi-technical) and energy input on the direct results of disintegration. Hybrid disintegration delivered better direct results than two pre-treatment processes used separately. The efficiency of the hybrid process defined as the increase of the indicator (disintegration products—∆FCOD, ∆SCOD) per unit of energy was considerably higher than for a single stage disintegration process.
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1. Introduction


The utilization of biological methods in wastewater treatment has been a dominant technology worldwide for some time now [1]. Despite its effectiveness in removing organic compounds, the biological aerobic wastewater treatment process’s main drawbacks are the large amounts of generated excess sludge and the costs of disposing it [1]. According to the report for the European Commission [2] the amount of sludge generated in the EU countries will reach 13,047,000 MgTS by the year 2020. The cost of disposing produced sludge usually exceeds 50% of the operating costs of waste water treatment plants [3,4].



The excess sludge, as a hazardous by-product of a biological sewage treatment process (utilizing activated sludge technology [5]), has to be safely disposed. Several techniques of sludge disposal have been in use worldwide i.e., landfilling, anaerobic or aerobic stabilization, drying-incineration, land application [3,6] and recycled as building material [3], however anaerobic digestion is a process most widely used at large sewage treatment plants [5,7,8,9,10,11,12]. Digestion not only stabilizes the sludge, but also reduces its volume, improves dewaterability, makes it bacteriologically safe as well as reduces the operating costs of sewage treatment plants as a result of the biogas production. As the waste activated sludge is considered to be difficult to digest [12], to achieve optimal results of an anaerobic stabilization, a sludge preconditioning process, called disintegration is recommended [1,3,4,6,13,14,15,16,17,18]. As the rate-limiting step in sludge digestion is the hydrolysis [12], the main purpose of disintegration is to enhance the hydrolysis and consequently achieve enhanced stabilization, defined as improved solid destruction [9] and dewatering of the digested sludge as well as enhanced biogas (methane) production [3,19,20]). Listed effects can be achieved by installation of the disintegration devices into the sludge treatment line (between thickener and digestion tank).



Disintegration can be defined as a number of processes taking place in the sludge as a result of the influence of various types of energy, thus disintegration can be divided based on the energy introduced into the sludge into mechanical and non-mechanical.



Mechanical disintegration is the process based on the forces accompanying cavitation -operation of the shear forces, pressure changes, etc. [19]. Non-mechanical disintegration can be divided into: physical disintegration (i.e., lower and higher temperature thermal process [3,6], freezing, microwave irradiation [3,15,21], osmotic shock, electrokinetic disintegration [3]), chemical disintegration (i.e., use of ozone [22], alkali pre-treatment, acid pre-treatment [14], etc.; it operates through hydrolysis and disintegration of complex macromolecules [6]), biological disintegration (i.e., enzymatic cell lysis) [5,6,7,8,9]. When disintegration of the sewage sludge uses more than one phenomena mentioned above, such complex conditioning methods are called hybrid disintegration. The technology of mechanical sludge pretreatment in mixers uses a rotating cutting tool designed specifically for the disintegration purposes. The shear forces generated during the rotation of the cutting tool causes at first the deagglomeration of sludge flocs and then cell destruction and as a result a release of its’ content into the aqueous phase.



Ultrasonic sludge conditioning is based upon the influence of the ultrasonic field of precisely specified parameters. Changes in sonicated sludge such as deagglomeration of flocs, microorganism cells disruption (cells lysis), sonochemical effects, rheological changes [10,23,24] are mainly caused by the ultrasound cavitation, which involves formation, growth and collapse of microbubbles. The expansion and collapse of microbubbles are resulting in pressure and temperature gradients which is responsible for the disintegration effect. Studies conducted on laboratory and industrial scales provide information that ultrasonic sludge disintegration, used as a pretreatment method before digestion, is effective when carried out with low frequencies (20–30 kHz) and high intensity field (I > 1.0 W cm−2) [23]. Most of the research on excess sludge mechanical disintegration is focused on direct and technological effects of sludge pre-treatment [1,3,4,10,12], less attention (especially in laboratory tests) is paid to the amount of energy used to achieve these effects. Even if the amounts of energy consumed are given, they are not related to the obtained (desired) effects, e.g., the effectiveness of the conditioning process, monitored as the increase of effect per unit of energy (i.e., g SCOD Wh−1 etc.). In addition, research conducted in the context of economically feasible (under real-life/industrial operating conditions) energy consumption is also limited.



The aim of the presented study was to compare the various types of mechanical disintegration performed for the same sludge and compare the direct effects of the pre-conditioning process in relation to the energy consumption. The effectiveness of the processes, monitored as the increase of the disintegration products per unit of energy, has also been determined. Three different mechanical methods of sludge pre-conditioning were used: mechanical disintegration in laboratory or semi-technical scale homogenizing mixers, ultrasonic disintegration (US) and combined (hybrid) process (pre-mixing before sonication).



The direct effects of disintegration are monitored based upon changes in the sludge physico-chemical characteristics.




2. Materials and Methods


Excess sludge used in the research was procured from municipal sewage treatment plant located in the north east of Poland. The excess sludge was collected after the mechanical thickening, the concentration of the Total Solids in the sludge TS = 5.20%. During the research the sludge was stored in a polypropylene container at 4 °C. All the analysis was completed within the 48 h time period.



The characteristics of excess sludge before and after disintegration were described by selected parameters, such as TCOD, FCOD, SCOD, VFA, TN and TP (defined in Section 2.1).



In order to determine the changes of FCOD, SCOD, VFA, TN and TP in the aqueous phase, the sludge was centrifuged at a speed of 20,000 rpm for 30 min at 18 °C in a refrigerated centrifuge, then it underwent filtration: for FCOD analysis through filter paper (pore size 3 µm), for SCOD, VFA, TN, TP vacuum filtration through a membrane cellulose acetate filter (pore size 0.45 µm) [9,11]. Total Chemical Oxygen Demand (TCOD) of sludge, FCOD, SCOD, VFA, TN and TP were analyzed using spectrophotometric method (Spectrophotometer HACH Lange DR5000 (Hach Lange GmbH, Duesseldorf, Germany) and HACH Lange cuvette tests). The characteristics of the excess sludge and its supernatant before disintegration are presented in Table 1.



The ratio of volatile solids to total solids for the excess sludge used in the research was calculated at 80.88%, which indicates high content of organic substances [25], the rest of the sludge parameters were presented in Table 1. The results of the chemical disintegration utilizing NaOH solution were FCOD = 10,434.0 mg O2·L−1 and SCOD = 10,064.0 mg O2·L−1. The results of the chemical disintegration process used in the research corresponds to the maximum disintegration level [20] and allows for the kdDD—disintegration degree [9,10,11,20] to be calculated (Equation (1)).



During the research three methods of disintegration were used:




	
chemical disintegration utilizing 0.5 mol NaOH (for the calculation of kDD),



	
mechanical disintegration using the laboratory scale homogenizing mixer,



	
mechanical disintegration using the semi-technical scale sludge homogenizing mixer,



	
ultrasonic disintegration (US),



	
hybrid disintegration (combined mixing and US).








2.1. Evaluation of the Effects of Disintegration


One of the most common indicators of direct effects of disintegration is the disintegration degree. It is calculated as ratio of SCOD increase caused by analysed disintegration method in relation to the SCOD increase caused by the chemical disintegration [20]. The degree of disintegration indicator kdDD was calculated using the equation:


kdDD = (SCODUT − SCODNT)/(SCODNaOH − SCODNT) × 100%



(1)







kdDD—disintegration degree,



SCODUT—Chemical Oxygen Demand of soluble substances in disintegrated sludge supernatant, mg O2·L−1,



SCODNT—Chemical Oxygen Demand of soluble substances in untreated sludge supernatant, mg O2·L−1,



SCODNaOH—SCOD of chemically disintegrated sludge supernatant. Disintegration performed using 0.5 mol NaOH solution, 1:1 ratio, for 22 h, mg O2·L−1 [20].



The direct effects of the sludge disintegration were also evaluated based on the values of indicators of dispersion (kdFCOD, kdCST), lysis (kdSCOD—indicating the rise in SCOD caused by release of cells’ content into aqueous phase), acidification (kdVFA which describes the ratio of VFAs of disintegrated sludge supernatant (VFAsUT) to VFAs of untreated sludge supernatant (VFAsNT) [9,11]) and nutrients release (kdTN, kdTP) [9,11]. The indicators were calculated according to the formulas:


kdFCOD = FCODUT/FCODNT



(2)






kdCST = CSTUT/CSTNT



(3)






kdSCOD = SCODUT/SCODNT



(4)






kdVFA = VFAsUT/VFAsNT



(5)






kdTN = TNUT/TNNT



(6)






kdTP = TPUT/TPNT



(7)




where



FCOD—Chemical Oxygen Demand of filtered sludge supernatant (fraction < 3 µm), mg O2·L−1,



SCOD—Chemical Oxygen Demand of soluble substances in supernatant (fraction < 0.45 µm), mg O2·L−1,



CST—Capillary Suction Time, s,



VFA—Volatile Fatty Acids as CH3COOH, mg·L−1,



TN—Total Nitrogen, mg N·L−1,



TP—Total Phosphate, mg PO4-P·L−1,



NT—before disintegration,



UT—after disintegration,



The efficiency of the process, defined as the increase of the disintegration products—∆FCOD, ∆SCOD per unit of energy, was calculated according to the formulas:


kdeFCOD = ∆FCOD/EV



(8)






kdeSCOD = ∆SCOD/EV



(9)




where



kdeFCOD—indicator of efficiency of ∆FCOD yield, mg O2·L−1 Wh−1,



kdeSCOD—indicator of efficiency of ∆SCOD yield, mg O2·L−1 Wh−1.




2.2. The Mechanical Disintegration in a Laboratory Scale Sludge Homogenizing Mixer


Excess sludge was mechanically disintegrated in the MPW-120 homogenizing mixer (Figure 1) equipped with a vertical shaft with a 45 mm rotor (dM = 45 mm) and a glass vessel of internal diameter DM = 115 mm and operating capacity of 0.5 L; the power density PD was 280 W L−1. This laboratory scale mixer is also equipped with control panel which allows for the parameters of the process to be set. The excess sludge was mixed for the time tM = 60, 120, 180, 240 and 300 s at speed of 15,000 rpm, which was best suited for the sludge properties. The energy parameters of the process were monitored using Lumel n12 programmable digital panel meter and presented in Table 2 [11,19,26,27].




2.3. The Mechanical Disintegration in a Semi-Technical Sludge Disintegrating Mixer


Excess sludge was disintegrated in a semi-technical, custom-built [24], sludge disintegrating mixer. It was equipped with a 2200 W motor, a vertical shaft with a rotor of d = 80 mm and a steel tank of internal diameter D = 265 mm and operating capacity of 10 L (Figure 2). The power density during the disintegration was 150 W L−1. The disintegrator is equipped with digital control and frequency converter which allows for the disintegration parameters to be set as necessary.



The excess sludge underwent mechanical disintegration in the mixer for the time tM = 300–1500 s at speed of 1000 rpm, which was best suited for the properties (Total Solids, TS) of the thickened excess sludge used during research. The energy parameters of the process were monitored using Lumel n12 programmable digital panel meter and presented in Table 3 [11,19,26,27].



The results of the mechanical disintegration using laboratory scale sludge homogenizing mixer and semi-technical sludge disintegrating mixer were presented in Section 3.1.




2.4. The Ultrasonic Disintegration


The ultrasonic disintegration process was conducted using a high-power, custom-built, sludge disintegrator [10,13]. A disintegrator setup consisted of a WK-2010 ultrasonic generator and mosaic head with short conical emitter of diameter dE = 120 mm (Figure 3). The diameter of the disintegration vessel was dK = 220 mm, the length from the emitter to the bottom of the chamber was hD = 3.0 cm.



The parameters of the ultrasonic disintegration were calculated according to the formulas [10,13]:


IUS(E) = PUT∙AE−1 (W cm−2)



(10)






IUS(CH) = PUT∙ACH−1 (W cm−2)



(11)






EV = PUT∙tUS∙VCH−1 (kWh m−3)



(12)






ES = PUT∙tUS∙VCH−1∙TS−1 (kWh kgTS−1)



(13)






PDUS = PUS∙VK−1 (kW m−3)



(14)




where



AE—surface area of the emitter; cm2,



ACH—surface area of the disintegration vessel; cm2,



TS—total solids; kgTS m−3



EV—volumetric energy, quantitatively corresponds to energy density, kWh m−3,



ES—specific energy, kWh kgTS−1,



PDUS—power density, kW m−3.



The ratio of the surface area of the emitter and the disintegration chamber was ACH/AE = 3.5. The sludge was sonicated under static conditions, at the frequency of 21 kHz. The disintegration process was performed for the generator power PG = 950 W and head’s power PUT = 330 W. The parameters of the ultrasonic disintegration were presented in Table 4 [9,10,11,20,26,27,28]. The energy parameters were monitored using Lumel n12 programmable digital panel meter.



The remaining parameters of the process were: the intensity of the ultrasound field in relation to the surface area of the emitter IUS(E) = 2.7 W cm−2, the intensity of the ultrasound field in relation to the surface area of the chamber IUS(CH) = 0.85 W cm−2, power density PDUS = 440 W L−1 [9,11]. The effects of ultrasonic disintegration were presented in Table 5 and Figure 4.




2.5. The Hybrid Disintegration


The hybrid disintegration process consisted of two stages: mechanical mixing and ultrasonic disintegration. The primary step was used for dispersing sludge flocs and the secondary stage for cells’ lysis and acidification. The pre-conditioning was performed for selected techniques and parameters. The process was carried out using a semi-industrial homogenizing mixer for tM = 1500 s (EVM = 62.50 Wh L−1, ES = 1.2 Wh gTS−1). Sludge after mechanical pre-treatment has undergone ultrasonic disintegration. Only two low US energy levels were used (EV = 10 and 20 Wh L−1, that is ES = 0.19 and 0.38 Wh gTS−1) for tUS = 82 and 164 s. The other parameters of the ultrasonic sludge conditioning were the same as for the single stage processes. The results of hybrid disintegration were presented in Table 5 and Figure 4.




2.6. Statistics


Statistical analysis was performed using the STATISTICA 13.1 software (Dell Inc., Texas, TX, USA). Analysis of variance (ANOVA) for single factor was performed, in which a disintegration process was a grouping variable, the Tuckey test was performed to analyze the sensitivity of differences between variables. The linear correlation between analyzed variables was evaluated by Pearson’s correlation coefficient. The level of sensitivity for the analysis was d = 0.05.





3. Results and Discussion


3.1. The Influence of the Pre-Conditioning Method on the Direct Effects of Disintegration


The direct effects of disintegration of excess sludge obtained for the four pre-conditioning methods (three disintegrators) were expressed using disintegration indicators (kd) and were presented in Table 5.



The dispersion effects of disintegration using a laboratory scale sludge mixer were noticeable for all pre-treated samples. The values of indicators kdFCOD and kdCST (Table 5) increased along with the mixing time. The effects observed as lysis (kdSCOD), acidification (kdVFA) and nutrient release (kdTN, kdTP) indicators are also observable, however, these processes were most visible for long conditioning times; the most favorable result was achieved for 300 s mixing time.



The effects of the disintegration using semi-technical sludge disintegrating mixer were also elevated for all pre-treatment times and have raised gradually with the increase of conditioning time, however, the time required to achieve effects similar to those of the laboratory scale mixer was significantly longer and the volumetric energy was three times greater (Table 5). The effects monitored as lysis, acidification and nutrient release indicators were significantly higher for 1500 s disintegration time. The rise of disintegration indicators along with the increase of volumetric energy was observed in previous research [9,11,29] and results were presented by other researchers [10,19,21,26,30]. The comparison of the disintegrators (laboratory vs. industrial or semi-technical scale) in the context of energy input and the results monitored as kd indicators, has shown the decrease in the disintegration effects associated with the construction and scale of the devices (Figure 4).



The effects of the ultrasonic disintegration monitored as dispersion indicators (kdFCOD, kdCST) and the lysis, acidification and nutrient release indicators ((kdSCOD, kdVFA, kdTN, kdTP) have shown steady growth along with the volumetric energy and were the highest for EV = 100 and 80 kWh m−3 (which corresponds to times 540 and 432 s).



The results of hybrid disintegrated sludge have shown a further increase of the dispersion effects. For comparable volumetric energy Ev 80 kWh m−3 (US) and 82.5 kWh m−3 (hybrid) the kdFCOD obtained from the hybrid disintegration was 6.64 higher than for the US conditioning alone, the kdCST was 14.74 higher under the same conditions. A significant increase in the lysis and nutrient release indicators was also observed. For comparable volumetric energy, kdSCOD obtained from the hybrid disintegration was 1.12 higher than for the US disintegration alone, the kdVFA was 0.26 higher and the kdTN was 0.52 higher under the same conditions. These results indicate that application of mechanical pretreatment before US disintegration significantly intensifies the operation of the US.



As presented in Figure 4, the results of the disintegration process (monitored as kd indicators) were dependent on the disintegrator type (d < 0.05). A similar result, for different types of disintegrators, was reported in previous studies i.e., [9,11] and by other researchers i.e., Żubrowska-Sudoł, Simonetti et al., Ahn et al. [21,26,30].



The energy aspects of the disintegration were analyzed separately for each type of disintegration. The coefficients of variation (p < 0.05) of energy parameters and kd indicators were presented in Table 6. The results indicate significant correlation between the volumetric energy introduced into the process and the disintegration indicators, which corresponds to studies by Zielewicz [9] and Wang [31]. Similar observations were also made for other types of disintegration [32].




3.2. Comparison of Energy Efficiency of the Disintegration Methods Used in the Research


For all of the disintegration methods used in the research the most intensive deagglomeration and release of organic substances increased along with the EV, however the change was not directly proportional to the energy, which complies with many other studies i.e., by: Zielewicz, Simonetti et al., Jiang et al., Żubrowska-Sudoł, Kampas et al. [9,11,21,28,30,32].



As is presented in Figure 5 and Table 7, the increase of FCOD (indicating the dispersion of the sludge flocs) and SCOD marked as ∆FCOD (indicating cells’ lysis) per unit of volumetric energy (which was defined in Section 2.1 as efficiency kde∆FCOD and kde∆SCOD, mg O2·L−1 per 1 Wh) depended on the disintegration method and volumetric energy EV. As far as dispersion in concerned, for the laboratory scale mixer, the efficiency kde∆FCOD decreased by 34% with the increase of volumetric energy (Figure 5a), for the semi-technical scale mixer (Figure 5b) the kde∆FCOD decreased by 59%. In the ultrasonic disintegration process (Figure 5c), the kd∆FCOD increases with energy EV and was the highest for EV = 100 kWh m−3. For the hybrid disintegration, the efficiency of FCOD yield was higher by up to 84.77% when compared to the results for the semi-technical sludge mixer (Figure 5b,d) and 5.21 times higher than obtained for the US only process (for the similar values of volumetric energy; Figure 5c,d).



As far as disintegration effects (monitored as ∆SCOD yield—indicating cell lysis) are concerned, for the laboratory scale sludge mixer, the efficiency indicator kde∆SCOD decreased by 53% and for the semi-technical scale mixer decreased by 88.90% with the increase of EV (Figure 5a,b). For the ultrasonic disintegration process, the ∆SCOD (Figure 5c) obtained from energy unit was the highest for EV = 80 kWh m−3 and lowest for EV = 60 kWh m−3, however the kde∆SCOD mg O2·Wh−1 values showed little variation with energy changes in the range studied of 20–100 kWh m−3. This effect of ultrasound (US) pretreatment can be assigned to the heterogeneous nature of the thickened sludge. The thickening of excess sludge is supported by the addition of polyelectrolyte, which makes the sludge, at 5% TS concentration and higher, more “resistant” to ultrasonic deagglomeration. This is the main reason for introducing the initial pre-treatment by means of a stirrer that breaks down the “resistant” flocs, enabling effective operation of the ultrasonic field. The benefits of hybrid disintegration are confirmed by the higher energy efficiency of the process (Figure 5, Table 7). For the hybrid disintegration, the efficiency indicator kde∆SCOD (Figure 5d) increased by 88.71% with the rise of the volumetric energy EV. The efficiency of ∆SCOD yield for hybrid disintegration was 23% higher than for the disintegration using semi-technical mixer at similar EV (Figure 5b,d) and 65% higher than for the US process alone at similar EV = 80 Wh L−1 (Figure 5c,d). The results above show that the addition of 60 kWh m−3 volumetric energy for the mixing pre-treatment at the first stage of the hybrid process improves the efficiency of disintegration, monitored as both the dispersion as well as lysis and is more efficient than the sonication alone for the similar volumetric energy.





4. Conclusions


The effects of mechanical disintegration were dependent on the type of the mechanical pre-treatment and the scale of the device. The obtained results demonstrate the correlation of the disintegrator type and the results of the sludge preconditioning process. In terms of mechanical pre-treatment utilizing mixers, the direct effects of disintegration for comparable volumetric energy, were higher for the laboratory mixer than for the semi-technical disintegrating mixer—i.e., dispersion indicators kdCST, kdFCOD were 158% and 58% higher, respectively, lysis indicator kdSCOD was 145% higher, acidification indicator kdVFA was 63% higher and nutrient release indicator kdTN was 27% higher. For the sludge used in the research, the process of mixing in semi-technical scale device promotes mainly deagglomeration and subsequently lysis, while sonication promotes firstly lysis and subsequently deagglomeration of sludge flocs. For comparable EV values the kdFCOD and kdCST obtained for the mixer were respectfully 1103% and 141% higher than for the US disintegrator, while the lysis indicator kdSCOD was 12% lower for the same conditions. The use of hybrid disintegration, pre-mixing and sonication combined, delivers better direct results than two pre-treatment methods used separately. The results of hybrid disintegration were the highest in terms of dispersion (kdFCOD reached 9.16) and lysis (kdSCOD = 3.70) among the methods used in the research. The hybrid sludge pre-treatment was also more efficient in terms of the FCOD and SCOD yield per unit of volumetric energy. The kde∆FCOD and kde∆SCOD (mg O2·L−1 per 1 Wh), were considerably higher for the hybrid disintegration than for a single stage pre-treatment. The efficiency of FCOD yield per energy unit was higher by up to 85% when compared to the results for the semi-technical sludge mixer and 5.21 times higher than for the US process (for comparable volumetric energy). The efficiency of SCOD yield per energy unit was 23% higher than for the disintegration using semi-technical mixer and 65% higher than for the US process only (for comparable EV). The addition of mixing as the first stage of the hybrid pretreatment improves the efficiency of US disintegration (i.e., the ∆SCOD obtained during sonication of the pre-mixed sludge is 5.83 times higher than for the sonication of the unmixed sludge at EV = 20 kWh m−3).
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Figure 1. Laboratory scale homogenizing mixer setup—sludge mixer, stand, control panel. 






Figure 1. Laboratory scale homogenizing mixer setup—sludge mixer, stand, control panel.
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Figure 2. Semi-technical sludge disintegrating mixer setup (photo and scheme [24])—sludge mixer, stand, control panel. 






Figure 2. Semi-technical sludge disintegrating mixer setup (photo and scheme [24])—sludge mixer, stand, control panel.
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Figure 3. Ultrasonic disintegrator setup—WK-2010 ultrasonic generator with mosaic head: (a) photo; (b) scheme [10]. 






Figure 3. Ultrasonic disintegrator setup—WK-2010 ultrasonic generator with mosaic head: (a) photo; (b) scheme [10].
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Figure 4. Box plot of kd indicators in relation to the disintegrator type p < 0.05. Disintegrator type: a—laboratory scale homogenising mixer, b—semi-technical sludge disintegration mixer, c—ultrasonic disintegrator, d—hybrid disintegration. 






Figure 4. Box plot of kd indicators in relation to the disintegrator type p < 0.05. Disintegrator type: a—laboratory scale homogenising mixer, b—semi-technical sludge disintegration mixer, c—ultrasonic disintegrator, d—hybrid disintegration.
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Figure 5. The indicators of efficiency (∆FCOD and ∆SCOD per energy unit) for various methods of disintegration—(a) laboratory scale homogenising mixer; (b) semi-technical disintegrating mixer; (c) ultrasonic disintegration; (d) hybrid disintegration. 
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Table 1. Characteristics of excess sludge and its supernatant before disintegration.






Table 1. Characteristics of excess sludge and its supernatant before disintegration.





	
Sludge

	
Total Solids (TS)

	
g·L−1

	
52.15




	
Total Volatile Solids (TVS)

	
g·L−1

	
42.18




	
Hydration

	
%

	
94.78




	
Total Chemical Oxygen Demand (TCOD)

	
mg O2·L−1

	
71,100.00




	
Capillary Suction Time (CST)

	
s

	
81.40




	
Supernatant

	
Filtered COD (FCODNT)

	
mg O2·L−1

	
255.00




	
Soluble COD (SCODNT)

	
mg O2·L−1

	
205.00




	
Volatile Fatty Acids (VFANT) as CH3COOH

	
mg CH3COOH·L−1

	
47.80




	
Total Nitrogen (TNNT)

	
mg N·L−1

	
34.30




	
Total Phosphorus (TPNT)

	
mg PO4-P·L−1

	
33.80
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Table 2. Parameters of the mechanical disintegration—Laboratory scale homogenizing mixer.






Table 2. Parameters of the mechanical disintegration—Laboratory scale homogenizing mixer.





	
EV

	
tM

	
ES




	
Consumption of Energy per Unit Volume—Volumetric Energy

	
Mixing Time

	
Consumption of Energy per Unit Dry Mass (Total Solids-TS)—Specific Energy




	
kWh m−3

	
S

	
kWh kgTS−1






	
23.35

	
300

	
0.45




	
18.68

	
240

	
0.36




	
14.01

	
180

	
0.27




	
9.33

	
120

	
0.18




	
4.67

	
60

	
0.09
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Table 3. Parameters of the mechanical disintegration—semi-technical sludge disintegrating mixer.






Table 3. Parameters of the mechanical disintegration—semi-technical sludge disintegrating mixer.





	
EV

	
tM

	
ES




	
Consumption of Energy per Unit Volume—Volumetric Energy

	
Mixing Time

	
Consumption of Energy per Unit Dry Mass (Total Solids-TS)—Specific Energy




	
kWh m−3

	
s

	
kWh kgTS−1






	
62.50

	
1500

	
1.20




	
50.00

	
1200

	
0.96




	
37.50

	
900

	
0.72




	
25.00

	
600

	
0.48




	
12.50

	
300

	
0.24
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Table 4. Parameters of the ultrasonic disintegration.






Table 4. Parameters of the ultrasonic disintegration.





	
EV

	
tUS

	
ES




	
Consumption of Energy per Unit Volume—Volumetric Energy

	
Sonication Time

	
Consumption of Energy per Unit Dry Mass (Total Solids-TS)—Specific Energy




	
kWh m−3

	
s

	
kWh kgTS−1






	
100

	
540

	
1.92




	
80

	
432

	
1.53




	
60

	
324

	
1.15




	
40

	
216

	
0.77




	
20

	
164

	
0.38
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Table 5. The direct effects of mechanical disintegration of excess sludge.






Table 5. The direct effects of mechanical disintegration of excess sludge.





	
Disintegration Parameters

	
Dispersion Indicators

	
Cell Lysis Indicators

	
Acidification Indicator

	
Nutrient Release Indicators




	
Conditioning Process

	
EV

	
Time

	
kdCOD

	
kdCST

	
kdSCOD

	
kDD

	
kdVFA

	
kdTN

	
kdTP




	
kWh m−3

	
s

	
-

	
-

	
-

	
%

	
-

	
-

	
-






	
Mechanical disintegration—Laboratory scale homogenising mixer

	
4.67

	
60

	
1.97

	
6.51

	
1.52

	
1.08

	
1.32

	
1.27

	
1.09




	
9.33

	
120

	
3.12

	
10.92

	
1.91

	
1.89

	
1.33

	
1.28

	
1.07




	
14.01

	
180

	
3.49

	
16.14

	
1.92

	
1.90

	
1.33

	
1.37

	
1.09




	
18.68

	
240

	
4.02

	
14.71

	
2.09

	
2.22

	
1.90

	
1.87

	
1.14




	
23.35

	
300

	
4.49

	
17.94

	
2.82

	
3.79

	
2.45

	
1.90

	
1.14




	
Mechanical disintegration—Semi-technical disintegrating mixer

	
12.50

	
300

	
2.64

	
4.47

	
1.07

	
0.14

	
1.03

	
1.39

	
1.01




	
25.00

	
600

	
2.85

	
6.95

	
1.15

	
0.30

	
1.50

	
1.50

	
1.01




	
37.50

	
900

	
3.25

	
7.04

	
1.26

	
0.55

	
1.59

	
1.52

	
1.01




	
50.00

	
1200

	
3.88

	
8.11

	
1.31

	
0.64

	
1.61

	
1.59

	
1.04




	
62.50

	
1500

	
4.35

	
9.63

	
1.88

	
1.84

	
1.91

	
1.69

	
1.22




	
Ultrasonic disintegration

	
20.00

	
164

	
1.18

	
0.63

	
1.31

	
0.65

	
1.18

	
1.17

	
1.01




	
40.00

	
216

	
1.42

	
0.77

	
1.54

	
1.12

	
1.35

	
1.34

	
1.05




	
60.00

	
324

	
1.57

	
0.96

	
1.75

	
1.55

	
2.06

	
1.50

	
1.06




	
80.00

	
432

	
2.52

	
1.06

	
2.58

	
3.29

	
2.08

	
1.82

	
1.07




	
100.00

	
540

	
3.38

	
1.13

	
2.60

	
3.33

	
2.55

	
1.86

	
1.10




	
Hybrid disintegration—Semi-industrial disintegrating mixer (M). Ultrasonic treatment (US)

	
US

	
10.00

	
82

	
7.81

	
9.80

	
2.26

	
2.62

	
2.08

	
2.07

	
1.21




	
M

	
62.50

	
1500




	
US

	
20.00

	
164

	
9.16

	
15.80

	
3.70

	
5.62

	
2.34

	
2.31

	
1.22




	
M

	
62.50

	
1500
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Table 6. The influence of volumetric energy EV on the effects of disintegration monitored as kd indicators; r—correlation coefficient, R2—coefficient of determination, p—significance level.






Table 6. The influence of volumetric energy EV on the effects of disintegration monitored as kd indicators; r—correlation coefficient, R2—coefficient of determination, p—significance level.





	

	
Laboratory Scale Sludge Homogenizing Mixer

	
Semi-Technical Sludge Disintegrating Mixer

	
Ultrasonic Disintegration




	
r

	
R2

	
p

	
R

	
R2

	
p

	
r

	
R2

	
p






	
kdCOD

	
0.9764

	
0.9534

	
0.0043

	
–0.9864

	
0.9730

	
0.0019

	
0.9473

	
0.8975

	
0.0144




	
kdCST

	
0.9229

	
0.8517

	
0.0254

	
–0.9609

	
0.9234

	
0.0092

	
0.9860

	
0.9722

	
0.0020




	
kdSCOD

	
0.9134

	
0.8342

	
0.0302

	
–0.8811

	
0.7763

	
0.0484

	
0.9541

	
0.9104

	
0.0117




	
kDD

	
0.9134

	
0.8342

	
0.0302

	
–0.8811

	
0.7763

	
0.0483

	
0.9541

	
0.9104

	
0.0117




	
kdVFA

	
0.8909

	
0.7937

	
0.0425

	
–0.9294

	
0.8639

	
0.0222

	
0.9688

	
0.9387

	
0.0066




	
kdTN

	
0.9177

	
0.8421

	
0.0280

	
–0.9809

	
0.9622

	
0.0031

	
0.9816

	
0.9636

	
0.0030




	
kdTP

	
0.8094

	
0.6552

	
0.0969

	
–0.8263

	
0.6828

	
0.0846

	
0.8950

	
0.8010

	
0.0402
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Table 7. Changes in the efficiency of obtaining disintegration products (∆COD and ∆SCOD mg O2·L−1 per 1 Wh) with different conditioning processes.






Table 7. Changes in the efficiency of obtaining disintegration products (∆COD and ∆SCOD mg O2·L−1 per 1 Wh) with different conditioning processes.





	
Conditioning Process

	
EV

	
kde∆FCOD

	
kde∆SCOD




	
Wh·L−1

	
mg O2·Wh−1

	
mg O2·Wh−1






	
Mechanical disintegration—Laboratory scale homogenising mixer

	
4.67

	
52.89

	
22.70




	
9.33

	
57.88

	
19.94




	
14.01

	
45.32

	
13.35




	
18.68

	
41.22

	
11.72




	
23.35

	
38.16

	
16.02




	
Mechanical disintegration—Semi-technical disintegrating mixer

	
12.50

	
33.44

	
1.12




	
25.00

	
18.84

	
1.20




	
37.50

	
15.31

	
1.44




	
50.00

	
14.68

	
1.26




	
62.50

	
13.66

	
2.90




	
Ultrasonic disintegration

	
20.00

	
2.30

	
3.20




	
40.00

	
2.65

	
2.75




	
60.00

	
2.42

	
2.55




	
80.00

	
4.84

	
4.08




	
100.00

	
6.08

	
3.28




	
Hybrid disintegration—Semi-industrial disintegrating mixer (M). Ultrasonic treatment (US)

	
US

	
10.00

	
23.96

	
3.56




	
M

	
62.50




	
US

	
20.00

	
25.24

	
6.72




	
M

	
62.50
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