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Hydrothermal liquefaction (HTL) is a waste agnostic process that leverages near-critical water to break down macromolecules, forming an energy-dense biocrude. Some carbon contained in the waste feed is lost in the aqueous phase, where its high organic content and unusual speciation are burdensome for municipal wastewater resource recovery facilities (WRRF). Treating the aqueous phase adds undesirable cost to the HTL process, reducing its attractiveness. Here, we report aqueous phase supercritical upgrading (AP-SCU) as a new catalytic aqueous phase upgrading technology that reduces the organic content of the aqueous phase with co-production of supplemental biocrude. The supercritical phase provides sufficient catalyst activity for organic conversion, reduces energy inefficiency by eliminating the need for evaporation, and extends the catalyst lifetime relative to the liquid state. AP-SCU was evaluated at 380–440[image: image]C at 24 MPa for a representative HTL aqueous phase produced from the treatment of food waste. Using a ZSM-5 catalyst bound with silica sol, the aqueous carbon content was reduced by 64%–73% with a corresponding production of aromatic hydrocarbons including phenol and 2-pentanone. The total nitrogen was reduced by approximately 10%. Additionally, the ZSM-5 facilitated reduction and denitrogenation reactions of aqueous phase compounds to produce aromatic and pyridine compounds which more closely resemble HTL biocrude. After 3 h on stream, the catalyst experienced coke formation, and surface degradation which led to a reduction in acid sites and surface area. The carbon balance for the system was closed through the analysis of the aqueous, solid, and gas phases to estimate that biocrude yield varies from 43%–57% on a carbon basis. An energy balance for HTL process with integrated AP-SCU system showed that operating the AP-SCU unit at 380[image: image]C yielded the minimum energy demand for carbon removal at 63 MJ/kg-TOC. This value is greater than the energy demand for conventional WRRFs (37.9 MJ/kg-TOC) but is more than 10-times less than emerging technologies which are designed to handle complex feeds. AP-SCU has potential as an energy efficient and effective new technology for reducing the TOC of the aqueous phase with simultaneous production of supplemental biocrude to offset energy demand.
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1 INTRODUCTION
Solving the interconnected challenges of sustainable energy production and waste management is increasingly urgent, especially given that current projections predict a global population to exceed 9 billion people by the year 2050 (U. Nations, 2022). In the United States, approximately 292.4 million tons of municipal solid waste were generated in 2018, with only 35% being recycled or composted (EPA, 2022). Landfills are specifically problematic due to space limitations, potential for leachate runoff, and greenhouse gas emissions arising from anerobic digestion of landfill waste (Yaashikaa et al., 2022). Incineration, while reducing waste volume, can emit toxic substances such as dioxins and incineration of wet waste requires significant energy inputs, further prompting the search for more sustainable alternatives (Tait et al., 2020).
In response to these challenges, hydrothermal liquefaction (HTL) has emerged as a transformative technology for biomass conversion to fuels and chemical precursors (Beims et al., 2020). HTL operates under high temperature (typically 250°C–350°C) and pressure sufficient to maintain a liquid water phase, conditions which result in the efficient conversion of wet waste and lignocellulosic feedstocks—such as agricultural residues, municipal solid waste, and algal biomass—into an energy dense and carbon rich biocrude (LeClerc et al., 2022; Romano et al., 2023). The biocrude carbon yields have been shown to depend on both the lipid and solids contents of the feed, ranging in value from 39.7%–74.3% (Cronin et al., 2022). Alternatively, carbohydrate and protein content mainly produce biocrude when they are present at a stoichiometric ratio appropriate for the Maillard reaction (Cronin et al., 2022). The HTL bio-crude can be further refined into a range of fuels and chemicals, thereby simultaneously reducing waste volumes and providing an inexpensive energy source and chemical feedstock (Usman et al., 2024).
In addition to the desired biocrude product, HTL generates char and gas byproducts and rejects some carbon to the water phase that exits the process (LeClerc et al., 2022). Efforts to characterize the fate of carbon in these auxiliary phases has shown that the aqueous phase yield can be predicted confidently alongside the biocrude based on the lipid content of the feed, while the solid and gas phases depend more strongly on process parameters than on feed characteristics (Cronin et al., 2022). For the HTL aqueous phase specifically, the organic content corresponds to a median chemical oxygen demand (COD), total organic carbon (TOC), and total nitrogen (TN) values of 25,000–75,000 ppm, 12,500–25,000 ppm, and 1,000–10,000 ppm depending on the feed (Watson et al., 2020). In principle, this carbon can be converted to methane via anaerobic digestion, an approach that is especially attractive for HTL treatment co-located at wastewater treatment plants. Unfortunately, compounds that interfere with anaerobic digestion are often present in the aqueous phase; for example, phenol concentrations have been reported to be in the range from 1,500–2,300 ppm, more than sufficient to disrupt anaerobic digestion (Sharma and Melkania, 2018). In addition to organic carbon, the aqueous phase contains significant amounts of nitrogen in different forms, including ammonia (NH3) (Yang et al., 2024). In high concentrations, nitrogen compounds can reduce the effectiveness of wastewater resource recovery facilities (WRRF) that use anaerobic digestion, reducing organic removal efficiency (Li et al., 2024). Not surprisingly, attempts to process HTL aqueous phases using anaerobic digestion have yielded mixed results (Zhu et al., 2023). Efforts to remove problematic nitrogen and phosphorous have been shown to be effective with membrane distillation and solvent extraction, however, these processes require harmful organic solvents and are also pH and temperature dependent and require further optimization (Rao et al., 2018). Gasification is an alternative valorization approach, but the high temperature it requires limits its thermodynamic efficiency (Swetha et al., 2021).
Instead of disposing of the aqueous phase as a waste stream, it has the potential to be valorized by converting its organic content into water insoluble products that can be used to boost biocrude yields while minimizing the influent TOC concentration for WRRFs. Of the existing technologies to valorize the hydrothermal liquefaction aqueous phase (HTL-AP), catalytic upgrading presents an opportunity to convert aqueous soluble compounds into energy-dense biofuel precursors such as aromatic hydrocarbons (He et al., 2018). Zeolites are a particularly attractive type of catalyst that can convert water soluble compounds present in the aqueous phase into water insoluble ones, such as benzene, toluene, ethyl benzene, and xylenes (BTEX) (He et al., 2018). For example, Page et al. observed rapid zeolite-catalyzed conversion of palmitic acid to BTEX and other one-ring aromatic compounds in the presence of liquid water (Page et al., 2022).
While the HTL-AP is rich in organics, its water content is typically around 95 wt%, which poses operational challenges. Performing the reaction in the vapor phase is the most desirable from the standpoint of catalyst stability, but evaporating the water phase makes vapor phase operation energetically unfavorable (Maag et al., 2019a). Alternatively, upgrading can be performed in the liquid state, as proposed recently by Maag et al. (2019a). In addition to avoiding evaporation, liquid phase upgrading confers energy balance and heat transfer benefits. On the other hand, liquid phase operation reduces catalyst stability compared with vapor phase operation. Most zeolites rapidly and irreversibly deactivate in the presence of liquid water (Maag et al., 2019b; Ravenelle et al., 2010; Zhang et al., 2015). Of the commercial options, ZSM-5 is widely regarded as the most tolerant of liquid water and in fact may be unusually stable at temperatures greater than the critical point of water (Maag et al., 2019b). The surprising water tolerance of ZSM-5 at temperatures above the critical point motivate its use for supercritical water upgrading of the HTL aqueous phase (Wang et al., 2020; Zaker et al., 2022). Catalytic upgrading of the HTL-AP in the presence of supercritical water therefore has potential to be an energy efficient and effective method of converting water soluble organic compounds into biocrude boosting molecules.
This study evaluates supercritical catalytic upgrading of an HTL aqueous phase using ZSM-5. The technology is termed aqueous phase supercritical upgrading (AP-SCU). A silica sol bound ZSM-5 was tested in a packed bed reactor to evaluate time-on-stream activity. An aqueous phase from HTL treatment of food waste was provided by PNNL as the feed for this process. The treated aqueous phase was collected at regular time intervals and analyzed for total organic carbon, total nitrogen, as well as formation products that emphasize the potential for biocrude product formation. Used catalysts were studied to determine coke formation as well as signs of degradation. Mass and energy balances of the system highlight the potential for biocrude formation and recovery as well as for an efficient process for reducing TOC in complex wastewater solutions. These results validate supercritical water upgrading of the HTL aqueous phase as a new valorization method and suggest future studies to improve the technology.
2 METHODS
2.1 Materials
The hydrothermal liquefaction aqueous phase (HTL-AP) was provided by Pacific Northwest National Laboratory (PNNL). The HTL-AP was generated from an engineered bioslurry food waste (MHTLS-16, Supplementary Table S1) that was converted using PNNL’s engineering-scale HTL flow system (Supplementary Figures S1–S2) (Snowden-Swan et al., 2022). The engineering-scale HTL system utilizes a plug flow reactor maintained at 350[image: image]C with a fluid residence time of 15 min. The solids, which are mostly inorganics, are removed at reaction temperatures and pressures. Removal of the solids enables a clean gravity separation of the HTL-AP from the biocrude in a conventional oil/water separator. More information on the HTL reactor system is described in the SI. For the specific experiment performed to generate the HTL-AP used in this study, the carbon yields of the biocrude, aqueous, gas, and solid phases were measured to be 69%, 19%, 9%, and 2%, respectively (Supplementary Table S2). Additional information on HTL product streams from food waste adjacent streams are provided in Supplementary Table S2. In addition to the analysis done by PNNL, the baseline values of the total organic carbon (TOC) and total nitrogen (TN) were measured using a Shimadzu TOC-L with the TN module. The TOC and TN were found to be 17,973 and 1,977 ppm, respectively.
The catalyst used in this study was a 40% ZSM-5 bound with silica solgel that was supplied by BASF Corporation. The material characterization showed that the particle size ranged from 96–104 [image: image] m. Before using the catalyst, it was calcined to remove residual organics from its synthesis. Since ZSM-5 is known to be sensitive to water, including moisture in the air, the catalyst was first heated to 100°C for 1 h in air to evacuate all water from the oven. Next, the catalyst was calcined at 550°C in air for a minimum of 16 h.
2.2 Experimental design and operation
Prior to upgrading, the received HTL-AP was filtered to remove any remaining suspended solids to prevent clogging. The HTL-AP was cold centrifuged at −5°C for 3 h at 3,000 rpm to ensure that the mixture was completely separated. Once filtered, the HTL-AP was fed to a custom packed bed reactor (PBR) that was designed for this study (Figure 1). The system was constructed using 6″ of 1/4″outer diameter Swagelok tubing. The packed bed reactor was loaded with 1.8 g of catalyst and then sealed. The reactor body was then encased in a heating block that was outfitted with a 500 W, 3/8″ x 8″ cartridge heater purchased from McMaster Carr (4877K17, Supplementary Figure S3). Prior to heating, the reactor was pressurized to 24 MPa using high-pressure nitrogen that was supplied from Airgas (NI UHP300). Nitrogen was used to prevent the preloaded catalyst from being exposed to moisture from the air. Once pressurized, the heating block was set to the desired temperature (380°C–440°C). The temperature was controlled using a customized EZ Zone PID controller from Watlow with a k-type thermocouple purchased from Omega (KMQ316SS-062U-18). Once the internal temperature of the reactor reached the desired temperature, the HTL-AP was pumped through the reactor at a flowrate of 0.25 mL/min using a Knauer EPG HPLC pump (EPG20). Pressure was maintained using an Equilibar back pressure regulator (H6P) downstream of the reactor.
[image: Figure 1]FIGURE 1 | Process flow diagram for experimental supercritical HTL-AP upgrading system. Catalyst is contained in the packed bed reactor. A gas flow meter was placed downstream of the back-pressure regulator to measure gas formation.
2.3 Sample collection and characterization
Once the internal liquid temperature reached the desired setpoint, the aqueous phase product was collected downstream of the backpressure regulator every 30 min for 3 h. Gas phase flow rates were measured periodically. The sensitivity of the gas phase flow meter was 1 mL/min. Since no gas phase was ever detected it was implied that the maximum yield of gas phase was less than 1 mL/min. After collecting the sixth sample, the run was concluded, the fluid flow was suspended, and the heater was turned off. The system was depressurized once the system reached 70°C to prevent rapid evaporation. Once at atmospheric pressure, the remaining HTL-AP was purged from the system with more high-pressure nitrogen. The spent catalyst was then extracted for post-run analysis while the residual biocrude was washed out of the reactor with solvents.
The change in total organic carbon (TOC) and total nitrogen (TN) of the recovered HTL-AP was analyzed by diluting 15 [image: image] l to 100 mL and analyzed on a Shimadzu TOC-L with TN module. To identify aqueous soluble reaction products, the recovered aqueous phase was mixed with dichloromethane (DCM) in a 1:1 volume ratio to maximize solute partitioning into the solvent phase. The saturated solvent was then analyzed using a Shimadzu GC-MS.
The post reaction catalyst was analyzed using a Rigaku Geigerflex XRD both before and after calcining to remove organic residues. Additionally, the catalysts were imaged before and after the reaction using a JEOL FE-SEM to identify potential degradation in the ZSM-5 structure. For quantitative analysis, catalyst samples were analyzed for coke formation using thermogravimetric analysis, surface area using gas sorption, and acid site density using Fourier Transform Infrared Spectroscopy. More information on catalyst analysis methodology is provided in the SI.
2.4 Mass and energy balances
In a typical run, approximately 50 mL of aqueous phase were processed. The theoretical biocrude yield is 1 g for every 50 mL of aqueous phase processed. Approximately 50% of the theoretical yield was achieved and the biocrude produced during a run phase separated in the quench section and entered into dead spots in the tubing without exiting the experimental apparatus. This made direct biocrude yield quantification inaccurate. Instead, the biocrude yield was estimated using mass balance consideration, in which the carbon yield of biocrude ([image: image] equaled the carbon that entered the reactor less the carbon yield in the aqueous, solid, and gas phases (Equation 1).
[image: image]
For this balance, [image: image] is the total aqueous phase carbon that remains in the aqueous phase after passing through the reactor (Equation 2):
[image: image]
[image: image] is represented as a summation across [image: image] samplings of the reactor system. Since the system was sampled every 30 min across a 3-hour period, there are a total of 6 samples. For each sample, the total carbon recovered in the aqueous phase is the product of the total organic carbon concentration ([image: image]) [ppm], and the volume of the recovered sample ([image: image]) [L]. [image: image] is the carbon present in the formed gas product. Gas flow measurements indicated a maximum gas product flow rate of 1 mL/min. Based on previous studies, the composition of the gas mixture was assumed to be a mixture of carbon dioxide (CO2), carbon monoxide (CO), and methane (CH4) in a 92:7.4:0.6 ratio. (Ellersdorfer, 2020) Therefore, [image: image] was calculated with Equation 3:
[image: image]
where [image: image] is the gas phase density [g/mL], [image: image] is the molar mass [g/mol], and [image: image] is the total reaction time [min]. Lastly, [image: image] was estimated using the mass of coke measured on the used catalyst. The thermogravimetric analysis (TGA) of the spent catalyst samples were included contributions from carbon, nitrogen, and sulfur containing species, so it is assumed that 96% of the coke is carbon, based on previous hydrocarbon upgrading studies with similar operating conditions. (Karge et al., 1991) The [image: image] can then be estimated using Equation 4:
[image: image]
where [image: image] is the mass of the recovered catalyst [g], and [image: image] is the percent of residual coke identified on the catalyst [%].
The energy demand of the process was calculated as the energy required to heat the system to the operating condition, normalized to the mass of organic carbon that was removed from the system (Equation 5):
[image: image]
In Equation 5 [image: image] is the total energy input [MJ/kg-TOC], [image: image] is the change in fluid enthalpy due to heating as provided by NIST [MJ/kg], [image: image] is the fluid density [kg/L], [image: image] is the volume of fluid that was managed [L], and [image: image] and [image: image] are the inlet and outlet organic carbon values [kg-TOC]. Heat recovery was modeled as ideal counter-current heat exchangers.
3 RESULTS AND DISCUSSION
Experiments were performed in the continuous-flow packed bed reactor in the absence of catalyst at 380°C, termed “thermal conditions” and used as a benchmark, and in the presence catalyst at 20°C intervals from 380°C to 440°C. Aqueous phase samples were analyzed for TOC and TN reduction, the catalyst was recovered and characterized for evidence of degradation, and mass and energy balances were performed to determine the energy efficiency of the TOC reduction.
3.1 Temperature effect on the fate of carbon
The most important goal of this work is the reduction of total organic carbon (TOC) in the HTL-AP. Accordingly, the post-reaction aqueous phase was collected and imaged, highlighting a significant change in visual appearance (Figure 2). Specifically, the raw HTL-AP is a dark amber color, an indicator of a relatively high concentration of dissolved organic carbon. A control test consisting of thermal treatment of the HTL-AP at 380°C without catalyst results in a dark yellow product mixture, indicating that heating without a catalyst has minimal effect on the HTL-AP. Treatment with ZSM-5 catalyst changes the HTL-AP color to pale straw, completely translucent, and nearly transparent. The visual difference in the treated product compared with the feed is qualitative evidence of a reduction in carbon content and change in composition.
[image: Figure 2]FIGURE 2 | Images of the HTL aqueous phase that has been collected within the first 30-minute sampling window. From left to right: HTL-AP, thermally upgraded, AP-SCU at 380[image: image]C, 400[image: image]C, 420[image: image]C, and 440[image: image]C. Each sample was filtered to remove suspended particulates.
Figure 3 provides quantitative TOC removal measured for AP-SCU as a function of temperature and time-on-stream at constant reactor space velocity. Under catalytic conditions, the TOC concentration was reduced by 63%–71% during the first 30-min sampling period (Figure 3A). As a control, AP-SCU was performed without the ZSM-5 catalyst to deconvolute the TOC reduction potential of the catalyst and elevated temperature. Figure 3A shows that the thermal treatment could only reduce the TOC concentration by 33%. This indicates incorporating the ZSM-5 catalyst provides a 2-fold increase in removal potential for dissolved organics. After the first 30-min sampling window, Figure 3B shows the TOC concentrations as a function of time-on-stream and at different reaction temperatures for both the control and catalytic tests. TOC removal was consistent for the 3-hour testing period, indicating stable catalyst performance for the duration of the experiment.
[image: Figure 3]FIGURE 3 | (A) The TOC removal potential within the first 30-min sampling window for the thermal treatment and catalytic treatment from 380–440[image: image]C. (B) The conversion across the 3-h experiment shows that there is no reduction in catalytic performance.
With an insufficient biocrude yield expected during these experiments, identifying the production of partitioning organic carbon compounds with GC-MS was performed as an alternative to biocrude analysis to provide insights into the reactions taking place during catalytic upgrading. Results from GC-MS analysis the HTL-AP feed and treated products are provided in Figure 4. The HTL-AP fed to the reactor contains many GC-analyzable compounds, with the primary classes including pyrazines, as well as cyclic and aromatic hydrocarbons. Figure 4 indicates that the speciation of aqueous compounds resulting from the AP-SCU are similar regardless of the operating temperature which is consistent with the observation made in Figure 3 that the AP-SCU performance is weakly dependent on temperature. Overall, the total peak area of GC-analyzable compounds decreases after AP-SCU treatment, which is consistent with the ∼70% decrease in TOC shown in Figure 3A. Further, the AP-SCU product mixture contains an increased abundance of pyridines and aromatic hydrocarbons relative to the feed. Relative to the HTL-AP feed, the aromatic content of the product stream is increased by a factor of 10. This observation indicates that aromatization reactions produce these compounds, a mechanism frequently reported for ZSM-5 zeolites due to the Brønsted acidity and steric selectivity of the MFI channels (Xin et al., 2014; Lok et al., 2019). Production of aromatic compounds during AP-SCU adds a valuable product stream that can offset operational costs of the treatment. A complete list of GC-identifiable compounds as well as the concentration of the three primary products within the solvent phase are listed in Supplementary Table S3 and Supplementary Table S4. The inset plot in Figure 4B provides time-on-stream product composition data, showing that the production of aromatic hydrocarbons remains constant over the 3-hour operation window for the AP-SCU process and reinforcing the potential for catalyst longevity. Unlike TOC reduction, aromatic yields increase modestly with increasing reaction temperature, with a 50% increase observed between 380°C and 440°C. Accordingly, while TOC reduction recommends operation at 380°C (or lower, if feasible), co-product yields benefit from higher temperature operation.
[image: Figure 4]FIGURE 4 | (A) GC-MS chromatogram of the HTL-AP before and after the initial 30-min sampling window in the presence of ZSM-5. The compounds highlighted are representative structures for the most abundant compounds identified within the aqueous phase. (B) GC-MS peak area of hydrocarbon aromatic compounds within the initial 30-minute sampling window under each operating condition. The peak area was normalized to the area of all identifiable compounds. Inlaid in the plot is the GC-MS peak areas for hydrocarbon aromatic compounds at 380[image: image]C along the 3-hour sampling window.
3.2 Fate of total nitrogen
The MHTLS-16 feed used in this study had a nitrogen content of 3% (Supplementary Table S1), consisting of both organic and inorganic (NO3−, NO2−, NH4+) nitrogen. The received HTL-AP was found to have a total nitrogen content of 1,977 ppm. Reducing this nitrogen content is required either for discharge or prior to sending the aqueous phase to water treatment. AP-SCU will convert some fractions of the organic nitrogen into oil-soluble compounds, with deep denitrogenation being especially desirable since nitrogen content of fuels is strictly regulated. Figure 5 shows time-on-stream measurements of total nitrogen (TN) concentration of the upgraded HTL-AP under thermal conditions and in the presence of catalyst at temperatures from 380°C to 440°C. The TN content of the HTL-AP is shown for reference. Interestingly, thermal processing increases the TN content of the aqueous phase, likely due to partial evaporation of water during processing, resulting in a concentrating effect for residual nitrogen relative to the HTL-AP as received. In comparison, AP-SCU reduces the TN content by 9%, with consistent performance as a function of time-on-stream up to 3 h and over the entire temperature range considered in this study. Reduction of TN by 9% is likely attributable to a combination of organonitrogen compound destruction and removal by partitioning of newly produced aqueous-insoluble organic compounds; however, this is assumed to be close to the limit that can be achieved by this technology, since NH3 and nitrate are unreactive. Figure 5 therefore places an upper bound on the potential for AP-SCU; it is an effective technology for modest reduction in organic nitrogen content of the aqueous phase but should not be considered for complete organic nitrogen removal nor for NH3 and nitrate removal. Fortunately, both NH3 and nitrate can be recovered using existing technologies and both substances have many applications, including as a soil amendment in agriculture.
[image: Figure 5]FIGURE 5 | Averaged total nitrogen for the HTL-AP for each of the reaction conditions. The slight reduction in TN for the upgraded aqueous phases likely points to the overwhelming presence of inorganic nitrogen.
The GC-MS data that was presented in Figure 4A provides information on organic nitrogen abundance in the AP-SCU product. Figure 6 uses GC-MS peak areas to estimate the abundance of compounds identified as pyrazines, pyridines, and as other nitrogen-based compounds. In the HTL-AP feed, 3% of the peak area is identified as pyridine, 20% as other nitrogen-based compounds, and 34% as pyrazine. After AP-SCU treatment, the only identifiable nitrogen-containing compound class is pyridine. The clear shift in pyridine selectivity after AP-SCU relative to the pyrazines present in the HTL-AP could be attributed to chemical reactions such as dehydration of cyclic nitrogen species such as pyrrolidine, or a denitrogenating of pyrazine compounds to form pyridines. Another explanation could be a selective catalyst adsorption and reaction of pyrazines with two nitrogen atoms within the aromatic ring, which has been suggested to be distinct from the adsorption behavior of pyridines on zeolite. (Tam and Cooney, 1976).
[image: Figure 6]FIGURE 6 | GC-MS peak area of nitrogen containing compounds within the initial 30-minute sampling window under each operating condition. The peak area was normalized to the area of all identifiable compounds.
Figure 6 helps reconcile the modest TN reductions reported in Figure 5. Not only are nitrate and NH3 inert under these reaction conditions, but also pyridine is a stable end product of its own. Channeling the organic nitrogen content into a single category is extremely beneficial for attempts at cleanup or valorization that may occur downstream of AP-SCU. In particular, pyrazines have broad herbicidal properties which could inhibit crop growth, therefore preventing HTL-AP from being used as a fertilizer (Doležal and Kráľová, 2011). In comparison, pyridine has much more targeted herbicidal properties, especially for broad-leaf weeds (EPA, 2024). Accordingly, after AP-SCU treatment, the treated aqueous phase may prove to be much more useful for agricultural purposes than the original HTL-AP.
3.3 Used catalyst characterization
Organic carbon, total nitrogen, and molecular analysis indicate that the supercritical water upgrading technology has potential for converting rejected carbon present in the HTL aqueous phase into useful products. Catalyst stability at timescales relevant for industrial use is also required in addition to the previously shown performance. Catalyst stability can be evaluated based on three metrics: 1) deactivation of catalyst due to coke build-up on the external surfaces and within pores, 2) selective loss of acid sites from zeolite framework and 3) loss of bulk zeolite crystallinity resulting in an amorphized residue. Each of these metrics was evaluated to gain insight into catalyst deactivation.
Photographs of the catalyzed recovered after use for AP-SCU (Figure 7) show that the material is transformed from a uniformly sized white powder to a blackened agglomerate indicative of coking. Coking had negligible impact on the apparent catalytic activity after 3 h of AP-SCU under all operating temperatures, based on the time-on-stream data shown in Figures 3, 5. Coke content ranged from 3–6.4 wt% (Supplementary Table S5). The production of coke without a loss in catalytic activity is attributable to either active sites primarily near the surface or pore blockage from coke accumulation over the observed 3-h sampling time. TGA analysis indicated that the coke was a combination of carbon, nitrogen, and sulfur containing species. The sulfur and especially nitrogen content of the feed may promote coking since basic nitrogen compounds will bind to catalytically active sites and deactivate them. Removing the aqueous samples of inorganic nitrogen and sulfur such as ammonia (NH3), nitrate (NO3−) and sulfate (SO42-) may likely reduce the initial deactivation of acid sites present in the catalyst.
[image: Figure 7]FIGURE 7 | Image of calcined ZSM-5 catalyst prior to and after AP-SCU treatment temperatures of 380, 400, 420°C and 440°C.
Framework crystallinity was characterized by comparing the x-ray diffractograms (XRD) of fresh and catalysts used for 3 h time-on-stream tests under AP-SCU conditions, as shown in Figure 8. The calcined ZSM-5 catalyst has peaks consistent with ZSM-5, particularly the peaks between 5–7 2 [image: image] degrees, as well as the prominent peak at 22.5 2 [image: image] degrees. Other observed peaks can be attributed to the catalyst substrate. After AP-SCU at 400°C, the intensities of peaks associated with ZSM-5 have decreased, with the appearance of new characteristic peaks associated with the formation of alumina, sodalite and coke. Compared with the sample obtained after AP-SCU at 400°C, the intensities of alumina, sodalite, and coke peaks are more pronounced in the catalyst used for AP-SCU at 440°C. These observations indicate partial degradation of ZSM-5 during AP-SCU (Maag et al., 2019b). Degradation of the ZSM-5 was confirmed through a similar loss of SiO2 support at all reaction temperatures and ranging from 13% to 24% (Supplementary Table S6) as well as an average decrease of 81% in surface area for the spent catalysts in comparison with the fresh catalyst (Supplementary Table S7). In addition to surface area losses, Brønsted acid density (Supplementary Table S8) decreased by as much as 99.8% following use. While there is a near complete depletion of Brønsted acid sites, Lewis acid density increased for catalysts used at 380–420[image: image]C, which may explain apparent retention of activity and opening potential opportunities for replacing ZSM-5 with lower cost (or more stable and more active) catalysts.
[image: Figure 8]FIGURE 8 | XRD diffraction patterns of the ZSM-5 catalyst before and after treatment at 380[image: image]C, 400[image: image]C, 420[image: image]C, and 440[image: image]C.
XRD identification of sodalite in the used catalyst merits further consideration. Previous studies that have evaluated ZSM-5 degradation in hot liquid water (HLW) did not observe the formation of sodalite, although other studies have shown recrystallization into other frameworks after prolonged treatments (Jamil et al., 2016). While amorphous silica produced from ZSM-5 degradation could eventually recrystallize, the presence of sodalite cages after AP-SCU treatment does not prove a preferential recrystallization since it is also one of ZSM-5 several building blocks (McCusker et al., 2005). The observation of sodalite in XRD is consistent with either their relative hydrothermal stability and/or ability to seed growth of sodalite cages under AP-SCU conditions. Further studies are required to understand the decrystallization of ZSM-5 and potential for sodalite growth under AP-SCU conditions.
Scanning electron micrographs provided in Figure 9 aid in understanding shifts in ZSM-5 crystal morphology and surface degradation during AP-SCU treatment. The original catalyst (pictured in Figure 9A) consists of micron-sized ZSM-5 crystals. The ZSM-5 crystals are uniformly distributed across the microspherical particle and the surface of the particle exhibits minimal-surface roughness. After AP-SCU treatment, morphological shifts are observed that can be attributed to a combination of coke and zeolite removal. After AP-SCU treatment at 380°C, the underlying spherical substrate is retained, however, the zeolite distribution is no longer uniform based on the increased surface roughness shown in the lower magnification. Furthermore, the increased magnification image reveals a crystal structure that appears both larger in size and delaminated when compared with the ZSM-5 crystals present on the fresh catalyst. Larger crystal sizes are consistent with zeolite aggregation and the crystal morphology change suggests surface degradation in the form of zeolite desilication. Increased surface roughness has been previously shown for zeolites treated under HLW conditions (Maag et al., 2019b; Ravenelle et al., 2010). Similar retention of the substrate structure is observed at elevated AP-SCU operating temperatures of 400°C–440°C shown in the low magnification images (Figures 9C–E). However, the substrate surface is progressively less populated with zeolite crystals when samples are recovered after AP-SCU at increasing temperature. Furthermore, smooth agglomerates of varying size and shape are present on the substrates treated under AP-SCU conditions >380°C and the observed delaminated zeolite shown are no longer apparent. The contrast between zeolite crystal morphology and abundance found after AP-SCU temperatures ≤380°C compared to >380°C aligns with the unique shift in thermophysical properties of water near supercritical condition; namely, the ability to contain reactive ions for zeolite decrystallization drastically decreases under supercritical compared to subcritical or near-critical water (Armellini and Tester, 1993). Despite the drastic change in observed zeolite crystal morphology, the retained activity suggests that a combination of the retained zeolite and/or substrate is providing sufficient active sites to aromatize and condense aqueous phase organics under high conversion conditions and that activity is retained after 3 h of AP-SCU treatment.
[image: Figure 9]FIGURE 9 | SEM images of the catalyst (A) as received and after AP-SCU at (B) 380°C, (C) 400°C, (D) 420°C, and (E) 440°C.
3.4 Mass and energy balance analysis
AP-SCU aims to reduce the organic content of the HTL aqueous phase to reduce the burden on wastewater treatment while producing a biocrude product to offset energy requirements. An important consideration is energy requirements relative to the TOC reduction. Accordingly, mass and energy balances were used to estimate biocrude yields and energy inputs.
Biocrude quantities generated over the duration of an entire experiment were insufficient (<1 g) for direct quantification as these small quantities tended to accumulate in irremovable stagnation spots in the cool-down section downstream of the packed bed reactor. Instead, mass balance, as shown in Equation 1, was used to estimate biocrude carbon yields. The results are summarized in Figure 10, which shows that a maximum of about 50% carbon yield as biocrude could be obtained at 420°C and 440°C. Use of ZSM-5 catalyst nearly doubles biocrude yield compared with thermal reaction at the same temperature. Increasing temperature under catalytic conditions corresponds to increased biocrude yield up to 420°C. Above 420°C, rapid catalyst deactivation likely contributes to diminishing returns in terms of increased biocrude yield with increasing reaction temperature.
[image: Figure 10]FIGURE 10 | Carbon balance for the AP-SCU system for all operating conditions.
Next, the energy balance for this system was benchmarked against traditional HTL, using the process flow diagram shown schematically in Figure 11. The first scenario (Figure 11A) represents a simple HTL flow system where the reactor operates at 350°C and the incoming feed is preheated with the outgoing reaction products using a counter current heat exchanger. The proposed system (Figure 11B), which integrates HTL with the AP-SCU reactor, is composed of an HTL reactor operating at 350°C, with downstream cooling of the HTL reaction products to 300[image: image]C, an intermediate temperature selected based on the minimal solubility of key biocrude components such as fatty acids at this condition (Briones et al., 1989). After biocrude-aqueous phase separation, the aqueous phase is then heated back to the desired AP-SCU temperature (380–440[image: image]C) for TOC reduction and additional biocrude production. The heating value of the additional biocrude produced from the HTL-AP is used to partially offset the energy demand required to heat to AP-SCU conditions. The reaction products from the AP-SCU preheat the incoming waste slurry prior to entering the HTL reactor system. Heat exchange cannot heat the incoming feed to HTL temperature; to account for the makeup heat ([image: image]), is added as needed. Sample calculations for the energy balance can be found in the SI.
[image: Figure 11]FIGURE 11 | Process schematics used for material and energy balances of (A) HTL and (B) the integrated HTL-AP-SCU process.
Table 1 provides key results of the energy balance, specifically, the additional energy required to operate the integrated process compared with HTL on its own, the amount of biocrude produced in order to reduce each kg of TOC, and the corresponding energy required to remove aqueous TOC under each operating condition. For most conditions, the AP-SCU system requires more energy than the stand alone HTL system, but 380[image: image]C requires less energy than a standalone HTL unit. For the other conditions, a careful use of heat recovery will maintain the difference in energy demand to 0.1–0.2 MJ/kg-H2O. Figure 10 indicates that 420[image: image]C achieves a local optimum for oil production, however, when accounting for the total carbon removed from the aqueous phase Table 1 shows that the overall energy to remove TOC from the HTL-AP ranges from 63–76 MJ per kg of TOC, with 380 [image: image]C being the optimal condition. For comparison, thermally upgrading at the same temperature requires nearly double the energy per kilogram of removed organic carbon than the catalytic process.
TABLE 1 | Calculated energy demands for HTL as well as the integrated AP-SCU systems.
[image: Table 1]Benchmarking the values in Table 1 against alternative technologies provides valuable context. WRRFs receive inflows with TOC concentrations ranging from 100–200 ppm, achieving up to 95% reduction before discharging (Law et al., 2013; Welsh, 2024). A typical energy demand to achieve this TOC reduction by a WRRF is 37.9 MJ/kg TOC (Hamawand, 2023). AP-SCU is therefore less energy efficient than standard WRRF technology. That stated, the HTL-AP cannot be recycled to the WRRF inlet stream, due to toxicity effects (Watson et al., 2020). Accordingly, emerging technologies that are compatible with treatment of toxic mixtures are a more realistic comparison for the energy requirement of HTL-AP. Table 2 provides energy input values for several emerging technologies, including plasma treatment and electrochemical treatments. The energy demands of several promising emerging technologies are at least 10x greater than that estimated for HTL-AP. Accordingly, AP-SCU provides a much more energy efficient method of reducing the TOC content of the HTL-AP than other emerging, toxic-substances-tolerant technologies currently under consideration. Co-production of biocrude plays an important role in the energy efficiency of AP-SCU, as does careful process design.
TABLE 2 | Energy demands for emerging wastewater treatment technologies aimed at handling complex and toxic feeds.
[image: Table 2]4 CONCLUSION
Hydrothermal liquefaction aqueous phase (HTL-AP) is a source of organic carbon that can be valorized as chemical and fuel products, thereby adding a new value stream to an HTL process and reducing the burden on downstream cleanup. In this study, aqueous phase supercritical upgrading (AP-SCU) was evaluated as a new, catalytic supercritical water technology for energy efficient conversion of water-soluble compounds present in the aqueous phase into useful chemicals, while simultaneously reducing its organic content. Supercritical conditions support the upgrading of the aqueous phase in two ways: (1) eliminating the need for vaporizing the aqueous phase, a process which is energy intensive due to the latent heat of vaporization, and (2) reducing degradation of low-cost zeolite catalysts relative to that expected in a liquid phase, and thereby increasing overall performance. Silica sol bound ZSM-5 was used as the catalyst in time-on-stream tests at temperatures from 380°C to 440°C at 24 MPa. Reductions in organic carbon (70%) and total nitrogen (10%) were found to be insensitive to temperatures. Characteristic zeolite reactions, like the formation of aromatic hydrocarbons and changes in speciation of organic nitrogen, were observed at all conditions. Nitrogen compounds were channeled into a single class of compounds, pyridines, making subsequent polishing or valorization of the treated HTL-AP easier than the original. Stable TOC reduction was observed over the entire 3-h sampling window that was tested, despite catalyst degradation revealed by post-use characterization. Mass and energy balances indicated that the catalytic process is much more efficient than thermal processing and 10x more efficient at reducing TOC than other emerging methods capable of handling toxic compound mixtures. AP-SCU offers a new, potentially energy efficient method for reducing the TOC content of HTL-AP, while simultaneously producing an energy rich biocrude supplement. Future work will focus on replacing the catalyst support to extend material stability.
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