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Abstract

:

The effects of ultrasonic and ozonation pretreatments on organic solubilization, anaerobic biodegradability, and biogas production were elucidated in this study. Two pretreatment methods for batch anaerobic digestion for biogas recovery with the same material and experimental conditions were the focus for comparison. Anaerobic digestion experiments were conducted at ambient temperature with the solid retention time set to 25 days. The obtained results indicated that the soluble chemical oxygen demand increased from 0.344 without pretreatment to 1.023 and 1.228 g/L with ultrasound and ozone pretreatments, respectively, whereas the yields of biogas production in the 25 days increased by 32.3 and 52.9% via ultrasonic irradiation and ozonation relative to the control case, respectively. The biodegradability of the organic compounds of the samples for the cases of ultrasound, ozone pretreatments, and control achieved 55.9, 64.31, and 39.18%, respectively, in terms of chemical oxygen demand (COD) removal efficiencies. The physicochemical characteristics of sludge flocs were investigated via scanning with particle sizes, which were obviously affected by pretreatments of sonication and ozonation, resulting in finer particles than in the control case.
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1. Introduction


The waste sludge generated in the wastewater treatment process—which contains organic materials, toxic substances such as pathogens, heavy metals, and other contaminants—can cause environmental damage and affect public health. Furthermore, sludge treatment increases the total operating costs of the wastewater treatment plant (WWTP) by up to 50% [1]. Recently, two distinct fields of waste treatment and energy recovery are being closely connected. Finding new energy sources that are cleaner, cheaper, and obtainable from alternative materials is a top priority. According to the estimation of the European Union (EU) policies, renewable energy consumption, accounting for at least 20% of the total energy demand, will have to be achieved by 2020 [2]. Kothari et al. [3] completed a review of the options available to overcome these situations from a worldwide viewpoint, which promotes energy production from different wastes, such as those derived from industrial, agricultural, and domestic sources. Depending on the technology used and kind of waste, there are many distinct methods that can be used to recover the energy. Munster and Lund [4] suggested that anaerobic digestion (AD) is one of the best alternative technologies for energy production from organic matter.



Anaerobic digestion is a well-known technology that is technologically simple, with low energy demand, and can be used to convert organic materials from many types of wastewater, solid wastes, and biomass into methane [5]. Biogas produced from AD process is mainly composed of 55–75 vol % methane (CH4), which can be used as a fuel not only for heating and co-generation, but also for transportation. AD has several benefits: (1) converting the biomass and organic wastes to the environmental-friendly energy of CH4, which can be stored and transported; (2) producing valuable fertilizer from the disposal sludges; and (3) reducing the environmental hazard of disposal sludge. This is why the AD-related processes and techniques have attracted such attention and are continuously being upgraded and optimized. In the AD process, four stages of digestion occur: hydrolysis, acidogenesis, acetogenesis, and methanogenesis, which are supported by the activities of endemic microorganisms [6]. However, AD is a slow process with a solids retention time (SRT) of around 20 to 30 days [1]. Hydrolysis of particulate organics in sludge is the rate-limiting step in sludge digestion in the anaerobic digestion process [7].



Pretreatment of sludge before the anaerobic digestion process is often applied to fracture the slowly biodegradable solids into easily biodegradable solids in sludge [8]. In previous studies, chemical (acid, alkali, catalyzed oxidation, etc.), physical (heating, irradiation, etc.), and biological pretreatment techniques have been investigated in sludge pretreatment. The goal of the pretreatment is to create appropriate conditions for digestion processes that increase the availability of consumption materials for microorganisms. The assistance provided by ultrasonic pretreatments was investigated by Riau et al. [9], Pili et al. [10], Braguglia et al. [11], Martin et al. [12], and Houtmeyers et al. [13]. The organic and produced biogas were increased by 20 (sludge disintegration degree (DDCOD) and 42%; 0.1 (soluble chemical oxygen demand (SCOD)/total chemical oxygen demand (COD)); 9 (DDCOD) and 35%; 81.5 (total organic carbon (TOC)) and 35%, and 1741 (SCOD) and 95%, respectively. Ozonation pretreatment methods also produced more biodegradable biogas, as shown in some previous work such as Weemaes et al. (SCOD of 29%) [14], Beszedes et al. (biological oxygen demand (BOD5)/COD increase 96%) [15], Cheng and Hong (DDCOD of 18%) [16], and Kumar et al. (SCOD of 18%) [17]. The produced biogas was used as the renewable energy source and supplemented for the input energy, which were presented by Pili et al. [10] and Braguglia et al. [11] at energy ratios of 1 and 0.8.



Herein, the main objective was to assess the biogas yield obtained from the AD of the waste sludge pretreated by ultrasound at the high frequency of 37 kHz and ozone generated from oxygen. The dosage and irradiation times of O3 and ultrasound used in this study were 60 s and 20 min, while other studies needed a much longer reaction time [9,10,11,12,13,14,15,16,17] and higher dosage. Batch experiments were conducted to evaluate the influence of the pretreatment of digested sludge on the improvement in the biodegradability, if the digested sludge was digested again by anaerobic digestion. By examining the COD, SCOD, and volatile solid (VS) resulting after ultrasonic irradiation and/or ozonation, the mechanism of sludge disruption is investigated and discussed. The mainly biopolymers present in the sludge as proteins, cellulose, fats (lipid), and lignin are high-molecular compounds. The mechanism in this study was indicated to aid in decomposing high-molecular organic compounds into lower-molecular organic compounds, which could be easier consumed by microorganisms. The target digested sludge was obtained from a fishery wastewater treatment plant, which is typical in coastal countries like Vietnam.




2. Materials and Methods


2.1. Sludge Samples


Experimental sludge was collected from the thickening tank at a fishery wastewater treatment plant (WWTP) in Danang, Vietnam. The 20 L raw sludge, after primary settling and undergoing aerobic process, was collected for each experiment of this study. The characteristics of material, such as the COD, SCOD, total solid (TS), and VS of the sludge were examined.




2.2. Sludge Pretreatment Conditions


2.2.1. Ultrasonication Treatment


The ultrasonicator used was an Elmasonic S 300H from Elma, Singen, Germany, with an operating frequency of 37 kHz and supply power of 250 W. The sludge volume for pretreatment was 5 L, and it was treated with ultrasonic irradiation of 37 kHz for 20 min. During ultrasonication, the experimental temperature was maintained around 25–27 °C (by tap water) in order to avoid sludge hydrolysis by heating of ultrasonication (Figure 1).




2.2.2. Ozonation Treatment


Ozonation was performed with an ozone generator (Ozonia, LAB2B, Duebendorf, Switzerland) using 99% pure oxygen as a source to avoid the formation of NOx. To produce fine ozone bubbles, a stone diffuser was used. The ozonation system is illustrated in Figure 2. The experimental conditions applied were an ozone dose of 0.02 g O3/g TS, gas flow rate of 0.5 L/min, controlled via flow meter (MFC5850E, Brooks, Hatfield, PA, USA), and ozone inlet concentration of 15 mg/L in 1 L sludge volume. Ozone concentrations in gas phase, before and after reaction with sludge, were measured during oxidation every 60 s with an ultraviolet (UV) analyzer (UV 245, Shimadzu, Kyoto, Japan), in order to calculate the amount of ozone that was transferred. The dosage and irradiation times of O3 and ultrasound used in this study were 60 s and 20 min, while other studies needed a much longer reaction time [9,10,11,12,13,14,15,16,17] and higher dosage.





2.3. Anaerobic Digestion Assays


Anaerobic digestion (AD) tests were performed in 5 L batch reactors (AF-10-2, Miyamoto Co., Osaka, Japan) in a pilot-scale lab. Two reactors were placed in a water bath at ambient temperature under a stirring speed of 20 rpm (Figure 3). The pretreated sludges were filled in reactors with 5 L volume. To simulate anaerobic conditions with minimized oxygen gas, pure nitrogen gas was flushed twice into reactors for 2–3 min each time before starting the AD test. The yield of biogas was quantified by liquid displacement in a column filled with a dissolved saline solution to minimize biogas dissolution. The biogas volume was measured every day, whereas COD and VS were monitored every 5 days. After each AD test, the sludge was exposed for 25 days at room temperature of 28–35 °C.




2.4. Analytical Methods


Volatile solid and soluble chemical oxygen demand were measured according to Standard Methods 20th edition [18]. The term solubilization represents the transfer from the particulate fraction of the sludge to the soluble fraction of the sludge. These two fractions were obtained by centrifugation of the samples at 6000 rpm for 15 min, using a Universal 320 (Hettich Zentrifugen, Tuttlingen, Germany). The retained particulate fraction after centrifugation was then dried to produce the total solids. Chemical oxygen demand was analyzed following SMEWW 5220C:2012. The flocs structure was scanned by a field-emission scanning electron microscope (FE-SEM) S4800, Hitachi, Japan, following the method of Goldstein et al. [19].




2.5. Statistical Analysis


All the analyses were performed three times in order to assess the precision and data errors. The results are presented as mean values with the standard deviation. All data in this study were created in the graphs via the Microsoft Excel software (Microsoft Office version 2010); the values performed the statistical analysis and fitted the experimental data, showing accurately the tendency lines of the experiment in this work.





3. Results and Discussion


3.1. Effect of Pretreatments on Characteristics of Sludge


The sludge characteristics of the control and pretreated samples were analyzed with regard to the COD, SCOD, TS, and VS. The data are listed in Table 1. During the sonication and ozone pretreatments, the COD, TS, and VS remained almost constant, although slightly changed versus the control. Similar trend variations in COD and TS were also observed by Bougrier and colleagues [20,21] and Shao et al. [22]. However, the SCOD significantly increased when sludge was pretreated with ultrasound and ozone, increasing from 0.344 g/L in raw sludge to 1.023 g/L and 1.228 g/L, respectively. These increasing effects on SCOD were also reported by Bougrier et al. [20], Shao et al. [22] and Chu et al. [23]. Although these previous works reported the effects of pretreatment processes, the best process was not identified. Furthermore, Zhen et al. [24] noticed that sludge from various sources with different operation conditions may exhibit different characteristics. They thus indicated the necessity to propose standardization to enable assessment and comparison. The characteristics of sludge shown in Table 1 indicate high COD concentration and ratios of VS/TS of about 64, 70, and 66% for initial, ultrasound, and ozone-treated sludges, respectively. The results demonstrate that the substrate of the three sludges was mainly composed of organic matter that is appropriate for microorganisms to use in AD.



The assistance of ultrasound and ozonation for pretreatment could enhance the COD, TS, and VS, as indicated in previous works of [9,10,11,12,13,14,15,16,17]. If a high-energy dosage is used for pretreatment, the TS and VS will become destructed sludge flocs and the insoluble organics will transform into soluble form. The SE dosed in this work induced TS, increased SCOD, and VS showed negligible change. However, the authors intended to reduce the SE used in this study for energy balances. Due to strong oxidation of O3, it was easy to break the cell wall of the flocs and release the substrate, so that SCOD content was higher than ultrasonic pretreatment in this study.




3.2. COD and Biopolymers Solubilisation


The concentration of soluble biopolymers also increased significantly after ultrasonic and ozonation pretreatments (Table 1), by 197.38% ((1.023–0.344)/0.344) and 256.98% ((1.228–0.344)/0.344) of SCOD, respectively, relative to the control case. These results indicate the interactions induced by the ultrasonic and ozone pretreatments enhanced the formation of more soluble biodegradable substrates from the waste sludge. This was possible because ultrasound can break down longer biopolymers to shorter ones that can be more easily biodegraded. Ozone was not only able to solubilize organics, but also converted nonbiodegradable solids into biodegradable ones.



Table 2 indicates that VS and SCOD removal efficiencies of the control case changed slightly after 10 days, demonstrating that the hydrolytic bacteria already used the soluble COD and VS for biogas production. However, the hydrolytic bacteria for the pretreated cases used the substrate until the 25th day for anaerobic digestion.



The above enhancement effects were similar to those reported by Kim et al. [25], when alkali addition with ultrasound on sewage sludge disintegration induced synergistic COD solubilization. Tian et al. [26] reported that using an individual ultrasonic pretreatment method resulted in an increase of 20.7% biodegradability in sewage sludge. Salihu and Alam [27] illustrated the optimal doses of ozone as 0.05 to 0.5 g O3/g TS for sludge (organic wastes) solubilization. Ozone doses from 0.06 to 0.16 g O3/g TS were examined by Chu et al. [23], applying a microbubble ozonation process that improved sludge solubilization efficiency by 15–30%. Moreover, complete mineralization occurred when the ozone doses applied were too high [28], resulting in loss of methane production. Thus, this study used the ozone dose based on the concentration range of Salihu and Alam [27].




3.3. Biogas Production


The digested sludge without and with ultrasonication and ozonation pretreatments was anaerobically digested in AD reactors to determine the effect of pretreatment methods on biogas yield. Throughout the anaerobic digestion assay, the biogas production was recorded every day during 25 days of digestion.



3.3.1. Daily Biogas Production from Anaerobic Digestion of Digested Sludges Pretreated by Ultrasound and Ozonation


Figure 4 shows the daily biogas production from anaerobic digestion of digested sludge without and with ultrasound and ozonation pretreatments. It illustrates that the evolution of the daily biogas production during the period of anaerobic digestion could be divided into several stages. At the beginning, due to the adaptation of bacteria to the substrate in the digested sludge, little biogas was produced in the first four days. The biogas production rate (biogas yield/day, RBG) was higher during around the 5th to the 11th day. Afterward, the RBG started to decrease slightly until the 18th day. This dramatic drop was caused by the depletion of the substrate. The biogas production rates of the control case were generally lower than those of the pretreated cases. Moreover, it dropped below 2 L/d after the 13th day for the control case. This can be attributed to the gradual depletion of the soluble organics in sludge that were directly detrimental to the anaerobic microorganisms in the system.




3.3.2. Cumulative Biogas Production from Anaerobic Digestion of Digested Sludge Pretreated by Ultrasound and Ozonation


The cumulative biogas production from anaerobic digestion of digested sludge both with and without ultrasound and ozonation pretreatments is shown in Figure 5. Biogas production significantly improved with the pretreatments. After 25 days, the assisted ultrasonication and ozonation pretreatment increased biogas yields 32.3% and 52.9% relative to control case, respectively. The enhancement effect on biogas yield by pre-ozonation was much higher than that by pre-ultrasonication, with a relative increase of 20.6%. The improvement in biogas yields occurred because more soluble organics were released under ultrasonication and ozonation pretreatments in comparison with the case without pretreatment. Wang et al. [29] reported methane production from waste-activated sludge with ultrasonic pretreatment increasing 64% compared with untreated sludge. Lafitte-Trouque and Forster [30] demonstrated that biogas production rates from AD of ultrasound pretreated waste-activated sludge were higher than those of untreated sludge. The study of Tian et al. [26] indicated that methane production from pretreated sewage sludge increased around 10% with the same energy input of 9 kJ/g TS and applying ultrasound at 20 kHz. Tian et al. [5] also reported an enhancement of methane production of 28.3% from sewage sludge pretreated by ultrasound. The batch tests results showed pre-ozonation was able to improve biodegradability of sludge better than ultrasonic pretreatment.



The results from this work were further compared with previous studies on sewage treatment using thermal pretreatments at medium (60–80 °C) and high (130–170 °C) temperatures and high pressure (up to 21 bar), which resulted in a biogas production increase in the range of 30 to 80% [31]. The produced biogas of 54% at 90 °C and 50% at 200 °C was reported by Campo et al. [32] and Ortega et al. [33]. Takashima and Tanaka [34] reported the improvement in methane production of 130% to 200% when thermal pretreatment at 120 °C was applied to sewage sludge. Although the conditions in the pretreatment processes and target sludges were different, the results of this study on the enhancement effects of pretreatments on biogas production were similar to or even better than those of previous studies. Boni et al. [35] used 50,000 kJ/kg TS, which resulted in a biogas gain of only 30%. Resulting from Figure 4 and Figure 5, ozonation pretreatment greatly increased the ultimate yield of biogas versus ultrasonication and control experiments. On the seventh experimental day, the highest biogas production increased by 0.12 L/g COD for ozone, and 0.11 and 0.8 L/g COD for ultrasound and control, respectively. Meanwhile, the ultimate yield increased by 1.32 L/g COD (ozone), 1.1 4 L/g COD (ultrasonication), and 0.86 L/g COD (control). Both O3 and ultrasound pretreatment are employed in real scale and have obtained the achievement of increasing biogas yield by around 35%, sludge discharge, and dewater reduction [36].





3.4. COD and VS Removal Efficiencies


Protein and carbohydrates were the two main components of COD in sludge. During microbial activities, organic matter in the sludge was used to produce biogas in the anaerobic digestion process. As shown in Table 2, COD and VS removal efficiencies using pretreated sludge in AD were generally higher than those using untreated sludge. On the 25th day, the COD removal efficiencies reached 39.18, 55.9, and 64.31% in the control, pre-ultrasonication, and pre-ozonation cases, respectively. In a study of the AD of pre-ultrasound treated sludge, Shao et al. [22] reported a COD removal efficiency of 25% at 10 days, which, however, is lower than that of 27.47% achieved in this study. Further concerning the organic removal rate of the anaerobic digestion process, Tian et al. [5] and Chu et al. [37] noticed that the rates in the first 10 experimental days were higher than those in the remaining retention times. Table 2 indicates that the COD removal efficiencies of un-pretreated, ultrasound, and ozonation pretreated cases were 27.87, 27.47, and 27.80% in the first 10 days, which were higher than 2.18 (39.18 − 37), 14.31 (= 55.9 − 41.59), and 21.15% (64.31 − 43.16) during days 16 to 25, respectively. The trends thus were consistent with those of Tian et al. [5] (20 days) and Chu et al. [37] (30 days). Regarding the VS removal efficiency, the results of this work showed prominent performance, with 58.21 and 61.06% for pretreatments with ultrasound and ozonation, respectively, versus 43.15% without pretreatment. Pre-ozonation was among the three cases compared.




3.5. Microstructure Based on SEM


In this study, floc structures and particle diameters of pretreated and control sludge samples were examined. All the images are shown in Figure 6. The particle size of untreated sludge (Figure 6a) was larger than that of ultrasound and ozone pretreated sludges. The sludge particles after ultrasonic irradiation at 37 kHz (Figure 6c) were rougher than after ozonation (Figure 6b), as determined using a microscope scale of 2 µm. The pretreatments resulted in the relative decrease in the particle sizes of sludge of 64.9% (from 45.3 µm to 15.9 µm). However, Li et al. [38] reported that the median diameter of sludge pretreated with an ozone dose of 0.012 g O3/g TS slightly decreased from 45.3 µm to 43.1 µm, or even increased after the reflocculating process occurred. The study of Tian et al. [5] indicated that the particle size after pretreatment of ozone versus ultrasound demonstrated a negligible change but was still finer than without pretreatment. Nevertheless, the results of the effects of pretreatments on inducing the changes of physicochemical characteristics of sludge and the content of SCOD were deduced from experiments at 37 kHz ultrasonic irradiation and ozone dose of 0.02 g O3/g TS, which were different from the conditions used in other studies. The effects of pretreatments depend upon a series of sludge factors, such as COD, TS, VS, experimental time, and so on. The results and conclusions would be dependent on testing conditions.





4. Conclusions


This study demonstrated that ultrasound- and ozone-assisted sludge pretreatments can enhance anaerobic biodegradability and biogas production. The soluble COD of sludge increased by 197.38% via ultrasonication and by 256.97% via ozonation, relative to those without pretreatment. After 25 days of anaerobic digestion, ultrasonic and ozone pretreatments prominently increased the yield of biogas production by 32.3% and 52.9%, respectively, in comparison with control case. The COD and VS removal efficiencies after 25 days anaerobic digestion with ozone pretreatment significantly improved by 64.31% and 61.06%, whereas the un-pretreated case only eliminated 39.18% and 43.15%, respectively. The results of this work showed that the soluble COD and ultimate yield of biogas using ozone pretreatment were better than those of ultrasonic pretreatment and the control.







Author Contributions


Investigation, T.M.L., P.T.V., T.A.D., L.T.T., H.T.T., T.T.X.L., C.-C.C., Y.-H.C., C.-Y.C., Q.T.T. and T.T.; Supervision, M.V.D.; Writing—original draft, T.M.L.




Funding


The authors would like to express sincere thanks to the Vietnam-Taiwan joint Protocol research project between Danang Environmental Technology Center of Institute of Environmental Technology of Vietnam Academy of Science and Technology (with code of NĐT.17.TW/16, the Energy and Resources Research Lab of Graduate Institute of Environmental Engineering of National Taiwan University (with grant numbers: MOST 105-2923-E-002-008, 106-2923-E-002-008, 107-2923-E-002-001), the Office of National Program of Science and Technology and Department of International Cooperation of Ministry of Science and Technology of Vietnam, and Ministry of Science and Technology of Taiwan for financial supports and many other assistances.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Appels, L.; Baeyens, J.; Degreve, J.; Dewil, R. Principles and potential of the anaerobic digestion of waste-activated sludge. Prog. Energy Combust. Sci. 2008, 34, 755–781. [Google Scholar] [CrossRef]

	



Nielsen, H.B.; Thygesen, A.; Thomsen, A.B.; Schmidt, J.E. Anaerobic digestion of waste activated sludge—Comparison of thermal pretreatments with thermal inter-stage treatment. J. Chem. Technol. Biotechnol. 2010, 86, 238–245. [Google Scholar] [CrossRef]

	



Kothari, R.; Tyagi, V.V.; Pathak, A. Waste-to-energy: A way from renewable energy sources to sustainable development. Renew. Sust. Energ. Rev. 2010, 14, 3164–3170. [Google Scholar] [CrossRef]

	



Munster, M.; Lund, H. Comparing waste-to-energy technologies by applying energy system analysis. Waste Manag. 2010, 30, 1251–1263. [Google Scholar] [CrossRef] [PubMed]

	



Tian, X.; Trzcinski, A.P.; Lin, L.L.; Ng, W.J. Enhancing sewage sludge anaerobic “re-digestion” with combinations of ultrasonic, ozone and alkaline treatments. J. Environ. Chem. Eng. 2016, 4, 4801–4807. [Google Scholar] [CrossRef]

	



Mata-Alvarez, J.; Macé, S.; Llabrés, P. Anaerobic digestion of organic solid wastes. An overview of research achievements and perspectives. Biores. Technol. 2000, 74, 3–16. [Google Scholar] [CrossRef]

	



Pavlostathis, S.G.; Giraldo-Gomez, E. Kinetics of anaerobic treatment: A critical review. Crit. Rev. Environ. Control 1991, 21, 35–39. [Google Scholar] [CrossRef]

	



Takashima, M. Examination on process configurations incorporating thermal treatment for anaerobic digestion of sewage sludge. J. Environ. Eng. 2008, 134, 543–549. [Google Scholar] [CrossRef]

	



Riau, V.; De la Rubia, M.A.; Perez, M. Upgrading the temperature-phased anaerobic digestion of waste activated sludge by ultrasonic pretreatment. Chem. Eng. J. 2015, 259, 672–681. [Google Scholar] [CrossRef]

	



Pilli, S.; Yan, S.; Tyagi, R.D.; Surampalli, R.Y. Anaerobic digestion of ultrasonicated sludge at different solids concentrations—Computation of mass-energy balance and greenhouse gas emissions. J. Environ. Manag. 2015, 157, 250–261. [Google Scholar] [CrossRef]

	



Braguglia, C.M.; Gianico, A.; Mininni, G. Laboratory-scale ultrasound pre-treated digestion of sludge: Heat and energy balance. Bioresour. Technol. 2011, 102, 7567–7573. [Google Scholar] [CrossRef] [PubMed]

	



Martin, M.A.; Gonzalez, I.; Serrano, A.; Siles, J.A. Evaluation of the improvement of sonication pre-treatment in the anaerobic digestion of sewage sludge. J. Environ. Manag. 2015, 147, 330–337. [Google Scholar] [CrossRef]

	



Houtmeyers, S.; Degreve, J.; Willems, K.; Dewil, R.; Appels, L. Comparing the influence of low power ultrasonic and microwave pre-treatments on the solubilisation and semi-continuous anaerobic digestion of waste activated sludge. Bioresour. Technol. 2014, 171, 44–49. [Google Scholar] [CrossRef] [PubMed]

	



Weemaes, M.; Grootaerd, H.; Simoens, F.; Verstraete, W. Anaerobic digestion of ozonized biosolids. Water Res. 2000, 34, 2330–2336. [Google Scholar] [CrossRef]

	



Beszedes, S.; Kertesz, S.; Laszlo, Z.; Szabo, G.; Hodur, C. Biogas production of ozone and/or microwave-pretreated canned maize production sludge. Ozone Sci. Eng. 2009, 31, 257–261. [Google Scholar] [CrossRef]

	



Cheng, C.J.; Hong, P.K.A. Anaerobic digestion of activated sludge after pressure-assisted ozonation. Bioresour. Technol. 2013, 142, 69–76. [Google Scholar]

	



Kumar, M.S.K.; Kumar, T.K.; Arulazhagan, P.; Kumar, S.A.; Yeom, I.T.; Banu, J.R. Effect of alkaline and ozone pretreatment on sludge reduction potential of a membrane bioreactor treating high-strength domestic wastewater. Desalin. Water Treat. 2015, 55, 1127–1134. [Google Scholar]

	



American Public Health Association. Water environment federation. In Standard Methods for The Examination of Water and Wastewater, 20th ed.; American Public Health Association: Washington, DC, USA, 1998; ISBN -13 978-0875532356. [Google Scholar]

	



Goldstein, J.I.; Newbury, D.E.; Michael, J.R.; Ritchie, N.W.; Scott, J.H.J.; Joy, D.C. Scanning Electron Microscopy and X-Ray Microanalysis; Springer: New York, NY, USA, 2017; ISBN 0-306-40768-X. [Google Scholar]

	



Bougrier, C.; Albasi, C.; Delgenes, J.P.; Carrère, H. Effect of ultrasonic, thermal and ozone pre-treatments on waste activated sludge solubilisation and anaerobic digestion biodegradability. Chem. Eng. Process. Process Intensif. 2006, 45, 711–718. [Google Scholar] [CrossRef]

	



Bougrier, C.; Baltimelli, A.; Delgenes, J.P.; Carrère, H. Combined ozone pre-treatment and anaerobic digestion for the reduction of biological sludge production in wastewater treatment. Ozone Sci. Eng. 2007, 29, 201–206. [Google Scholar] [CrossRef]

	



Shao, L.; Wang, G.; Xu, H.; Yu, G.; He, P. Effect of ultrasonic pre-treatment on sludge dewaterability and extracellular polymeric substances distribution in mesophilic anaerobic digestion. J. Environ. Sci. 2010, 22, 474–480. [Google Scholar] [CrossRef]

	



Chu, L.B.; Yan, S.T.; Xing, X.H.; Yu, A.F.; Sun, X.L.; Jurcik, B. Enhanced sludge solubilization by microbubble ozonation. Chemosphere 2008, 72, 205–212. [Google Scholar] [CrossRef] [PubMed]

	



Zhen, G.; Lua, X.; Katoc, H.; Zhaod, Y.; Lia, Y.Y. Overview of pretreatment strategies for enhancing sewage sludge disintegration and subsequent anaerobic digestion: Current advances, full-scale application and future perspectives. Renew. Sust. Energ. Rev. 2017, 69, 559–577. [Google Scholar] [CrossRef]

	



Kim, D.H.; Jeong, E.; Jeong, E.; Oh, S.E. Combined (alkaline + ultrasonic) pre-treatment effect on sewage sludge disintegration. Water Res. 2010, 44, 3093–3100. [Google Scholar] [CrossRef] [PubMed]

	



Tian, X.; Trzcinski, A.; Chong, W.; Lin, L.; Wun, J.N. Insights on the solubilization products after combined alkaline and ultrasonic pre-treatment of sewage sludge. J. Environ. Sci. 2015, 29, 97–105. [Google Scholar] [CrossRef]

	



Salihu, A.; Alam, M.Z. Pre-treatment methods of organic wastes for biogas production. J. Appl. Sci. 2016, 16, 124–137. [Google Scholar] [CrossRef]

	



Carrère, H.; Dumas, C.; Battimelli, A.; Batstone, D.J.; Delgenès, J.P.; Steyer, J.P.; Ferrer, I. Pre-treatment methods to improve sludge anaerobic degradability: A review. J. Hazard Mater. 2010, 183, 1–15. [Google Scholar] [CrossRef]

	



Wang, Q.; Kuninobu, M.; Kamimoto, K.; Ogawa, H.I.; Kato, Y. Upgrading of anaerobic digestion of waste activated sludge by ultrasonic pre-treatment. Biores. Technol. 1999, 68, 309–313. [Google Scholar] [CrossRef]

	



Lafitte-Trouque, S.; Forster, C.F. The use of ultrasound and gamma-irradiation as pre-treatments for the anaerobic digestion of waste activated sludge at mesophilic and thermophilic temperatures. Biores. Technol. 2002, 84, 113–118. [Google Scholar] [CrossRef]

	



Barber, W.P.F. Thermal hydrolysis for sewage treatment: A critical review. Water Res. 2018, 104, 53–71. [Google Scholar] [CrossRef]

	



Campo, G.; Cerutti, A.; Zanetti, M.C.; Scibilia, G.; Lorenzi, E.; Ruffino, B. Enhancement of waste activated sludge (WAS) anaerobic digestion by means of pre- and intermediate treatments. Technical and economic analysis at a full scale WWTP. J. Environ. Manag. 2018, 216, 372–382. [Google Scholar] [CrossRef]

	



Ortega-Martinez, E.; Sapkaite, I.; Fdz-Polanco, F.; Donoso-Bravo, A. From pretreatment toward inter-treatment. Getting some clues from sewage sludge biomethanation. Bioresour. Technol. 2016, 212, 227–235. [Google Scholar] [CrossRef] [PubMed]

	



Takashima, M.; Tanaka, Y. Comparison of thermo-oxidative treatments for the anaerobic digestion of sewage sludge. J. Chem. Technol. Biotech. 2008, 83, 637–642. [Google Scholar] [CrossRef]

	



Boni, M.R.; D’Amato, E.; Polettini, A.; Pomi, R.; Rossi, A. Effect of ultrasonication on anaerobic degradability of solid waste digestate. Waste Manag. 2016, 48, 209–217. [Google Scholar] [CrossRef] [PubMed]

	



Long, J.H.; Bullard, C.M. Waste activated sludge pretreatment to boost volatile solids reduction and digester gas production: Market and technology assessment. Fla Water Resour. J. 2014, 44–50. Available online: http://fwrj.com/techarticles/0614%20tech%202.pdf (accessed on 3 September 2019). [Google Scholar]

	



Chu, C.P.; Lee, D.J.; Chang, B.; You, C.S.; Tay, J.H. “Weak”, ultrasonic pretreatment on anaerobic digestion of flocculate activated biosolids. Water Res. 2006, 36, 2681–2688. [Google Scholar] [CrossRef]

	



Li, H.; Jin, R.; Mahar, Z.; Wang, Z.; Nie, Y. Effects and model of alkaline waste activated sludge treatment. Bioresour. Technol. 2008, 99, 5140–5144. [Google Scholar] [CrossRef] [PubMed]








[image: Processes 07 00743 g001 550] 





Figure 1. Scheme of sludge pretreatment by ultrasonication. 
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Figure 2. Flow chart of sludge pretreatment by ozonation. 
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Figure 3. Flow chart of anaerobic digestion pilot—AF-10-2. Note: ① reactor, ② biogas container; ③ control panel, ④ water bath; ⑤ motors, ⑥ temperature sensor, ⑦ pressure meter, and ⑧ gas vales. 
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Figure 4. The daily biogas productions from anaerobic digestion of digested sludges pretreated by ultrasound and ozonation. 
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Figure 5. The cumulative biogas productions from anaerobic digestion of digested sludges pretreated by ultrasound and ozonation. 
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Figure 6. The images from a scanning microscope for the floc structures of (a) untreated, (b) ozone, and (c) ultrasound pretreated sludge samples. 
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Table 1. Characteristics of sludges before and after pretreatments.
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Parameter

	
Unit

	
Study Control a

	
Ultrasonication

	
Ozonation

	
Reference b




	
[11]

	
[12]






	
COD

	
g/L

	
54.148 ± 3.1

	
54.128 ± 1.42

	
54.136 ± 3.21

	
19

	
160 ± 4




	
SCOD

	
g/L

	
0.344 ± 0.05

	
1.023 ± 0.08

	
1.228 ± 0.06

	
0.08

	




	
TS

	
g/L

	
174.1 ± 1.11

	
158.2 ± 1.76

	
164.0 ± 1.45

	
23

	
132 ± 1




	
VS

	
g/L

	
111.33 ± 1.23

	
112.0 ± 1.34

	
109.23 ± 1.88

	
13.5

	
88 ± 2








a: Before pretreatment (i.e., without pretreatment); b: The reference of raw sludge from municipal wastewater. COD: chemical oxygen demand. SCOD: soluble chemical oxygen demand. TS: total solid. VS: volatile solid. 
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