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In this study, the thermal behavior of microwave hydrothermal char of sewage sludge (MTC) was compared with dried sludge (DS) and char produced by electric hydrothermal treatment (ETC). The retention ratio of volatile matter in MTC was raised by 51.2% compared with in HTS, while their dewaterability by centrifugation were very close. The kinetic parameters of thermal disposal process of the DS and hydrochars were determined from TG analysis. It was found that the activation energy of combustion was reduced from 44.20 kJ/mol of DS to 47.29 kJ/mol for ETC. For MTC, the activation energy was slightly decreased (43.22 kJ/mol). In addition, the highest weight loss rate (0.49%/min) in combustion was also found for MTC. The evolution of gaseous nitrogen compounds was obtained by FTIR analyzer combined with TG. The results indicated that in devolatilization process, the emission of NH3, the main precursor of NOx in combustion, was postulated to higher temperature for MTC. In conclusion, MTC has a better combustion performance and a close dewaterability compared with to ETC. This study provided a new choice for the pre-treatment method of sewage sludge before combustion.
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INTRODUCTION
With the rapid urbanization in China, a large amount of sludge (SS) is generated from sewage treatment every year. The dried sludge production has reached 11.6 million tons in 2020 (China, 2020). Landfilling and composting take up a large amount of land resources and produces leachate containing heavy metals that may pollute groundwater. As for anaerobic digestion, its treatment cycle is long and the digestate is difficult to use in agriculture. Sludge as a biomass with high carbon content, is gaining attention as an energy resource (Zuo, 2023). Incineration completely breaks down organic matter in SS in short period thus attracts more attention these days.
The raw SS from water treatment plants has a large water content. Therefore, a moisture removal process is necessary before incineration. Hydrothermal treatment is a cost-effective method because it largely reduces the energy consumption of the mechanical drying process. It also improves the fuel quality of SS as fuel and reduces NO emissions (Zhao et al., 2013). In recent years, the use of microwaves as an energy source for hydrothermal treatment has attracted the attention of scholars because it can effectively heat uniformly. Moreover, this pre-treatment has a lower risk of heavy metal loss (Wang et al., 2022a). However, no previous study systematically compared the microwave and traditional hydrothermal treatments on the combustion performance of SS.
In this study, SS was treated using hydrothermal reactor by microwave and electric heating respectively. The incineration and pyrolysis characterization of the raw sludge, dried sludge and treated sludges was analyzed by TG-FTIR analysis. The effect of microwave hydrothermal pre-treatment on the sludge incineration performance was discussed. The results of this study provide basic data for the optimization of pretreatment methods for SS incineration.
MATERIALS AND METHODS
Materials
Raw SS with a moisture content of 80.4%, was sampled from a water treatment plant in Shanghai, China. The samples dried for 24 h in an oven at 105°C were crushed and packed in sample bags to ensure the dryness, labeled with DS.
Hydrothermal reaction
The raw sludge microwave hydrothermal treatment was performed in microwave digestion reactor (MDS-6G, Sineo, Shanghai). And the raw sludge was treated in a subcritical hydrothermal reactor with electric heater as the control group. Since hydrothermal reactions at 200°C result in higher organic retention (Jin et al., 2020), more energy-rich hydrothermal carbon (Kim et al., 2015), and less tar production during pyrolysis (Feng et al., 2018a), final temperature was set at 200°C with the heating rate 10°C/min for both the treatments. The residence time for the final temperature was 0.5 h. The slurry left in the reactor was centrifuged at 6000 revolutions/min for 10 min. The wet char separated was dried at 105°C for 12 h. The char from electric and microwave hydrothermal treatment are labelled with ETC and MTC, respectively. The thermal behavior of semi-dried sludge (SDS) was used to compared with the DS to understand the effect of thermal drying process usually at around 100°C before sludge incineration. The SDS was prepared by drying raw sludge for 12 h.
Analytical methods
The thermal behavior of the sludge and hydrochar during incineration and pyrolysis was characterized by TG-FTIR analysis which was carried out using a TA Instruments Q500 and a NICOLET iS10 with air and nitrogen as carrier gas respectively, at a flow rate of 100 ml/min. The wavenumber range of FTIR analyzer is 600–4000 and ackground scan time is 8 Scans.
RESULTS AND DISCUSSION
Chemical composition of hydrochars
The proximate and elemental analysis based on dry base of DS, ETC and MTC are listed in Table 1. It could be found that the yield of MTC was higher than ETC. The recovery of VM in MTC was 58.2% higher than that in ETC, mainly due to the less volatile release to liquid and gas phase for MTC. The enhanced charring of the organic compounds in liquid by microwave heating is another possible reason. Close moisture contents were found for the two hydrochars, indicating that microwave and electric hydrothermal treatment had similar effects on the promotion of dewaterablity of SS.
TABLE 1 | The proximate and elemental analysis of DS, ETC and MTC.
[image: Table 1]From Van Krevelen diagram in Figure 1, it could be found that dehydration was dominant volatile loss reaction for MTC while for ETC it is a mixture of decarboxylation and dehydration. Compared with MTC, the location of ETC in the diagram is significantly further to DS due to high extent of decarboxylation, which was corresponding to both the high volatile and oxygen reduction of MTC. The loss of hydrophilic groups such as carboxylation and hydroxyl groups contributed to the dewaterability of hydrochar (Feng et al., 2018a). The close dewaterability of the two hydrochars despite the long distance in Van Krevelen diagram indicated that dehydration played a dominant role in moisture removal of the chars here.
[image: Figure 1]FIGURE 1 | Van Krevelen diagram of SS samples.
Themogravimetric analysis of SS samples
Figure 2 showed the TG and DTG curves of DS and chars for pyrolysis/combustion processes at the heating rate of 10°C/min. It could be found that the pyrolysis process of the SS samples before and after pretreatment can be briefly divided into four stages according to the DTG curves, i.e., stage 1 from ambient temperature to 200°C was the moisture loss stage, mainly the removal of internal water (Qian et al., 2011); stage 2 from 200 to 500°C was the main volatilization stage of the organic matter contained in the SS, including the decomposition of proteins, sugars and fatty compounds (Naqvi et al., 2019); stage 3 from 500 to 700°C was the decomposition of a small amount of stabile organic components, such as the expulsion of polycyclic aromatic hydrocarbons (PAHs) (Hu et al., 2020); stage 4 with the temperature above 800°C was mainly caused by the decomposition of inorganic substances. Comparing different samples, it can be found that hydrothermal pretreatments have significant impact on the pyrolysis process. Table 2 showed the indexes of pyrolysis and combustion performance of different SS samples. Hydrothermal and microwave hydrothermal pretreatment can increase the peak temperature (Tp) from 292.17°C for dry SS to 354.50°C for ETC and 335.33°C for MTC, respectively. Meanwhile, the average weight loss rate was also increased from 0.43%/min for DS to 0.47%/min for ETC and to 0.48%/min for MTC Furthermore, hydrothermal pretreatment of SS effectively improved the volatile release index (D) for pyrolysis process. These results indicated that hydrothermal or microwave hydrothermal pretreatment changed the organic matters, averaged the composition, and thus improved the reaction characteristics for pyrolysis process of SS.
[image: Figure 2]FIGURE 2 | TG and DTG curves of SS samples for pyrolysis/combustion of DS (A,B), ETC (C,D), MTC (E,F) and SDS (G,H) at 10°C/min.
TABLE 2 | Indexes of pyrolysis and combustion performance of different SS samples.
[image: Table 2]As shown in Figure 2, the combustion process of SS samples can be briefly divided into three stages according to the TG and DTG process, including moisture loss stage, main volatilization stage; and char combustion stage (Lin et al., 2015). Compared with the pyrolysis process, the combustion process did not show the decomposition process of inorganic substances. This could be attributed to the promotion of mineral decomposition in the presence of oxygen, which shifted the corresponding weight loss peak to lower temperature so it could not be identified separately in DTG curve. From Table 2, it was found that electric hydrothermal pretreatment decreased the values of D from 6.26 × 10−8%2 min−2·°C−3 for dry SS to 4.33 × 10−8%2 min−2·°C−3 for ETC, which was attributed to the fact that hydrothermal process dissolved part of the active organic components so reduced the combustion reactivity (Wilk et al., 2019). However, microwave hydrothermal pretreatment retained 81.15% of the organic matter in MTC sample, increasing the D value to 8.32 × 10−8%2 min−2·°C−3. This was probably due to the reduction of the stability of volatile matters in SS by microwave treatment.
Kinetic analysis of SS samples
Kinetic parameters of pyrolysis and combustion of different SS samples based on Coats-Redfern method were presented in Table 3, 4 respectively. High correlation coefficients (R2 > 0.97) for all the processes indicated that the first order reaction model [F(α) = -ln(1-α)] was well suited to the weight loss curves of pyrolysis and combustion of different samples. By comparing the parameters of DS and SDS, it was found that the water contained in SS had little effect on the pyrolysis process. Whereas, electric hydrothermal pretreatment significantly increased the pyrolysis activation energy, to 57.14 kJ/mol. During electric hydrothermal pretreatment process, some labile organic components released from the sample, while some catalytic alkali metal elements leached into liquid phase, leading to the higher activation energy of ETC (Tasca et al., 2019). For MTC, the activation energy was slightly increased to 51.61 kJ/mol, which was due to the recovery of labile organic matter as mentioned in TG analysis. Similarly, water contained in SS has little effect on the combustion process due to the nearly identical activation energies of DS and SDS (E = 44.20 kJ/kg for DS and E = 44.44 kJ/kg for SDS). It was also found that hydrothermal pretreatment increased the combustion activation energy from 44.20 kJ/kg for SS to 47.29 kJ/kg for ETC. However, the activation energy decreased to 43.22 kJ/kg for MTC, indicating that microwave hydrothermal pretreatment promoted the combustion process and lowered its reaction barrier. The possible reason was that the retention of labile organic compounds in hydrochar and the leaching of inorganic components that hinder combustion (Udayanga et al., 2019; Wang et al., 2022b). Microwave hydrothermal pretreatment retained recovered 81.15% of the organic matter in MTC sample, increasing its combustion reaction index. In general, microwave hydrothermal pretreatment was more favorable for improving the combustion performance of SS.
TABLE 3 | Pyrolysis kinetic parameters of different SS samples based on Coats-Redfern method.
[image: Table 3]TABLE 4 | Combustion kinetic parameters of different SS samples based on Coats-Redfern method.
[image: Table 4]Release characteristics of N-containing gaseous compounds
Figure 3 presented the NH3 release curves according to the absorbance of N-H bending vibration at 966 cm−1 during SS pyrolysis and combustion process from the FTIR spectra. In the case of DS, it was found from Figure 3A that NH3 started to release from around 150°C and reached the peak release amount at 284°C with the main release stage of 150–500°C during pyrolysis process. The peak at 270°C and 555°C was due to the decomposition of labile protein and stable protein respectively. For ETC and MTC, the release of NH3 was delayed to around 250°C, and the main release phase was extended to 700°C. Both of the two peaks shifted to higher temperature. This was attributed to that the stabilized the protein structure leading to its suspended decomposition (JunZhang and Zuo, 2013). The other reason was the release of inorganic-N and part of labile protein-N into liquid phase during the treatment (Feng et al., 2018b). In addition, the hydroxyl radicals derived from SS hydrothermal pretreatment process can damage the extracellular polymers, which protected proteins from high temperature depolymerization (He et al., 2015; Feng et al., 2018b). For the combustion process in Figure 3B, different shape of NH3 emission curves was found compared with pyrolysis process below 650°C. Above 650°C, minor release occurred due to the oxidation. The close peak temperature at around 460°C was found in the combustion of different SS samples. The net emission of NH3 was reduced by 65.8% and 62.3% for ETC and MTC compared with DS, respectively. Therefore, both electric and microwave hydrothermal treatment significantly inhibited the release of NH3 during combustion process of SS.
[image: Figure 3]FIGURE 3 | NH3 release curves during (A) pyrolysis and (B) combustion process of different SS samples.
Only the spectra of DS combustion shows the characteristic bands of HCN around 714 and 3342 cm−1, which were corresponding to the C-H bending and N≡CH stretching respectively. Figure 4A displayed the spectrum of gaseous product from DS combustion at 400°C (Wang et al., 2009; Yang et al., 2015; Li et al., 2017). This meant that hydrothermal treatment inhibited the formation of nitrile and heterocyclic-N compounds, which were the precursors of HCN in the following combustion process (Feng et al., 2020; Xu et al., 2023). On the other side, compared with pyrolysis, the presence of oxygen in atmosphere promoted the formation of HCN at low temperature. Since the band around 714 cm−1 is overlapped with the band of CO2, the absorbance of the second highest peak at 3342 cm−1 was used to analyze the evolution of with temperature as in Figure 4B. There were generally two steps for HCN emission. The first was from 189 to 473°C while the second was from 473 to 663°C. At higher temperature, few HCN emission was found since its oxidation (Jiang et al., 2010).
[image: Figure 4]FIGURE 4 | (A) The spectrum of gaseous products from DS combustion 400°C and HCN; (B) the release curves of DS combustion at 3342 cm−1 wave number absorption with temperature.
CONCLUSION
The TG analysis of SS samples pretreated by different methods showed that the activation energy of combustion was increased from 44.20 kJ/mol for DS to 47.29 kJ/mol for ETC, while decreased to 43.22 kJ/mol for MTC. In addition, the highest average weight loss rate (0.49%/min) in combustion was also found for MTC. The high recovery of active organic compounds in MTC was the main reason. The FTIR results indicated that in devolatilization process, the emission of NH3 was postulated to higher temperature for MTC, mainly due to the stabilization of protein compounds during hydrothermal treatment. In conclusion, MTC has a better combustion performance and a close dewaterability compared with to ETC (Zuo et al., 2023).
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