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Abstract

:

Hydrochars (HTCD) derived from digestates, namely D1 and D2 (from two plants) of sewage sludge, were examined with respect to their fuel properties. The hydrothermal carbonization (HTC) tests were performed at temperatures of 200 and 220 °C, for 2 and 4 h of residence times, and with 1:10 and 1:8 digestate to water ratios (D/W), causing an increase of ash content (max. 55.8%), and a decrease c.a. 20% of the higher heating value except for a slight increase to 15 kJ/kg at 200 °C and 4 h in hydrochars. Conversely, the combustion profiles of hydrochars moved towards higher temperatures (225–257 °C) and finished earlier at lower temperatures (423–438 °C). The HTCD from D1 and D2 showed very similar properties under the same conditions (200 °C, 4 h, 1:8 D/W) for combustion characteristic temperatures, indices and profiles. The best efficiency was found for HTCD2. In addition, the polluted post-processing liquid phase was treated by a distillation process providing 30% higher pH, 50% lower BOD values, up to 15 times lower COD values, and c.a. three times lower conductivity.
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1. Introduction


Every sector that utilizes biomass generates biodegradable waste, which can then be transformed via different methods, is primarily for energy production. One method is anaerobic digestion, considered to be the best biological transformer of organic waste [1], employing the help of microbes, and resulting in the production of biogas [2]. Organic and municipal wastewater waste can be successfully utilized in biogas plants producing biogas as the main product and digestate as a by-product. Anaerobic digestion involves a sequence of reactions such as hydrolysis, acidogenesis and methanogenesis [3]. Digestate is a substance which is rich in nutrients and contains both organic and inorganic compounds as well as micro-organisms. Due to a significant amount of organic matter in the digestate, it can be used as a solid biofuel, a soil amendment or a substrate for activated carbon production. Most of the digestate (c.a. 95%) produced in Europe is used as fertilizer, but some impurities (e.g., biological and heavy metals), and law regulations can limit this utilization, such as European Nitrates Directive (91/676/EEC) [4]. There are a few disadvantages linked with the anaerobic digestion process. The digestates are often significantly diluted (commonly from 3 to 6% dry mass), have a colloidal structure responsible for significant problems with their mechanical dewaterability, and contain inorganic impurities, including alkali and/or heavy metal compounds. They are characterized by a low calorific value of dry matter (organic compounds contained in the substrates for biogas plants have already been mostly converted into biogas in the process of methane fermentation) and they create strong odours. If the digestate cannot be used for field fertilization due to exceeding the permissible content of contaminants, additional methods concerning utilization have to be found.



The digested sewage sludge still contains a large quantity of non-biodegradable organic matter that can be used for additional energy production. The most common usage of digested sewage sludge is drying combined with combustion, but the high moisture content in a feedstock is cost consuming [5]. Effective energy management may be improved by a suitable pretreatment to help solve this problem. In fact, a high amount of moisture in the digestate makes hydrothermal carbonization, treatment or conditioning, the most adequate method. Additionally, a part of the biogas could be used for its energy demand. Moreover, the hydrothermal conditioning of sewage sludge significantly improves its dewaterability, which may help with a reduction of heat consumption in all processes, in accordance with the European key objectives action plan, by focusing on “waste-to-energy” in the circular economy and, thereby, increasing waste prevention, reuse and recycling.



Hydrothermal carbonization (HTC) is a thermochemical process which involves the application of heat and pressure to convert the digestate in the presence of water into a solid product, namely hydrothermally carbonized material or hydrochar. The process is generally carried out within a temperature range of 180–350 °C, and the pressure is maintained above saturation pressure to ensure the liquid state of water. Additionally, the residence time is maintained between one and several hours. Under those rigid conditions, the chemical destruction of the dry mass of feedstock occurs and the following reactions take place: hydrolysis, decarboxylation, and dehydration [6]. This results in three types of products: gases, mainly CO2, water and some simple organic compounds dissolved in water. A solid product, (30–40% moisture content), can be easily filtered from the reaction solution, and has upgraded carbon-like physical and chemical properties (e.g., hydrophobic, non-biodegradable). The liquid phase, which is often a major product, may be highly toxic, reaching relatively high values of chemical oxygen demand (COD) including up to 45 gO2/L in the case of sewage sludge used as feedstock and, hence, requires proper management. The efficiency of the process depends chiefly on the physical and chemical structure of feedstock, reaction temperature, reaction time, pressure and pH. The main advantage of this pretreatment method is to increase the dewaterability (drying) of the obtained hydrochar with respect to the feedstock, which is five times less energy-consuming than drying. The researchers attracted a great deal of attention for the HTC process, because it is energy-efficient, simple and low cost. Moreover, the energy required to heat the reacting water is very low in comparison with traditional thermochemical processes. As previously mentioned, the process is specific to biomass with a high moisture content, and mainly includes municipal waste, e.g., sewage sludge [6,7]; food factory waste, e.g., beetroot, citrus, orange, herbal tea, pulp mill waste, olive mill, wine industry or tobacco stalks [8,9,10,11,12,13]; agricultural waste, e.g., straw, lignocellulosic or algae biomass [14,15,16,17,18], and also digestate from biogas plants [19]. The physical and chemical properties of the hydrochar and its yield depend primarily on the properties of the feedstock and the processing conditions (temperature and residence time), which is why research on their impact is required for every studied feedstock. Moreover, during hydrothermal carbonization, the morphology changes significantly with temperature from macroporous to micro carbonaceous spheres on the surface, mainly caused by dehydration and decarboxylation of polymers followed by aromatization and re-condensation reactions [20], resulting in hydrophilic heterogeneous structures of hydrochar. In general, during the biomass degradation under hydrothermal carbonization, the inorganic elements are released and dissolved in the processing solution; thus, a lower ash content is found in hydrochar than in raw biomass [21]. In the case of sewage sludge, the opposite results have been found [22]. Due to the excess loss of volatile matter and retention of minerals, an increase of ash in hydrochar is observed. The HTC also modifies the porous structure and surface area of sewage sludge, but high temperatures and long residence times are not desirable as they cause limited porosity and a small surface area. However, according to Wang [22], the abundant oxygen-containing functional groups on its surface indicate the potential for good adsorptive properties for heavy metals, and xenobiotic organism retention. Sewage sludge was also studied by Tasca et al. [23], who reviewed the hydrochar properties towards different applications, namely: energy sector, soil amelioration, wastewater pollution remediation, and carbon and greenhouse gases sequestration. In addition, the methods for treatment of the post-processing liquid phase were also analyzed. Furthermore, the fate of heavy metals was also investigated since sewage sludge is considered as an extremely complicated heterogeneous material that contains organic debris, inorganic particles, bacteria, colloid sewage sludge and moisture, as well as undesirable components, such as heavy metals, organic pollutants and pathogens, which are environmentally hazardous [24,25,26,27]. The hydrothermal treatment of sewage sludge has been investigated, taking into account the possible application of hydrochars as adsorbents, land fertilizer or renewable fuel [28,29,30]. However, the contents of heavy metals seriously limit their application. The reported research suggests that changing HTC process parameters (e.g., temperature, time, catalyst, and the addition of other biomass) could influence the total contents and chemical forms of heavy metals [31], mainly with an increase of temperature in the process. The significant impact of feedstock properties has created a wide range of investigations resulting in many documented studies concerning a variety of feedstock, primarily in renewable energy generation. Sharma et al. [32] reviewed the waste biomass and its conversion by using the conventionally heated HTC process, modified by microwave assistance, and confirmed the advantages of hydrothermal carbonization of waste biomass towards renewable energy generation potential. Although there have been many investigations concerning the hydrothermal carbonization of sewage sludge [33,34], fewer studies have considered the hydrothermal carbonization process of its digestate [35,36,37,38]. Aragón-Briceño et al. [39] investigated the process temperature on the characteristics of hydrochars including the fate of nitrogen and phosphorus species in energy application. The post-processing liquid phase from the hydrothermal process in terms of the biochemical methane potential was also tested. Both hydrochar and the post-processing liquid phase were found to have some potential for use in additional energy production. The same idea was investigated by Parmar and Ross [40], who studied the HTC of four different digestates from disparate origins: agricultural residue, sewage sludge, residual municipal solid waste, and vegetable, garden, and fruit waste. It appeared that the hydrothermal carbonization process enhanced biogas production, but the solid product, due to a high ash content, was not recommended as a fuel. It was indicated that hydrochar should be studied further in terms of utilization as a soil amender.



Cao et al. [41] investigated the fundamentals of the effect of digestate origin and process conditions. Although many researchers are interested in the hydrothermal treatment of digestate and are enthusiastic about this idea, they underline that not only the conditions of the process, but also the feedstock origin and its properties highly influence the resulting products and their properties. Composition and chemical energy can vary even between the same types of digestate depending on the source [6,9,19,39,40,41,42,43]. Moreover, discussion of the optimal conditions at a lower range of temperatures for producing hydrochar with homogeneous and constant fuel properties derived from digestate of sewage sludge is crucial from an industrial point of view to provide clear guidance for the design, optimization and economy of the HTC process when hydrochar is dedicated to energy application. The use of a higher range of temperature and pressure requires higher capital and operating costs of the HTC installation and more complex procedures concerning technical inspection. Therefore, further research on process conditions and properties of feedstock is still required to discover the overall benefits from hydrothermal processes as a post-treatment step after the anaerobic digestion of sewage sludge.



Accordingly, the main goal of this study was to investigate the hydrothermal carbonization process of digestate under different conditions of the HTC process. The novelty of this work is a comparative analysis of physical and chemical properties of hydrochars and liquid phases derived from the hydrothermal carbonization of digestates from two different sewage treatment plants. Therefore, the fuel characteristics as well as the thermal combustion behaviour (TGA), including combustibility indices and kinetic analyses of solid hydrochars, were investigated and compared to feedstock. Following-up the preliminary, less developed study of the distillation of post-processing water from sewage sludge, previously presented by the authors [6], where it was highlighted it as a very promising approach, further analyses were carried out. The liquid phase was analyzed in terms of its physical properties, and possible disposal, and application in, for example., biogas production or liquid biofertilizer. For these reasons, the following indicators were characterized according to standard analytical methods for Chemical Oxygen Demand, Biochemical Oxygen demand, conductivity, pH and acidity. The results could provide a better understanding of the hydrothermal conversion of the digestate of sewage sludge in order to successfully optimize this pre-treatment process and give a multifaceted description of digestate and its hydrothermally carbonized products.




2. Materials and Methods


2.1. Materials


Two filtrated, dewatered, aerobically stabilized types of sewage sludge were investigated. Both were collected from municipal sewage treatment plants at the same time of the year: in the summer. The first (D1) was taken from Płaszów, a metropolitan area of Kraków, (c.a. 780,000 inhabitants), Poland. The second (D2) was taken from the Silesian industrial district area of Gliwice, (c.a. 184,000 inhabitants), Poland, where wastewater was collected. Both digestates were stored, briefly in the refrigerator at 4 °C prior to the experiments. Samples from both materials were air dried, pulverized, and then stored in sealed containers before further comparative tests. The moisture content in the raw digestates were determined: for D1 it was 76.25%, whereas, in the case of D2, it was 80%. Both materials were diluted with deionized water for hydrothermal carbonization tests.




2.2. Hydrothermal Carbonization Test


The hydrothermal carbonization tests were performed using a stainless steel Zipperclave® Stirred Reactor equipped with a built-in stirrer produced by Parker Autoclave Engineers, Hessinger Dr, Erie, PA, USA. The full procedure was presented by Wilk [44]. Briefly, the diluted material D1 at either 1:8 or 1:11 digestate to water ratio was introduced to the reactor. The isolated reactor was heated up to 200 °C or 220 °C and maintained for a residence time of 4 h. In the case of D2, material was diluted at a 1:8 digestate to water ratio, and two residence times, 2 and 4 h, and a temperature of 200 °C were applied. Finally, the heat was turned off and the main reactor was cooled down by cooling water to room temperature. The solution was evacuated from the reactor and was filtrated through microfiltration paper using the ceramic Buchner funnel vacuum filtration setup. Both products, solid and liquid, were weighed before further testing was undertaken. The solid product was oven dried at 105 °C for 24 h and then pulverized prior to physical and chemical analyses. The liquid product was immediately investigated to avoid any changes in its properties. The hydrothermally carbonized samples were named according to the method used and the feedstock number, namely HTCD1 and HTCD2, which corresponded to digestates D1 and D2, and then were numbered according to the applied conditions.




2.3. Methods for Analysis of Solid Materials


The ultimate analysis was performed using the Elemental Analyser Leco 628, according to PKN-ISO/TS 12902:2007. The proximate analysis including moisture, ash and volatile content were determined under the following standards, PN EN ISO 18134-2:2017, PN EN ISO 18122:2016, and PN EN ISO 18123:2016, respectively. The higher heating values were determined using a KL-10 bomb calorimeter, according to PN-ISO 1928:2002. Mass and energy yields of hydrochars were determined according to [45].



2.3.1. Combustion Performance and Behaviour


The TGA analysis, in an air atmosphere (40 mL min−1), and at a heating rate of 10, 20, and 30 K·min−1 using the Netzsch STA 449 F3 Jupiter apparatus, was performed. The samples (10 mg) were heated in alumina crucibles (capacity 70 µL) from an ambient temperature up to 700 °C. Based on TG and DTG results, performed at a heating rate of 10 K min−1, the combustion characteristic temperatures including Ti—the ignition temperature, Tmax—maximum peak temperature, and Tb—burnout temperature, were determined. The ignition (Di), burnout (Df), combustion stability (Hf) and comprehensive combustion (S) indices were also calculated to evaluate the combustion performance [34].




2.3.2. Kinetic Analysis


Three isoconversion methods: Friedman, Kissinger-Akahira-Sunose and Flynn_Wall_Ozawa, were employed to estimate the most significant factor of kinetics: the activation energy. These methods were adopted due to their reliability and currency by other researchers [46]. The activation energy was determined by measuring the temperatures corresponding to fixed values of α from experiments at different heating rates from the slope of a plot of lnβ vs. 1/T, where α was a conversion rate for the sample


  α =    m  i 0   −  m a     m  i 0   −  m f     



(1)




and mi0, ma, and mf were the initial mass of the sample, the actual mass, and mass after combustion in g. The ratio of solid-state reaction rate was described by the following equation, where t and T were the time and temperature of the process, respectively, and k the rate constant:


    d α   d t   = k  ( T )  f  ( α )   



(2)







A number of approximation formulas and different methods were applied to calculate the activation energy. The Friedman method was based on the following equation:


  ln  [  β   d α   d T    ]  = ln  [   A α  f  ( α )   ]  −    E  a , α     R  T α     



(3)







The Kissinger-Akahira-Sunose method was expressed by


  ln  (   β   T α 2     )  = ln  (     A α  R    E  a α   g  ( α )     )  −    E  a α     R  T α     



(4)







The Flynn-Wall-Ozawa method was based on:


  ln β = ln  [    0.0048  E a    R g  ( α )     ]  − 1.0516    E a    R T    



(5)








2.3.3. Structural Analysis


Scanning electron microscopy supported by energy dispersive spectroscopy was investigated by an FEI Inspect S50 microscope. Additionally, Fourier Transformation Infrared Spectroscopy was performed by Brucker spectroscope, which investigated the wavelengths of studied samples in the range 400–4000 cm−1. Both methods were used to determine changes in the structure and surface of the digestates and their hydrothermally carbonized samples [9].





2.4. Methods for Analysis Methods of the Liquid Phase


The liquid phase, derived from the filtration process after the hydrothermal carbonization test, was non-translucent and of a dark colour; thus, the distillation process, performed under low pressure, was applied for purification [6]. For both the liquid phase and its distillate, the following analyses were conducted: chemical oxygen demand (COD) analysis, according to PN-ISO 6060:2006, and pH, conductivity, and biological oxygen demands (BOD) were measured by the Multifunction Laboratory Meter CX-505 ELMETRON in order to make a comparative analysis. Additionally, an acid-base titration of the distillate was carried out to determine the concentration of acetic acid. All measurements were repeated at least three times. The remaining dark solid part from the distillation process was dried at 105 °C, weighed and then analysed, using the Elemental Analyser Truespec Leco 628 according to PKN-ISO/TS 12902:2007, for its carbon content to determine the carbon balance.





3. Results and Discussion


The results of ultimate and proximate analyses supported by higher and lower heating values (HHV and LHV) are summarized in Table 1.



The chemical changes in the properties of all hydrothermally carbonized digestates were compared to raw materials and depicted in a van Krevelen diagram visualized in Figure 1. Due to the decarboxylation, dehydration and demethanation reactions, which occurred in the aqueous environment under temperature and pressure, the molar ratios of O/C and H/C were much lower in comparison with the raw materials. Consequently, they moved into a more coal-like zone towards the lower end of the scheme. Organoleptic analysis confirmed that all hydrothermally carbonized materials were more carbonaceous, brittle and easier to grind than raw dried digestates. Regarding both raw materials, the digestates derived from sewage sludge of different origins, and the ultimate and proximate analysis indicated that they were similar from a chemical and physical point of view. Carbon and volatile matter contents were slightly higher in D2 when compared to D1, whereas ash content, conversely, was lower. The changes in the chemical properties of the samples presented in Figure 1 clearly indicated that the temperature and digestate to water ratio had an impact on the properties of hydrothermally treated material; the HTCD1_3 samples derived at 220 °C and a digestate to water ratio of 1:8, moved significantly to the left side of the scheme than the other wet torrefied samples from D2. A similar tendency was observed regarding the increased residence time of the process: HTCD2_2 at 4 h also moved to the more carbonaceous zone. These results are consistent with those presented by He et al. [47]. Even though the higher temperature was applied to produce HTCD1_3, the location of this sample was closer to HTCD2_2, which was produced at a lower temperature but with the same residence time and digestate to water ratio. This is due to the slightly higher carbon content in D2 and its hydrothermally carbonized samples.



The fuel ratio (FC/VM) grades the hydrochars as an alternative carbonaceous fuel [41]. Since for HTCD1 the values of FC increased and VM decreased with dilution of feedstock for the HTC process and carbonization temperature, the fuel ratio increased from 0.16 to 0.39. In the case of HTCD2, the fuel ratio also increased by about 50% due to an increase of FC and a decrease of VM caused by the HTC process. However, the increase of carbonization time from 2 to 4 h did not affect the fuel ratio, which is contrary to the results of He et al. [47].



The ultimate analysis also indicated changes in the nitrogen and sulphur contents caused by the HTC process. The significant removal of nitrogen content from digestates was observed due to the degradation of proteins containing N which occurs above 150 °C, and decomposition of organic-N to NH+4-N [7]. The higher dilution (1:11) and higher temperature (220 °C) applied in the HTC of D1 resulted in 50 and 55% of N release into gases and liquid phases. In the case of D2, the increase of reaction time was not significant and the removal of N was 46% for both HTCD2_1 and HTCD2_2. Regarding sulphur, the HTC process caused a slight removal, but increased dilution and temperature did not indicate a clear tendency. The increase of carbonization time caused an increase of sulphur in the hydrochar, which is consistent with Aragón-Briceño et al. [39]. In conclusion, the NOx and SOx emissions from the combustion of hydrochars will be lower than in the case of digestates derived from sewage sludge, proving that hydrochar is the more favourable fuel. The physical properties are presented in Figure 2. The mass yields for HTCD1 differ between 52 and 64%, which is related to the applied conditions. The highest value of 64% was obtained for HTCD1_1 performed at 200 °C and a digestate to water ratio of 1:8, whereas the lowest was for HTCD1_2 performed at 200 °C and a digestate to water ratio of 1:11. Energy yields were almost the same for samples studied in different digestate to water ratios, and the temperature impact on these properties was not visible. The fixed carbon increased slightly with an increase in temperature, which corresponded to a decrease in volatile matter content in the samples. The more diluted material and higher temperature of the process, the less volatile matter and higher fixed carbon in the samples were found. In the case of HTCD2, the highest mass yield was found in the sample conducted for 4 h of residence time, and fixed carbon, found for 2 h of residence time, which was lower than for 4 h, where it was slightly higher than in the case of D2. When comparing hydrothermally carbonized samples derived under the same conditions, namely 200 °C of temperature, digestate to water ratio of 1:8 and 4 h of residence time, the mass yield of HTCD1_1 was slightly higher and differed by only 3% from HTCD2_2. However, energy yields were lower, around 23% when compared with HTCD2_2, indicating that this material reacted differently despite being under the same conditions of the process. Higher heating values were depicted for all samples, confirming the above statement. In the case of D1, the hydrothermal treatment caused a decrease in HHV, whereas with D2, there was a slight increase. The results were similar to those presented by [35].



Thermal analysis was conducted in order to study the combustion profiles of the samples. The results were depicted in the forms of TG/DTG/DSC curves (Figure 3a and Figure 4a) for D1 and D2. The combustion process was observed on TG profiles. It was divided into three distinct stages: release of the moisture content, release and combustion of volatile matters, and, finally, combustion of the char. A lack of changes in the mass of solid residue indicated the end of the process. The combustion of the two raw digestates was similar. However, the TG curves were the same in shape and character; D2 initiated the combustion slightly later and combusted longer at a higher temperature (504 °C) for 3 min when compared to D1 (488 °C). The combustion process was much more visible with DTG curves, which occurred with two peaks: one c.a. 270 °C, and, more noticeably, the second highest weight loss was observed around 480 °C. The char combustion was confirmed by the DSC peak, which corresponded with the second DTG peak.



The comparison between TG curves of hydrothermally carbonized products derived from D1 and D2 are presented in Figure 3b and Figure 4b. The TG profiles of carbonized samples differed and moved slightly towards higher temperatures. In both cases, a sharp decrease was observed between 250–300 °C and a much higher quantity of solid residue was collected after the treatment. Concerning HTCD1 samples, the TG profiles of HTCD1_1 and HTCD1_2 differed when compared to HTCD1_3 and HTCD1_4. Both HTCD1_1 and HTCD1_2, showed greater decreases and higher rates of volatile matter release represented by DTG1 curves. The location of DTG1 for HTCD1_2 suggested that its volatile matter was more violently combusted at a lower temperature, 272 °C, than in the case of HTCD1_1, namely 280 °C. The other two samples, HTCD1_3 and HTCD1_4, derived at a higher temperature, 220 °C, initiated and finalized the combustion at the same moment, and also combusted with two peaks of DTG, but with less intensity as in the case of the previously mentioned HTCD1_1 and HTCD1_2.



In addition, based on the TGA results, the most important combustion parameters including characteristic temperatures and combustibility indexes, were determined and summarized in Table 2. The following temperatures were found: Ti—ignition temperature, which defined the beginning of the combustion, T1—was the maximum peak temperature, and Tb—burnout temperature indicated the temperature at which the fuel was completely combusted [47]. In both cases, the hydrothermal carbonization caused the shift of Ti temperatures in HTCD1 and HTCD2 samples towards higher temperatures, due to an intensive volatile release confirmed by Di. The Tb occurred earlier in the case of pretreated samples, indicating that they were combusted in a shorter time, and according to a higher value of S index, with a higher intensity and probably more easily due to a slightly better combustion performance. The Hf represents the rate and intensity of the combustion process. Additionally, the results proved that the hydrothermally carbonized process unified the properties of the pretreated samples conducted under the same conditions giving very similar values of combustion characteristic temperatures, indexes and profiles for HTCD1_1 and HTCD2_2. For instance, the ignition indexes (Di) were 1.41 and 1.34 (%/min3), respectively. The comprehensive combustion (S) index differed only by 1.7 (%/(min·K2) and combustion stability (Hf) index by 5 (%2/(min2·K3)). A higher temperature of the process (220 °C) caused a decrease in S, providing results approximately half lower (c.a. S = 6.5 (%/(min·K2)) and an increase of about 40–50 in the Hf value. In conclusion, according to Song et al. [48] the results indicated that hydrochars from digestates performed better ignition and combustion characteristics in comparison to both digestates due to a larger Di index and a higher value of the S index.



The activation energy was estimated by three isoconversional model-free methods, Friedman, Kissinger-Akahira-Sunose, and Flynn-Wall-Ozawa [49] for D1 and D2 and their pretreated samples derived under the same conditions, 200 °C, 4 h of residence time and 1:8 of digestate to water ratio, namely HTCD1_1 and HTCD2_2 (Table 3). An example for Ea determination is presented in Figure 5, where the Kissinger-Akahira-Sunose model was used. Different heating rates (β = 10, 20, 30 K/min) were applied and the slope of ln(β/T2) for different conversion rates (α) was depicted. For the evaluation, only the fittings with a high correlation coefficient were considered. Raw samples of D1 and D2 showed nearly parallel fittings for most of the conversion rates, indicating that activation energy changes slightly with ongoing combustion. HTCD samples display a greater variation, suggesting a multistep kinetic mechanism [50,51]. All methods provided very similar results, especially in the case of D2 and its hydrothermally carbonized product, which differed by only 1 to 12%. The activation energy for raw D1 was lower, c.a 30%, when compared to pretreated material, and this was probably the result of the degradation of organic compounds in sewage sludge.



FTIR spectra of D1 and D2 digestates and their hydrochars HTCD1 and HTCD2 are depicted in Figure 6a,b. There were no significant changes found in the digestates after hydrothermal treatment, indicating that the hydrothermal carbonization process slightly affected the chemical bond of digestates, which corresponds with Peng’s investigations [52]. Both digestates were similar in shape, but the intensity of peaks differed a little. For instance, with D2 the peak at 3400 cm−1, which is attributed to the vibration of -OH stretching found in cellulose, decreased slightly with a rise in temperature and dilution, suggesting the ability for dehydration, whereas, in the case of D1, it was weaker for a shorter period of the hydrothermal carbonization process. The wavelength range of 2800–3000 cm−1 is assigned to aliphatic hydrocarbons, most likely aliphatic carbon C-H and the symmetrical stretching of methylene groups, represented by 2923 and 2853 cm−1, respectively [53], which were slightly affected by temperature and time of the process. Two peaks found in the region of 1350–1800 cm−1 at 1658 and 1442 cm−1 were probably attributed to the stretching vibration of C=N amides [52,54] and the presence of olefins components [55]. In both studied cases they were slightly weaker after hydrothermal conditioning. The strong and broad peak at 1007 (D1) or 1011 cm−1 (D2) is connected to -C-OH, attributed to carboxylic acids or alcohols. The other hypothesis is that these peaks are assigned to Si-O stretching and Si-O-Si bonds, confirming the presence of Si in digestates from sewage sludge. According to Wang et al. [56], polysaccharides can be detected in the region of 1000–1100 cm−1 after decomposition caused by the hydrothermal carbonization process. There are also some subtle peaks below the region 600–400 cm−1 slightly affected by the hydrothermal process, which are probably caused by Si-O or Al-O bending vibration [47].



SEM-EDS results depicted in Figure 7 and Figure 8 confirmed the degradation observed by FTIR analysis caused by the hydrothermal carbonization process of pretreated digestates. In both cases defragmentation was also found, and smaller particles were observed after the process.



Liquid contains a high quantity of dissolved total organic carbon content and nutrients and necessitates adequate disposal. Accordingly, the preliminary study of vacuum distillation of the post-processing liquid phase was tested as a suitable method for purification. This method proved to be a good solution, not only for the elimination of odour and colour from non-translucent and toxic liquid, but also as an effective method in COD, BOD and conductivity reduction [6]. Table 4 summarized the results presenting that COD was decreased by ten times, BOD by two times and conductivity by four times, even though pH increased by 30%.




4. Conclusions


The digestates from two wastewater treatment plants were hydrothermally carbonized at 200 and 220 °C, 2 and 4 h of time, and 1:8 and 1:11 of D/W ratios. The changes in the physical and chemical properties of hydrochars were confirmed by proximate and ultimate analysis, thermal analysis and FTIR and SEM-EDS methods. Hydrothermal carbonization caused an increase of up to 50% of ash content and a decrease c.a. 6–12% of carbon content, which corresponded to a decrease c.a. 20% of the higher heating value except for a slight increase to 15 kJ/kg at 200 °C and 4 h in hydrochars. The degradation of morphology and structure caused by rigid conditions were confirmed by FTIR and SEM-EDS analysis. Energy and mass yields varied 52 to 64 and 43 to 63%, respectively. Thermal analysis presented combustion profiles of hydrochars which moved towards higher temperatures (225–257 °C) and finished earlier at lower temperatures (423–438 °C) in comparison to digestates. An important guidance for industry regarding the energy application of digestate from sewage sludge is provided. Indeed, one of the most significant aspects of the results is that the hydrochar properties are mainly dependent on the process conditions (200 °C, 4 h, and 1:8 D/W) rather than on the feedstock characteristics. This is very promising from an industrial point of view, because a single carbonization plant can process feedstock arriving from different waste water treatment plants, providing an homogenous and constant product output. In particular, the following properties were found to be unified for the two digestates: fixed carbon (c.a. 9.12%), combustion characteristic temperatures (Ti c.a. 254 °C, Tb = 438 °C, T1 = 280 °C), indices (Di c.a. 1.37 min2·°C3⋅10−2, Db = 30.9 min2·°C3⋅10−2, S c.a. 20.25% 2/(min2·°C3) ⋅10−8, Hf c.a. 970 min2·°C2) and Ea = 169 kJ⋅kmol−1 calculated by the Friedman method. Moreover, to manage the problem of polluted process water, the vacuum distillation process is proposed as a successful disposal of the liquid phase from the hydrothermal carbonization process, thereby giving a spectacular reduction in the main toxicity indicators (two times lower BOD values, up to fifteen times lower COD values, and c.a. three times lower conductivity).
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Figure 1. Van Krevelen diagram. 
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Figure 2. Chemical and physical properties. 
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Figure 3. (a) TG/DTG/DSC of D1 and (b) TG curves of HTCD1. 
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Figure 4. (a) TG/DTG/DSC of D2 and (b) TG curves of HTCD2. 
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Figure 5. Linear fitting to the Kissinger-Akahira-Sunose kinetic model for various conversion during combustion for: (a) raw D1, (b) raw D2, (c) HTCD1_1, and (d) HTCD2_2. 
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Figure 6. FTIR results for (a) D1 and HTCD1 and (b) D2 and HTCD2. 
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Figure 7. SEM-EDS results for D1 and HTCD1_1. 
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Figure 8. SEM-EDS results for D2 and HTCD2_2. 
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Table 1. Characteristics of feedstocks and hydrothermally carbonized digestates, db.
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	D1
	HTCD1_1
	HTCD1_2
	HTCD1_3
	HTCD1_4
	D2
	HTCD2_1
	HTCD2_2





	Temperature, °C
	
	200
	200
	220
	220
	
	200
	200



	Digestate to water ratio
	
	1:8
	1:11
	1:8
	1:11
	
	1:8
	1:8



	Residence time
	
	4
	4
	4
	4
	
	2
	4



	Ultimate analysis
	
	
	
	
	
	
	
	



	C, %
	29.6
	26.2
	26.50
	26.70
	26.00
	32.8
	30.4
	30.8



	H, %
	4.3
	3.14
	3.34
	3.14
	3.05
	4.69
	3.83
	3.84



	N, %
	4.35
	2.32
	2.14
	2.16
	1.95
	4.74
	2.55
	2.52



	S, %
	1.58
	1.42
	1.32
	1.36
	1.51
	1.61
	1.43
	1.55



	O, %
	20.11
	11.12
	12.34
	9.44
	11.21
	22.85
	12.67
	11.93



	Proximate analysis
	
	
	
	
	
	
	
	



	FC, %
	8.16
	9.01
	10.45
	10.96
	11.88
	8.66
	9.42
	9.24



	VM, %
	50.45
	34.03
	33.08
	31.18
	30.58
	53.83
	39.59
	39.46



	Ash, %
	40.06
	55.80
	54.36
	57.20
	56.28
	33.31
	49.12
	49.36



	M, %
	1.33
	1.16
	2.11
	0.66
	1.26
	4.20
	1.89
	1.94



	Fuel ratio
	
	
	
	
	
	
	
	



	FC/VM
	0.16
	0.26
	0.32
	0.35
	0.39
	0.16
	0.24
	0.23



	Heating values
	
	
	
	
	
	
	
	



	HHV, MJ/kg
	14.34
	11.40
	11.40
	13.41
	11.41
	14.66
	13.76
	15.12



	LHV, MJ/kg
	13.57
	10.82
	11.45
	12.73
	10.80
	13.75
	13.09
	14.46
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Table 2. The combustion characteristics parameters of raw and hydrothermally carbonized digestates.
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	Material
	D1
	HTCD1_1
	HTCD1_2
	HTCD1_3
	HTCD1_4
	D2
	HTCD2_1
	HTCD2_2





	Temperature, °C
	
	200
	200
	220
	220
	
	200
	200



	Digestate to water ratio
	
	1:8
	1:11
	1:8
	1:11
	
	1:8
	1:8



	Residence time
	
	4
	4
	4
	4
	
	2
	4



	Ti, °C
	194
	250
	255
	225
	225
	204
	250
	257



	Tb, °C
	488
	438
	423
	427
	423
	504
	442
	438



	T1, °C
	270
	280
	272
	280
	282
	270
	290
	280



	DTG1, %/min
	−4.00
	−7.67
	−5
	−2.27
	−2.25
	−2.72
	−4.58
	−7.46



	T2, °C
	473
	384
	363
	374
	370
	481
	384
	382



	DTG2, %/min
	−5.50
	−2.54
	−2.36
	−2.02
	−1.94
	−5.29
	−2.54
	−2.16



	Di, %/min3·10−2
	0.63
	1.41
	0.94
	0.48
	0.47
	0.66
	0.82
	1.34



	Db, %/min4·10−5
	9.5
	30.9
	22.4
	9.3
	10.3
	12.3
	18.0
	30.9



	S, %2/(min2·°C3)·10−8
	11.7
	21.1
	12.1
	6.6
	6.4
	12.4
	12.9
	19.4



	Hf, %/(min·°C2)
	875
	972
	973
	1026
	1014
	813
	992
	967
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Table 3. Activation energy estimated by Friedman, Kissinger-Akahira-Sunose and Flynn-Wall-Ozawa.
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Material

	

	
Ea, kJ/kmol

	




	

	
Friedman

	
Kissinger-Akahira-Sunose

	
Flynn-Wall-Ozawa






	
D1

	
132

	
179

	
152




	
HTCD1

	
169

	
180

	
182




	
D2

	
165

	
166

	
153




	
HTCD2

	
168

	
169

	
152
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Table 4. Liquid filtrate and its distillate characteristics.
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	Material
	HTCD1_1
	HTCD1_2
	HTCD1_3
	HTCD1_4
	HTCD2_1
	HTCD2_2





	pH
	7.33
	7.00
	7.74
	7.46
	7.09
	7.13



	pHd
	9.5
	9.18
	8.87
	8.95
	9.09
	8.94



	Conductivity, mS
	13.95
	10.36
	16.84
	12.89
	11.27
	12.68



	Conductivityd, mS
	3.09
	2.28
	8.88
	7.09
	3.85
	5.20



	COD, gO2 L−1
	30.3
	22.62
	29.67
	23.85
	28.72
	26.76



	CODd, gO2 L−1
	3.16
	1.49
	4.57
	3.33
	2.77
	2.37



	BOD, gO2 L−1
	1.76
	1.04
	1.32
	1.52
	1.08
	1.12



	BODd, gO2 L−1
	0.8
	0.72
	0.72
	0.84
	0.60
	0.48







d—distillate.
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