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Incorporating hydrothermal liquefaction into wastewater treatment -Part I: Process optimization for energy recovery and evaluation of product distribution

The treatment of significant amounts of municipal sewage sludge requires novel and efficient technologies. This study evaluated hydrothermal liquefaction as a means to sustainably convert sludge waste into a renewable energy sourcebiocrude, which can mitigate both environmental and energy-related challenges. Response surface methodology was employed to investigate the effects of reaction temperature (290-360 • C) and residence time (0-30 min) on product yield and biocrude quality. Both the highest and the lowest reaction temperature or residence time had negative effects on biocrude yield and energy recovery (ER), while high reaction severities improved biocrude quality. Under optimized conditions (332 • C for 16.9 min), biocrude yield (48.9%, dry ashfree) and ER (70.8%) were maximized. Biocrude composition followed the order of N-heterocycles > O-heterocycles > hydrocarbons, while nitrogenous compounds reduced, and hydrocarbons increased with reaction temperature. More distillable fractions in biocrude were also produced at higher reaction severities. The possible reaction pathways of biocrude formation were discussed and updated to include catalytic effects on inherent metals and Brønsted (acidic and basic) sites. The high content of O (7.8-13.1%), N (4.4-4.9%), and TAN (48.6-63.6 mg KOH/g) suggested the necessity of biocrude upgrading. Separating and recycling trace metals (e. g., 497-656 mg/kg Fe) from biocrude are necessary to relieve upgrading challenges. C, N, and P were mostly distributed into HTL biocrude, aqueous, and hydrochar, respectively, allowing their recovery. Most metals were concentrated in hydrochar. The results contribute to the advancement of the state of the art in biorefinery, which will guide the design of full-scale HTL sludge treatment systems combining resource recovery.

Introduction

With increasing population and rapid urbanization, municipal wastewater treatment plants (WWTPs) generate a significant amount of wastewater solids (often called municipal sludge or sewage sludge), which require further treatment and disposal. Canada and the US reported an annual sludge production of >660000 dry tonnes (approximately 2.5 million wet tonnes) and 12.7 million dry tonnes (approximately 56 million wet tonnes), respectively [START_REF]Canada-wide approach for the management of wastewater biosolids[END_REF][START_REF] Marrone | Bench-scale evaluation of hydrothermal processing technology for conversion of wastewater solids to fuels[END_REF]. The known total sludge production rate from medium-and high-income countries was reported as 40 million dry tonnes per year [START_REF] Liu | Phosphorus recovery from municipal sludge-derived ash and hydrochar through wetchemical technology: A review towards sustainable waste management[END_REF]. Moreover, such a large amount is expected to keep rising due to population growth and increasingly stringent requirements for wastewater treatment. The current strategy of sludge disposal includes land application, incineration, and landfilling. More than half of total sludge in Canada is land applied after being stabilized (i.e., biosolids). The biological stabilization techniques (e.g., anaerobic digestion and composting) require a long sludge retention time (over 15 days), which are cost ineffective. Additionally, land application of biosolids is vulnerable to market fluctuations, such as high costs of transportation, agricultural land being saturated with nutrients, and public opposition due to the presence of pathogens and contaminants (e.g., hormones, pesticides, and heavy metals) [START_REF] Kor-Bicakci | Recent developments on thermal municipal sludge pretreatment technologies for enhanced anaerobic digestion[END_REF].

HTL sludge treatment. HTL reaction temperature and residence time have shown dominant effects on HTL products [START_REF] Liu | Hydrochar derived from municipal sludge through hydrothermal processing: A critical review on its formation, characterization, and valorization[END_REF][START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF], and thus they were investigated in this study. As RSM can effectively optimize experimental conditions with a minimum number of experimental runs, it was used to design the HTL batch experiments. Multiple response models were developed using RSM: Yield of HTL products (biocrude, hydrochar, aqueous, and gas) and biocrude quality parameters, such as carbon recovery (CR), higher heating value (HHV), energy recovery (ER), energy return on investment (EROI), and total acid number (TAN). The optimization results for maximized biocrude ER were validated with additional experiments. Besides, the effects of experimental factors on biocrude characteristics were investigated. Finally, the elemental distribution among HTL products was presented to guide their proper utilization.

Materials and methods

Materials

Considering the common process configuration of primary and secondary treatment in WWTPs, mixed primary and secondary sludge was selected as the HTL feedstock for the baseline model. Thickened screened primary sludge (TSPS) and thickened waste secondary sludge (TWSS) were collected from Annacis Island WWTP in Delta, BC, Canada. Once received, TSPS and TWSS were mixed in a volume ratio of 1:1 based on the average annual flow, also representative of a typical plant. The mixed sludge was dewatered to 20 wt% total solids (TS) content by centrifugation and stored at 4 • C before experiments. A portion of mixed sludge was dried at 105 • C for 24 h and pulverized to pass No. 60 (250 µm) sieve for characterization. Anhydrous dichloromethane (DCM, ≥99.8%) was purchased from Sigma-Aldrich and used for reactor rinsing/washing and biocrude extraction. Type I water with a resistivity of 18.2 MΩ cm @ 23 • C was used for all reagent preparation.

Bench-scale HTL experiments

All HTL batch experiments were conducted on dewatered mixed sludge (20 wt% TS) in a bench-top pressure reactor (Parr® 4570). The reaction cylinder was made of Alloy C-276 with an inside volume of 1 L, with an inner diameter of 9.525 cm and a depth of 15.748 cm. To achieve a fast-heating rate, the cylinder was equipped with two heaters: A shell heater surrounding the cylinder and a band heater assigned to the cylinder head, controlled by Parr® 4848 Controller and Parr® 4838 Controller, respectively. In each experiment, the reaction cylinder was loaded with 500.0 ± 0.1 g of sludge sample and sealed. Nitrogen gas was purged through the gas inlet for 5 min to create an inert environment in the vessel. As fast heating or short ramping time has been found beneficial to biocrude yield [START_REF] Faeth | Fast hydrothermal liquefaction of nannochloropsis sp. to produce biocrude[END_REF][START_REF] Gollakota | Biocrude Production from Fast and Isothermal Hydrothermal Liquefaction of Chitin[END_REF][START_REF] Qian | Hydrothermal liquefaction of sewage sludge under isothermal and fast conditions[END_REF], the reactor was heated at the fastest heating rate from room temperature [START_REF] Gollakota | Biocrude Production from Fast and Isothermal Hydrothermal Liquefaction of Chitin[END_REF][START_REF] Qian | Hydrothermal liquefaction of sewage sludge under isothermal and fast conditions[END_REF] • C) to the desired reaction temperature (290-360 • C) in approximately 1 h. Continuous agitation of 500 rpm was employed throughout the reaction by a magnetic drive. Once the reactor reached the reaction temperature, it was held for the desired residence time (0-30 min). Thereafter, the reactor was turned off and the vessel was cooled to room temperature in 1-2 h by running cold water through the internal cooling coil. The temperature profiles were shown in the supplementary material (Fig. S1).

HTL products separation

After the reactor cooled to room temperature, the gas produced during HTL was collected in a 10-L Tedlar bag for the determination of volume and compositions. The reactor was opened and the mixture of HTL aqueous, biocrude, and hydrochar were collected and centrifuged at 4000 × g for 15 min. The water-soluble supernatant was filtered using a pre-weighed hydrophilic nylon membrane (20 µm pore size) and the filtrate was collected and referred to as HTL aqueous phase. The Incinerating sludge requires significant expenditures and energy inputs [START_REF] Xu | Comprehensive evaluation on product characteristics of fast hydrothermal liquefaction of sewage sludge at different temperatures[END_REF]. Landfilling sludge is restricted for over-generating methane and wasting organic matters and nutrients [START_REF] Donatello | Recycling and recovery routes for incinerated sewage sludge ash (ISSA): A review[END_REF]. Considering the growing sludge production and climate change concerns, alternate options for sustainable sludge treatment, such as waste-to-energy conversion, are demanded and have attracted extensive research.

Due to the high moisture content (almost 98%, by weight) and massive volume of raw sludge, its handling is challenging and costly. A novel technique, hydrothermal liquefaction (HTL), is considered one of the most promising technologies to address those challenges environmentally friendly, efficiently, and economically [START_REF] Huang | Co-liquefaction of sewage sludge and rice straw/wood sawdust: The effect of process parameters on the yields/properties of bio-oil and biochar products[END_REF]. Municipal sludge is often seen as waste, but HTL converts sludge into biocrude that can be refined to a low-carbon fuel. HTL does not require drying processes but instead uses hot pressurized water as a reaction medium through a thermochemical process. This ability significantly reduces the energy input compared to other techniques that require dry feedstocks (e.g., incineration and pyrolysis) [START_REF] Kim | A technical and economic evaluation of the pyrolysis of sewage sludge for the production of bio-oil[END_REF]. HTL can also efficiently decompose organic matter/pollutants and reduce the volume of residual solids by using elevated temperature (280-374 • C) and pressure [START_REF] Kim | A technical and economic evaluation of the pyrolysis of sewage sludge for the production of bio-oil[END_REF][START_REF] Mathimani | A review on the hydrothermal processing of microalgal biomass to bio-oil -Knowledge gaps and recent advances[END_REF][START_REF] Eyser | Pharmaceutical load in sewage sludge and biochar produced by hydrothermal carbonization[END_REF][START_REF] Silva Thomsen | Hydrothermal liquefaction of sewage sludge; energy considerations and fate of micropollutants during pilot scale processing[END_REF][START_REF] Mitroshkov | Analysis of Perfluorinated, Pharmaceutical, Personal Care Compounds and Heavy Metals in Waste Water Sludge using GC-MS/MS and Multicollector ICP-MS[END_REF][START_REF] Liu | Hydrochar derived from municipal sludge through hydrothermal processing: A critical review on its formation, characterization, and valorization[END_REF][START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF][START_REF] Biller | Potential yields and properties of oil from the hydrothermal liquefaction of microalgae with different biochemical content[END_REF][START_REF] Lu | Synergistic and Antagonistic Interactions during Hydrothermal Liquefaction of Soybean Oil, Soy Protein, Cellulose, Xylose, and Lignin, ACS Sustain[END_REF][START_REF] Yang | Hydrothermal liquefaction of biomass model components for product yield prediction and reaction pathways exploration[END_REF][START_REF] Subramanya | Identifying and Modeling Interactions between Biomass Components during Hydrothermal Liquefaction in Sub-, Near-, and Supercritical Water, ACS Sustain[END_REF][START_REF] Madsen | How Do Hydrothermal Liquefaction Conditions and Feedstock Type Influence Product Distribution and Elemental Composition?[END_REF][START_REF] Nazari | Co-conversion of waste activated sludge and sawdust through hydrothermal liquefaction: Optimization of reaction parameters using response surface methodology[END_REF][START_REF] Faeth | Fast hydrothermal liquefaction of nannochloropsis sp. to produce biocrude[END_REF][START_REF] Gollakota | Biocrude Production from Fast and Isothermal Hydrothermal Liquefaction of Chitin[END_REF] in a short period (typically < 30 min) [START_REF] Mathimani | A review on the hydrothermal processing of microalgal biomass to bio-oil -Knowledge gaps and recent advances[END_REF]. After HTL, maximum C is converted into biocrude while most P is enriched in hydrochar to allow its recovery, representing a justifiable and sustainable operation for sludge treatment. Several studies also suggested that hydrothermal treatment especially HTL can remove most micropollutants [START_REF] Eyser | Pharmaceutical load in sewage sludge and biochar produced by hydrothermal carbonization[END_REF][START_REF] Silva Thomsen | Hydrothermal liquefaction of sewage sludge; energy considerations and fate of micropollutants during pilot scale processing[END_REF][START_REF] Mitroshkov | Analysis of Perfluorinated, Pharmaceutical, Personal Care Compounds and Heavy Metals in Waste Water Sludge using GC-MS/MS and Multicollector ICP-MS[END_REF]. In summary, HTL can be simultaneously used for waste-to-energy conversion, organic pollutants destruction, waste minimization, and sterilization for final disposal.

A successful bench-scale continuous-flow test at the Pacific Northwest National Laboratory (PNNL) has demonstrated that HTL is capable of handling municipal sludge, and the subsequent hydrotreating turned biocrude into liquid fuel [START_REF] Marrone | Bench-scale evaluation of hydrothermal processing technology for conversion of wastewater solids to fuels[END_REF]. A significant reduction (94-99%) of residual solids for disposal was also achieved. Such success shows a way to beneficially utilize waste and produce biofuel from clean and renewable resources, which addresses the global demand for low carbon energy. Currently, Metro Vancouver in British Columbia (BC, Canada) is leading the design of a pilot-scale HTL demonstration unit at the Annacis Island WWTP. However, several extensive literature reviews [START_REF] Liu | Phosphorus recovery from municipal sludge-derived ash and hydrochar through wetchemical technology: A review towards sustainable waste management[END_REF][START_REF] Liu | Hydrochar derived from municipal sludge through hydrothermal processing: A critical review on its formation, characterization, and valorization[END_REF][START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF] identified many research gaps that need to be addressed before an HTL system can be successfully incorporated into a WWTP. First and foremost, the operational conditions of the HTL system need to be optimized for energy recovery and economically sustainable operation. The optimum HTL conditions are usually feedstock-specific due to the difference in biochemical compositions. Using model compounds, it has been identified that energy recovery (ER) in biocrude from HTL (350 • C) of different feedstocks followed the order of lipids (82.7-86.7%) > proteins (10.7-36.4%) > carbohydrates (8.3-13.7%) > lignin (2.5%) [START_REF] Biller | Potential yields and properties of oil from the hydrothermal liquefaction of microalgae with different biochemical content[END_REF][START_REF] Lu | Synergistic and Antagonistic Interactions during Hydrothermal Liquefaction of Soybean Oil, Soy Protein, Cellulose, Xylose, and Lignin, ACS Sustain[END_REF]. Synergistic effects on biocrude yield and ER were also found from binary mixtures of proteins-carbohydrates, proteins-lipids, and carbohydrates-lignin due to the Maillard reaction, amides formation, and potential retro-aldol reactions favored by alkaline lignin, respectively [START_REF] Lu | Synergistic and Antagonistic Interactions during Hydrothermal Liquefaction of Soybean Oil, Soy Protein, Cellulose, Xylose, and Lignin, ACS Sustain[END_REF][START_REF] Yang | Hydrothermal liquefaction of biomass model components for product yield prediction and reaction pathways exploration[END_REF]. Therefore, using a feedstock balanced with various biochemical compounds can take advantage of those synergies for maximizing biocrude production and ER. In a typical WWTP, primary and secondary sludges are generated, which are rich in carbonates/lipids and protein, respectively [START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF]. Their mixture (mixed sludge) represents a balanced feedstock for HTL. On the other hand, the improvement by those synergies also depends on specific compositions of feedstock and HTL operational conditions [START_REF] Yang | Hydrothermal liquefaction of biomass model components for product yield prediction and reaction pathways exploration[END_REF][START_REF] Subramanya | Identifying and Modeling Interactions between Biomass Components during Hydrothermal Liquefaction in Sub-, Near-, and Supercritical Water, ACS Sustain[END_REF]. Therefore, process optimization is crucial for implementing HTL to a typical WWTP.

To date, only two studies used the response surface methodology (RSM) to optimize the conditions for HTL of primary sludge and co-HTL of waste activated sludge and sawdust regarding biocrude yield [START_REF] Madsen | How Do Hydrothermal Liquefaction Conditions and Feedstock Type Influence Product Distribution and Elemental Composition?[END_REF][START_REF] Nazari | Co-conversion of waste activated sludge and sawdust through hydrothermal liquefaction: Optimization of reaction parameters using response surface methodology[END_REF]. To the best of the authors' knowledge, optimization of HTL parameters aiming for biocrude ER from mixed sludge was never evaluated. This study was motivated to address the research gap and provide guidance in designing a pilot and subsequently a full-scale WWTP incorporating ± 1.41) in duplicate, and a triplicate of the center point (coded as 0). A polynomial regression model expressed by Eq. ( 1) was performed to examine the interactive relationships between the variables and the responses. The analysis of variance (ANOVA) was used to analyze the experimental data and evaluate the statistical significance of the model at a confidence level of 95% using Design-Expert® Version 13.

Y r = β 0 + ∑ 3 i=1 β i X i + ∑ 3 i=1 β ii X 2 i + ∑ 2 i=1 ∑ 3 j>i β ij X i X j (1)
Where Y r is the response variable; X i and X j are the independent variables; β 0 , β i , β ii , and β ij are the intercept, linear, quadratic, and interaction coefficients of the model, respectively.

HTL product yields and energy recovery

Samples of dewatered sludge feedstock and hydrochar were dried in an oven at 105 • C for 24 h to measure dry matter content. The volume of produced gas was measured using a gas flow meter (Alicat M-series, accuracy ± 0.6%) in an air-conditioned room, and the mass was calculated using the ideal gas law by Eqs. ( 2) and (3). To minimize the systematic error for calculations, the ambient pressure and temperature were recorded during the measurement using a digital pressure gauge (Keller LEO2, accuracy ± 0.1%) and digital hygrometer (ThermoPro TP49, accuracy ± 1 • C), respectively. The error for gas mole number (n) was estimated within 0.7%.

n = PV RT (2) m = nM ( 3 
)
where n = mole number of HTL gas (mol); P = pressure of HTL gas (atm); V = volume of HTL gas (L); R = ideal gas constant (0.08205 L atm/mol K); T = absolute temperature of HTL gas (K); m = mass of HTL gas (g); and, M = average molar mass of HTL gas (g/mol).

The yields (Y) on a dry basis (db) and dry ash-free basis (daf) of biocrude, hydrochar, and HTL gas were calculated by Eqs. ( 4) and ( 5), respectively, while the difference was attributed to HTL aqueous. Y(%, db) = (dry mass of product/dry mass of sludge feedstock) × 100

ER and EROI were calculated based on Eqs. ( 6) to (9) [START_REF] Das | Energy recovery and nutrients recycling from municipal sewage sludge[END_REF][START_REF] Bauer | Evaluating the Water Quality Impacts of Hydrothermal Liquefaction Assessment of Carbon, Nitrogen, and Energy Recovery[END_REF]: Y(%, daf ) = (dry ash free mass of product/dry ash free mass of sludge feedstock) × 100 [START_REF] Xu | Comprehensive evaluation on product characteristics of fast hydrothermal liquefaction of sewage sludge at different temperatures[END_REF] remained biocrude and hydrochar mixture (centrifugation cake and filtration residue) was washed with approximately 1 L dichloromethane (DCM) and filtered with the pre-weighed membrane. The filtered cake was transferred into 50 mL centrifuge tubes, extracted with DCM by vortex at 3,000 rpm for 30 s [START_REF] Qian | Hydrothermal liquefaction of sewage sludge under isothermal and fast conditions[END_REF]. After centrifuging at 10000 × g for 10 min, the DCM-soluble phase was filtered (20 µm nylon membrane) and collected. The extraction was repeated until the filtrate became colorless. The DCM-insoluble solid residue was referred to as hydrochar. The filtrate was evaporated at 45 • C for approximately 2 h under reduced pressure to remove DCM using a rotary evaporator and the remaining black viscous liquid was donated as biocrude.

ER(%) = Y product × HHV product /HHV feedstock (6)

Experimental design

A circumscribed central composite (CCC) design was used in the RSM to arrange experiments, which allows for the exploration of factorial effects on response beyond or below the chosen variable range by examining outer extreme axial points. As shown in Table 1, the design included two variables and five levels with a total of 19 runs. It consists of 4 factorial points (coded as ± 1) in duplicate, 4 axial points (coded as [START_REF] Huang | Co-liquefaction of sewage sludge and rice straw/wood sawdust: The effect of process parameters on the yields/properties of bio-oil and biochar products[END_REF] (8) [START_REF] Mathimani | A review on the hydrothermal processing of microalgal biomass to bio-oil -Knowledge gaps and recent advances[END_REF] where HHV = higher heating value (MJ/kg); m biocrude = total mass of produced biocrude (kg); m F = mass of sludge feedstock (kg); C P = specific heat capacity of municipal sludge (equivalent to water, 4.186 × 10 -3 MJ/kg • C); T = HTL reaction temperature ( • C); and, T 0 = room temperature (23 • C).

Characterization of sludge feedstock and HTL products

Ash contents in dried dewatered sludge and hydrochar were measured by burning at 750 • C for 2 h following the American Society for Testing and Materials (ASTM) Method D3174-12. Ash content of biocrude was determined by burning at 750 • C until all carbonaceous material disappeared according to the ASTM D482-19. Ultimate analyses (C, H, N, and S) were conducted by an automatic elemental analyzer (Costech ECS 4010). The content of O was estimated by the difference of C, H, N, S, and ash. The main components (N 2 , O 2 , CO 2 , and CH 4 ) of HTL gases were analyzed using an Agilent 7820A gas chromatography with a thermal conductivity detector (GC-TCD) equipped with a packed column (Agilent G3591-8003/80002). The pH of sludge was determined using a pH meter (Fisher Accumet Model 320). The TAN in biocrude was measured by the color-indicator titration method (ASTM D974-14). The HHV of dried sludge and biocrude were determined by a bomb calorimeter (IKA C5000). The inorganic elements were extracted by microwave-assisted acid digestion following the US Environmental Protection Agency (EPA) Method 3051A. All extracts were diluted to 1% (v/v) nitric acid concentration and analyzed by an Agilent 8900 Triple Quad inductively coupled plasma mass spectrometry (ICP-MS). The characteristics of mixed sludge were presented in Tables 2 and3.

Thermogravimetry and differential scanning calorimetry (TGA-DSC) analysis was performed on biocrude using a TA Instruments SDT Q600 analyzer. Approximately 10 mg of sample was heated at a heating rate of 2 • C/min from 30 to 700 • C with a nitrogen (N 2 ) or air purge rate of 100 mL/min. Results were obtained by subtracting blank measurements with the empty platinum crucible.

Gas chromatography-mass spectroscopy (GC-MS) analysis of biocrude was performed using a GCMS-TQ8030 (Shimadzu, Japan) equipped with a capillary column (RXi-5SiMS, 30 m × 0.25 mm × 0.25 µm). Isopropanol was the solvent and the carrier gas (helium) was used at a flow rate of 3 mL/min. The column temperature was programed as follows: Hold at 50 • C for 5 min, ramp to 180 • C at a heating rate of 4 • C/ min, ramp to 280 • C at a heating rate of 16 • C/min, and hold at 280 • C for 5 min. The temperatures of injection, ion source, and interface were set at 250, 250, and 260 • C, respectively. Samples were injected with a split ratio of 1:10. Full-scan mass spectra were performed at a mass range of 40-600 m/z in Q3 scan mode after a 2.5 min solvent delay. The mass spectra libraries of NIST11 and NIST11s were used to identify compounds. The relative area percentages of identified peaks were calculated by integrating the total ion chromatogram (TIC). Detailed information was included in Table S1.

Results and discussion

Product yields and modeling

Response surface methodology was applied to investigate the effect of experimental variables on product yields. Dry ash-free yields were used as the responses to obtain better models that are applicable to various sludge feedstock. The yields (Y) of biocrude, hydrochar, aqueous, and gas obtained from the HTL treatment (290-360 • C for 0-30 min) varied from 40.7 to 48.3% daf, 4.7-10.4% daf, 35.6-42.1% daf, and 6.9-11.3% daf, respectively (Table 1). The most suitable models for the yields (%, daf) were selected based on the goodness of fit and significance of model terms, as expressed in Eqs. (S1-S4) in the Supplementary Material. The actual equations can be used to make predictions about the yield of products at a given reaction temperature and residence time. The coded equations were given in Eqs. [START_REF] Eyser | Pharmaceutical load in sewage sludge and biochar produced by hydrothermal carbonization[END_REF][START_REF] Silva Thomsen | Hydrothermal liquefaction of sewage sludge; energy considerations and fate of micropollutants during pilot scale processing[END_REF][START_REF] Mitroshkov | Analysis of Perfluorinated, Pharmaceutical, Personal Care Compounds and Heavy Metals in Waste Water Sludge using GC-MS/MS and Multicollector ICP-MS[END_REF][START_REF] Liu | Hydrochar derived from municipal sludge through hydrothermal processing: A critical review on its formation, characterization, and valorization[END_REF] to identify the relative effects of factors by comparing the factor coefficients. Overall, reaction temperature showed a higher linear impact than residence time on the yield of all HTL products. 

Y biocrude = 48.0 + 1.2A + 0.6B -1.4AB -2.0A 2 -1.7B 2 (10) 
Y hydrochar = 6.8 -1.2A -0.6B + 0.5AB + 0.2B 2 -0.9AB 2 (11) 
Y aqueous = 36.1 -0.6A -0.6B + 1.0AB + 1.6A 2 + 1.5B 2 -0.6A 2 B ( 12 
)
Y gas = 9.3 + 1.0A + 0.6B -0.1AB + 0.2A 2 + 0.3A 2 B ( 13 
)
where A and B were the coded factors with the high levels coded as + 1 and the low levels coded as -1.

As shown in Table 4, all the models for the yield of HTL products were found statistically significant (p < 0.05). The lack of fit values were not significant (p > 0.05) relative to the pure error, indicating that models well fit the experimental data. The goodness of fit for all models was also proven by the high values of coefficient of determination (R 2 > 0.9), adjusted R 2 (>0.8), and predicted R 2 (>0.7). The predicted R 2 was in reasonable agreement with the adjusted R 2 for each model, with a difference of < 0.1, suggesting sufficient terms in the model [START_REF] Bas ¸ar | Optimization of zero-waste hydrogen peroxide -Acetic acid pretreatment for sequential ethanol and methane production[END_REF]. The signal-to-noise ratio (adequate precision) was also desirable (>4) for all models, which can be used to navigate the design space.

The response surface graphs in Fig. 1 showed the main and interaction effects of HTL reaction temperature and residence time on the product yield. Both experimental factors were found to have significant effects on the yield of all HTL products. Significant interaction (AB) and/ or multiple interactions (AB 2 or A 2 B) were also found for all yield models. As shown in Fig. 1a, at low levels of reaction temperature (e.g., 300 • C) or residence time (e.g., 4.4 min), increasing residence time or reaction temperature alone could substantially increase biocrude yield. It suggested that sufficient reaction severity (higher temperature or longer residence time) was necessary for the decomposition of sludge components (e.g., lignin and protein) and the formation of biocrude intermediates [START_REF] Liu | Hydrochar derived from municipal sludge through hydrothermal processing: A critical review on its formation, characterization, and valorization[END_REF][START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF]. However, at high levels of reaction temperature (e.g., 350 • C) or residence time (e.g., 25.6 min), a limited increase of biocrude yield was shown, followed by a slight decline, when increased residence time or reaction temperature alone. This decrease was possibly due to the polymerization of biocrude intermediates into high molecular weight coke that contributed to hydrochar [START_REF] Hong | Preparation of bio-oils by hydrothermal liquefaction (HTL) of penicillin fermentation residue (PR): Optimization of conditions and mechanistic studies[END_REF]. Another mechanism could be active secondary decomposition and enhanced gasification under higher severity [START_REF] Chang | Transformation characteristics of polycyclic aromatic hydrocarbons during hydrothermal liquefaction of sewage sludge[END_REF], which led to the decrease of biocrude yield and increased the yield of aqueous and gas, as observed in 

Table 4

ANOVA and fit statistics for the models of HTL product yield (Y).

down pattern with increasing reaction severity [START_REF] Qian | Fast and isothermal hydrothermal liquefaction of sludge at different severities: Reaction products, pathways, and kinetics[END_REF]. The controversial results could be caused by the use of solvent (DCM) extraction of aqueous in those studies, which obtained more water-soluble organics as biocrude. Therefore, the results of this study could represent a continuous-flow HTL system where physical separation is more applicable [START_REF] Silva Thomsen | Hydrothermal liquefaction of sewage sludge; energy considerations and fate of micropollutants during pilot scale processing[END_REF]. The HTL gas yield (Fig. 1d) nearly linearly increased with reaction temperature and residence time mainly due to the decarboxylation reaction (around 98% CO 2 ). This positive impact was also supported by all significant terms in Eq. ( 13).

Elemental contents and energy recovery of biocrude

Elemental analysis

Elemental compositions and ash content of biocrude generated at different reaction temperatures and residence time were presented in Table 6. The HHV, ER, and EROI were also estimated. Similar to other studies [START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF], HTL biocrude mainly consisted of C (72.1-76.9%), H (9.1-9.7%), O (7.8-13.1%), N (4.4-4.9%), S (0.5-0.9%), and minor ash (0.1-0.4%), with an HHV of 34.8-37.2 MJ/kg. Noticeably, a linear increase of C content and a linear decrease of O content in biocrude were observed with increasing reaction temperature and residence time (Fig. 2). The linear models were significant and well fitted (Table 7). Compared to bio-oil from pyrolysis (at 450 • C for 1 h) of municipal sludge [START_REF] Kuan | Study of the combustion characteristics of sewage sludge pyrolysis oil, heavy fuel oil, and their blends[END_REF], which had 58.85% of C and 30.71 MJ/kg of HHV, HTL biocrude exhibited a superior quality. Considering the capacity of processing wet biomass and lower operational temperature, HTL could represent a more sustainable waste-to-energy technology than conventional pyrolysis. Due to higher contents of heteroatoms (e.g., O and N), HTL biocrude showed lower C, H, and HHV than those of petroleum with a range of 83-87%, 10-14%, and 41-48 MJ/kg, respectively [START_REF] Jarvis | Hydrothermal Liquefaction Biocrude Compositions Compared to Petroleum Crude and Shale Oil[END_REF][START_REF] Shah | Biocrude production through co-hydrothermal processing of swine manure with sewage sludge to enhance pumpability[END_REF]. As shown by the van Krevelen diagrams in Fig. 3, the H/C, O/C, and N/C atomic ratios in biocrude sharply decreased compared to the feedstock as a result of decarboxylation, dehydration, and denitrogenation (e.g., deamination) reactions. Also, higher reaction temperature and residence time could further reduce O/C contents in biocrude (Fig. 2). However, biocrude still contained a much higher content of O/C and N/C than petroleum mainly due to the production of oxygen functional groups from the decomposition of protein and carbohydrates and the formation of N/O-heterocyclic through Maillard reactions [START_REF] Gai | Energy and nutrient recovery efficiencies in biocrude oil produced via hydrothermal liquefaction of Chlorella pyrenoidosa[END_REF]. Therefore, upgrading biocrude using deoxygenation and denitrogenation processes, such as hydrodeoxygenation or hydrotreating, could be necessary to improve the fuel quality. Primary sludge-derived biocrude after hydrotreating could be upgraded to a quality comparable to petroleum [START_REF] Marrone | Bench-scale evaluation of hydrothermal processing technology for conversion of wastewater solids to fuels[END_REF].

Carbon and energy recovery

Fig. 4 illustrated the response surfaces for HHV, CR, ER, and EROI of biocrude, with statistical analyses shown in a predicted values.

Fig. 1c andd. Model Eq. ( 10) also indicated that both temperature and residence time had positive linear effects on biocrude yield, while the negative interaction effects and secondary effects can cause the reduction of biocrude yield. Couto et al. observed that biocrude yield from digested sludge decreased at above 325 • C for 15 min [START_REF] Couto | Hydrothermal liquefaction of biomass produced from domestic sewage treatment in high-rate ponds[END_REF]. Both too high and too low reaction temperature or residence time showed adverse effects on biocrude yield, with the optimal temperature range of 320-340 • C and residence time range of 10-20 min. Through modeling, the optimum conditions for maximum biocrude production were at 332 • C for 16 min, with a predicted yield of 48.2%, daf. As shown in Table 5, the predicted optimum HTL conditions were within the reported range (300-350 • C and 4-30 min) from the literature and the predicted biocrude yield was at the upper level of reported data from both batch and continuous HTL. As a solid product, the yield of hydrochar declined constantly with increasing reaction temperature due to the conversion of organics (Fig. 1b). At low reaction temperatures (e.g., 300 • C), hydrochar yield also reduced with raising residence time and remained around 8%, daf after 15 min. At high reaction temperatures (e.g., 350 • C), hydrochar yield generally remained around 5%, daf although it slightly increased and then decreased by increasing residence time. Such a peak could be attributed to the char-forming reactions, such as condensation, cyclization, and polymerization of the aqueous product that showed the opposite trend in yield (Fig. 1c). In general, the factors showed dominant negative effects on hydrochar yield based on Eq. ( 11). The plot of aqueous yield (Fig. 1c) was literally inverse to biocrude yield as also revealed by the model equations, indicating the competitive distribution between aqueous compounds and biocrude components. The sum of aqueous and biocrude yield remained between 82 and 86%, daf under all conditions, suggesting that sludge was initially and primarily converted into aqueous and biocrude [START_REF] Qian | Fast and isothermal hydrothermal liquefaction of sludge at different severities: Reaction products, pathways, and kinetics[END_REF]. Linear correlation analysis indicated that the aqueous yield was negatively correlated to biocrude yield (adjusted R 2 = 0.85). The aqueous yield sharply decreased with increasing reaction temperature and residence time, which reached a predicted minimum of 36%, daf at 329 • C and 16.4 min close to the conditions for maximum biocrude production. Such finding is critical as it indicates that controlling HTL operating conditions could affect the partitioning of organics between biocrude and aqueous, thus maximizing biocrude production could simultaneously minimize the aqueous product and associated treatment cost in the WWTP. A similar downand-up tendency of aqueous yield due to increasing temperature and residence time was also observed by HTL of biomass (mainly microalgae) [START_REF] Couto | Hydrothermal liquefaction of biomass produced from domestic sewage treatment in high-rate ponds[END_REF]. The mechanism could be that higher reaction temperature and longer time provided sufficient energy and time to rearrange watersoluble intermediates into biocrude molecules through condensation and repolymerization [START_REF] Couto | Hydrothermal liquefaction of biomass produced from domestic sewage treatment in high-rate ponds[END_REF]. However, Xu et N/C atomic ratio Biocrude ER = 78.78

+ 2.80A + 1.78B -2.09AB -2.14A 2 -1.96B 2 (16) Biocrude EROI = 2.41 -0.092A + 0.064B -0.078AB -0.065A 2 -0.067B 2 (17)
where, A and B were the coded factors.

As shown in Fig. 4a, biocrude HHV increased notably when the reaction temperature and/or residence time increased, with the maximum HHV (37.2 MJ/kg) obtained at 360 • C for 15 min. However, the model predicted that higher HHV could be achieved at higher reaction severities. The findings were in agreement with the literature. Silva Thomsen et al. conducted HTL of primary sludge with a plug-flow continuous system and found that biocrude HHV increased from 30.2 to 34.6 MJ/kg within the temperature range of 300-350 • C [START_REF] Silva Thomsen | Hydrothermal liquefaction of sewage sludge; energy considerations and fate of micropollutants during pilot scale processing[END_REF]. Increasing residence time from 0 to 30 min was found to enhance biocrude HHV produced at both subcritical (325 • C) and supercritical (375 • C) conditions [START_REF] Prestigiacomo | Sewage sludge as cheap alternative to microalgae as feedstock of catalytic hydrothermal liquefaction processes[END_REF]. The increase of biocrude HHV could be benefited from the removal of O by enhanced decarboxylation, dehydration, and recombination reactions [START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF]. The coded Eq. ( 14) also suggested that reaction temperature and residence time showed comparable impacts on improving biocrude HHV, while no significant interaction effects were found.

The biocrude CR (Fig. 4b) and ER (Fig. 4c) showed response surfaces fairly similar to biocrude yield (Fig. 1b) regarding the effects of reaction temperature and residence time. Both biocrude CR and ER increased first and then decreased when increasing reaction temperature or residence time alone, which varied at 56.6-68% and 59.1-71.3%, respectively. Such trends were mainly related to the change of biocrude yield. Fig. 5 demonstrated that biocrude ER had a linear correlation to biocrude yield and CR, with an adjusted R 2 of 0.87 and 0.95, respectively. This indicated that, to some extent, biocrude yield or CR could be used to predict biocrude ER which is a more representative measurement for both quantity and quality of biocrude. Sudibyo et al. also stated that all investigated factors showed identical impacts on biocrude CR and ER to those for biocrude yield from HTL of acid whey at a temperature range of 280-360 • C [START_REF] Sudibyo | Hydrothermal Liquefaction of Acid Whey: Effect of Feedstock Properties and Process Conditions on Energy and Nutrient Recovery[END_REF]. Although biocrude HHV improved with increasing reaction severity, biocrude yield dropped after 332 • C for 16 min. As a result, the model predicted that maximum biocrude CR (68.2%) and ER (70.8%) could be reached at a moderate condition (332 • C for 16.9 min) close to those for maximum biocrude yield. Compared to the previous study by PNNL using sludge from the same WWTP, although having similar elemental contents and energy densities, the biocrude ER from mixed sludge (up to 70.8%) was notably higher than that from primary (63.5%), secondary (34.9%), and digested sludge (41.3%) [START_REF] Marrone | Bench-scale evaluation of hydrothermal processing technology for conversion of wastewater solids to fuels[END_REF]. This highlighted the importance of process optimization. Meanwhile, the balance of carbohydrates and proteins in the mixed sludge also promoted the Maillard reaction and thus contributed to the higher biocrude yield and ER. It was reported that Annacis Island WWTP primary sludge contained 50.55% of carbohydrates and 21.74% of protein while secondary sludge had 15.72% of carbohydrates and 50.97% of protein on a dry basis [START_REF] Marrone | Genifuel Hydrothermal Processing Bench-Scale Technology Evaluation Project[END_REF]. As a result, their mixture (mixed sludge) could have a carbohydrate to protein mass or molar ratio close to 1:1 where the greatest synergetic effect from the Maillard reaction could occur [START_REF] Subramanya | Identifying and Modeling Interactions between Biomass Components during Hydrothermal Liquefaction in Sub-, Near-, and Supercritical Water, ACS Sustain[END_REF].

The EROI was estimated by considering the energy output from biocrude over the main energy input only for heating the reactor during HTL. As shown in Fig. 4d, the EROI went up and down at low reaction temperatures (e.g., 300 • C) or short residence time (e.g., 4.4 min) when residence time or reaction temperature was increased alone, whereas it decreased sharply with increasing reaction temperature or decreasing residence time at long residence time (e.g., 25.6 min) or high reaction temperatures (e.g., 350 • C), respectively. This suggested that a low reaction temperature for a long residence time would be beneficial for enhancing EROI. In fact, the EROI was improved in two ways: 1) Maximizing the energy output (i.e., biocrude ER) by adjusting HTL conditions; and 2) minimizing the energy input that was directly linked to reaction temperature. The EROI was found to vary between 2.14 and 2.54 at all experimental conditions, suggesting that HTL of municipal sludge could be net energy positive (EROI > 1). The values were in the range of 1.6-3.4 from a continuous HTL processing primary sludge (16 wt% solids) [START_REF] Silva Thomsen | Hydrothermal liquefaction of sewage sludge; energy considerations and fate of micropollutants during pilot scale processing[END_REF]. An earlier study used the same feedstock but only achieved 0.5 of EROI, which was caused by the low solids content (4 wt %) of the feedstock, while heat exchangers could be employed to HTL systems to significantly improve the EROI [START_REF] Anastasakis | Continuous Hydrothermal Liquefaction of Biomass in a Novel Pilot Plant with Heat Recovery and Hydraulic Oscillation[END_REF].

Multicriteria optimization and model validation

Using the above-mentioned models, optimization of sludge-tobiocrude conversion was performed on three different objectives: 1) Maximum CR and ER regardless of the energy consumption, 2) maximum EROI disregarding others, and 3) balancing ER and EROI. As shown in Table 8, by entering constraints of "maximize" and "in range" (with their importance level from 1 to 5) for dependent variables in Design Expert, the optimum HTL operating conditions were determined and the target values were predicted by the desirability approach. Desirability close to 1 suggests an acceptable prediction, while desirability close to 0 indicates an unacceptable prediction. It demonstrated that all three objectives could be achieved with desirable results (desirability > 0.8), while Objective 1 can be reached with the highest desirability (=1). Among the three objectives, max CR (68.2%) and ER (70.8%) were obtained at a higher reaction temperature (332 • C for 16.9 min), whereas max EROI (2.52) was observed at a lower temperature (300 • C for 25.6 min). As expected, an ER-EROI balance was reached at an intermediate temperature (320 • C for 21.1 min).

Additional experiments employing the optimum conditions for max CR and ER were performed in duplicate to validate the accuracy, reliability, and practicability of the regression models. Compared to the model predicted values in Table 9, the experimental results of biocrude yield, hydrochar yield, gas yield, and biocrude HHV/CR/ER/EROI were slightly higher, while aqueous yield was lower. However, all experimental results were well within 95% prediction interval of the predicated mean, indicating accurate predictabilities of the developed models.

Characterization of biocrude 3.3.1. Total acid number (TAN)

TAN measures the number of acidic substances in biocrude, which is typically used as quality control of petroleum products. The acidic constituents in oil could be organic (e.g., esters, phenolic compounds, lactones, and resins) and inorganic acids (e.g., salts of heavy metals). Those acids in biocrude could cause potential corrosion issues in storage and refinery and thus it is essential to reduce the TAN [START_REF] Liu | Effects of inorganic and organic acid pretreatments on the hydrothermal liquefaction of municipal grateful to the anonymous reviewers for their insightful suggestions and contribution to the improvement of this article. References secondary sludge[END_REF]. TAN in biocrude from HTL of mixed sludge varied between 48.6 and 63.6 mg KOH/g biocrude. The values were consistent with a previous study by PNNL, which performed a plug-flow continuous HTL (276-358 • C for 18-30 min) using sludge from the same WWTP. The TAN in biocrude from primary, secondary, and digested sludge was found to be 65, 44.8, and 36 mg KOH/g, respectively [START_REF] Marrone | Bench-scale evaluation of hydrothermal processing technology for conversion of wastewater solids to fuels[END_REF]. The variations might be caused by the different biochemical compositions in the feedstock. Biocrude obtained from lipid-rich (>30 wt%) algae showed a high TAN (101-118 mg KOH/g), while protein-rich (>45 wt%) algae-derived biocrude resulted in a low TAN (25-48 mg KOH/g) [START_REF] Shakya | Influence of biochemical composition during hydrothermal liquefaction of algae on product yields and fuel properties[END_REF].

According to Table 10, reaction temperature, residence time, and their interactions showed significant effects on TAN levels of biocrude. The reduced cubic model expressed by Eq. (S9) was found with excellent goodness of fit and predictability. The coded equation Eq. ( 18) suggested the effects of experimental terms. Both HTL reaction temperature and residence time showed negative linear and interactive impacts but positive quadratic effects on TAN.

TAN =51.15-2.00A-3.39B-1.42AB+3.34A 2 +3.20B 2 +1.10A 2 B-2.47AB 2 (18) 
where A and B were the coded factors.

The response surface plot (Fig. 6) revealed that the raising reaction temperature within the range of 290-330 • C could significantly reduce biocrude TAN and reached equilibrium at 330-360 • C regardless of residence time. Many other studies also supported that increasing reaction temperature between 250 and 320 • C had negative impacts on biocrude TAN [START_REF] Shakya | Influence of biochemical composition during hydrothermal liquefaction of algae on product yields and fuel properties[END_REF][START_REF] Lee | Characterization of hydrothermal liquefaction products from coconut shell in the presence of selected transition metal chlorides[END_REF][START_REF] Shakya | Effect of temperature and Na2CO3 catalyst on hydrothermal liquefaction of algae[END_REF]. The decrease of TAN could be attributed to further decarboxylation of organic acids (e.g., fatty acids and carboxylic acids) under a more severe environment. However, HTL of coconut shell at 270-330 • C obtained biocrude with a TAN (180-190 mg KOH/g) nearly doubled that from 240 • C (98 mg KOH/g) [START_REF] Lee | Characterization of hydrothermal liquefaction products from coconut shell in the presence of selected transition metal chlorides[END_REF]. It was suggested that more acetic acid and phenolics were formed at higher temperatures by hydrolysis and rehydration and contributed to higher TAN. Carbohydrate-rich biomass tends to form more acids during HTL, while mixed sludge has a more balanced composition of protein and 

Table 8

Multicriteria optimization for different objectives.

Maillard reactions between amino acids and reducing sugars (e.g., monosaccharides hydrolyzed from larger carbohydrates). The oxygenated compounds mainly consisted of amides, alcohols, esters, ketones, phenols, acids, and some N-heterocycles, while hydrocarbons were mostly alkenes (>11%) with little alkanes (<2%). The major chemical groups can be further divided as shown in Fig. 7c-d. Among the classified groups, carboxylic acids derived from the hydrolysis of lipids, the deamination of amino acids, and the decomposition of monosaccharides, played important roles as the reaction intermediates. They could transform into alcohols, ketones, and hydrocarbons through decarboxylation, form esters by esterification with alcohols, or produce amides through acylation with ammonia or amines (from the deamination of amino acids) [START_REF] He | Hydrothermal liquefaction of low-lipid algae Nannochloropsis sp. and Sargassum sp.: Effect of feedstock composition and temperature[END_REF]. Amides (>31%) were found the most abundant in biocrude, as agreed with a previous study about mixed sludge-derived biocrude [START_REF] Zimmermann | Sequential Hydrothermal Processing of Sewage Sludge to Produce Low Nitrogen Biocrude[END_REF]. The amides were mainly straight aliphatic (e.g., hexadecanamide, octadecanamide, and 9-octadecenamide, (Z)-), which could be formed from the acylation of carboxylic acids with amines or ammonia [START_REF] Lu | Synergistic and Antagonistic Interactions during Hydrothermal Liquefaction of Soybean Oil, Soy Protein, Cellulose, Xylose, and Lignin, ACS Sustain[END_REF][START_REF] Li | Liquefaction of Sewage Sludge to Produce Bio-oil in Different Organic Solvents with in Situ Hydrogenation[END_REF] or the aminolysis of esters with amines or ammonia [START_REF] Wądrzyk | Effect of process conditions on bio-oil obtained through continuous hydrothermal liquefaction of Scenedesmus sp. microalgae[END_REF]. Some cyclic amides, such as octanoic acid, morpholide, could be generated from the cyclization of alcohols, ammonia, and amino acids [START_REF] Chen | Hydrothermal liquefaction of mixed-culture algal biomass from wastewater treatment system into bio-crude oil[END_REF]. The fatty acids hydrolyzed from lipids (predominantly from primary sludge) could undergo decarboxylation to produce long-chain alkenes (e.g., 1-tetradecene, 1pentadecene, and 9-octadecene, (E)-) [START_REF] Mishra | Co-HTL of domestic sewage sludge and wastewater treatment derived microalgal biomass -An integrated biorefinery approach for sustainable biocrude production[END_REF]. Unlike the lignin-rich feedstocks (e.g., rice straw) that tended to produce many phenolic compounds (>33%) [START_REF] Huang | Comparative studies of thermochemical liquefaction characteristics of microalgae, lignocellulosic biomass and sewage sludge[END_REF], the relative content of phenols in sludge-derived biocrude was relatively low (<6.2%). Although phenolic compounds are mainly generated from the degradation of lignin, phenols could be formed through dehydration and cyclization of monosaccharides or the condensation and cyclization of amino acids [START_REF] Yang | Understanding low-lipid algae hydrothermal liquefaction characteristics and pathways through hydrothermal liquefaction of algal major components: Crude polysaccharides, crude proteins and their binary mixtures[END_REF].

Fig. 7c showed the effects of HTL reaction temperature on the major chemical groups in biocrude. As the temperature increased from 290 to 360 • C, the primary compounds including amides, N-heterocycles, and alcohols dramatically decreased, while other components (e.g., alkenes, esters, ketones, and phenols) increased. Such changes generally lead to the reduction of oxygen content in biocrude probably due to the enhanced decarboxylation reactions at higher temperatures. The decrease of amides could be caused by the competitive formation of hydrocarbons from the decarboxylation of fatty acids [START_REF] Lu | Synergistic and Antagonistic Interactions during Hydrothermal Liquefaction of Soybean Oil, Soy Protein, Cellulose, Xylose, and Lignin, ACS Sustain[END_REF]. The estersforming reactions (e.g., 4-Cyanobenzoic acid, hexadecyl ester) could decrease the generation of alcohols and restrain the production of amides by occupying ammonia and amino acids [START_REF] He | Hydrothermal liquefaction of low-lipid algae Nannochloropsis sp. and Sargassum sp.: Effect of feedstock composition and temperature[END_REF]. The reduction of Nheterocycles mainly resulted from the decrease of pyrazines (e.g., methyl-pyrazine and ethyl-pyrazine). Fan et al. observed a similar trend for the HTL (250-350 • C) of lysine and lactose mixture [START_REF] Fan | The influence of lipids on the fate of nitrogen during hydrothermal liquefaction of protein-containing biomass[END_REF]. It was indicated that melanin polymer instead of biocrude components was Increasing residence time, biocrude TAN showed a down and up trend at a low temperature (e.g., 300 • C), while it decreased constantly at a high temperature (e.g., 350 • C). Similar tendencies were also observed for the HTL of municipal sludge at 325 and 400 • C [START_REF] Mujahid | A centrifugation-first approach for recovering high-yield bio-oil with high calorific values in biomass liquefaction: A case study of sewage sludge[END_REF]. Although biocrude TAN could be reduced by controlling reaction conditions and adding catalysts, such as transition metal chlorides [START_REF] Lee | Characterization of hydrothermal liquefaction products from coconut shell in the presence of selected transition metal chlorides[END_REF] and bases (e.g., NaOH and Na 2 CO 3 ) [START_REF] Shakya | Effect of temperature and Na2CO3 catalyst on hydrothermal liquefaction of algae[END_REF][START_REF] Haarlemmer | Analysis and comparison of bio-oils obtained by hydrothermal liquefaction and fast pyrolysis of beech wood[END_REF], it is generally much higher than the standard specifications for commercial fuels, such as ≤ 0.1, ≤0.3, and ≤ 0.5 mg KOH/g for aviation turbine fuels (ASTM D7566-20c), fuel oils grade B6-B20 (ASTM D396-21), and distillate marine fuels (ISO 8217:2017), respectively. Therefore, upgrading biocrude for TAN reduction is necessary prior to its application or refining. Esterification was found to effectively decrease biocrude TAN from 40 to < 1 mg KOH/g [START_REF] Chen | Renewable diesel blendstocks produced by hydrothermal liquefaction of wet biowaste[END_REF], and hydrotreating could reduce it to < 0.01 mg KOH/g [START_REF] Marrone | Bench-scale evaluation of hydrothermal processing technology for conversion of wastewater solids to fuels[END_REF].

..2. Chemical compositions by GC-MS

Biocrude samples obtained from different hydrothermal conditions were analyzed by GC-MS to discover the compositional changes and potential reaction pathways regarding HTL reaction temperature and residence time. Based on the TIC graph (Fig. S2), more than fifty organic compounds were identified in biocrude. For biocrude generated from different reaction temperatures (290-360 • C) and residence time (0-30 min), their compositions (identified peaks) were comparatively similar while their relative contents varied. It should be noted that the GC-MS results only provided information about isopropanol-soluble molecules that were light enough to vaporize and pass through the GC column.

Based on the presence of heteroatoms, the identified compounds can be categorized into nitrogenous (containing N), oxygenated (containing O but no N), and hydrocarbons groups (containing only C and H). Their relative percentages in biocrude samples from various HTL conditions were summarized in Fig. 7a-b. The biocrude primarily consisted of Ncontaining compounds (>46%), followed by oxygenated groups (26-30%) and hydrocarbons (16-27%). Increasing reaction temperature could greatly reduce nitrogenous compounds and generate more hydrocarbons, while residence time did not seem to have a significant impact on the composition. The C-N bonds at higher temperatures are much more reactive, which probably caused the partitioning of N to aqueous phase and benefited the generation of more hydrocarbons in biocrude [START_REF] Carpio | Effects of reaction temperature and reaction time on the hydrothermal liquefaction of demineralized wastewater algal biomass[END_REF]. The N/O-containing compounds included amides and Nheterocycles (e.g., indoles and pyrrolidines), which could be generated from the deamination, cyclization, and condensation of amino acids (hydrolyzed from proteins) [START_REF] Subramanya | Identifying and Modeling Interactions between Biomass Components during Hydrothermal Liquefaction in Sub-, Near-, and Supercritical Water, ACS Sustain[END_REF][START_REF] Chen | Hydrothermal liquefaction of mixed-culture algal biomass from wastewater treatment system into bio-crude oil[END_REF][START_REF] Zhuang | The transformation pathways of nitrogen in sewage sludge during hydrothermal treatment[END_REF]. Pyrazines and their derivates have not been identified from HTL of pure protein [START_REF] Lu | Synergistic and Antagonistic Interactions during Hydrothermal Liquefaction of Soybean Oil, Soy Protein, Cellulose, Xylose, and Lignin, ACS Sustain[END_REF][START_REF] Subramanya | Identifying and Modeling Interactions between Biomass Components during Hydrothermal Liquefaction in Sub-, Near-, and Supercritical Water, ACS Sustain[END_REF]. Their detection in sludge-derived biocrude suggested the occurrence of chemical groups (e.g., hydrocarbons, phenols, and ketones) increased slightly due to longer time for the reactions among intermediates.

Pyrolysis and oxidation behaviors by TGA-DSC

The pyrolysis characteristics of biocrude were analyzed by TGA-DSC under N 2 environment and presented in Fig. 8a-b. Based on the derivative thermogravimetry (DTG) and DSC curves, two distinct reaction stages could be identified: 1) distillationevaporation and decomposition of volatile compounds in the first wide region from initial temperature to around 300 • C, where the heat flow was relatively steady; 2) crackingonce reaching certain temperature (>290 • C), remaining heavier compounds start visbreaking and thermal cracking reactions and release cracking gas, showing a large endothermic peak [START_REF] Li | Kinetic studies on the pyrolysis and combustion of bio-oil[END_REF][START_REF] Ahmadi Khoshooei | A review on the application of differential scanning calorimetry (DSC) to petroleum products: Wax crystallization study and structural analysis[END_REF][START_REF] Xiu | Pyrolysis and combustion characteristics of Bio-oil from swine manure[END_REF]. The reaction regions and mass losses, with the residue at the end of cracking during pyrolysis were summarized in Table 11. The primary weight loss (>50%) was found in the distillation region, which increased with HTL reaction temperature and/or residence time. On the contrary, the mass changes of cracking and the residue amounts decreased with HTL reaction temperature and/or residence time. Noticeably, the distillable fractions and residue of biocrude were comparable to heavy crude oils [START_REF] Wang | New insights into the oxidation behaviors of crude oils and their exothermic characteristics: Experimental study via simultaneous TGA/DSC[END_REF][START_REF] Kök | Pyrolysis analysis and kinetics of crude oils[END_REF], suggesting a good substitute for fossil fuels. The weight loss below 100 • C was attributed to dehydration and evaporation of light volatiles, while the molecules of C5-C30 as identified by GC-MS (such as pyrazines, alcohols, hydrocarbons, etc.) were responsible for the mass changes between 100 and 300 • C [START_REF] Li | Liquefaction of Sewage Sludge to Produce Bio-oil in Different Organic Solvents with in Situ Hydrogenation[END_REF][START_REF] Chen | A comprehensive analysis of food waste derived liquefaction bio-oil properties for industrial application[END_REF]. It was suggested that aromatics, resin, and asphaltene could contribute to the cracking stage [START_REF] Ahmadi Khoshooei | A review on the application of differential scanning calorimetry (DSC) to petroleum products: Wax crystallization study and structural analysis[END_REF][START_REF] Kök | Pyrolysis Analysis of Crude Oils and Their Fractions[END_REF].

Compared to the pyrolysis, biocrude oxidation showed three stages generated by Maillard reactions at a lower temperature (260 • C), which would decompose into monocyclic compounds (e.g., pyrazines) when the temperature increased to 280 • C; on the other hand, further increasing temperature could likely cause the decomposition of pyrazines [START_REF] Qiu | Biocrude Oil Production through the Maillard Reaction between Leucine and Glucose during Hydrothermal Liquefaction[END_REF]. However, to the best of our knowledge, there is no clear pathway to the decomposition of pyrazines in the literature. The decrease of alcohol was caused by the enhanced dehydration reactions at higher temperatures, which would form more alkenes. The increase of cyclic ketones (mainly 4.alpha., 5-Cyclo-A-homo-5.alpha.-cholestan-6one) by increasing temperature could be attributed to the rearrangement reactions of furan derivatives from monosaccharides [START_REF] Wądrzyk | Effect of process conditions on bio-oil obtained through continuous hydrothermal liquefaction of Scenedesmus sp. microalgae[END_REF]. The higher temperature (360 • C) also resulted in more phenols for their high stability due to combination reactions of intermediates, such as furfurals and amino acids [START_REF] Lu | Synergistic and Antagonistic Interactions during Hydrothermal Liquefaction of Soybean Oil, Soy Protein, Cellulose, Xylose, and Lignin, ACS Sustain[END_REF][START_REF] Wądrzyk | Effect of process conditions on bio-oil obtained through continuous hydrothermal liquefaction of Scenedesmus sp. microalgae[END_REF].

As shown in Fig. 7d, the chemical composition of biocrude was also affected by the HTL residence time. Obvious decreases of N-heterocycles and alcohols and an increase of amides were observed when increasing residence time from 0 to 30 min. Similar to the effect of temperature, the reduction of N-heterocycles was mainly caused by the loss of pyrazines, indicating its decomposition with time at a high temperature (325 • C). The presence of lipids could suppress Maillard reactions due to the competition of amide-forming reactions between fatty acids and sugarderived carbonyl compounds [START_REF] Fan | The influence of lipids on the fate of nitrogen during hydrothermal liquefaction of protein-containing biomass[END_REF]. This could be responsible for the enhanced contents of amides with longer residence time. The biggest change among alcohols was cholesterol which dropped from 5% at 0 min to 0.8% at 30 min, which was probably dehydrated into alkenes (e. g., cholest-4-ene) [START_REF] Hietala | Reaction pathways and kinetics of cholesterol in hightemperature water[END_REF] and then furthered oxidized into ketones (e.g., 4. alpha.,5-Cyclo-A-homo-5.alpha.-cholestan-6-one) [START_REF] Carpio | Effects of reaction temperature and reaction time on the hydrothermal liquefaction of demineralized wastewater algal biomass[END_REF]. The other (Fig. 8c-d): 1) low-temperature oxidation (LTO) -heterogeneous oxidation reactions between 30 and 300 • C occur between gas and liquid phases, along with evaporation of volatiles; 2) fuel deposition (FD) -a transition stage between 300 and 400 • C when thermo-oxidative cracking reactions happen and leave coke depositions as fuel; 3) hightemperature oxidation (HTO) -the primary combustion of heavier components and deposited coke from FD stage and generates a large amount of heat as shown by DSC [START_REF] Ahmadi Khoshooei | A review on the application of differential scanning calorimetry (DSC) to petroleum products: Wax crystallization study and structural analysis[END_REF][START_REF] Xiu | Pyrolysis and combustion characteristics of Bio-oil from swine manure[END_REF][START_REF] Zhao | Oxidation characteristics of heavy oil and its SARA fractions during combustion using TG-FTIR[END_REF]. The temperature ranges of the first two oxidation stages were similar to pyrolysis, while the pyrolysis cracking region was split into FD and HTO. LTO generally involves oxygen addition (forming hydroperoxides), and isomerization and decomposition of formed hydroperoxides [START_REF] Zhao | Oxidation characteristics of heavy oil and its SARA fractions during combustion using TG-FTIR[END_REF]. The most weight loss (36-42%) was still in LTO, but it was much less than that of pyrolysis distillation (Table 11). FD reactions include breaking of C-C and Cheteroatom bonds, rupture of alkyl side chains, and dehydrogenation and ring-opening of naphthene and aromatics [START_REF] Zhao | Comparative evaluation on the thermal behaviors and kinetics of combustion of heavy crude oil and its SARA fractions[END_REF]. With increasing HTL reaction severities, the weight loss decreased during FD but increased in the HTO stage, and thus generated less heat (ΔH) at FD and more heat during HTO. More superior combustion performance of biocrude could be achieved by more severe HTL reaction conditions. It was indicated that resins and asphaltenes were the main contributors to the heat release in FD and HTO regions [START_REF] Zhao | Comparative evaluation on the thermal behaviors and kinetics of combustion of heavy crude oil and its SARA fractions[END_REF][START_REF] Kok | DSC study on combustion and pyrolysis behaviors of Turkish crude oils[END_REF]. The asphaltene fraction has been identified in HTL biocrude derived from algae, food waste, wood, and primary sludge [START_REF] Chiaberge | Co-processing of Hydrothermal Liquefaction Sewage Sludge Biocrude with a Fossil Crude Oil by Codistillation: A Detailed Characterization Study by FTICR Mass Spectrometry[END_REF][START_REF] Robertson | Understanding the nature of bio-asphaltenes produced during hydrothermal liquefaction[END_REF][START_REF] Jin | Optimum Utilization of Biochemical Components in Chlorella sp. KR1 via Subcritical Hydrothermal Liquefaction, ACS Sustain[END_REF]. Asphaltenes are polycyclic and heterocyclic aromatics that can be formed through condensation and polymerization of intermediates from the Maillard reaction and aromatics degraded from lignin [START_REF] Jin | Optimum Utilization of Biochemical Components in Chlorella sp. KR1 via Subcritical Hydrothermal Liquefaction, ACS Sustain[END_REF][START_REF] Adnadjevic | Hydrothermal transformation of sawdust into synthetic coke-mechanism and influence of experimental parameters, Energy Sources, Part A[END_REF]. Notably, the oxidation DTG-DSC behaviors of biocrude were found to be identical to crude oils [START_REF] Zhao | Low-temperature oxidation of heavy crude oil characterized by TG, DSC, GC-MS, and negative ion ESI FT-ICR MS[END_REF]. However, the heat of combustion during HTO was found to be much higher than that from crude oils [START_REF] Zhao | Comparative evaluation on the thermal behaviors and kinetics of combustion of heavy crude oil and its SARA fractions[END_REF] but between resins [START_REF] Kök | Combustion characteristics and kinetic analysis of Turkish crude oils and their SARA fractions by DSC[END_REF] and asphaltenes [START_REF] Shishkin | A new quick method of determining the group hydrocarbon composition of crude oils and oil heavy residues based on their oxidative distillation (cracking) as monitored by differential scanning calorimetry and thermogravimetry[END_REF]. This suggested that sludge-derived biocrude may contain abundant resins and asphaltenes, which could affect the refining process, especially asphaltenes (catalyst deactivation by coking).

Trace elements and contaminants

ICP-MS analysis was conducted to identify the other elements in biocrude besides major elements (CHNSO). It was found that most other elements were at trace levels (<0.1 wt% or 1000 mg/kg) in biocrude derived from mixed sludge. Fig. 9 displayed the impacts of reaction temperature (290-360 • C) and residence time (0-30 min) on various trace elements in biocrude. Many trace elements did not exhibit significant but slight changes at different HTL conditions. Noticeably, enhancing temperature could reduce the content of Zn, K, and As but increase Cu, Ni, Cr, and V, whereas extending residence time would decrease As but increase Ca, Ni, Cr, Ba, Mn, Co, and V. The mechanisms behind these changes are not clear and require further studies. However, employing fast HTL (no ramping) on microalgae at 350 • C, Jiang and Savage observed different effects that Mg and P in biocrude dropped 13 and 38 times, respectively, by increasing residence time from 1 min to 3 min, while Fe reached the highest concentration at 10 min and then gradually decreased [START_REF] Jiang | Metals and Other Elements in Biocrude from Fast and Isothermal Hydrothermal Liquefaction of Microalgae[END_REF]. They also reported that after 5 min, most elements (e.g., P, Mg, Ca, K, and Cu) in biocrude did not vary much with time. The present study could not witness such significant impacts, probably due to the equilibrium during the ramping period of isothermal HTL. Another study suggested that As in algae-derived biocrude followed an exponential growth with increased reaction severity (220-360 • C for 15-25 min) [START_REF] Li | Hydrothermal liquefaction accelerates the toxicity and solubility of arsenic in biowaste[END_REF]. The opposite observation could be because their investigation was based on arsenic acid as As(V) that would be converted into more mobile As(III) under the reduction environment (Eh ≤ -45 mV).

Among the examined elements, Fe (497-656 mg/kg) was found the most abundant, followed by Ca, P, Al, Zn, Cu, Mg, K, and Ni that were in the range of 6-231 mg/kg, while the others were at 1-6 mg/kg (e.g., Cr, Ba, Mn, Mo, As, Co, Se, and V) or < 1 mg/kg (e.g., Hg and Pb), and Cd 
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Fig. 9. Effects of HTL conditions on concentrations of trace elements in biocrude from mixed sludge (detection limit: K < 12 mg/kg). For each element, different letters above columns indicate a significant difference at p < 0.05 (n = 4).

Table 11

Reaction regions, mass losses (Δm), and enthalpy of reactions (ΔH) during pyrolysis and oxidation of biocrude.

acid washing [START_REF] Haider | Demineralization of miscanthus biocrude obtained from catalytic hydrothermal liquefaction: Conditioning through acid washing[END_REF], are available and necessary for metal recycling and extending the bed lifetime of the hydrotreater.

Plausible reaction pathway with in-situ catalysis

The HTL reaction pathways for sludge are basically interactions between depolymerization and repolymerization of organic compounds. Initially, the large molecules, i.e., lipids, proteins, carbohydrates, and lignin/humic substances, are hydrolyzed into monomers. With increasing reaction temperature, those monomers undergo further decomposition or recombination reactions to form biocrude compounds. The potential biocrude-forming reaction network for HTL of sludge in Fig. 10 was proposed based on the current results and our previous literature reviews [START_REF] Liu | Hydrochar derived from municipal sludge through hydrothermal processing: A critical review on its formation, characterization, and valorization[END_REF][START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF]. The chemical structures of main components identified by GC-MS were displayed.

Generally, lipids could be hydrolyzed to glycerol and long-chain fatty acids. Although cholesterol and its derivates (e.g., cholestene and cholestenone) have been previously identified from HTL of municipal sludge [START_REF] Tong | Two-stage liquefaction of sewage sludge in methanol-water mixed solvents with low-medium temperature[END_REF], digested sludge [START_REF] Vardon | Chemical properties of biocrude oil from the hydrothermal liquefaction of Spirulina algae, swine manure, and digested anaerobic sludge[END_REF], and wastewater algae [START_REF] Carpio | Effects of reaction temperature and reaction time on the hydrothermal liquefaction of demineralized wastewater algal biomass[END_REF], its reaction pathway was not emphasized. The major presence of cholesterol derivates suggested that cholesterol-related reactions could be important pathways for HTL of feedstocks with cholesterol-rich lipids and thus were first highlighted in this study. Particularly, the increase of reaction temperature and residence time could promote the conversion of Fig. 10. Proposed biocrude-forming pathways for HTL of municipal sludge revealing effects of reaction temperature and catalysis by inherent metals and Brønsted sites.

(<0.06 mg/kg) and Na (<6.8 mg/kg) were below the detection limits. The high contents of Fe, P, and Ca may be related to their initial concentrations that were the highest in the feedstock sludge (0.98, 1.4, and 0.69%, db, respectively). Many studies reported high concentrations of Fe (700-3000 ppm) in HTL biocrude from Fe-rich algae [START_REF] Jiang | Metals and Other Elements in Biocrude from Fast and Isothermal Hydrothermal Liquefaction of Microalgae[END_REF][START_REF] Jiang | Fate of iron during hydrothermal liquefaction of hemin[END_REF][START_REF] Haider | The Art of Smooth Continuous Hydroprocessing of Biocrudes Obtained from Hydrothermal Liquefaction: Hydrodemetallization and Propensity for Coke Formation[END_REF][START_REF] Jiang | Influence of process conditions and interventions on metals content in biocrude from hydrothermal liquefaction of microalgae[END_REF][START_REF] Jarvis | Impact of iron porphyrin complexes when hydroprocessing algal HTL biocrude[END_REF], while biocrude from other feedstocks (e.g., lignocellulose) could have lower Fe levels (100-300 ppm) [START_REF] Ramasamy | Hydrothermal Liquefaction : Path to Sustainable Aviation Fuel[END_REF][START_REF] Haider | Demineralization of miscanthus biocrude obtained from catalytic hydrothermal liquefaction: Conditioning through acid washing[END_REF]. Another study also reported comparable amounts of Zn (88.3 ppm) and Cr (6.6 ppm) in sludgederived biocrude [START_REF] Xu | Comprehensive evaluation on product characteristics of fast hydrothermal liquefaction of sewage sludge at different temperatures[END_REF]. As previously mentioned, biocrude is required to be upgraded and refined to produce commercial fuels. However, metal contaminants in biocrude could lead to reactor plugging, catalysts fouling, and severe coking during the downstream upgrading process, e. g., hydrotreating [START_REF] Haider | The Art of Smooth Continuous Hydroprocessing of Biocrudes Obtained from Hydrothermal Liquefaction: Hydrodemetallization and Propensity for Coke Formation[END_REF]. It has been reported that Fe (>700 ppm) in algalderived HTL biocrude caused plugging of catalyst beds after only 102 h of continuous hydroprocessing [START_REF] Jarvis | Impact of iron porphyrin complexes when hydroprocessing algal HTL biocrude[END_REF]. Abundant iron porphyrins (primarily N 4 Fe 1 ) were identified in algal-derived biocrude. Another study also detected many iron porphyrins soluble in hemin-derived biocrude [START_REF] Jiang | Fate of iron during hydrothermal liquefaction of hemin[END_REF]. The iron porphyrins were found to have similar carbon number and double bond equivalent distributions to Ni and V porphyrins that were well-known in petroleum. Those metal porphyrins could degrade and deposit metal in the catalyst bed during hydrotreating as a result of hydrodemetallization reactions [START_REF] Jarvis | Impact of iron porphyrin complexes when hydroprocessing algal HTL biocrude[END_REF][START_REF] Ramírez-Pradilla | Comprehensive Petroporphyrin Identification in Crude Oils Using Highly Selective Electron Transfer Reactions in MALDI-FTICR-MS[END_REF]. Seeing the considerable amount of Fe, Ni, and V in sludge-derived biocrude, pre-treatments, such as complete filtration [START_REF] Ramasamy | Hydrothermal Liquefaction : Path to Sustainable Aviation Fuel[END_REF], distillation [START_REF] Eboibi | Hydrothermal liquefaction of microalgae for biocrude production: Improving the biocrude properties with vacuum distillation[END_REF], solvent extraction [START_REF] Jiang | Using Solvents to Reduce the Metal Content in Crude Bio-oil from Hydrothermal Liquefaction of Microalgae[END_REF], and higher efficiency in promoting the production of glucose and lactic acid from cellulose at 160-190 • C possibly due to its stronger Lewis acidity character [START_REF] Shahrul Nizan Shikh Zahari | A Preliminary Study of Catalytic Hydrothermal Conversion of Cellulose to Lactic Acid: Effects of Reaction Temperature and Metal Ion Catalyst[END_REF]. Even a low Pb content (0-10 mmol/L) can promote the degradation of cellulose and lignin and catalyze the rehydration of 5hydroxymethylfurfural (5-HMF) and produce more levulinic and formic acids at 180-270 • C [START_REF] Zhu | Inherent Metals of a Phytoremediation Plant Influence Its Recyclability by Hydrothermal Liquefaction[END_REF]. The enhanced production of 5-HMF and furfural by AlCl 3 (0.01-0.03 M) was also observed for the hydrothermal conversion of poppy stalks at 180 • C [START_REF] Hos ¸gün | One-pot hydrothermal conversion of poppy stalks over metal chloride catalysts, Biomass Convers[END_REF].

Alkali and alkaline catalysts (e.g., carbonates and hydroxides) are commonly used to favor certain base-catalyzed condensation reactions by shifting ionic media, which can enhance the hydrolysis of carbohydrates and lignin and lead to aromatic oil formation [START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF][START_REF] Elliott | Hydrothermal liquefaction of biomass: Developments from batch to continuous process[END_REF]. However, the catalytic effects of alkali and alkaline earth metals themselves have been recognized. Alkali salt (NaCl) was found to catalyze the hydrolysis of sludge at 180-260 • C [START_REF] Xu | Hydrothermal carbonization of sewage sludge: Effect of inorganic salts on hydrochar's physicochemical properties[END_REF]. Adding Na + , K + , and Ca 2+ at various pH (5-9) could strengthen the depolymerization of lignin and condensation of aromatic compounds during HTL (300 • C), especially at neutral pH [START_REF] Liu | Metal Ion-Catalyzed Hydrothermal Liquefaction of Calcium Lignosulfonate in Subcritical Water[END_REF]. Also, different alkali and alkaline hydroxides showed catalytic efficiencies for the hydrothermal decomposition of glycerol in sequence: KOH > NaOH > LiOH and Ba(OH) 2 > Sr(OH) 2 > Ca(OH) 2 > Mg(OH) 2 [START_REF] Shen | Effect of alkaline catalysts on hydrothermal conversion of glycerin into lactic acid[END_REF]. Alkaline catalysts could also neutralize the HTL reaction media and inhibit the repolymerization reactions of intermediates, which is probably responsible for the low distillation residue (Table 11) in biocrude from MS.

Catalytic effects from inherent Brønsted sites

The presence of abundant natural acids (e.g., volatile fatty acids) and high alkalinity in sludge (Table 1) brings another consideration of catalytic effects from Brønsted sites, i.e., acids (proton donor) and bases (proton acceptor). It is worth mentioning that many transition and posttransition metal ions (e.g., Fe 3+ , Zn 2+ , and Al 3+ ) can generate acid-base sites by forming complex ions with water, contributing to the synergistic effects on catalyst surfaces. Similarly, basic sites could also play important roles in the catalysis of alkali and alkaline earth metals. Both acidic and basic environments could promote hydrothermal reactions initially the breakage of macromolecules (e.g., hydrolysis), however, leading to different pathways [START_REF] Lu | Catalytic hydrothermal liquefaction of microalgae over mesoporous silica-based materials with siteseparated acids and bases[END_REF]. Some generic pathways are summarized in Fig. 10. Carbohydrates are converted into 5-HMF and levulinic acids in acidic media, carboxylic acids under strong alkaline conditions, and their mixture in a neutral environment due to the selfionization of H 2 O to H + and OH -during HTL [START_REF] Yin | Alkaline hydrothermal conversion of cellulose to bio-oil: Influence of alkalinity on reaction pathway change[END_REF][START_REF] Yin | Hydrothermal liquefaction of cellulose to bio-oil under acidic, neutral and alkaline conditions[END_REF]. Acidic conditions favor dehydration, deamination, and esterification and generate primarily oxygenates (e.g., carboxylic acids, ketones, and esters), while basic/alkaline media facilitate decarboxylation and aminolysis and produce hydrocarbon derivatives by reacting with organic acids [START_REF] Lu | Catalytic hydrothermal liquefaction of microalgae over mesoporous silica-based materials with siteseparated acids and bases[END_REF][START_REF] Galadima | Hydrothermal liquefaction of algae and bio-oil upgrading into liquid fuels: Role of heterogeneous catalysts[END_REF]. Acids inhibit, but bases could promote the Maillard reaction [START_REF] Yang | Direct hydrothermal liquefaction of undried macroalgae Enteromorpha prolifera using acid catalysts[END_REF]. Acidic environment could further advance condensation and repolymerization reactions of intermediates and decrease biocrude yield, whereas basic media prevent repolymerization [START_REF] Xu | Hydrothermal liquefaction of lignocellulose for value-added products: Mechanism, parameter and production application[END_REF]. Notably, many studies have demonstrated that adding external acids/bases/alkali salts has no significant effects on the yield and quality of biocrude generated from municipal sludge [START_REF] Liu | Hydrochar derived from municipal sludge through hydrothermal processing: A critical review on its formation, characterization, and valorization[END_REF][START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF]. This could be attributed to the co-existence of abundant acidic-basic sites in original sludge.

In summary, increasing reaction temperature could improve the generation of hydrocarbons by promoting the deoxygenation and denitrification reactions during HTL, while the inherent metals and Brønsted sites in sludge would likely catalyze selected pathways and form major compounds. The proposed pathways are significant for guiding the production of high-quality biocrude. However, the understanding of metal catalysis is mainly limited to the hydrolysis of macromolecules and the decomposition of the corresponding monomers. Deeper perception of catalytic effects of metals should be exposed to turn high-load metals in sludge from burdens to benefits. Both acidic and basic Brønsted sites play vital roles in directing the reaction pathways while adjusting acid/base ratio might be a future focus to govern reaction pathways and produce high-quality biocrude [START_REF] Cheng | Synergistic Effects of Inexpensive Mixed Metal Oxides for Catalytic Hydrothermal Liquefaction of Food Wastes[END_REF].

cholesterol into cholestene and cholestenone. Fatty acids were found to have key contributions to producing biocrude by converting to longchain alkenes, alcohols, esters, and amides. Higher temperatures also favored the formation of long-chain alkenes but reduced alcohols and amides due to enhanced decarboxylation and dehydration reactions. Proteins were hydrolyzed to amino acids, which could be further decomposed into short-chain acids, ammonia, and amines. Those intermediates were the main contributors to amides. Reducing sugars hydrolyzed from carbohydrates (e.g., cellulose and hemicellulose) could react with amino acids and generate N-heterocycles through Maillard reaction, which was found a major pathway due to the presence of abundant pyrazines. Increasing temperature could inhibit the Maillard reaction and decrease nitrogenous compounds. Monosaccharides from carbohydrates can form various intermediates, such as organic acids, alcohols, aldehydes, ketones, and furfural derivates, which would participate in other decomposition or recombination reactions. A few lignin and humic substances were mainly converted into aromatic compounds, such as phenols and polycyclic aromatic hydrocarbons (PAHs).

.4.1. Catalytic effects from inherent metal groups

Considering the significant load of metals in feedstock sludge (0.18% alkali metals, 0.94% alkaline earth metals, 1.08% transition metals, and 0.27% post-transition metals on a dry basis), it is reasonable to infer that those inherent metals could have catalytic effects on the HTL reaction pathways. The use of metal catalysts in HTL has been widely reported [START_REF] Liu | Hydrochar derived from municipal sludge through hydrothermal processing: A critical review on its formation, characterization, and valorization[END_REF][START_REF] Basar | A review on key design and operational parameters to optimize and develop hydrothermal liquefaction of biomass for biorefinery applications[END_REF]. The potential catalytic effects of metals on reaction pathways were summarized in Fig. 10. Compared to previous studies about HTL of municipal sludge [START_REF] Tong | Two-stage liquefaction of sewage sludge in methanol-water mixed solvents with low-medium temperature[END_REF][START_REF] Xu | Co-hydrothermal liquefaction of microalgae and sewage sludge in subcritical water: Ash effects on bio-oil production[END_REF], the contents of alkenes in biocrude were relatively high and acids were low in this study, which could be related to intrinsic transition metals in sludge, especially high content of Fe (0.98%, db). The catalytic effects of transition metals in HTL have been broadly reported. For example, dosing 0.25-1.25 g Fe 3 O 4 catalyst in 33 mL of microalgae slurry during HTL could promote the transformation of acids to esters (reacting with alcohols) and olefin in biocrude; however, it may also enhance the formation of heterocyclic compounds due to improved decomposition of protein [START_REF] Kandasamy | Hydrothermal liquefaction of microalgae using Fe3O4 nanostructures as efficient catalyst for the production of bio-oil: Optimization of reaction parameters by response surface methodology[END_REF]. Such promotion from Fe could eventually improve biocrude yield, HHV, and energy recovery [START_REF] Malins | Bio-oil from thermo-chemical hydro-liquefaction of wet sewage sludge[END_REF]. A similar report stated that transition metal (Co) could enhance the conversion of carbohydrates, and thus the obtained biocrude had high contents of hydrocarbons and low contents of acids [START_REF] Chen | Catalytic hydrothermal liquefaction for bio-oil production over CNTs supported metal catalysts[END_REF]. Moreover, adding 0.025-0.5 g Zn 2+ to 15 g of dry hyperaccumulator (S. plumbizincicola) was found to improve the hydrolysis of carbohydrates and lignin, catalyze the oxidation of furfurals derivates to acetic acid, decrease fatty acids, generate more aromatic compounds and light components, and promote deoxygenation reactions [START_REF] Qian | Influences of Temperature and Metal on Subcritical Hydrothermal Liquefaction of Hyperaccumulator: Implications for the Recycling of Hazardous Hyperaccumulators[END_REF]. Most transition metals (Cr 3+ , Co 2+ , Cu 2+ , Fe 2+ , Fe 3+ , Mn 2+ , Ni 2+ , and Zn 2+ ) were found to have similar catalytic effects in enhancing the hydrolysis of carbohydrates, dehydration of monosaccharides (e.g., xylose and glucose) to furfurals derivates, decomposition of monosaccharides into organic acids (e.g., lactic acid, levulinic acid, and formic acid), and conversion of heavy compounds to low-molecule-weight compounds in biocrude at an HTL temperature range of 155-330 • C [START_REF] Cao | Hydrothermal conversion of xylose, glucose, and cellulose under the catalysis of transition metal sulfates[END_REF][START_REF] Hos ¸gün | One-pot hydrothermal conversion of poppy stalks over metal chloride catalysts, Biomass Convers[END_REF][START_REF] Kong | Hydrothermal catalytic conversion of biomass for lactic acid production[END_REF][START_REF] Lee | Effects of transition metals on hydrothermal liquefaction of empty fruit bunches (EFB) for conversion to biofuel and valuable chemicals[END_REF]. However, the catalytic efficiency is related to the concentration and species of transition metals. In addition, transition metal sulfates showed higher catalytic activity than chloride and nitrate salts on glucose dehydration and rehydration to lactic acid at 155 • C [START_REF] Kumar | Hydrothermal conversion of glucose to levulinic acid using multifunctional ionic liquids: Effects of metal ion co-catalysts on the product yield[END_REF]. They indicated that the complex of hydrated metal salts could bind with -OH groups of glucose through hydrogen bonding and promote the rapid conversion of α-anomers of glucose to β-anomers, and the catalytic efficiency also depended on the hydrogen bonding ability of associated anions (e.g., Cl -, SO [START_REF] Kor-Bicakci | Recent developments on thermal municipal sludge pretreatment technologies for enhanced anaerobic digestion[END_REF] 2-, NO - 3 ). Post-transition metals (e.g., Al and Pb) were found to have similar catalytic effects to transition metals in terms of the hydrolysis of carbohydrates and the subsequent decomposition, dehydration, and rehydration reactions. Compared to Pb 2+ , Al 3+ (0.14 mmol) showed much

Elemental and energy distribution

CN and energy

The elemental and energy distribution was calculated based on the contents and yield of each product, which could be affected by the sludge compositions and HTL conditions. As shown in Fig. 11a, most C (56.2-66.6%) from the feedstock was recovered in biocrude, with the lowest observation at 300 • C and 4.4 min and the peak at the center point (325 • C and 15 min). Madsen and Glasius also recovered a comparable amount (42.7-70.2% of C) in biocrude from primary sludge at the temperature range of 250-350 • C and the response surface of CR was identical to biocrude yield and the findings of this study [START_REF] Madsen | How Do Hydrothermal Liquefaction Conditions and Feedstock Type Influence Product Distribution and Elemental Composition?[END_REF]. The highest CR in HTL aqueous (25.5%) was found at the lowest reaction severity (300 • C and 4.4 min), which gradually decreased with increasing reaction severity and reached the minimum of 21.9% at 360 • C and 15 min. CR in hydrochar varied at 6.6-13.6% and showed similar behaviors to that in HTL aqueous. Comparable C recoveries (15-29.6% in aqueous and 8.7-17.1% in hydrochar) and similar trends were also reported by a study for HTL (275-350 • C and 15-45 min) of algae grown from municipal wastewater [START_REF] Couto | Hydrothermal liquefaction of biomass produced from domestic sewage treatment in high-rate ponds[END_REF]. On the contrary, C in gas form (3.1-5.3%) showed the opposite trend to HTL aqueous and hydrochar. It showed the minimum percentage at 300 • C and 4.4 min and the highest at 350 • C and 25.6 min. The low C loss (around 5%) as gas was also agreed by previous studies for HTL of primary and secondary sludge at 350 • C [START_REF] Marrone | Bench-scale evaluation of hydrothermal processing technology for conversion of wastewater solids to fuels[END_REF][START_REF] Shah | Hydrothermal liquefaction of high ash containing sewage sludge at sub and supercritical conditions[END_REF]. Nevertheless, C distributed in the aqueous phase was significant (>20%), which would require proper treatment and cost more. This highlights the importance of further recovery and promotes the valorization of HTL aqueous. Considering the existing facilities in WWTPs, coupling HTL and anaerobic digestion of aqueous could be a potential pathway, but additional investigations are needed. The benefits could be enhanced energy recovery and reduced effluent COD from HTL aqueous and subsequent aerobic treatment costs when returning to WWTPs.

The N distribution presented that most N (56-64.8%) from sludge feedstock was transferred to HTL aqueous (Fig. 11b). The N recovery (NR) in aqueous was found to enhance with reaction temperature. Another study also found > 60% of NR in HTL aqueous from municipal sludge at 180-300 • C for 30 min, which displayed positive relation to reaction temperature [START_REF] Zhuang | The transformation pathways of nitrogen in sewage sludge during hydrothermal treatment[END_REF]. They also suggested that most protein-N in sludge was initially hydrolyzed and dissolved in HTL aqueous phase as organic-N (e.g., amino acids), which further decomposed and accumulated as NH 4 + -N. The NR in biocrude from mixed sludge was also high (32-37.1%). Notably, the NR in biocrude showed similar behaviors to its yield probably due to the consistent N contents (4.6-4.8%) in biocrude. Maillard reaction of amino-N and reducing sugar was mainly responsible for generating heterocyclic-N in biocrude [START_REF] Lu | Simultaneous production of biocrude oil and recovery of nutrients and metals from human feces via hydrothermal liquefaction[END_REF]. The remaining NR in hydrochar was small (6.4-12.9%) and it was inversely proportional to reaction temperature and residence time. According to the mass balance, NR in the gas phase is negligible. It was reported that within a residence time of 1 h, NR in the gas phase was minimum or even negative but can suddenly reach > 20% after staying 2 h at 300 ER (52%) in biocrude from municipal sludge [START_REF] Qian | Hydrothermal liquefaction of sewage sludge under isothermal and fast conditions[END_REF]. The remaining energy in HTL aqueous and gas was relatively high (21.4-29.8%), but it was minimized at the optimized conditions (332 • C for 16.9 min). As HTL aqueous contained > 4 times CR higher than gas, it was believed that most of the remaining energy was stored in the aqueous. Using mixed model compounds (carbohydrate, protein, and lipid) for HTL at 300 and 350 • C, it was found that 44 and 59% of energy input were recovered in biocrude, respectively, while 17 and 11% energy could be recovered as methane by anaerobic digestion of HTL aqueous, respectively [START_REF] Posmanik | Coupling hydrothermal liquefaction and anaerobic digestion for energy valorization from model biomass feedstocks[END_REF]. Many other studies also confirmed that HTL aqueous had a specific methane yield of 36-259 mL CH 4 /g chemical oxygen demand [START_REF] Hao | Molecular composition of hydrothermal liquefaction wastewater from sewage sludge and its transformation during anaerobic digestion[END_REF][START_REF] Usman | Molecular and microbial insights towards understanding the anaerobic digestion of the wastewater from hydrothermal liquefaction of sewage sludge facilitated by granular activated carbon (GAC)[END_REF][START_REF] Wang | Effect of ammonia removal and biochar detoxification on anaerobic digestion of aqueous phase from municipal sludge hydrothermal liquefaction[END_REF]. Therefore, for its high potential, recovering the remaining energy from HTL aqueous is necessary, which can significantly improve the overall yield and sustainability of the holistic process. Meanwhile, energy in hydrochar could be used for combustion. Considering the low HHV (8-16 MJ/kg, db) and high ash contents (48-69%, db) in hydrochar (data not shown), further investigations and pretreatments are aqueous [START_REF] Zhuang | The transformation pathways of nitrogen in sewage sludge during hydrothermal treatment[END_REF]. The findings of this study were in agreement with a previous study for HTL of secondary sludge at 350 and 400 • C, which obtained 50-60%, 32-35%, 10-12%, and 0.4-0.8% of NR in aqueous, biocrude, hydrochar, and gas, respectively [START_REF] Shah | Hydrothermal liquefaction of high ash containing sewage sludge at sub and supercritical conditions[END_REF]. The high contents of N (7100-8867 mg/L total N) in HTL aqueous represent a great potential for nutrient recovery (e.g., ammonium sulfate and struvite). On the other hand, numerous studies have reported inhibition of anaerobic digestion activity by HTL aqueous due to high ammonia and abundant N-heterocycles (e.g., aziridines) [START_REF] Watson | Valorization of hydrothermal liquefaction aqueous phase: pathways towards commercial viability[END_REF]. This indicates that utilizing HTL aqueous by anaerobic digestion should be carefully examined.

Based on the energy distribution (Fig. 11c), most energy (57.7-70.8%) from sludge could be recovered as biocrude, whereas only 5.3-12.5% was converted to hydrochar. A similar ER in biocrude (67%) was also obtained from primary sludge at 340 • C for 20 min [START_REF] Biller | Primary sewage sludge filtration using biomass filter aids and subsequent hydrothermal co-liquefaction[END_REF]. A continuous HTL system achieved up to 69.3% of biocrude ER from primary sludge at 325 • C for 9 min [START_REF] Silva Thomsen | Hydrothermal liquefaction of sewage sludge; energy considerations and fate of micropollutants during pilot scale processing[END_REF], which was close to this study. However, a supercritical condition (400 • C and 1 h) resulted in a lower < 6.5 [START_REF] Carbonell-Barrachina | Arsenic chemistry in municipal sewage sludge as affected by redox potential and pH[END_REF]. It was suggested that As(V) in feedstocks could be converted into more soluble As(III) [START_REF] Li | Hydrothermal liquefaction accelerates the toxicity and solubility of arsenic in biowaste[END_REF], while arsenate with other metals was precipitated in hydrochar and As in organic form (e.g., roxarsone) probably contributed to solvent-extracted biocrude [START_REF] Li | Hydrothermal liquefaction of typical livestock manures in China: Biocrude oil production and migration of heavy metals[END_REF]. Immobilization of As during HTL is worthy of investigation. Higher reaction severities (i.e., higher temperature and/or longer residence time) could cause more Cr, Ni, Se, and V transferring to biocrude from hydrochar, while other elements did not show noticeable changes in terms of reaction temperature and residence time. It was also reported that supercritical conditions (e.g., 400 • C) may significantly enhance the mobility of inorganic elements (e.g., Cu, Fe, K, and Zn) [START_REF] Shah | Hydrothermal liquefaction of high ash containing sewage sludge at sub and supercritical conditions[END_REF]. In summary, most nutrients and heavy metals were accumulated in hydrochar, giving both opportunities for recovery and challenges for separation; many metals were well dispersed to biocrude, indicating the necessity of monitoring and pretreatments for upgrading. Revealing the fate of inorganic elements is essential for guiding the downstream utilization and treatment of HTL products.

Conclusion

The biocrude production and ER from HTL of municipal mixed sludge were investigated using RSM. Various reaction temperatures and residence time were examined to explore their effects on ER, elemental distribution, and biocrude characteristics. The major conclusions were drawn as follows:

• Through modeling and optimization, maximum biocrude yield (48.9%, daf), CR (68.6%), and ER (70.8%) could be achieved in the same HTL operating conditions (332 • C for 16.9 min). Meanwhile, the generation of by-products (i.e., aqueous, hydrochar, and gas) could be minimized. A high EROI (2.42) was also achieved. • HTL reaction temperature and residence time showed positive effects on biocrude C content and HHV but negatively affected biocrude O content and O/C. Higher reaction severities could also reduce biocrude TAN, thus enhancing the quality. The batch reactor could generate biocrude with similar properties (e.g., CHNSO, HHV, and TAN) to those from plug-flow continuous systems. • GC-MS indicated that increasing reaction temperature significantly reduced nitrogenous compounds in biocrude by inhibiting the formation of N-heterocycles and amides and generating more hydrocarbons. Cholesterol-related reactions were important pathways for biocrude formation from sludge and were highlighted for the first time. Inherent metals and Brønsted sites in sludge could play catalytic roles in HTL reaction pathways. DTG-DSC analysis suggested the presence of resins and asphaltenes in biocrude. • Sludge-derived biocrude contained trace amounts of metal contaminants, especially Fe (497-656 mg/kg), which can be separated and recycled prior to the downstream upgrading process. Higher reaction temperature decreased the concentrations of Zn, K, and As but enhanced Cu, Ni, Cr, and V, while longer residence time reduced As but increased Ca, Ni, Cr, Ba, Mn, Co, and V in biocrude. • After HTL, most energy and C were recovered as biocrude, while the majority N (53-65%) was distributed in aqueous, and most P (85-89%) was concentrated in hydrochar. This implies that HTL of municipal sludge represents a justifiable process to allow resource recovery from each product stream. Most heavy metals were accumulated in hydrochar, so their separation from P will be of particular interest for P recovery. • Overall, increasing reaction temperature and/or residence time could improve biocrude quality but decrease the ER and/or EROI. Through RSM optimization, the balance between quality and ER could be obtained.

.5.2. Inorganic elements

Abundant nutrient elements and heavy metals have been widely found in municipal sludge [START_REF] Liu | Hydrochar derived from municipal sludge through hydrothermal processing: A critical review on its formation, characterization, and valorization[END_REF]. Those elements partition selectively among HTL biocrude, aqueous, and hydrochar. Discovering the partitioning behaviors of each element under various HTL conditions is essential to allow the control of unwanted elements (e.g., heavy metals) and recovery of desirable elements (e.g., nutrients). After HTL, the distribution of inorganic elements was determined by considering their concentrations and the weight of each product. As shown in Fig. 12, the elemental distribution was normalized based on the total amount of each element recovered in each product. Most of the examined elements were distributed in hydrochar with > 60% of the total. In particular, alkaline earth metals (e.g., Mg, Ca, and Ba), Al, Fe, Mn and were predominantly (>95%) present in hydrochar, probably due to their affinity to P that formed phosphate precipitates [START_REF] Liu | Phosphorus recovery from municipal sludge-derived ash and hydrochar through wetchemical technology: A review towards sustainable waste management[END_REF]. >85% P was converted into hydrochar with a concentration up to 855 mg/g, providing great potential for P recovery. On the other hand, the large fraction (>60%) of potential contaminants of concerns (e.g., Cr, Co, Cu, Mo, Ni, Se, Pb, and Zn) in hydrochar could be problematic during P extraction and thus require attention.

A large portion of alkali metals, such as K (45-56%) and Na (28-47%), were released in the HTL aqueous, but their amount gradually decreased with increasing reaction severity, which transferred to hydrochar. [START_REF] Jiang | Metals and Other Elements in Biocrude from Fast and Isothermal Hydrothermal Liquefaction of Microalgae[END_REF] also found that K and Na were mostly present in HTL aqueous and their percentages reduced after some time. Unlike other elements with negligible allocations (<2%), many transition metals, such as Co (33-42%), Ni (21-32%), Mo (11-18%), V (9-16%), Cr (6-11%), Cu (3-7%), and Zn (3-5%), plus metalloids As (21-57%) and Se (19-25%) were dispersed to biocrude in a considerable level. Although Fe had the highest concentration in biocrude compared to other metals, <2% of the feedstock resided in biocrude. When upgrading biocrude, attention should be paid to those inorganics, especially Ni and V, for their deactivation effects on catalysts [START_REF] Haider | The Art of Smooth Continuous Hydroprocessing of Biocrudes Obtained from Hydrothermal Liquefaction: Hydrodemetallization and Propensity for Coke Formation[END_REF]. The migration of As, Cr, Cu, Ni, and Zn into biocrude from HTL of various manures and municipal sludge has also been reported by many other studies [START_REF] Conti | Valorization of animal and human wastes through hydrothermal liquefaction for biocrude production and simultaneous recovery of nutrients[END_REF][START_REF] Lu | Biocrude production and heavy metal migration during hydrothermal liquefaction of swine manure[END_REF][START_REF] Li | Hydrothermal liquefaction of typical livestock manures in China: Biocrude oil production and migration of heavy metals[END_REF]. Compared to other heavy metals, metalloid As exhibited a unique distribution behavior, which was mainly dispersed to biocrude, followed by hydrochar (22-61%) and HTL aqueous (19-28%). In general, its percentage was reduced in biocrude and aqueous but increased in hydrochar with intensifying reaction severity. The high mobility of As during HTL has been widely reported [START_REF] Lu | Elemental migration and transformation during hydrothermal liquefaction of biomass[END_REF]. Arsenate (V) and dimethylarsinic acid were found the main species in secondary sludge at pH
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 1 Fig. 1. Response surface plots for the yield of HTL (a) biocrude, (b) hydrochar, (c) aqueous, and (d) gas.
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 2 Fig. 2. Contour plots for (a) C content, (b) O content, and (c) O/C atomic ratio of biocrude.
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 3 Fig. 3. van Krevelen diagram of biocrude from various HTL conditions, compared to feedstock (mixed sludge) and petroleum crude oil [39].
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 4 Fig. 4. Response surface plots for (a) HHV, (b) CR, (c) ER, and (d) EROI of biocrude from HTL of mixed sludge.
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 5 Fig. 5. Correlation analysis of (a) biocrude ER vs yield and (b) biocrude ER vs CR.
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 6 Fig. 6. Response surface plot for total acid number (TAN) of biocrude from HTL of mixed sludge.
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 8 Fig. 8. TG-DTG-DSC curves of biocrude under N 2 (a-b) and air (c-d) atmosphere at a heating rate of 2 • C/min.
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 11 Fig. 11. Distribution of (a) carbon, (b) nitrogen, and (c) energy among HTL products on the mixed sludge input basis at various reaction temperatures (T) and residence time (t). The difference in energy distribution was attributed to aqueous + gas.

  

Table 1

 1 Independent variables and levels (code) of CCC design for HTL experiments and product yield.

	Run	Factors		Yield (%, db) a				Yield (%, daf) a			
		Reaction temperature ( • C)	Residence time (min)	Biocrude	Hydrochar	Aqueous	Gas	Biocrude	Hydrochar	Aqueous	Gas
	1	325 (0)	15 (0)	43.2	15.1	33.0	8.8	48.1	6.4	35.7	9.8
	2	350 (1)	25.6 (1)	41.0	13.8	35.2	10.1	45.6	4.9	38.2	11.3
	3	300 (-1)	25.6 (1)	40.1	17.4	34.4	8.1	44.8	8.9	37.3	9.1
	4	300 (-1)	25.6 (1)	41.2	15.6	34.8	8.4	45.9	7.0	37.7	9.4
	5	350 (1)	4.4 (-1)	41.4	13.5	36.3	8.8	46.2	4.7	39.3	9.8
	6	300 (-1)	4.4 (-1)	36.5	17.6	39.7	6.2	40.7	10.2	42.2	6.9
	7	325 (0)	15 (0)	43.4	15.1	33.4	8.2	48.4	6.4	36.2	9.1
	8	350 (1)	25.6 (1)	40.2	13.6	36.1	10.1	44.9	4.7	39.1	11.3
	9	300 (-1)	4.4 (-1)	36.9	17.0	39.5	6.6	41.2	9.6	41.8	7.4
	10	350 (1)	4.4 (-1)	41.9	13.9	35.7	8.5	46.7	5.4	38.5	9.5
	11	360 (1.41)	15 (0)	40.6	15.1	34.6	9.8	45.2	5.9	37.9	10.9
	12	290 (-1.41)	15 (0)	38.9	17.2	36.5	7.5	43.3	9.3	38.9	8.4
	13	325 (0)	0 (-1.41)	38.8	16.9	36.7	7.6	43.3	7.8	40.3	8.5
	14	325 (0)	15 (0)	42.8	15.6	33.1	8.5	47.7	6.6	36.2	9.5
	15	360 (1.41)	15 (0)	41.3	14.3	34.4	10.1	46.1	5.4	37.3	11.3
	16	290 (-1.41)	15 (0)	37.5	16.5	38.5	7.6	41.8	8.4	41.4	8.5
	17	325 (0)	0 (-1.41)	39.9	16.6	35.9	7.6	44.6	7.6	39.4	8.5
	18	325 (0)	30 (1.41)	40.3	15.6	34.9	9.2	44.9	6.3	38.5	10.3
	19	325 (0)	30 (1.41)	40.8	15.5	34.7	9.0	45.5	6.4	38.1	10.0

a db = dry basis; daf = dry ash-free.

Table 2

 2 Proximate and ultimate analyses of dewatered mixed sludge.

	Parameter a	Values (n = 2)
	pH	5.97 ± 0.04
	Alkalinity (mg CaCO 3 /L)	2433.0 ± 0.0
	Volatile fatty acids (mg/L)	746 ± 35
	Volatile matter (%, db)	78.6 ± 0.5
	Ash (%, db)	10.5 ± 0.1
	Fixed carbon (%, db)	10.9 ± 0.5
	C (%, db)	47.6 ± 0.1
	H (%, db)	6.8 ± 0.1
	N (%, db)	5.4 ± 0.1
	S (%, db)	0.9 ± 0.0
	O (%, db)	28.8 ± 0.1
	HHV (MJ/kg, db)	22.1 ± 0.1

a dbdry basis.

Table 3

 3 Metal species in dewatered mixed sludge (n = 3).

	Inorganics	Concentration (mg/kg, dry basis)
	Alkali metals	
	Na	359 ± 75
	K	1395 ± 122
	Alkaline earth metals	
	Ba	1001 ± 6
	Ca	6915 ± 797
	Mg	2370 ± 113
	Transition metals	
	Cd	<0.06
	Cr	26.9 ± 0.5
	Co	1.72 ± 0.02
	Cu	230 ± 9
	Fe	9819 ± 375
	Mn	112 ± 1
	Mo	6 ± 1
	Hg	0.8 ± 0.1
	Ni	11.4 ± 0.5
	Ag	1.6 ± 0.1
	V	4.2 ± 0.1
	Zn	548 ± 9
	Post-transition metals	
	Al	2691 ± 136
	Pb	17 ± 2
	Non-metals	
	As	1.8 ± 0.2
	Se	2.4 ± 0.6
	P	13909 ± 74

Table 7 .

 7 The best-fitted

	Reactor type	HTL feedstock	Feedstock TS (wt%)	HTL conditions	Maximum biocrude yield (%, db)	Reference
	Batch	Mixed sludge	20	332 • C, 16 min	43.3 (48.2 daf) a	This study
		Undigested sludge	20	300 • C, 30 min	16	[28]
		Digested sludge	9.1	325 • C, 15 min	26	[29]
		Digested sludge	25	350 • C, 20 min	21.3	[30]
		Municipal sludge	15.5	300 • C, 60 min	30.1	[31]
		Digested sludge	10	320 • C, 30 min	22.5	[32]
		Primary sludge	10	350 • C, 30 min	22	[33]
		Waste activated sludge + sawdust	10	310 • C, 10 min	33.7	[20]
		Primary sludge	2.2	350 • C, 4 min	30.9	[34]
		Secondary sludge	10	340 • C, 20 min	23	[5]
		Undigested sludge	10	350 • C, 30 min	32.3	[35]
		Primary sludge	9	330 • C, 10 min	43.4	[19]
	Plug-flow continuous	Primary sludge	16	325 • C, 9 min	40.8	[11]

Table 5

 5 al. found that HTL aqueous yield from secondary sludge decreased when reaction temperature raised from 260 • C to 350 • C [5], and Qian et al. reported an up-and-Comparison of the optimum biocrude yield in this study with the literature. models (Eqs. S5-S8) were listed in the Supplementary Material. The coded equations were presented below:

			BiocrudeCR=67.67+2.50A+1.01B-1.68AB-2.85A 2 -2.51B 2 +0.861A 2 B
	Biocrude HHV = 35.38 + 0.53A + 0.46B + 0.39A 2 + 0.30B 2	(14)	(15)

a HHV = higher heating value; ER = energy recovery; EROI = energy return on investment.

Table 7

 7 ANOVA and fit statistics for the models of biocrude quality.

	p-value	C	O	O/C	HHV	CR	ER	EROI
	Model	<0.0001	<0.0001	<0.0001	<0.0001	<0.0001	<0.0001	<0.0001
	A-Reaction temperature	<0.0001	<0.0001	<0.0001	<0.0001	<0.0001	<0.0001	<0.0001
	B-Residence time	0.0007	0.0009	0.0011	<0.0001	<0.0001	<0.0001	<0.0001
	AB A 2 B 2 A 2 B	----	----	----	-0.0010 0.0062 -	<0.0001 <0.0001 <0.0001 0.0045	<0.0001 <0.0001 <0.0001 -	<0.0001 <0.0001 <0.0001 -
	Lack of Fit	0.5367	0.3008	0.3384	0.1102	0.8715	0.2491	0.1478
	Fit statistics R 2 Adjusted R 2	0.7638 0.7342	0.7884 0.7620	0.7802 0.7527	0.9061 0.8793	0.9876 0.9814	0.9634 0.9494	0.9570 0.9404
	Predicted R	0.6623	0.6900	0.6791	0.8211	0.9656	0.9222	0.9085
	Adequate precision	12.6158	13.3736	13.0630	14.8372	38.1381	22.2585	20.1838

-Insignificant terms (p > 0.05) excluded to improve models.

Table 6

 6 Quality of biocrude from municipal mixed sludge under various HTL conditions. a

		1.8			D e c a r b o x y la ti o n					
	o i t a r c i m o t a C / H	1.4 1.6 1.2			D e h y d r a t io n	D em et hy la tio n				Biocrude Mixed sludge Petroleum 290°C-15min 300°C-4.4min 300°C-25.6min 325°C-0min 325°C-15min
											325°C-30min
											350°C-4.4min
											350°C-25.6min
		1.0									360°C-15min
		0.0	0.1	0.2	0.3	0.4	0.00	0.02	0.04	0.06	0.08	0.10
				O/C atomic ratio						

Table 9

 9 Comparison of predicted and experimental values (mean ± standard deviation) at the optimum conditions (332 • C and 16.9 min) for maximum biocrude CR and ER.

	Response	Predicted	95% prediction	Experimental
		values	interval	results
	Biocrude yield (%,	48.2 ± 0.6	47.0-49.4	48.9 ± 0.7
	daf)			
	Hydrochar yield (%,	6.4 ± 0.5	5.5-7.3	6.5 ± 0.2
	daf)			
	Aqueous yield (%,	36.0 ± 0.7	34.7-37.3	34.7 ± 0.3
	daf)			
	Gas yield (%, daf)	9.7 ± 0.3	9.2-10.2	10 ± 1
	Biocrude HHV (MJ/	35.7 ± 0.3	35.2-36.2	35.7 ± 0.1
	kg)			
	Biocrude CR (%)	68.2 ± 0.5	67.2-69.1	69 ± 2
	Biocrude ER (%)	69.7 ± 0.8	68.0-71.3	70.8 ± 0.8
	Biocrude EROI	2.39 ± 0.03	2.33-2.45	2.42 ± 0.03

Table 10

 10 ANOVA and fit statistics for the model of biocrude TAN.

	Source	p-value	Fit statistics	Value
	Model A-Reaction temperature B-Residence time	<0.0001 <0.0001 <0.0001	R 2 Adjusted R 2 Predicted R 2	0.9787 0.9652 0.9329
	AB A 2 B 2 A 2 B AB 2	0.0013 <0.0001 <0.0001 0.0391 0.0003	Adequate precision	22.1024
	Lack of Fit	0.5877		

  • C, possibly due to the accumulation of NH 3 and reduced soluble NH 3 in

		120	a		Gas	Hydrochar	Aqueous	Biocrude			120	b	Hydrochar	Aqueous	Biocrude
		100	11.2 3.8	13.6 3.1	10.2 4.1	10.1 3.7	8.1 4.4	8.6 4.6	6.8 4.4	6.6 5.3	7.4 5.2		100	11.1	12.9	9.8	10.4	8.1	8.1	6.9	6.4	6.7
	) % ( n o i t u b	80 60	24.9	25.5	25.3	24.9	23.7 23.1	24.8 22.1	21.9	) % ( n o i t u b	80 60	58.0	56.0	62.2	55.0	58.8	53.8	64.6 64.8	59.1
	i r												i r							
	t												t							
	s												s							
	i												i							
	d												d							
	C	40											N	40						
			58.5	56.2	63.3	61.2	66.6 64.0	64.7 65.1	65.4								
		20												20	32.5	32.0 34.6	34.3 37.1 34.9	36.8 37.1	36.1
	t (min) 0	15	4.4	25.6	0	15		30	4.4	25.6	15	t (min) 0	15	4.4	25.6	0		15	30	4.4	25.6	15
	T (°C)	290	300		325		350	360	T (°C)	290	300			325	350	360
							120			Hydrochar	Aqueous+gas	Biocrude				
							100	11.3	12.5 10.2	9.5	7.9	8.4	7.8	6.2	5.3	6.5		
							)													
							% ( n o i t u	80	27.3	29.8	23.9	27.2	23.2 24.4	21.4	26.1 26.9	25.1		
							b i r t s	60												
							i													
							d													
							y													
							g													
							r e n E	40	61.4	57.7	65.9	63.2	68.9 67.2	70.8	67.7 67.8	68.4		
								20												
							t (min) 0	15	4.4	25.6	0	15	30	16.9	4.4	25.6	15		
							T (°C)	290	300		325		332	350	360		
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