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Abstract

:

Shrimp shell is a popularly consumed seafood around the globe which generates a substantial quantity of solid wet waste. Hydrothermal carbonization (HTC) could be a viable pathway to convert wet shrimp shell waste into energy-dense hydrochar. The present study aims to assess the fuel properties, physicochemical attributes, and combustion properties of shrimp shell hydrochar generated with a wide range of HTC temperatures (110–290 °C). Results showed that a rise in carbonization rate results in a decline in mass yield to as low as 25.7% with the increase in HTC temperature. Thermogravimetric analysis indicates shrimp shell hydrochars to be more thermally stable than raw dried feedstock. Results from the bomb calorimeter report a maximum HHV of 27.9 MJ/kg for SS-290, showing a 13% increase in energy densification compared to raw shrimp shell. The slagging and fouling indices determined for the hydrochars further assisted in addressing the concern regarding increasing ash content changing from 17.0% to 36.6%. Lower ratings of the slagging index, fouling index, alkali index, and chlorine content for hydrochars at higher temperature indicate the reduced probability of reactor fouling during combustion. The findings of the analysis demonstrate that HTC is a promising approach for transforming shrimp shell waste into a potential fuel replacement.
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1. Introduction


According to the Food and Agricultural Organization (FAO), annual production of crustaceans, including lobsters, prawns, and shrimp in the US, was about 9.3 billion tons in 2020, among which shrimp alone accounted for almost 5.03 million tons [1,2]. During the processing of shrimp, residues, including the head, viscera, shell, and other parts, generate between 50 and 60% of the total solid as wet solid waste, often called shrimp shell waste [3]. Despite a small fraction of the shrimp shell waste being reused as animal and aquaculture meal [4], a vast majority of the shrimp shell waste is either burned or disposed of in landfills or in the open ocean, which emits greenhouse gases and causes nutrient pollution and foul odors [5]. Moreover, given its high moisture and ash content, direct combustion of shrimp shell waste has not proven to be a financially viable option as an energy source [6]. Therefore, processing this waste into solid char, which could be an effective alternative to produce an energy-dense fuel is of an imminent need for society.



In recent years, hydrothermal carbonization (HTC) has been practiced, transforming wastes with high moisture content into carbonaceous hydrochars with improved fuel properties compared to pristine feedstocks. HTC is proven to be beneficial due to its ability to improve conversion efficiency at lower temperatures without the need for dry feedstock like pyrolysis or gasification [6]. To date, HTC has been extensively incorporated in lignocellulosic feedstocks because of their high concentration of cellulose, lignin, and other carbohydrates [6,7,8,9,10,11,12]. Recently, HTC of non-lignocellulosic feedstocks including municipal solid wastes and sewage sludge is also being recognized as a useful waste mitigation pathway [13,14,15,16,17,18]. However, HTC is not largely explored for non-lignocellulosic material that contains different amounts of protein, lipids, and carbohydrates in comparison to lignocellulosic biomass. In terms of shrimp shell waste, proximate analysis shows that it contains 80% moisture, 15% protein, 8% fat, and 1.2% carbohydrates, but no lignin nor cellulose was detected in shrimp shell waste [19]. The research on repurposing shrimp shell waste has so far concentrated on recovering bioactive elements, but it still produces effluents such waste sludge or wastewater that require additional treatment, whereas HTC attempts to minimize effluent by utilizing even the inherent moisture content of shrimp shell [20]. Despite the presence of poor carbohydrate content and high moisture content, the literature shows activated shrimp shell hydrochars are used in cathode materials, microbial fuel cells as a catalyst, dye adsorption, fertilizer, and as alternative fuel [21,22,23,24,25,26]. Exploring the mitigation path of shrimp shell waste through the HTC process and generating a new fuel alternative can simultaneously address the adverse issues of waste management and the energy crisis. Although not the scope of this specific study, the process liquid generated after the HTC process is rich in ammonium ions, which gives another research scope for its recovery.



Previously, Kannan et al. have characterized shrimp shell hydrochar and optimized the HTC conditions for maximizing mass yield [23]. However, the studies were conducted for only three different HTC temperatures, and the purpose was to characterize the hydrochars. To the best of authors’ knowledge, no elaborate combustion characterization or fouling and slagging indices analysis has been conducted on shrimp shell hydrochar to evaluate its potential as an alternative fuel. In addition, it has not yet been thoroughly explored how degradation of a non-lignocellulosic feedstock may be distinct from conventional lignocellulosic ones at HTC temperatures lower than 180 °C, above which lignin decomposition begins. It is well recognized that HTC conditions have a considerable impact on mass yield and hydrochar quality, including its elemental composition, ash concentration, surface functions, and calorific value. In this study, properties of hydrochars were investigated across an extensive range of HTC temperatures (varying from 110 °C to 290 °C) by performing physicochemical, fuel, and combustion characterization. Finally, evaluation of slagging, fouling, and alkali indices was performed to enable a comprehensive understanding of the combustion quality of the hydrochars to be implemented as an alternative energy source.




2. Materials and Methods


2.1. Materials and Chemicals


Whole white shrimps were purchased from a local grocery store in Palm Bay, Florida. The heads and shells of each shrimp were manually separated and dried for 24 h in the oven at 105 °C. The shrimp shell waste (SS) was then crushed into a consistency of powder (particle size ranging from 500 μm to 63 μm) using a food processor and stored in sealed containers for HTC and corresponding characterization. For elemental and combustion analysis of hydrochars, ultra-high purity nitrogen and ultra-zero air, respectively, were obtained from NexAir (Melbourne, FL, USA). Vanadium oxide and 5-tert-butyl-benzoxazol-2-yl thiophene (BBOT) standard employed for elemental analysis were provided by CE Elantech (Lakewood, NJ, USA).




2.2. Hydrothermal Carbonization


The dried powdered SS was hydrothermally carbonized in a 300 mL Parr reactor (Moline, IL, USA). The thorough procedure for hydrothermal treatment is accessible elsewhere [27]. Briefly, the reactor was loaded with a 1:10 ratio of SS to deionized water (DI) (15 g of SS and 150 g of DI water). Seven temperatures were evaluated with a 30 °C increment from 110 °C to 290 °C and a 30 min residence time. Typically, for any lignocellulosic material, HTC starts strengthening at a temperature of around 180 °C. However, this study sought to evaluate the impact of HTC temperature on a non-lignocellulosic feedstock for a wide spectrum of temperatures ranging from the boiling point of water to as high as 290 °C. Each HTC reaction was followed by the venting of the product gases in the fume hood. The separation of the solid hydrochar from the process liquid was accomplished by vacuum filtration using Whatman 41 filter paper (Cytiva, Tonglu, China) and solid hydrochar was rinsed with DI water during the filtration process to remove residual process liquid in the pores. The pH of the process liquid was assessed. The hydrochar was oven-dried at 105 °C for 24 h before being transferred to a sealed plastic tube for storage. The samples were labeled as SS-T, where T denotes HTC temperature. Mass yield for each temperature increment was estimated using Equation (1) [15].


  M a s s   Y i e l d     %   =   M a s s   o f   d r i e d   h y d r o c h a r   ( g )   M a s s   o f   d r y   f e e d s t o c k   ( g )   × 100 %  



(1)








2.3. Physicochemical Characterization of Hydrochars


The elemental analysis (wt.%) containing carbon, nitrogen, hydrogen, and sulfur in raw SS hydrochars at seven different temperatures was performed using a CHNS-O analyzer from FLASH EA 1112 Series (Thermo Scientific, Grand Island, NY, USA) with a reliability limit of 0.64, 0.16, and 0.11 for carbon, hydrogen, and nitrogen, respectively, in accordance with ASTM D5373 [28]. As per the ASTM approach, vanadium oxide (V2O5) as a conditioner and 5-tert-butyl-benzoxazol-2-yl thiophene (BBOT) as a standard for calibration were employed. The samples were subjected to combustion at a temperature of 950 °C in presence of ultra-high purity oxygen, while helium was used as a carrier gas to flow through the sample over pellets made of copper oxide and then electric electrodes of copper.



By employing a muffle furnace (Thermo Scientific, Model # FB1415M, Waltham, MA, USA) with a temperature accuracy of ±0.5 °C [29] set at 575 °C temperature for a span of 5 h and 30 min, the ash in the dry solid samples was estimated by using the ASTM D1102 technique and following Equation (2), respectively. For the purpose of confirming reproducibility, replicates of each sample were run. Finally, by using a difference method (100%-carbon%-nitrogen%-sulfur%-hydrogen%-ash%), oxygen content was calculated.


  A s h     %   =   w e i g h t   o f   a s h   ( g )   i n i t i a l   w i g h t   o f   s a m p l e   ( g )   × 100 %  



(2)







Proximate analysis of SS and hydrochars was performed to determine their moisture content (MC), volatile matter (VM), and fixed carbon (FC) through thermogravimetric analysis, known as TGA, using a PerkinElmer TGA 4000 (Waltham, MA, USA) with a ±1 °C temperature accuracy and ±0.02% balance accuracy [30]. To prevent oxidation and consistently purge the VM, 20 mL/min of nitrogen gas was circulated during each TGA run to maintain an inert environment. The samples were heated isothermally for 5 min from a starting temperature of 35 °C to 105 °C at a rate of 50 °C/min. Moisture content was the cause of any observed mass loss during this time. The samples were then heated at the same pace to 900 °C and kept isothermal at 900 °C for an additional 5 min. The mass loss from 105 °C to 900 °C was attributable to volatile matter. The percentage of fixed carbon present in the samples was determined by deducting the moisture percentage, volatile matter, and ash percentages from 100%. With the accumulated value of volatile matter and fixed carbon percentage, Equation (3) was used to determine the fuel ratio to evaluate the quality of coal, where low fuel ratios indicate high ignition behavior that could result in spontaneous ignition [10]:


  F u e l   R a t i o =   F i x e d   c a r b o n   ( w t % )   V o l a t i l e   m a t t e r   ( w t % )    



(3)







The functionalities present in raw dry SS and corresponding hydrochars were detected utilizing Thermo Scientific Attenuated Total Reflector (ATR) FTIR (Model: Nicolet iS5, Madison, WI, USA). The selected working conditions were 64 scans per second, an 8 cm−1 resolution, and a wavenumber range of 500 cm−1 to 4000 cm−1.




2.4. Fuel Characterization


For each sample, the higher heating value (HHV) was estimated using an IKA C 200 Bomb Calorimeter (Staufen, BW, Germany) with a dynamic reproducibility of 0.1% [31] by strictly adhering to the ASTM D240 method. The energy densification ratio (EDR) and energy yield (EY) were determined using the following Equations (4) and (5), respectively [32,33]:


  E D R =   H H V   o f   S S   h y d r o c h a r   (   M J   k g   )   H H V   o f   r a w   S S   (   M J   k g   )    



(4)






  E Y =   E D R   ×   m a s s   y i e l d  



(5)








2.5. Combustion and Combustion Indices


The combustion thermogram was performed in the same TGA as the proximate analysis. The samples were subjected to heating at a rate of 20 °C/min in presence of 20 mL/min air flow from 35 °C to 900 °C. This approach was adopted from Zhang et al. [34]. The combustion thermogram for mass loss (TG) and rate of mass loss (DTG) were plotted. This DTG thermogram was used to determine the temperature at which maximum mass loss occurred, the burnout temperature, and the ignition temperature. The following Equations (6)–(8) were used to compute combustion time and indices [15,34,35,36]:


    D   i     =             d w   d t       m a x         t   m a x   ×   t   i      



(6)






    D   b     =             d w   d t       m a x       ∆   t     1   2     ×   t   m a x   ×   t   b      



(7)






    S   i     =           d w   d t       m a x   ×       d w   d t       m e a n       T   i   2   ×   T   b      



(8)




where tb and ti represent the time at the burnout and ignition temperatures, respectively. Di = ignition index (high Di means easier and faster ignition);         d w   d t       m a x     = maximum rate of mass loss which occurs at temperature, Tm (a lower Tm value means a more reactive sample); tmax = time at maximum rate of mass loss. Db = burnout index (a lower value means better combustion), Δt1/2 = time at halfway of reaching DTGmax. Si = comprehensive combustibility index (a higher value means more intense burning reaction); Ti = ignition temperature, the temperature at which the sample ignites where the DTG is 1%/min after the moisture content has dissipated (a higher Ti means a more stability in sample). Tb = burnout temperature, the temperature where combustion has stopped and the DTG decreases to less than 1%/min (a higher Tb means more thermal persistency);   (   d w   d t   )  mean is the overall average rate of combustion.



An energy-dispersive spectrometry (EDX) unit (Genesis, EDAX, Los Angeles, CA, USA) was used to identify primary inorganic elementals in hydrochar ashes at different temperatures to calculate slagging and fouling indices for each sample. Hence, the residual ash content from the muffle furnace run was subjected to the EDX for each hydrochar at different temperatures. The most widely used indicators for coal to assess slagging and fouling tendencies include the fouling index, slag viscosity index, alkali index, and chlorine content [37]. In general, the components of ash can be separated into two primary groups (groups A and B) based on their melting points, where compounds in B groups are of lower melting points (CaO + MgO+ Fe2O3 + Na2O + K2O) and compounds in A groups are of high melting points (SiO2 + TiO2 + Al2O3) [38]. As the onset of phases in the fly ash having lower melting point is facilitated by phosphorus (P) concentration, P2O5 content should be added to group B. Generally, the correlations are calculated in the form of B/A. The scale formation in the incinerator by these two groups of metal components in the presence of sulfur is measured by the slagging index, although the fouling index is nearly equivalent to the contribution of included sodium and potassium oxides. The number of kilograms of sodium and potassium oxides per GJ of solid fuel is known as the alkali index. Finally, the proportion of silica in the metal oxides is measured by the slag viscosity index [39]. Table S1 contains the most recognized correlations and ratings to define the indices for bituminous and brown coals [38]. Every single index for raw SS and hydrochars was assessed based on the elemental analysis of ash from EDAX. The slagging factor and fouling index is considered without P amount in ash.




2.6. Characterization of HTC Process Liquid


Residual process liquid from each HTC was thoroughly filtered out of the solid hydrochar. After HTC was run at various temperatures, these process liquids for each sample were run on a Dionex Aquion IC (ion chromatography) system (Thermo Scientific, Sunnyvale, CA, USA) with a <0.1% flow accuracy and ±0.5 °C temperature accuracy [40] to estimate the ammonium concentration. A sample volume of 5000 µL was injected into the dionex ionpac CS12A cation exchange column (4 × 250 mm). A 1 mL/min flow rate, 20 mM methanesulfonic acid diluted with deionized water was used as the eluent of the process to achieve ammonium ion separation. For each sample, the column was kept at a temperature of 25 °C for a 15 min run time. A Dionex Cation Self-Regenerating Suppressor (Dionex CSRSTM 300 4 mm) unit was utilized to suppress the MSA eluent conductance before detecting ammonium ion with a conductivity detector. The amount of ammonium in the process liquid was stored in the Chromeleon version 6.8 software connected to the IC.





3. Result and Discussion


3.1. Effect of HTC Temperature on Product Distribution and Properties of Hydrochars


Mass yield, ultimate analysis, proximate analysis, bomb calorimetry analysis, and process liquid characterization results for raw SS along with the hydrochars at different temperatures are shown in Table 1. The corresponding solid fraction generated through the HTC process is demonstrated as mass yield. Mass yield from HTC varies at different temperatures due to the conversion process. Mass yield for SS-110 to SS-290 decreased from 54.3 ± 9.4% to 25.7 ± 5.6%. However, a significant mass loss during HTC was observed from SS-140 to SS-180 where the yield decreased from 53.4% to 32.0% and continued to decrease up to SS-260. A notable decreasing mass yield with the rise in HTC temperature may be a consequence of increased reaction severity [41]. Several studies have reported a decreasing mass yield trend for different feedstock at higher HTC temperatures and noted that as an indication of a higher rate of carbonization [42,43,44,45]. The decreasing mass yield can be attributed to the increasing organic matter loss during HTC in the form of volatile matter at increased reaction temperature [46,47]. In a particular study on SS conducted by Kannan et al. [23], a maximum hydrochar mass yield of 29% at 186 °C and 2 h of residence time was reported, which is comparable to the mass yield recorded at that temperature range of 170 °C to 200 °C in this study. The same study reports an initial increase in mass yield from 150 °C to 180 °C then a decrease in yield for 210 °C [23]. This reported result suggests a possible hydrolysis from 150 °C to 180 °C, which leads to an increase in mass yield, whereas at higher HTC temperature above 180 °C the degradation of carbohydrates and/or proteins results in decrease in mass yield up to 210 °C. Given that the HTC retention time and feedstock composition have varied in the two cases, which has a substantial impact on the mass yield, the result nevertheless adheres to the usual trend that yield declines at a higher temperature rage [23].



Table 1 includes the ultimate analysis of raw SS and hydrochars. The reported concentrations of carbon, hydrogen, nitrogen, sulfur, and and oxygen for raw SS are 38.6%, 6.2%, 8.4%, 0.7%, and 29.1%, respectively, which are comparable to the literature [23,48]. As SS undergoes HTC, the carbon content experiences an increase from 38.6% in raw SS to as high as 43.7% in hydrochars. The rising trend indicates elemental carbon enrichment in hydrochars from raw SS via the carbonization reaction, resulting in a decrease in hydrogen, nitrogen, and oxygen content. This trend can also be explained by the lower mass yield found at higher HTC temperature due to increasing carbonization reaction rate. However, for hydrochars at various temperatures, the results in Table 1 indicate decreasing trend in carbon and nitrogen up to SS-230 and then an increase from SS-230 to SS-290. A probable explanation for this pattern is that at higher temperatures, the amino acid breakdown that results in a reduction in nitrogen condenses back in hydrochars, resulting in an increase in carbon and nitrogen content for SS-260 and SS-290. Furthermore, HTC of SS introduced a reduction in sulfur content in hydrochar from 0.71% in raw SS to as low as 0.55%, improving the fuel quality through in production of SOx gas during combustion.



To better understand the reason behind the increase in carbon content and decrease in hydrogen and oxygen content, a van Krevelen diagram plotting the atomic O/C vs. atomic H/C ratios in Figure 1a and a modified van Krevelen diagram of atomic O/C vs. atomic N/C ratios in Figure 1b were drawn [49]. The prominent decrease in oxygen can be explained by deoxygenation reactions such as dehydration and decarboxylation reactions evident in the van Krevelen diagram in Figure 1a. The van Krevelen diagram additionally explains fuel quality, showing that lower H/C and O/C ratios denote better fuel quality [50]. Figure 1a demonstrates that for hydrochars at higher HTC temperatures, the data points shift towards the origin, exhibiting a decline in the H/C and O/C ratio, indicating a better carbonization reaction and improved fuel quality. Further, the modified van Krevelen diagram in Figure 1b explains the reduction in nitrogen and oxygen content through deamination and nitrification reaction occurring during the HTC process. The reduction in nitrogen content with the increase in HTC temperature improves the quality of fuel in hydrochars, ensuring reduced emission of NOx gas during combustion. The evident amination reaction can be visualized through the ion chromatography analysis of process liquid at each temperature. A significant amount of amino acid present as protein in SS decomposes to ammonia through deamination and decarboxylation reaction [51,52] and releases NH4+ in the process liquid. Again, with the increase in HTC temperature, the reaction severity increases and results in higher accumulation of NH4+ in the process liquid (Table 1). The increasing concentration of basic NH4+ ion is also reflected in the pH of process liquid in Table 1 as it increases from 7.5 to 9.1 for SS-110 to SS-290. Furthermore, the FTIR results shown in Figure S1 in the Supplementary Section of the study contribute to clarifying the transformation in functionalities and degradation of components with the rise in HTC temperature.



The ash content calculated from muffle furnace, which reports the metal and metalloids, exhibits an increase from 17.0% to 36.6% for raw SS to hydrochar at 290 °C (Table 1). The literature indicated that the ash content for raw SS alone ranged from 32.0% to 38.0% where different methods were used for calculation [53,54]. Since SS often contains high levels of calcium and other minerals [48,53,54], an increase in ash content upon further application of the HTC process is an expected consequence. The exact scenario is evident in this study as well, where, with an increase in HTC temperature, the ash percentage in hydrochar increased from 21.8% to 36.6%. The proximate analysis of raw SS and hydrochars at different temperatures to calculate fixed carbon (FC) and volatile matter (VM) were performed by TGA. The results indicated the amount of FC in hydrochar varied insignificantly with the rise in HTC temperature, which was also reported in the literature, where increasing holding time and HTC temperature both showed insignificant impact [23]. In this study, the FC content varied from 4.9% to 2.9% with the increase in HTC temperature. A similar decreasing trend emerged for the VM content with the increase in temperature, which ranges from 73.0% to as low as 60.6%. Based on the literature, lower VM results in steady flame formation throughout combustion, which ultimately leads to reduced heat loss [55]. The decline in FC and VM percentage can be explained by the consistent rise in ash content of hydrochars with the rise in temperature due to the presence of high mineral content in SS, which is a non-lignocellulosic biomass. The reported fuel ratio in Table 1 also reflects this decreasing tendency in FC and VM.



The HHV of raw SS and hydrochars for the dry ash free basis are shown in Table 1. The HTC temperature appears to have a negligible effect on the higher heating value. The range of HHV undergoes a slight increase with the increase in HTC temperature where it rose to 27.9 MJ/kg for SS-290 compared to 24.6 MJ/kg found for raw SS. It is obvious that rising reaction temperature has a beneficial effect on HHV. This may be correlated with the increase in elemental carbon content found in the CHNS result in Table 1 and the shift in Figure 1a, with the increase in HTC temperature indicating a better fuel quality. The maximum HHV for SS hydrochar reported to date was 24.0 MJ/kg at 210 °C for a 2 h HTC retention time, which is lower than the value reported in this study [23]. A reason behind this could be that, with the increase in temperature up to 290 °C, hydrochars experience more complete carbonization, showing a greater HHV.



Table 1 also contains the values of energy yield (EY), energy densification (ED), and energy densification ratio (EDR) of raw SS and hydrochars. The EY of hydrochars varied from 54.5% to 28.3%. EY is known as a balance between mass loss and HHV. The decreasing trend in EY reflects the decreasing mass yield and insignificant rise in HHV described earlier. At higher HTC temperature, the elemental C in hydrochars and solid yield both decrease due to increasing reaction intensity. At 290 °C HTC temperature, the EDR for the hydrochar reached a maximum of 1.13, showing a 13% increase compared to raw SS. This increase in EDR is mostly the result of carbon densification in hydrochars following HTC. In this study, the lack of impact of HTC temperature on EDR and ED could have the same explanation as that of the minor change found in the HHV. A negligible difference in HHV, ED, and EDR for non-lignocellulosic SS hydrochars was found compared to other lignocellulosic feedstocks [56]. However, SS waste exhibits the possibility of use as solid fuel when compared to other lignocellulosic biomass [57,58,59,60,61], sewage sludge [62], and food waste [63] in terms of heating value. From a study reported by Jelena Petrovic et al., hydrochar from corn cob, paulownia leaf, and olive pomace showed the highest HHV of 27.33 MJ/kg, 28.06 MJ/kg, and 30.55 MJ/kg, respectively, at the HTC temperature of 260 °C [59]. Another study on hydrochar from sweet potato waste at 280 °C for a retention time of 1 h reported a HHV of 26.17 MJ/kg [58]. Hydrochar of SS at a higher HTC temperature exhibits the potential to be implemented as an alternative energy source with a comparable HHV to several other waste feedstocks.




3.2. Combustion Characteristics


Table 2 illustrates the combustion characteristics of raw SS and its hydrochar samples. The combustion properties were found from Figure S2 and Figure 2. According to Figure 2, three distinct major peaks were observed for each sample at three different temperatures throughout the entire combustion zone, indicating all the components were not oxidized at the same time. A similar occurrence was also reported in previous studies of SS hydrochars [64,65,66]. Every sample displayed a first DTG peak between 110 and 150 °C, indicating removal of moisture or organic molecules with low boiling point [65]. The second major peak identified in all hydrochars, and raw SS emerged in the temperature between 200 °C to 600 °C, which contributes to the degradation of chitosan and other organic substances such as polysaccharides and proteins [65,66]. From Table 2, all the samples showed a maximum degradation temperature (Tm) in the range of 367–381 °C, which could indicate chitin degradation as found in other studies [64,65,67]. The raw SS degradation peak varies significantly in the region of 250 °C–650 °C from the hydrochars. For raw SS, several peaks could be an indication of the gradual breakdown of greater quantity of organic components than in hydrochars. Organic content in hydrochars has already undergone a carbonization reaction at higher temperature and is degraded during HTC. Additionally, the DTG curves for hydrochar in the second degradation range reveal nearly comparable peaks in the 450 °C–650 °C region for SS-110 and SS-140. However, hydrochars at higher temperatures exhibit a different progressive shift from SS-200 to SS-290. A possible reason behind this is the rigorous carbonization reaction of organic matter in the HTC process at higher temperature, which is evident in the lower mass yield as well (Table 1).



The Tm reported in Table 2 also suggests that higher HTC temperature shows higher Tm, an indication of more stable organic content presence in the hydrochars. In the third stage of the analysis, the remaining high calcium percentage in SS degrades since the majority of the organic components are already decomposed during the second degradation peak. As per the literature, the degradation peak caused by the transition of commercial calcium into calcite typically occurs at 729 °C [64], while the final weight loss for SS hydrochars was found to be about 700–720 °C. The prior studies by Kaewtatip et al. [64] on SS and Poompradub et al. [68] on cuttlebone’s decomposition temperature both reflect the final stage of SS weight loss, and they both attribute this stage of degradation to the release of CO2 to produce CaO.



The increasing burnout temperature reported in Table 2 indicated that with higher HTC temperature, more thermally stable hydrochars were produced. This phenomenon is explained by Poomsawat et al. [69], who explained that less homogeneity at higher temperature hydrochars could extend the reaction time for complete combustion, and in this case the decrease in homogeneity of the hydrochar could be attributed to the increase in incombustible ash content in hydrochars at higher HTC temperature (as observed in Table 1). This trend is also reflected in the rise of Tm found in Table 2, which indicates a reduction in reactivity rate a result of the synthesis of more thermally stable hydrochar at higher HTC temperatures. Hydrochars displayed a bell-curve behavior in terms of ignition temperature, with the Ti maintaining an upward trend up to a maximum of 290 °C for SS-200, then displaying a decreasing trend from SS-230 to SS-290. The greater ignition temperature denotes a more thermally stable hydrochar that is difficult to combust, fire up, and detonate [15,70].



The burnout time tb presented in Table 2 demonstrates that raw SS to hydrochars requires approximately the same retention time to burn out completely, which is reflected by all the hydrochars having a DTGmax peak of similar magnitude in Figure 2. However, SS-260 and SS-290 with higher burnout temperature also experiences prolonged combustion. In addition, it is apparent from the stated ∆t1/2 in Table 2 that the duration at which the DTG of combustion is half of the DTGmax is substantially shorter for hydrochars than for raw SS, indicating that a faster reaction occurs in hydrochars to reach the DTG peak than in raw SS. From the analysis of Di, raw SS with the lowest Di is less likely to ignite (a lower Di signifies tougher to ignite). A similar trend is visible through the combustibility index, where the hydrochars have a greater Si value than raw SS, which indicates a rigorous combustion reaction and less stable flame formation. Among other hydrochars at various temperatures, SS-230 may be regarded as the most effective performer in terms of thermal stability, lower ignition temperature, highest ignition index, and higher combustibility index.



It is evident that despite containing considerable ash content (Table 1), the SS hydrochars show a 2–13% increase in energy densification ratio, leading to further investigation into slagging and fouling indices listed in Table 3. Therefore, several fouling and slagging indices were estimated to determine whether the higher ash level would be damaging to incinerators during combustion as a fuel. The evaluated slagging index (SI), fouling index (FI), slagging viscosity (SV), alkali index (AI) and chlorine content (Cl) are reported with respect to their limits for coal in Table 3 [38]. The results demonstrate that the slagging and fouling factor reduced with the increase in HTC temperature, changing from being extremely high to low, which is reflected in the alkali index as well. Raw SS and SS-110 hydrochar both have an exceptionally high probability of fouling and slagging. Also, high chlorine amount and alkali index suggest that slagging and fouling likely occur in the reactor. Despite the high possibility of slagging viscosity reported for all the cases, other indices for higher-temperature HTC hydrochars appear to be promising. The high calcium content naturally present in SS, which was also identified in earlier studies, could be the primary cause of slagging viscosity index being a predominant factor in all the cases [48,53,71]. Between SS-110 and SS-140, there was a considerable drop in chlorine levels. Even from indices analysis, SS-230 outperforms other hydrochars, with a lower risk of threatening incinerators.





4. Conclusions


This study demonstrates the prospect of using SS waste to produce hydrochar, which has the potential to eventually be utilized as an alternative fuel source. Converting SS waste with high moisture content into hydrochars through HTC without drying is a promising method. This study conducted ultimate, proximate, fuel, and combustion characterization for a wide range of hydrochars at varying HTC temperatures. With the 1.13 times rise in carbon, 58% decline in nitrogen, and 22% decline in sulfur content, HTC of SS results in a cleaner fuel. Despite the 17% decrease in VM and 1.8 times higher ash content, the hydrochar is comparable to other lignocellulosic biomass in terms of HHV, with a maximum of 27.9 MJ/kg, 1.13 times higher than the raw SS. The results of combustion parameters analyzed through DTG suggested the SS-230 to be ideal as a fuel with considerably lower ignition temperature (Ti) of 275 °C, faster ignition indicating a low ∆t1/2 of 15.6 min, and the highest ignition index (Si) of 3.5 × 10−7 %2/°C3.min2. Finally, the reasonable concern of higher ash content was further analyzed with respect to different slagging and fouling indices, indicating that, for hydrochars, with the increase in HTC temperature, the possibility of fouling in the incinerators is reduced. Therefore, converting SS waste into hydrochars through HTC has the potential to be utilized as an alternative fuel production method.
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Figure 1. (a) Van Krevelen diagram; (b) modified van Krevelen diagram of raw SS and hydrochar samples. 
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Figure 2. DTG thermograms results for raw SS and hydrochar at different temperatures. 
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Table 1. Ultimate, proximate analysis, and energy characterization for SS hydrochar samples along with process liquid (PL) characterization.
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Sample ID

	
Mass Yield (%)

	
Elemental Analysis

	
Bomb Calorimetry Analysis

	
PL Characterization




	
C (%)

	
H (%)

	
N (%)

	
S (%)

	
O (%)

	
Ash (%)

	
Fuel Ratio

	
HHVdaf (MJ/kg)

	
EY

	
ED (GJ/m3)

	
EDR

	
pH

	
NH4+

(mg/L)






	
Raw-SS

	
100

	
38.60 ± 0.37

	
6.17 ± 0.08

	
8.44 ± 0.31

	
0.71 ± 0.03

	
29.07 ± 0.0

	
16.99 ± 0.39

	
0.082

	
24.6 ± 0.2

	
100 ± 0.0

	
22.1 ± 0.5

	
1.0 ± 0.0

	
-

	
-




	
SS-110

	
54.3 ± 9.4

	
42.60 ± 0.32

	
6.15 ± 0.10

	
6.61 ± 0.31

	
0.61 ± 0.01

	
22.24 ± 0.0

	
21.79 ± 0.32

	
0.067

	
24.5 ± 0.1

	
54.19 ± 0.03

	
25.1 ± 0.2

	
0.998 ± 0.00

	
7.5

	
4.6




	
SS-140

	
53.4 ± 9.6

	
43.70 ± 0.29

	
6.34 ± 0.08

	
6.15 ± 0.23

	
0.55 ± 0.01

	
19.47 ± 0.0

	
23.79 ± 0.44

	
0.066

	
25.1 ± 0.1

	
54.46 ± 0.02

	
24.0 ± 0.2

	
1.02 ± 0.00

	
8.4

	
6.2




	
SS-170

	
32.0 ± 0.3

	
41.86 ± 1.39

	
5.98 ± 0.19

	
4.65 ± 0.01

	
0.60 ± 0.02

	
19.94 ± 0.0

	
26.97 ± 0.26

	
0.042

	
26.9 ± 0.4

	
34.88 ± 0.5

	
21.4 ± 0.4

	
1.09 ± 0.02

	
7.8

	
13.4




	
SS-200

	
31.3 ± 4.4

	
41.32 ± 0.40

	
5.81 ± 0.11

	
4.17 ± 0.05

	
0.59 ± 0.03

	
19.74 ± 0.0

	
28.37 ± 0.43

	
0.05

	
26.0 ± 0.7

	
33.17 ± 0.04

	
21.4 ± 0.4

	
1.06 ± 0.03

	
7.8

	
12.3




	
SS-230

	
31.3 ± 4.4

	
40.35 ± 0.97

	
5.65 ± 0.11

	
3.47 ± 0.08

	
0.74 ± 0.02

	
17.22 ± 0.0

	
32.57 ± 0.37

	
0.044

	
26.2 ± 0.4

	
33.18 ± 0.02

	
20.2 ± 0.3

	
1.06 ± 0.20

	
8.9

	
12.3




	
SS-260

	
25.7 ± 5.6

	
41.26 ± 0.44

	
5.56 ± 0.10

	
3.56 ± 0.01

	
0.73 ± 0.07

	
14.61 ± 0.0

	
34.28 ± 0.90

	
0.028

	
27.2 ± 0.4

	
28.27 ± 0.05

	
19.4 ± 0.1

	
1.10 ± 0.20

	
9.2

	
17.1




	
SS-290

	
36.0 ± 4.2

	
42.19 ± 1.36

	
5.48 ± 0.22

	
3.87 ± 0.14

	
0.61 ± 0.05

	
11.28 ± 0.0

	
36.57 ± 0.56

	
0.017

	
27.9 ± 0.4

	
40.68 ± 0.07

	
19.7 ± 0.1

	
1.13 ± 0.02

	
9.1

	
19.1








HHVdaf: HHV in dry ash fraction.
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Table 2. Combustion characteristics of raw SS and hydrochar samples.
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	Sample ID
	Ti (°C)
	Tm (°C)
	Tb (°C)
	ti (min)
	tmax (min)
	tb

(min)
	Δt1/2

(min)
	Di (%/min3)
	Db × 10−3 (%/min3)
	Si × 10−7 (%2/°C3.min2)





	Raw SS
	225
	367
	762
	9.5
	16.6
	36.4
	26.7
	0.04
	0.18
	2.67



	SS-110
	230
	370
	745
	9.8
	16.8
	35.5
	14.2
	0.06
	0.58
	4.2



	SS-140
	250
	375
	748
	10.8
	17.0
	35.7
	18.5
	0.06
	0.49
	3.9



	SS-170
	280
	375
	752
	12.3
	17.0
	35.9
	18.4
	0.06
	0.54
	3.26



	SS-200
	290
	375
	760
	12.8
	17.0
	36.3
	18.1
	0.06
	0.57
	3.02



	SS-230
	275
	374
	755
	12.0
	17.0
	36.0
	15.6
	0.07
	0.70
	3.48



	SS-260
	275
	377
	775
	12.0
	17.1
	37.0
	18.1
	0.06
	0.56
	3.22



	SS-290
	260
	381
	775
	11.3
	17.3
	37.0
	18.5
	0.05
	0.43
	2.73
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Table 3. Slagging (s) and fouling (f) indices of raw SS and hydrochar samples.
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	Sample ID
	SI
	FI
	SV
	Al
	Cl





	Raw SS
	extremely high
	extremely high
	high
	s and f occur
	extremely high



	SS-110
	extremely high
	extremely high
	high
	s and f occur
	extremely high



	SS-140
	low
	low
	high
	low
	low



	SS-170
	extremely high
	low
	high
	s or f probable
	low



	SS-200
	extremely high
	low
	high
	s or f probable
	low



	SS-230
	low
	low
	high
	low
	low



	SS-260
	low
	low
	high
	low
	low



	SS-290
	extremely high
	low
	high
	s or f probable
	low
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