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Abstract

:

The biogas produced in the methane fermentation is valuable due to its use as a renewable energy source. A promising method of biogas production intensification is sludge flocs disintegration via ozonation. The aim of this study was to check the impact of the ozonation on the efficiency and kinetics of biogas production from surplus activated sludge (SAS). Processes were carried out batchwise at 37 °C. The following analyses were performed: pH, alkalinity, dry matter, dry organic matter, chemical oxygen demand, total organic carbon, total nitrogen, elemental analysis (CHNS), the biochemical potential of methane by NIR spectroscopy, and the amount and composition of biogas. The results showed that the ozonation process had no effect on the elemental composition and chemical structure of SAS. The chemical formula of SAS (C2.97H4.68O1.20N0.3) and a simplified equation describing the methane fermentation process were determined. Ozonation caused the hydrolysis of some organic compounds from sludge flocs and increased the efficiency of biogas production. The methane content in biogas was higher by about 2.5%, while the amount of produced biogas rose by up to 21% for the ozonized sludge. The kinetic constants of first-order reaction were between 0.219 and 0.323 d−1, with an upward trend due to ozonation.
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1. Introduction


Each wastewater treatment plant (WWTP) generates sludges that must be utilized. One of the most common methods of sludge utilization is anaerobic digestion, followed by agriculture application [1]. Although this process is widely used in industrial practice, optimization is still necessary. This is because there are a number of requirements imposed by the Council Directive 86/278/EEC [2] regarding sewage sludge that can be used in agriculture. Sewage sludge can only be used in agriculture if it has been previously stabilized by biological, chemical, thermal or other methods. These processes should reduce the susceptibility of sediments to rot. The sediment should also present as little odor nuisance as possible, especially if it is used in the summer and near human habitats and tourist centers. In addition, the introduction of sewage sludge to the soil may not exceed the standards set out in the Council Directive 86/278/EEC on the method of assessing soil contamination. This mainly concerns the limit values for heavy metals (Cr, Pb, Cd, Hg, Ni, Zn, and Cu) [2]. Among the sludges produced at WWTPs, surplus activated sludges (SAS) are the least susceptible to biodegradation at anaerobic conditions. As they consist mainly of microorganisms forming activated sludge [3], it is necessary to disintegrate microbial cells in order to degrade their content: organic matter (biopolymers).



There are many methods of sludge disintegration [4]:




	
Thermal;



	
Mechanical;



	
Chemical.








A very promising chemical method is the use of ozone to disintegrate the sludge and as a catalyst for the hydrolysis of surplus activated sludge. The main advantage of this method is that no byproducts are produced. The production of biogas and level of fermentation increase, and pathogenic organisms are destroyed. During ozonation, the sludge disintegrates first, then the cell membranes of microorganisms are destroyed. Finally, organic substances are oxidized [4,5,6].



There were several investigations performed on sewage sludge ozonation and its influence on the methane fermentation process [6,7,8,9]. Among other aspects, the influence of the ozone dose used was examined. Silvestre and coworkers [7] report that a dose of 0.063 gO3·gTS−1. had the best effect on the amount of produced biogas. Doses higher than this showed a negative effect on the efficiency of biogas production. In another study [8], the highest biogas yield was attained at a dose of 0.06. For lower (0.03 gO3·gTS−1) and higher (0.09 gO3·gTS−1) doses, the biogas production was lower than for non-ozonized sludge. The success of the ozonation in increasing biogas production depends on determining the optimal ozone dose. Too low a dose may not significantly affect the amount of biogas produced. Too high a dose may worsen methane fermentation [7]. In one study [10], an increase in biogas production of up to 30% compared to non-ozonized sludge was observed when using ozone as a sludge pretreatment method. In [11], acceleration of biogas production was observed at doses of 0.1–0.16 gO3·gTS−1. In the case of non-ozonized sludge, 300 ml of biogas per gram of COD added was obtained within 24 days. With the sediments ozonated with the abovementioned doses, the same amount was obtained after 15–18 days, which means production accelerated by up to 36%.



Methane fermentation is a biochemical process that takes place in anaerobic conditions. During the process, biogas is produced, which consists mainly of methane and carbon dioxide, as well as slight admixtures of nitrogen, hydrogen sulfide, hydrogen, water vapor, and other gases. Methane fermentation is carried out in psychrophilic conditions (ambient temperature for 70–80 days), mesophilic conditions (temperature 30–40 °C for about 30 days), or in thermophilic conditions (temperature above 40 °C for 15–20 days). In addition to the right temperature, an important factor influencing the stability of the process is pH in the range of 6.5–7.5 [12,13]. Another important factor influencing the process stability is the C/N ratio. According to the literature, it should be between 20 and 30. According to another study [14], even values from 9 to 50 have a positive effect. Anaerobic digestion is divided into four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [13]. Several simplified kinetic models were used to determine the yield potential of biogas: first-order rate, Monod type, modified Gompertz, Chen and Hashimoto, and a combination of two first-rate models [15].



The elemental composition of a substrate also influences the rate of the methane fermentation process [16]. SAS consists mainly of biomass and microorganisms, and additionally contains inorganic and organic compounds from sewage treatment plants. The percentage of inorganic compounds contained in the excess sludge is determined by its incineration. For microbial biomass, it is assumed that carbon, nitrogen, oxygen, hydrogen, and sulfur constitute about 95% of their dry mass [16]. On the basis of the elemental composition, the chemical formula of SAS—as well as stoichiometric constants of the equation describing the fermentation process—may be estimated [17,18].



The aim of this work was to analyze the effect of SAS ozonation on the amount and composition of biogas produced in the SAS anaerobic digestion. For the first time, the influence of ozonation on SAS chemical composition, as well as on the kinetics of SAS methane fermentation process, was investigated.




2. Results and Discussion


As the main goal of this paper is to maximize the biogas production from surplus activated sludge, the results/discussion mostly emphasize the methane fermentation process.



2.1. The Influence of the Inoculum to Substrate Ratio


When we consider investigation of the methane fermentation process, the most common method is biochemical methane potential (BMP) estimation in a bottle test [19]. This is not a standardized test, but the most common practices include:




	
Inoculum—anaerobic sludge from a municipal wastewater treatment plant;



	
Strictly anaerobic conditions;



	
Constant temperature in the mesophilic range;



	
Volumetric biogas quantity measurements;



	
Automatic stirring devices;



	
Bottles capacity between 100 and 500 ml;



	
Duration of the test between 13 and 87 d;



	
pH in the range from 7 to 7.8;



	
Alkalinity at a minimum of 2500 mgCaCO3·L−1;



	
Inoculum to substrate ratio (ISR) on the basis of volatile solids between 1 and 2 [20].








Some authors conclude that ISR has no significant influence of the total biogas yield in the BMP tests [19]. Within this study, the first experiment was devoted to checking how important ISR is in the case of the SAS fermentation process. As we can see in Figure 1, the mean values of the biogas production were higher in the case of ISR equal to 1, but the difference was no larger than that produced by measurement errors. The mean values of biogas yield differed by 23 mlCH4·gVS−1, while standard deviation reached values up to 55 mlCH4·gVS−1 (Figure 1). Although the ISR in the range between 1 and 2 had no significant influence on the biogas production from SAS, further experiments were conducted using an ISR close to one, as a smaller ISR ratio means more efficient usage of bioreactor volume (in practice).




2.2. The Influence of Ozonation on the Biogas Yield and Composition


During this investigation, ozonation was performed on the SAS that was only thickened by gravity at WWTP. Total solids of this sludge varied between 4 and 6 gTS·L−1. The ozonation led to the disintegration and hydrolysis of organic compounds present in the sludge flocs. As a result, a significant increase in soluble COD was observed—up to 3.75 times—with an ozone dose equal to 0.38 gO3·gTS−1 (Figure 2).



Commonly, the methane fermentation process at WWTP is conducted on sludge concentrated by centrifugation or press filtration to at least 20 gTS·L−1. In order to reach the common value of suspended solids in a substrate, ozonated and non-ozonated sludges were centrifugated and concentrated to desired total solids concentration prior to the anaerobic digestion. However, such sludge treatment may lead to a loss of organic compounds that were hydrolyzed during the ozonation. Therefore, two series of experiments were conducted—one on the concentrated sludge and another one on the non-concentrated sludge. Independently from the pretreatment, the mixtures of the substrates and inoculum had pH values in the optimal range for the methanogenic archaea, varying between 7.28 and 7.55 at the start of the bottle tests and between 7.43 and 7.59 at the end of the experiments.



In the case of concentrated sludge, an increase in the total biogas production due to the ozonation pretreatment was observed (Figure 3): 6.3% (from 191 ± 24 to 203 ± 18 ml·gVS−1) via a smaller ozone dose (0.41 gO3 per L of sludge or 0.095 gO3·gTS−1) and 15.1% (to 220 ± 18 ml·gVS−1) via a bigger ozone dose (2.34 gO3 per L of sludge or 0.54 gO3·gTS−1). The results of the experiment with non-concentrated sludge varied (Figure 3). Ozonation with the smaller ozone dose (0.41 gO3 per L of sludge or 0.066 gO3·gTS−1) led to a decrease in the biogas production—5.8% (from 212 ± 38 to 200 ± 14 ml·gVS−1)—while the ozonation with the bigger ozone dose (2.34 gO3 per L of sludge or 0.38 gO3·gTS−1) caused an increase of about 22% (from 212 ± 38 to 258 ± 29 ml·gVS−1). The results obtained within this study differ significantly from those published by Silvestre and coworkers [7] in a similar investigations. They observed that an ozone dose equal to 0.063 gO3·gTS−1 (1.7 gO3 per L of sludge) led to an increase in biogas production, while higher ozone doses led to a decrease. However, they also observed a 21% increase in biogas potential at the optimal ozone dose. Moreover, the total biogas production maintained by Silvestre and coworkers was significantly higher—319 ml·gVS−1 for untreated SAS and 388 ml·gVS−1 with the optimal ozone dose—while Filer and coworkers [19] obtained 219 ml·gVS−1 for untreated SAS.



The biogas composition obtained within this study was typical for the methane fermentation of SAS (except for nitrogen). The biggest volumetric fraction was the methane—from 58 to 65% v/v—then carbon dioxide—between 21 and 26% v/v (Figure 4). The volumetric fraction of nitrogen (even exceeding 10%) was due to residual nitrogen from flushing the cylinder volume at the start of the test. Approximately 5% higher methane fractions were observed for concentrated sludge. in comparison to non-concentrated sludge. The ozonation led to a slight increase in the methane fraction—up to 4% higher than for the non-ozonated sludge (Figure 4). Silvestre and coworkers [7] obtained similar results.




2.3. SAS Chemical Composition


The results of the elemental analysis can be used to propose the summary formula of the substrate for the methane fermentation process. The SAS consists mainly of microbial biomass. Additionally, it contains organic and inorganic compounds from treated wastewater. The percentage of inorganic compounds contained in the tested material was determined by its combustion (during the analysis of volatile solids). For microbial biomass, it is assumed that carbon, nitrogen, oxygen, hydrogen, and sulfur constitute about 95% of their dry mass. Having determined percentages of carbon, nitrogen, hydrogen, sulfur (Table 1) and ash, the percentages of oxygen were calculated. The ozonation had no influence on the chemical composition of sludge (Table 1).



Using the molar masses of individual elements, the stoichiometric coefficients were calculated to the simplified formula of the substrate:


CaHbOcNdSe



(1)







Due to the very similar results of the elemental analysis of SAS before and after ozonation (Table 2), we can describe them using one formula:


C2.97H4.68O1.20N0.3



(2)







In comparison to data from the literature, the SAS analyzed within this study contained less nitrogen. Mass ratios of carbon, hydrogen, oxygen, and nitrogen (C:H:O:N) were as follows:




	
53:7:31:9 [17];



	
54:9:31:9 [18];



	
76:10:41:9 (this study).








The methane fermentation process may be described by Equation (3) published by Simon and Buswell, and modified by Boyle [18]:


CaHbOcNd + (a − b/4 − c/2+3d/4)H2O → (a/2 − b/8+c/4+3d/8)CO2 + (a/2+b/8 − c/4 − 3d/8)CH4 + dNH3



(3)







Based on the results obtained (collected in Table 2), the following equation was proposed:


C2.97H4.68O1.20N0.3+ 1.43H2O → 1.31CO2 + 1.66CH4 + 0.3NH3



(4)







The theoretical Biochemical Methane Potential may be calculated based on the substrate chemical formula [20] using Equation (5):


BMPth = (a/2 + b/8 − c/4 − 3d/8 − e/4) × 22400/(12a + b + 16c + 14d + 32e)



(5)







Calculated values of theoretical Biochemical Methane Potential were collected in Table 3.




2.4. The Influence of Ozonation on BMP


BMP values obtained by means of NIR spectroscopy constituted from 34 to 40% of theoretical BMP independently from ozonation (Table 3). Ozonation had no significant influence on the chemical composition of SAS. As a result, differences in the theoretical BMP due to the ozonation are below 5% (Table 3). Similarly, BMP measured by means of NIR spectroscopy vary insignificantly, with differences below 7% (Table 3).



Ozonation with the bigger ozone dose (2.34 gO3·L−1) led to significant increase in BMP estimated in bottles (the most common method of BMP test). For the concentrated SAS, an improvement of 17.8% was observed, while for the non-concentrated SAS, an improvement of 22.5% was observed. Additionally, the increase in BMP in bottles to BMP theoretical ratio was observed—from 20 to 25% for concentrated SAS and from 21 to 28% for the non-concentrated SAS (Table 3).




2.5. The Influence of Ozonation on Methane Fermentation Kinetics


The simplest kinetic model—first-order reaction for the methane production (estimated by means of bottles test)—was used (Equation (6))


CH4 = CH4max·[1 − exp(−k·t)]



(6)




where:



	
CH4—volume of methane produced in time t (mlCH4);



	
CH4max—volume of methane at the end of the process (mlCH4);



	
K—kinetic constant (d−1).






Despite the use of a very simplified model, a good fit to the experimental data was obtained (Figure 5): R2 values between 0.992 and 0.999 (Table 4). The ozonation led to the increase in the kinetic constant (Table 4). However, the differences between two SAS samples (0.219 and 0.259 d−1) were bigger than for the ozonation (0.219 to 0.231 d−1, 0.259 to 0.323 d−1). Kinetic constant values were in the range for organic substrates (starch: 0.24 d−1; cellulose: 0.21 d−1; gelatin: 0.34 d−1; mung bean: 0.21 d−1) presented by Raposo and coworkers [20], but higher than value obtained by Filer and coworkers [19] for SAS (0.1406 d−1).





3. Conclusions


The resented results showed that the ozonation process had no significant influence on the chemical composition of the SAS. The BMP (both theoretical and estimated by means of NIR spectroscopy) was unaffected by the ozonation. On the contrary, the influence of ozonation was visible in the results of the bottle test. The use of ozone led to the partial release of the organic matter from sludge flocs to supernatant (the increase in the soluble COD after the ozonation was significant—up to three times higher). As a result, the rise in biogas production (about 20%) and first-order kinetic constant of the fermentation process (between 5 and 15%) for the SAS ozonized by an ozone dose between 0.4–0.5 gO3·gTS−1 were observed. This paper shows the results of preliminary investigations on ozonation influence on the anaerobic digestion of the secondary active sludge at a small, laboratory scale. Further research, on a pilot scale, might provide an answer to the question of whether this pretreatment method is both economically and environmentally viable.




4. Materials and Methods


4.1. Substrate and Inoculum


Substrate samples of SAS were taken from the thickener tank at the municipal WWTP in Zgierz (Poland). As an inoculum, anaerobic sludge from an anaerobic digester at the municipal WWTP in Lodz was used. Table 5 presents the main characteristics of used materials. Figure 6 shows the scheme of the performed experiment.




4.2. Experimental Set-Up and Procedure


The methane fermentation process was carried out in batch mode in 1 L glass bottles placed in a thermostated shaker (New Brunswick Scientific, EXCELLA E24R, St Albans, UK) at 37 °C and with a shaking speed of 140 rpm. ISR on an organic matter (VS) basis was set at 1 and 2 during the first run of experiments, and at 1 during the others. During the two series of experiments, SASs were concentrated by means of MPW-250 centrifuge (MPW Med-Instruments) in order to obtain a total solids concentration of 20 ± 1 gTS·L−1 in SAS. Blank bottles were set by adding inoculum only. Tests were run in duplicate. Biogas production was measured using a displacement method. “Bioreactor” bottle was connected (via gas tight tubes) to a graduated (accuracy 100 ml) 1 L Duran glass bottle filled with brine, and further with a non-graduated glass bottle. The level of biogas was read every 24 h. The reactors ran until the daily gas production was less than 1% of cumulative gas production. At the beginning and end of batch fermentation, the contents of the bottles were analyzed for pH, total solids, volatile solids, and total and soluble COD.



Ozonation of sludge was carried out in the glass 1 L reactor equipped with a porous plate to deliver gas mixture into the reaction solution. The sludge volume applied in all ozonation experiments was 1 L. The volumetric flow rate of gas mixture was equal to 300 ml·min−1. Ozone was generated from oxygen in the BMT 802 N ozonator. Ozone concentration in the gas stream in the inlet of the reactor was measured using an ozone analyzer BMT 964BT (BMT Messtechnik, Berlin, Germany). Ozone concentration in the gas stream in the inlet was 23 and 130 g Nm−3, respectively. The ozone dose supplied to the sludge was 0.41 and 2.34 g L−1, respectively. The ozonation processes were conducted at ambient temperature (20 ± 1 °C) for 60 min. After the ozone was completely consumed, sludge was used in the methane fermentation process.




4.3. Analytical Methods


pH, total solids, and volatile solids were determined according to Standard Methods [21]. Prior soluble component analysis samples were centrifugated and filtered via paper filter (Munktell type 389). Total COD was measured after homogenization (homogenizer T 25B IKA). COD was determined using a standard dichromate method with usage of thermostat HT200S, spectrophotometer DR 5000 and cuvettes LCK514, Hach. The elemental composition of the solid fraction (C, H, N, and S content) was measured using an elemental analyzer NA 2500 (CE Instruments, The Old Barn, UK).



Biogas composition was determined via gas chromatography using a SRI 8610C gas chromatograph (SRI Instruments, Torrance, CA, USA) equipped with TCD detector and two chromatographic columns: a column packed with Silica Gel No. 8 and 5A molecular sieve mesh 80/100.



Prior to the NIR analysis, samples were dried at 105 °C and grounded by a ball mill (Fritsch, Pulverisette 23 Idar-Oberstein, Germany). The NIR spectra were acquired through a Buchi NIRFlex N-500 solids (Buchi, Flawil, Switzerland), equipped with a vials accessory, using a diffuse reflection mode. The reflectance was measured over 4000–10,000 cm−1 with a resolution of 4 cm−1. The BMP (ml·CH4·gVS−1) was estimated using FlashBMP® calibration developed by Ondalys (Chemo-metrics–Data Analytics) and commercialized by Buchi (Switzerland).



Data fitting to the model was performed using Origin software by Levenberg-Marquardt algorithm, with own user function defined according to Equation (6).
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Figure 1. Biogas production during the process, with different inoculum to sludge ratios. 
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Figure 2. Soluble COD changes after the application of different ozone doses. 
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Figure 3. Biogas yield differences due to the SAS ozonation. 
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Figure 4. Biogas composition obtained within fermentation processes: (a) concentrated SAS; (b) non-concentrated SAS. 
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Figure 5. Methane production during the process with non-concentrated SAS—fitting to the first order model. 
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Figure 6. The scheme of the experiment. 
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Table 1. Results of elemental analysis.
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Sample

	
Nitrogen(%TS)

	
Carbon(%TS)

	
Hydrogen(%TS)

	
Sulfur(%TS)






	
Process with concentrated SAS




	
SAS

	
4.40 ± 0.01

	
36.17 ± 0.05

	
4.73 ± 0.01

	
0.00




	
SAS ozonated 0.41 gO3·L−1

	
4.20 ± 0.01

	
35.48 ± 0.08

	
4.66 ± 0.00

	
0.00




	
SAS ozonated 2.34 gO3·L−1

	
4.28 ± 0.00

	
36.45 ± 0.15

	
4.76 ± 0.01

	
0.00




	
Process with non-concentrated SAS




	
SAS

	
3.91 ± 0.01

	
36.10 ± 0.08

	
4.65 ± 0.00

	
0.00




	
SAS ozonated 0.41 gO3·L−1

	
3.78 ± 0.04

	
35.01 ± 0.19

	
4.53 ± 0.02

	
0.00




	
SAS ozonated 2.34 gO3·L−1

	
3.94 ± 0.02

	
35.11 ± 0.03

	
4.70 ± 0.05

	
0.00




	
Mean values for all samples




	

	
4.16 ± 0.29

	
35.67 ± 0.55

	
4.68 ± 0.08

	
0.00
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Table 2. Stoichiometric coefficients for Equations (1) and (3) calculated based on elemental and dry solids analysis.






Table 2. Stoichiometric coefficients for Equations (1) and (3) calculated based on elemental and dry solids analysis.





	
Sample

	
A

	
b

	
c

	
d

	
f 1

	
g 2

	
h 3






	
Process with concentrated SAS




	
SAS

	
3.01 ± 0.00

	
4.73 ± 0.01

	
1.12 ± 0.02

	
0.32 ± 0.00

	
1.50 ± 0.01

	
1.31 ± 0.00

	
1.70 ± 0.01




	
SAS ozonated 0.41 gO3·L−1

	
2.95 ± 0.01

	
4.66 ± 0.00

	
1.16 ± 0.00

	
0.30 ± 0.00

	
1.44 ± 0.01

	
1.30 ± 0.00

	
1.66 ± 0.00




	
SAS ozonated 2.34 gO3·L−1

	
3.04 ± 0.01

	
4.76 ± 0.01

	
1.18 ± 0.08

	
0.31 ± 0.00

	
1.49 ± 0.03

	
1.33 ± 0.02

	
1.71 ± 0.01




	
Process with non-concentrated SAS




	
SAS

	
3.01 ± 0.01

	
4.65 ± 0.00

	
1.22 ± 0.06

	
0.28 ± 0.00

	
1.44 ± 0.03

	
1.33 ± 0.02

	
1.67 ± 0.01




	
SAS ozonated 0.41 gO3·L−1

	
2.92 ± 0.02

	
4.53 ± 0.02

	
1.31 ± 0.04

	
0.27 ± 0.00

	
1.33 ± 0.00

	
1.32 ± 0.02

	
1.60 ± 0.01




	
SAS ozonated 2.34 gO3·L−1

	
2.93 ± 0.00

	
4.70 ± 0.05

	
1.24 ± 0.02

	
0.28 ± 0.00

	
1.34 ± 0.02

	
1.29 ± 0.00

	
1.64 ± 0.00




	
Mean values for all samples




	

	
2.97 ± 0.05

	
4.68 ± 0.08

	
1.20 ± 0.07

	
0.30 ± 0.02

	
1.43 ± 0.07

	
1.31 ± 0.02

	
1.66 ± 0.04








1 f = a − b/4 − c/2 + 3d/4. 2 g = a/2 − b/8 + c/4 + 3d/8. 3 h = a/2 + b/8 − c/4 − 3d/8.
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Table 3. Biochemical methane potential.






Table 3. Biochemical methane potential.





	
Sample

	
BMP—Theor.

(mlCH4·gVS−1)

	
BMP—NIR

(mlCH4·gVS−1)

	
BMP—Bottles

(mlCH4·gVS−1)

	
Bottles/Theor.

(%)






	
Process with concentrated SAS




	
SAS

	
602 ± 4

	
213 ± 11

	
120 ± 15

	
20




	
SAS ozonated 0.41 gO3·L−1

	
592 ± 1

	
204 ± 9

	
126 ± 7

	
21




	
SAS ozonated 2.34 gO3·L−1

	
594 ± 17

	
220 ± 5

	
146 ± 12

	
25




	
Process with non-concentrated SAS




	
SAS

	
584 ± 14

	
228 ± 20

	
124 ± 22

	
21




	
SAS ozonated 0.41 gO3·L−1

	
556 ± 9

	
213 ± 5

	
121 ± 10

	
22




	
SAS ozonated 2.34 gO3·L−1

	
576 ± 3

	
229 ± 20

	
160 ± 20

	
28
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Table 4. Kinetic parameters obtained for methane production.






Table 4. Kinetic parameters obtained for methane production.





	
Sample

	
CH4max

(mlCH4·gVS−1)

	
k

(d−1)

	
R2

(–)






	
Process with concentrated SAS




	
SAS

	
121 ± 1.59

	
0.219 ± 0.008

	
0.997




	
SAS ozonated 0.41 gO3·L−1

	
126 ± 2.53

	
0.228 ± 0.013

	
0.992




	
SAS ozonated 2.34 gO3·L−1

	
149 ± 2.70

	
0.231 ± 0.012

	
0.993




	
Process with non-concentrated SAS




	
SAS

	
122 ± 1.29

	
0.259 ± 0.011

	
0.993




	
SAS ozonated 0.41 gO3·L−1

	
115 ± 0.54

	
0.323 ± 0.007

	
0.998




	
SAS ozonated 2.34 gO3·L−1

	
160 ± 0.46

	
0.300 ± 0.004

	
0.999
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Table 5. Main characteristic of the substrate and inoculum.






Table 5. Main characteristic of the substrate and inoculum.





	Parameters
	SAS Substrate
	Anaerobic Sludge Inoculum





	pH (−)
	7.24 ± 0.16
	7.38 ± 0.10



	Total solids (g·L−1)
	5.34 ± 1.03
	34.22 ± 0.85



	Volatile solids (g·L−1)
	3.88 ± 1.18
	20.70 ± 0.57



	Total COD (g·L−1)
	12.92 ± 0.56
	29.43 ± 3.59



	Soluble COD (g·L−1)
	0.36 ± 0.01
	2.83 ± 0.30
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