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Hydrothermal liquefaction (HTL) is a developing alternative for municipal wastewater sludge management that converts sludge into biocrude oil that can be refined into a liquid transportation fuel for the road, marine, and aviation sectors. A major byproduct of HTL is an aqueous phase (AP) high in ammonia, organic carbon, and potentially toxic compounds. This study investigated the feasibility of disposing AP through discharge into the headworks of conventional activated sludge water resource recovery facilities (WRRFs). Bench-scale, acute inhibition experiments using non-nitrifying mixed liquor indicated that a single AP exposure did not inhibit the specific oxygen uptake rates (SOUR) at pilot- and full-scale dilutions (0.03%–0.4% v/v). In contrast, post-secondary nitrifying mixed liquor showed that SOUR inhibition was linearly correlated to the AP concentration. Chronic AP exposure studies (121 days of operation) in continuous-flow, 2.25-L, non-nitrifying activated sludge reactors also indicated that SOUR was unaffected at the pilot- and full-scale AP dilutions in synthetic wastewater feed. However, repeated-measure linear-mixed models showed statistically significant lower specific dissolved organic carbon (DOC) removal rates and percentage DOC removal associated with higher AP concentration in the influent. At the full-scale AP concentration, removal rates were 25 mg DOC/g TSS-hr less and mean percent DOC removal was 40% lower than controls, despite higher DOC loading to the +AP reactors. Furthermore, ultraviolet transmittance (UVT) in the effluent of these reactors was 93% less than in the controls. The results of this study suggest that while headworks discharge of AP at pilot scale might be feasible, full-scale would require pretreatment of the AP, especially at WRRFs that use ultraviolet disinfection. The lack of detectable inhibition in non-nitrifying activated sludge via batch SOUR tests contrasted with the reduction in DOC removal detected in the continuous reactor studies. This result indicates the value of continuous studies to adequately understand the implications of AP headworks discharge on activated sludge processes. To our knowledge, this study is the first to characterize the effects of chronic exposure of mixed liquor to AP in continuous-flow activated sludge reactors.
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1 INTRODUCTION
In the USA, approximately 15,000 municipal WRRFs treat approximately 130 million m3 of wastewater per day, generating 13 million metric tons of sludge per year (dry basis, Seiple et al., 2017). At present, only half of the resulting sludge is beneficially utilized, typically applied on land as a nutrient enriching soil amendment; this practice is increasingly at risk due to contaminants of emerging concern such as per- and polyfluoroalkyl substances (PFAS), microplastics, and pharmaceuticals (Johnson, 2022; Pozzebon and Seifert, 2023; Xue et al., 2025). Even non-beneficial disposal practices, such as landfilling, are at risk due to organic waste diversion regulations either under consideration or in the process of implementation (McKenzie, 2024). Accordingly, there is a need for sludge management technologies that balance the beneficial recovery of carbon, nutrients, and energy against public health objectives.
Hydrothermal liquefaction (HTL) is a thermal depolymerization process that converts wet organic waste streams, such as municipal wastewater sludges, into a biofuel intermediate suitable for upgrading into liquid transportation fuels, including renewable diesel and sustainable aviation fuel (SAF; Chen et al., 2018; Cronin et al., 2022). In HTL, wet wastes are heated (250–550 °C) under pressure (5–25 MPa), promoting reactions that convert feedstock carbohydrate, protein, and lipid macromolecules into a liquid “biocrude” product. HTL reduces sludge volume by converting 40%–50% of feedstock solids into biocrude, while the remainder is predominantly solubilized in an aqueous phase (AP) product. Because reactions take place in the liquid phase, HTL does not require energy-intensive drying of the sludges prior to conversion (Snowden-Swan et al., 2016; Skaggs et al., 2018; Clack, 2022), thus recovering three to four times more energy in the biocrude than used in the process (Thomsen et al., 2020). This results in the upgraded fuels having a greenhouse gas intensity 70% lower than their fossil equivalents (Ha et al., 2022). Converting half the higher heating value of all wastewater sludges within the United States into crude oil (@ 43 GJ/Mg), would generate roughly the equivalent of 1 day of US oil consumption (∼20 million barrels crude oil, EIA monthly energy review 2025). Although this is only a fraction of US demand, HTL offers an alternative for the difficult-to-decarbonize aviation and marine transportation sectors. Skaggs et al. (2018) showed that municipal sludge in the US could provide 4.5% of its annual aviation kerosene demand. Furthermore, HTL offers the potential for a more affordable sludge management pathway than current practices and other emerging sludge reduction/processing technologies, such as pyrolysis (Clack et al., 2024). The combination of revenue from the sale of recovered biocrude and reduced solids disposal volumes contributes to lower projected costs than current solid management practices, positioning HTL as a sustainable and financially viable technology (Posmanik et al., 2017; Cox and Eskicioglu, 2024).
Significant research and development has advanced HTL technology, with pilots designed to process several dry tons of sludge per day at various stages of planning and/or implementation. Such pilots, and indeed any follow-on full-scale plants, require integration with existing WRRFs, as well as an understanding of the potential impacts of HTL byproducts on WRRF operations. For a mid-size WRRF serving a population of 100,000 (38,000 m3-d-1 influent flow), 44 wet metric tons per day of primary and secondary solids, when dewatered to ∼20% total solids content, would be processed via HTL, producing ∼3 m3-d-1 of biocrude. This assumes a typical sludge production index of 0.23 kg sludge per m3 treated wastewater (Tchobanoglous et al., 2014), 75% of which is volatile, and a HTL conversion yield of 0.4 g crude oil per g volatile solids (Cronin et al., 2021). In addition to the biocrude, associated byproducts include an aqueous, solid, and gas phase (predominantly CO2), in substantial enough quantities that their management will not be trivial. The aqueous product (AP) accounts for ∼90% of the wet sludge feedstock flow on a mass basis and would result in 40 m3 of AP daily. Challenges with the disposal of the AP are its high chemical oxygen demand (∼60–80 g/L, COD), total nitrogen (5–7 g/L, TN), and the presence of phenolics, heterocyclic nitrogenous compounds, and other potentially toxic compounds (Basar et al., 2023, Romero et al., 2025).
As it is the largest of the HTL byproducts on a volume basis and conceivably the most challenging to manage, HTL AP has been given considerable attention within the industry and is the focus of the present study. The most straightforward way to dispose of AP would be to return it to the main municipal wastewater flow at the headworks or just upstream of the biological secondary treatment step, similar to the handling of anaerobic digester sludge centrate at many treatment plants. Nonetheless, the downstream implications of returning the AP are not well understood. Disposing all primary and secondary solids via HTL and returning the AP to the plant headworks would be similar in volume to the practice of centrate return, accounting for 0.2%–1% of influent volume. However, with 3- to 30-fold increases in biochemical oxygen demand (BOD) and ammonia nitrogen concentrations, it could be as much as 20% of the total facility influent BOD load and 10% of the nitrogen load (Tchobanoglous et al., 2014). Additionally, and perhaps even more important, is the possibility of interrupting and/or inhibiting activated sludge bacterial processes due to potentially toxic compounds in the AP. Another potential challenge to overcome associated with AP return to the headworks is the dark color of the AP, which if not removed through the conventional activated sludge treatment process, could interfere with final disinfection processes, particularly for facilities using ultraviolet (UV) light.
Current research on the effect of recycling HTL AP to the headworks has been limited to batch studies. Basar et al. (2024) used batch aerobic degradation studies to compare the respirometric oxygen uptake and oxygen uptake rates of activated sludge exposed to AP generated at different HTL intensities. They found signs of inhibition with AP generated from HTL at higher temperatures but concluded that continuous flow evaluations are needed to better understand the potential for inhibitory effects or process interference. Macedo et al. (2023) also evaluated the implications of recycling HTL AP to the headworks. These studies, using 5-h batch experiments to evaluate nitrification inhibition by tracking the speciation of nitrogen constituents in municipal wastewater with activated sludge exposed to different concentrations of HTL AP, found increased nitrification inhibition with increasing AP concentrations. Previous investigations of potential options for treating HTL AP have evaluated anaerobic digestion (Zhou et al., 2015; Chen et al., 2020; Chen et al., 2021; Li et al., 2022), adsorption (Liu et al., 2019; Wang et al., 2022; Aktas et al., 2024) and catalytic hydrothermal gasification (Elliott et al., 2013; Elliott et al., 2014), among others, but as of now, there is not an obvious best solution in terms of cost, energy requirement, and potential locations for the integration of treated AP into the wastewater treatment process as a whole. The overarching goal of this study was to better understand and quantify the implications of returning the AP to the facility headworks, providing a preliminary dataset on continuous reactors fed AP diluted with synthetic wastewater, and potential treatment/process implications over week-to-month-long time periods. This was examined within the local context of a proposed HTL pilot installation at Central Contra Costa Sanitation District (CCCSD) in Martinez, California, USA. CCCSD treats 170,000 m3-d-1 average influent flow with non-nitrifying conventional activated sludge for secondary treatment to meet permitted total suspended solids (TSS, monthly average <30 mg/L) and carbonaceous biochemical oxygen demand limits (CBOD, monthly average <25 mg/L). Primary and secondary sludges are combined and dewatered by centrifugation, producing 200 metric tons with a solid content of ∼20% per day on average. Currently, the dewatered sludge is incinerated; however, with the incinerator approaching the end of its operational lifespan, the utility is exploring alternative solid management technologies, including HTL. Given the pre-commercialization status of HTL, the following studies were some of the first steps in determining the feasibility of a pilot-scale demonstration. They also provide the first insights based on results from continuous activated sludge reactors into possible challenges to successful adoption and integration of HTL within municipal wastewater treatment.
The following sections describe the methodologies and results of experiments using the HTL AP and sludge-to-product yields from an HTL campaign using CCCSD sludge. These products were used in laboratory trials simulating the return of the AP to the facility headworks to better understand the potential for this practice, both at pilot and full-scale, to interfere with CCCSD’s ability to meet their permitted discharge limits.
2 MATERIALS AND METHODS
2.1 Municipal wastewater sludge and mixed liquor samples
A single, 250-kg sludge sample consisting of equal parts primary and secondary sludge was collected in January 2018 from the CCCSD municipal WRRF in Martinez, California for bench-scale HTL runs. Because CCCSD standard operating procedures involve stabilizing the primary and secondary sludges with 6 wt% lime (calcium hydroxide) for odor reduction prior to dewatering, the sludge used in HTL trials had been stabilized in this manner. Even with this stabilization, the pH of the CCCSD sludge was 5.9 prior to HTL processing (similar to other HTL sludge feedstocks processed by PNNL), eliminating any potential for alkaline catalysis of the HTL process. Furthermore, calcium in HTL feed is known to partition to the solids byproduct, so the stabilization of the CCCSD sludge was not expected to affect the toxicity of AP or influence the bacterial treatment results presented herein.
Mixed liquor samples from the City of San Luis Obispo Water Resource Recovery Facility (SLOWRRF) were collected from the post-secondary treatment; nitrifying activated sludge basin, with solids retention times of 16-18 days, which followed a trickling filter and primary clarifier. These mixed liquor samples were used in laboratory analyses on the same day as collection. Mixed liquor samples were also collected from the CCCSD, the non-nitrifying activated sludge facility, considering HTL as a replacement to their incinerators. Unlike the SLOWRRF, solid retention times at the CCCSD were typically <1 day. CCCSD mixed liquor was shipped overnight on ice, then aerated for 1 hour to equilibrate to room temperature prior to use in laboratory analyses.
2.2 Hydrothermal liquefaction aqueous-phase production and characterization
HTL was performed on the CCCSD sludge at Pacific Northwest National Laboratory (PNNL) in Richland, WA in a continuous-flow HTL system. The HTL reaction temperature was 346 °C pressurized to 19.6 MPa, with a liquid hourly space velocity of 3.6 L L-1 hr-1 (17 min residence time). Solids, mostly inorganics from the feed sludge, were removed downstream of the HTL tubular reactor by settling and filtration at pressure. The biphasic AP and biocrude product were cooled and then separated through gravimetric sedimentation. Five distinct runs were performed with CCCSD sludge. The AP used in this investigation was generated from a 10-h HTL run. Further details of these runs were reported in earlier studies (Snowden-Swan et al., 2022; Cronin et al., 2022, referenced as feedstock WW-09).
The AP from the steady-state conditions during the 10-h run was packaged and shipped to San Luis Obispo, California, for use in the experiments described below. Once received in San Luis Obispo, the AP was stored at 4 °C. Note that there are currently no standardized hold times for AP. In the context of the current experiments, AP was used within 9 months of being produced. The solid and ash content of the sludge feed were determined at PNNL according to Standard Methods 2540 D and E. Elemental analyses were performed with ASTM D5291/D5373 (for carbon, hydrogen, and nitrogen), ASTM D5373, modified (for oxygen), and ASTM D1552/D4239 (for sulfur), also at PNNL. Relevant inputs from these trials as they relate to sludge feed and the anticipated headworks load are summarized in Table 1. Additionally, a commercial analytical laboratory tested the AP for 165 compounds and elements, including the 111 compounds of the Total Toxic Organics list potentially toxic pollutants specified by EPA methods 624, 625, and 608.
TABLE 1 | Composition of CCCSD sludge (HTL feed) and AP produced during HTL.	Variable	Value
	CCCSD sludge
	% solids (dry wt/wt)	17.4
	 % ash (wt/dry wt)	16.7
	 % C (wt/dry wt)	43.3
	% N (wt/dry wt)	4.53
	Aqueous Phase
	Total nitrogen (mg/L)	6300
	 Total ammonia nitrogen (TAN) (mg/L)	3,100
	Total organic carbon (TOC) (mg/L)	25,100
	Chemical oxygen demand (COD) (mg/L)	75,200
	Sulfur (mg/L)	159
	pH	6.5
	Alkalinity (mg/L as CaCO3)	8,300


2.3 Rationale for AP concentrations used in acute and chronic inhibition testing
The impacts on biological treatment unit operations were assessed via acute and chronic exposure studies, using AP-to-headwork-influent-flow dilutions expected in pilot- or full-scale implementation scenarios. AP dilutions were based on typical CCCSD flow rates and measured AP yields during the HTL campaign. This was done for both pilot (15 wet metric tons/day, 7.5% of CCCSD sludge) and full-scale (200 wet metric tons/day, 100% of CCCSD sludge) implementation scenarios. For acute inhibition testing (Section 2.4), we considered a range of influent-flow-to-AP dilutions to account for seasonal flow variations at the facility (Table 2). These dilutions represented similar overall biochemical oxygen demand (BOD) loads (kg/day) but varying influent concentrations (kg BOD/L) due to seasonal changes in influent flow—higher stormwater flows during winter and increased concentration during summer droughts.
TABLE 2 | Range of flow rates for a projected extreme drought, CCCSD daily minimum, mean and maximum in 2017 alongside the corresponding AP concentrations for both pilot and full-scale HTL implementation with AP recycle to the headworks.	Flow condition	Daily flow rate (1000 m3)	Pilot AP concentration (%v/v)	Full-scale AP concentration (%v/v)
	Extreme drought	45	0.03	0.40
	Minimum	110	0.012	0.15
	Mean	167	0.008	0.10
	Maximum	390	0.003	0.04


Following CCCSD staff guidance, continuous chronic inhibition experiments (Section 3.5) focused on a “worst-case” scenario to assess the impact of AP headworks return, first assuming AP volumes in the pilot scenario and then ramping up the AP concentration to represent full-scale implementation. This scenario assumed the highest potential AP concentration within the plant’s influent, coupled with a low flow rate of 45,000 m3-d-1, representing the lowest potential flow during a summer drought. This conservative approach was adopted to account for extreme drought and water conservation practices, even though it was significantly lower than the daily minimum in 2017.
2.4 Acute inhibition testing: specific oxygen uptake rate
Acute inhibition was evaluated based on the specific oxygen uptake rate (SOUR) of mixed liquor during an initial single exposure to AP compared to the SOUR of an aliquot of the same mixed liquor not exposed to AP. Tests were conducted on activated sludge, first from a nitrifying activated sludge facility—the SLOWRRF—and then from a non-nitrifying activated sludge facility—the CCCSD. Based on the oxygen consumption rate method 2710.B in Standard Methods (APHA, 2017), SOUR was analyzed in 300-mL BOD bottles. These were filled with ∼200 mL of either synthetic wastewater for the AP treatment samples or with modified synthetic wastewater for the controls. The recipe of the synthetic wastewater for the control tests was modified to increase the organic carbon concentration so that it was similar to the carbon concentration in the +AP bottles due to the addition of AP (Table 3). The AP treatment bottles were spiked with the designated volume of AP depending on the dilution scenario being tested. Both control (no AP added) and +AP bottles were then shaken vigorously to bring the dissolved oxygen (DO) concentration to >8 mg/L. After this, a sufficient volume of settled activated sludge was added to fill the bottle completely with 500–1000 mg/L volatile suspended solids (VSS) in the bottle. A self-stirring, optical BOD probe (ProOBOD, YSI Inc, Ohio, USA) measured the DO concentration, which was recorded every 15 s for the first 2 minutes and then every minute until the concentration was less than 1 mg/L. SOUR was determined by measuring the consumption of dissolved oxygen per unit biomass over time (Equation 1) during the linear phase of the respiration curve.
SOUR mg O2/g VSS/hr)=oxygen consumption ratemg/L/⁡min⁡ /VSS g/L x 60 min⁡/hr(1)
TABLE 3 | Synthetic WW constituents and concentrations (Dalzell et al., 2002). Values in parentheses indicate the modified maximum concentrations for controls. This concentration was reached through stepwise increases in the control reactors as AP concentration during the ramp-up period increased with the final concentration implemented at full scale AP.	Constituent	Concentration (mg/L)
	Peptone	160 (238)
	Meat extract	110 (185)
	Urea	30
	Anhydrous dipotassium hydrogen phosphate (K2HPO4)	28
	Sodium chloride (NaCl)	7
	Calcium chloride dihydrate (CaCl2*2H2O)	4
	Magnesium sulfate heptahydrate (Mg2SO4*7H2O)	2
	Glucose	(833)
	Sodium acetate	(2000)


For each AP concentration, except for the 0.07% and 0.1% that were only run once, control and treatment SOUR tests were performed in triplicate. The percent inhibition for the three AP SOURs from a single sample day was averaged to obtain the percentage inhibition at a specific dilution on a given day according to Equation 2.
APn % inhibition=Ctrl avgSOUR−APnSOURCtrl avgSOUR(2)
—where Ctrl avgSOUR = average SOUR (mg O2/g VSS)/hr for the triplicate control tests, and AP(n)SOUR = SOUR (mg O2/g VSS)/hr for each individual triplicate treatment test (n = 1–3).
Upon completion of the SOUR test, the total and volatile suspended solids concentration was measured on the entire volume of the bottle and evaluated in triplicate using Standard Methods 2540 D and E.
2.5 Effect of AP on WRRF effluent UVT
The effect of AP on WRRF effluent disinfection processes was assessed for the pilot-scale HTL implementation scenario by spiking CCCSD secondary clarifier effluent with AP and measuring the resulting UVT. This approach enabled the testing of a broader range of AP concentrations than trialed in the chronic inhibition study, encompassing both minimum and average daily flows rather than solely focusing on extreme drought conditions (Table 2). Dilutions ranged from 0.008% v/v, representative of the mean daily influent flow, up to 0.02% v/v, representing the pilot scale in extreme drought conditions. The secondary clarifier effluent was collected on 2 different days in the 2018/2019 winter, with residual particulate removed by filtration through nitrocellulose filters (0.22 µm pore size) prior to spiking with AP. UVT was reported as the mean of triplicate dilutions and measured via Standard Methods 5910B (APHA, 2017) using a UV-1700 PharmaSpec Shimadzu UV–Vis spectrophotometer at 254 nm.
2.6 Testing for chronic inhibition and cumulative effects of AP on non-nitrifying activated sludge
2.6.1 Reactor operations
The experimental set up consisted of four continuous-flow, bench-scale aerated reactors, each with a 2.25 L working volume and 4 L total volume (Figure 1). Reactors were seeded with mixed liquor from one of the aeration basins at the CCCSD. Each of the reactors was aerated with one 6.5-cm disk-shaped sparging stone at a rate of 2 L/min to maintain the reactor DO above 6 mg/L and the bacterial biomass in suspension. Air was provided by diaphragm air pumps, one pump per two aerated reactors. Two 2-channel, peristaltic pumps provided synthetic wastewater influent at a target rate of 7 mL/min for a 4.5-h hydraulic residence time (HRT). Batches of synthetic wastewater (Table 3) were prepared every 5 days and stored at room temperature. One basin provided the influent to the two control reactors, and a second basin provided the feed to the set of two test reactors. To account for the increase in organic carbon loading from the AP in the +AP reactors, as the AP concentration increased, influent control organic carbon was increased during the ramp up and full-scale periods (Table 3). Approximately 24 h of the effluent was collected and stored in bench top effluent basins. Once daily, the effluent basins were mixed and sampled for total suspended solids (TSS) and the collected volume measured. Neither influent nor effluent collection basins were refrigerated but rather maintained at room temperature. Once daily, the contents of the aerated reactor were poured into a large beaker for thorough mixing and then sampled for dissolved organic carbon (DOC), ultraviolet transmittance (%UVT), and TSS—details of analytical methods are described in Section 2.6.3. After sampling, 1 L of the mixed reactor contents was poured into an Imhoff cone and allowed to settle.
[image: Schematic depicting the reactor setup used for testing chronic inhibition and cumulative effects of AP on non-nitrifying activated sludge. The setup featured diaphragm air pumps, dual-head peristaltic pumps, and treatment reactors labeled C1, C2, T1, and T2. Coarse air diffusers aerate the reactors. Treated effluent collects in a container labeled "WW", while influent storage is marked "WW+AP". Influent storage containers are labeled WW for the controls and WW+AP for the +AP treatment reactors. Reactor effluent is collected in separate tanks specific to each reactor. These effluent storage tanks are labeled C1, C2, T1 and T4..]FIGURE 1 | Graphic rendering of the set up for chronic inhibition experiments.After 30 min of settling in the Imhoff cones, the supernatant was decanted and disposed of, and the settled solids were returned to the corresponding aerated reactor. The remaining 1.25 L working volume of the reactor was refilled with the 7 mL/min influent feed pump. Periodic SOUR analyses used the settled solids from the Imhoff cones rather than returning the settled solids into the aerated reactors. All four reactors were fed synthetic wastewater without any AP addition for roughly 5 weeks to assure similar performance among the four reactors. After this, two reactors served as controls and continued to be fed synthetic wastewater throughout the rest of the 121-day experimental period. The remaining two treatment reactors were fed synthetic wastewater spiked with AP at dilutions representative of pilot through full-scale installation of the HTL process at a WRRF discharging AP to its headworks. The timeline for these operations was broken down into four experimental periods, each lasting ∼1 month: baseline, pilot, ramp-up (in which the concentration of AP in the synthetic wastewater was increased gradually every 5–7 days), and full-scale (Table 4).
TABLE 4 | Timeline and description of changes to AP concentration (%V/V) in influent to the bench-scale activated sludge reactors, representing the dilution of AP in the headworks for a pilot up to full scale implementation.	Operational description	Period	AP concentration in treatment reactors (%v/v)
	Baseline	Days 1–36	No HTL
	Pilot	Days 37–60	0.03%
	Ramp-up	Days 61–91	Increased from 0.04% to 0.2%
	Full-scale	Days 92–121	0.4%


2.6.2 Reactor monitoring
The daily in situ temperature and DO of each aerated reactor were measured with an optical BOD probe (ProOBOD, YSI Inc, Ohio, USA). Influent flow rate and in situ reactor pH were also measured daily. Dissolved organic carbon (DOC), reactor and effluent TSS, ultraviolet transmittance (UVT), and settling efficiency were measured thrice weekly. SOUR analyses were conducted on settled mixed liquor at least once during each of these experimental periods. Unlike the SOUR tests to detect acute inhibition, these analyses measured the SOUR of the settled mixed liquor sampled from the aerated reactors but did not involve spiking the BOD bottle with any additional AP. Instead, the analyses were designed to detect whether the chronic exposure of the mixed liquor to AP in the synthetic wastewater resulted in any differences in SOUR compared to the mixed liquor fed pure synthetic wastewater. Due to the limited sample volumes from the reactors, these SOUR analyses were not conducted in triplicate. During the baseline period, duplicate reactors served as the source of replication. During the pilot and full-scale dilution periods, SOUR analyses were conducted on the settled mixed liquor combined from duplicate controls and compared to the SOUR of the combined mixed liquor from the duplicate reactors at 1 and 3 weeks into the period, providing replication over time.
2.6.3 Analytical methods
Reactor and effluent total suspended solids (TSS) were evaluated according to Standard Methods 2540 D. Dissolved organic carbon (DOC) was measured on filtered and acidified influent and effluent samples from the aerated reactors (1.2-µm glass fiber, H2SO4 to pH < 2) based on Standard Methods 5310 B using a Shimadzu TOC-V CSH Analyzer set to measure non-purgeable organic carbon. Ultraviolet transmittance was evaluated for aerated reactor effluent samples as described above according to Standard Methods 5910 B, and samples were filtered with nitrocellulose syringe filters and analyzed immediately after filtering. All Standard Methods referenced herein are from APHA (2017).
2.6.4 Statistical analysis
Simple linear regression analysis on the acute inhibition SOUR data was performed using the Data Analysis add-in in Excel. The percentage of DOC removed and the DOC removal rate were analyzed using a linear mixed model in SAS PROC MIXED. The fixed effects were AP, influent DOC concentration, and their interaction. Reactor differences were modeled using a random effect. For repeated measurements on the same reactor, an auto-regressive error correlation allowing for unequally-spaced time points was used.
3 RESULTS
3.1 Acute inhibition testing using specific oxygen uptake rate
The SOUR measurements of the post-secondary, nitrifying (SLOWRRF) mixed liquor were compared to the SOUR of mixed liquor spiked with AP at a range of AP concentrations. The results showed a 7% reduction in the SOUR with a single exposure to AP at the lowest concentration tested (0.08% v/v), with the level of SOUR inhibition linearly increasing to 30% at the highest concentration (0.32% v/v) tested. Simple linear regression examined the relationship between AP concentration (x) and the percentage of SOUR inhibition (y); the resulting model (y = 0.80x + 0.0246) showed that AP concentration explained 83% of the variation in percentage SOUR inhibition (F (1, 7) = 34.76, p < 0.01). The 95% confidence interval for the regression coefficient ranged from 0.48 to 1.12 (Figure 2).
[image: Scatter plot showing the relationship between AP concentration (percent, volume basis) and percent SOUR inhibition. Data points with error bars are plotted, and a red dotted line indicates a positive correlation from approximately 5% inhibition at 0.05% concentration to 30% inhibition at 0.35% concentration.]FIGURE 2 | Percentage inhibition of SOUR as a function of AP concentration added to the mixed liquor samples from SLOWRRF. Error bars represent standard error of triplicate SOUR tests.The CCCSD mixed liquor, however, did not show SOUR inhibition. Instead, at the four AP concentrations tested, the SOUR in bottles spiked with AP was higher than the controls. This increase in the SOUR, however, was not correlated to the AP concentration, with 28%, 8%, 25%, and 21% increases at AP concentrations of 0.04%, 0.14%, 0.3%, and 1% (%v/v) respectively (data not depicted in the figure).
Notably, treatment objectives differed between the WRRFs tested, likely influencing the bacterial consortia and their response when exposed to AP. At the time of mixed liquor collection, CCCSD did not promote nitrification in the aeration basin and operated at 1.0–1.3 days SRT (pers comm. CCCSD staff), whereas the SLOWRRF operated with significantly longer SRTs (16–18 days) to promote nitrification. At the short SRT of the CCCSD, the bacterial community would have been dominated by faster growing, more robust heterotrophs (Novak et al., 1977; Okabe et al., 1996; Moussa et al., 2005; Ni and Yu, 2007). The mixed liquor from the SLOWRRF, due to its long SRT, would have had a larger portion of ammonia oxidizing and nitrite oxidizing bacteria in the bacterial assemblage than in the CCCSD. Although the SOUR of heterotrophs and nitrifiers were not tested separately in either the SLOWRRF or CCCSD samples, it is hypothesized that the implicit difference in the bacterial communities based on the different SRTs might explain these different results. Follow-on studies are needed to examine the relative contribution to the SOUR from autotrophic (nitrifying) and heterotrophic bacterial consortia.
3.2 Effect of AP on effluent UVT
While the chronic inhibition experiment assessed the impact of AP on effluent UVT using the conservative, extreme-drought AP dilution at pilot through to full-scale HTL installation scenarios, here the UVT of a simple dilution curve examined a wider range of flow scenarios for the envisioned pilot scale installation only. These analyses compared the UVT of CCCSD secondary effluent (SE) spiked with AP to non-spiked SE (Figure 3). Without AP, CCCSD SE UVT measured 60% and decreased to 57% transmittance at the AP concentration expected during the average daily flow of 167,000 m3/d. The UVT of SE spiked with AP at the concentration expected during conservative summer drought flows of 45,000 m3/d was 10% less than non-spiked SE. This analysis, while not accounting for potential UVT improvements from activated sludge treatment, assessed the impact of AP over a range of flow conditions (extreme drought, annual mean daily flow) to provide a broader and potentially more representative data set to the CCCSD operational staff for assessing the potential implications of piloting HTL technology with AP headworks return.
[image: Line graph showing UVT percentage against flow rate in cubic meters per day. The solid line for SE+AP increases from about 45 percent to 57 percent as flow increases from 30 to 170. The dashed line for SE remains constant at 60 percent.]FIGURE 3 | Averaged triplicate UVT of CCCSD secondary effluent (SE, green dashes) and AP diluted with CCCSD SE (blue) at a range of flow rates. UVT reduction when flows were above 95,000 m3-d-1 were minimal (<5%). Blue dotted lines represent average standard deviation of triplicate UVT measurements made on samples of SE on two different days. UVT was measured on 0.22-um filtered samples, so differences observed were due to dissolved constituents and not particulates in the secondary effluent.3.3 Chronic effects of AP on non-nitrifying mixed liquor and downstream processes
To better understand the long-term implications of AP headworks return at the CCCSD, the next round of experiments evaluated the performance of bench-scale activated sludge aerated reactors operated with SRTs consistent with the non-nitrifying CCCSD. The experimental aim was to determine whether AP return resulted in cumulative or chronic effects to activated sludge and downstream processes using the expected pilot scale AP concentration (0.03% v/v) up through full-scale AP concentration (0.40% v/v) assuming conservative extreme-drought daily influent flow.
3.3.1 Reactor operation
All reactors were maintained at room temperature (21 °C). Reactor pH (∼8.2), dissolved oxygen (DO ∼6–7 mg/L), and hydraulic retention time (HRT; ∼six to eight h) were consistent and stable across all four reactors and throughout the three experimental periods (Table 5). In contrast, total suspended solids (TSS) varied between reactors and over time, with no apparent pattern or bias toward either control or treatment reactors. Due in part to poor sludge settleability, mean TSS concentrations across all experimental periods and reactors tended to be lower than typical values in the aeration basins of conventional activated sludge systems (260–500 mg/L vs 1,000–2,000 mg/L). This occurred despite the recycling of all settled solids and the elevated dissolved organic carbon concentration in synthetic wastewater. Low TSS was particularly pronounced in control reactors during the full-scale experimental period. Solid retention time (SRT) varied widely across the three periods, with mean SRTs of 2.7, 3.75, and 0.9 days during the baseline, pilot, and full-scale phases, respectively. Nevertheless, SRTs remained similar (<1-day difference) between control and +AP reactors within each period, allowing for valid within-period comparisons.
TABLE 5 | Mean operational results of the two control and two + AP aerated reactors for three of the four experimental periods. Data during the initial week of each period was omitted to avoid the time in which the bacterial communities were acclimating to the new conditions. Standard errors of daily observations (pH, DO, and HRT) and thrice weekly measurements (TSS and SRT) during each experimental period are provided in parentheses.		Baseline (Days 15–36)
	Parameter	Ctrl1	Ctrl2	Ctrl3	Ctrl4
	pH	8.2 (0.01)	8.2 (0.01)	8.2 (0.01)	8.2 (0.01)
	DO (mg/L)	6.9 (0.03)	7.1 (0.04)	7.2 (0.04)	6.9 (0.04)
	HRT (hrs)	6.3 (0.04)	5.8 (0.04)	6.6 (0.04)	6.1 (0.06)
	SRT (days)	3.6 (0.11)	1.9 (0.07)	2.6 (0.10)	2.8 (0.12)
	TSS (mg/L)	490 (13)	444 (11)	352 (7)	477 (10)


		Pilot Scale - 0.03% AP (Days 44–60)
	Parameter	Ctrl1	Ctrl2	+AP1	+AP2
	pH	8.2 (0.01)	8.2 (0.01)	8.3 (0.01)	8.3 (0.01)
	DO (mg/L)	7.3 (0.03)	7.2 (0.03)	7.4 (0.03)	7.5 (0.02)
	HRT (hrs)	7.6 (0.05)	6.3 (0.03)	6.9 (0.04)	6.7 (0.03)
	SRT (days)	4.0 (0.10)	4.5 (0.13)	3.5 (0.11)	3.0 (0.09)
	TSS (mg/L)	428 (8)	474 (10)	371 (11)	319 (7)


		Full Scale 0.4% AP (Days 98–121)
	Parameter	Ctrl1	Ctrl2	+AP1	+AP2
	pH	8.2 (0.01)	8.2 (0.01)	8.2 (0.01)	8.3 (0.01)
	DO2 (mg/L)	7.3 (0.04)	7.4 (0.04)	7.2 (0.03)	7.3 (0.03)
	HRT (hrs)	8.0 (0.04)	6.7 (0.06)	7.4 (0.04)	6.4 (0.08)
	SRT (days)	0.8 (0.01)	0.6 (0.01)	1.0 (0.02)	1.3 (0.02)
	TSS (mg/L)	264 (3)	260 (3)	398 (7)	422 (7)


These chronic inhibition tests aimed to provide preliminary feedback to the CCCSD regarding HTL implementation. Despite challenges in controlling TSS and SRT and resultant higher-than-desired variability, the experiments proceeded because the SRTs and HRTs remained relevant to the CCCSD’s operational range.
3.3.2 Specific oxygen uptake rate (SOUR)
Mixed-liquor SOUR, a measure of microbial activity, was similar for control and +AP reactors, ranging from 56 to 85 mg O2/g VSS - hr throughout the chronic inhibition experiments (Figure 4). The small number of samples on which SOUR was conducted prevented meaningful statistical comparison; however, the large overlap in standard error bars suggested insignificant differences between the SOUR of controls and +AP reactors and aligned with the acute inhibition tests which also showed no reduction in SOUR for the non-nitrifying CCCSD mixed liquor.
[image: Bar chart comparing SOUR (specific oxygen uptake rate) in mg O₂ g VSS-1 hr-1 from four stages during the chronic inhibition study: Baseline (no AP), Pilot Scale (0.03% AP), Ramp Up (0.04 – 0.20% AP), and Full-Scale (0.40%,). Each concentration features two bars: Control (solid) and +AP (striped). Values show slight variations, with error bars indicating variability, although with generally similar SOUR between the Control and +AP treatments at all four stages tested.]FIGURE 4 | SOUR for mixed liquor was similar between control and +AP reactors during each of the test periods. During the baseline period (two left-most bars), the error bars represent the standard error of analytical replicates from one sample day. During the other three test periods, pilot, ramp-up and full-scale, the error bars are the standard error of samples collected from the aerated reactors on different days.The observed range of SOUR values were two to four times greater than a typical SOUR for municipal mixed liquor reported in the literature (Madoni et al., 1999; Archibald et al., 2001; Márquez et al., 2022). A likely reason for this higher than typical SOUR has to do with the short operating SRT, selecting only for very active and fast-growing bacteria. In support of this reasoning, Huang et al. (1985) showed higher SOUR with shorter SRT and a similar SOUR range of 53–78 mg O2/g VSS - hr with a respective range of 2–30-day SRT. At SRTs from 8 to 30 days, the reduction in the SOUR plateaued to approximately 55 mg O2/g VSS - hr (Huang et al., 1985).
3.3.3 Organic carbon removal
In both controls and +AP reactors, the specific DOC removal rate increased with increasing carbon loading as the reactors progressed from the baseline (no AP), to pilot, ramp-up, and full-scale experimental periods (Figure 5). Low specific DOC removal rates were observed in all four reactors during the baseline through the pilot experimental periods and were related to the low influent DOC concentration. During ramp-up, the specific removal rates of the +AP reactors were consistently two-fold higher for approximately 2 weeks (days 75–89). This increase coincided with the increased influent DOC across all reactors, but because the influent DOC was disproportionately greater in the +AP reactors (Figure 6), it was not surprising that the removal rates of the +AP reactors were temporarily greater. By the end of the ramp-up period, however, the removal rates were again very similar between the control and + AP reactors (Figure 5). Figure 6 illustrates that during ramp-up, both control and +AP reactors showed an initial DOC increase of 100 mg/L in their effluent. The effluent DOC of the controls, however, dropped toward the end of the ramp-up period, indicating acclimation to steady-state (Figure 6A). In contrast, the effluent DOC concentration of the +AP reactors continued to increase beyond the initial 100 mg/L and then finally leveled off, fluctuating between 100 and 200 mg/L until the end of the experiment (Figure 6B). Throughout the full-scale period, the mean effluent DOC concentration of the +AP reactors was 50–150 mg/L higher than in the controls (Figure 6); moreover, the +AP reactors averaged 150 mg/L more TSS.
[image: Line graph depicting TSS-specific DOC removal rate, reported in units of mg DOC per g TSS per hr, as a function of time throughout the Baseline, Pilot, Ramp-Up, and Full-Scale stages. Values are shown for both the Control and +AP reactors over the 120 day trial. Removal rate ranges from 10 – 25 during the Baseline stage, increasing to near 150 mg DOC g TSS-1 hr-1, with the rate rising significantly during the Ramp Up and Full-Scale stages.]FIGURE 5 | Time series of mean TSS-specific DOC removal rates for duplicate control (gray solid line and square markers) and duplicate +AP (black dashed line and circle markers) reactors.[image: Two line graphs, panels A and B, show dissolved organic carbon levels in milligrams per liter over 118 experiment days. Panel A displays a solid red line representing the DOC concentration of the influent labeled CTRL Inf, dashed red and dashed orange lines labeled CTRL 1 Eff and CTRL2 Eff, representing the effluent DOC concentration from the control reactors. During the ramp up period in panel A the influent DOC concentration increased by approximately 200 mg/L. Effluent DOC concentrations in control reactors ranged approximately from 20 mg/L during baseline up to 40 mg/L during the full scale experimental stage. Panel B displays a solid blue line representing the DOC concentration of the influent labeled +AP Inf, dashed turquoise and dashed green lines labeled +AP1 Eff and +AP2 Eff, representing the effluent DOC concentration from the +AP treatment reactors. During the ramp up period in panel B the influent DOC concentration increased by approximately 350 mg/L. Effluent DOC concentrations in treatment reactors ranged approximately from 20 mg/L during the baseline experimental stage up to 200 mg/L during the full scale treatment period. Both panels have shaded and unshaded areas to indicate the different experimental periods, baseline, pilot, ramp up, and full-scale.]FIGURE 6 | Time series of influent and effluent DOC concentration for duplicate (A) control and (B) +AP aerated reactors during the chronic inhibition studies. Influent DOC was intentionally increased during ramp-up to full-scale dilution in all reactors. Gray shaded boxes denote the baseline period where no AP was added to either influent basin and the ramp-up period where the concentration of AP in the influent was increasing every 5–7 days.According to the multivariate linear mixed modeling results, the specific DOC removal rates and the percentage of DOC removed were significantly affected by not only the influent DOC concentration but also the AP concentration. Lower rates of DOC removal and a lower percentage of DOC removed were associated with higher influent AP concentration (p = 0.004, p < 0.0001 respectively). Table 6 summarizes the results of these models and describes in more detail the expected differences between the specific DOC removal rates and percentage of DOC removed of the control reactors and the +AP reactors at different influent AP concentrations. After accounting for differences in influent DOC concentration, the percentage of DOC removal at full-scale AP concentration averaged 40% less than in the no-AP reactors, and specific DOC removal rates averaged 24.7 mg DOC/g TSS-hr lower. Inhibitory effects of the increased AP concentration and an increased fraction of non-biodegradable organic carbon are potential explanations for these observed differences.
TABLE 6 | Summary of mean decrease in DOC removal rates and % DOC removal in +AP reactors compared to No-AP controls. After adjusting for influent DOC concentration, each 0.01 increase in the %v/v of influent AP resulted in 0.66–1.36 lower percent DOC removed, P < 0.0001, CI = 95%, N = 171, and in a lower DOC removal rate of between 0.205 and 1.029 mg DOC/g TSS-hr, P = 0.004, CI = 95%, N = 251.	AP (% v/v)	DOC removal rate decrease (mg DOC/g TSS-hr)	DOC removal decrease (%)
	0.03	1.9	3.0
	0.1	6.2	10.1
	0.2	12.3	20.2
	0.4	24.7	40.3


3.3.4 Effluent UVT
At the pilot AP concentration, the mean UVT of +AP effluent averaged 57%, or 10% less than the controls (Figure 7). At the full-scale AP concentration, UVT was reduced to an average of <4%. Interestingly, the 10% UVT reduction in the effluent of the continuous activated sludge reactors was identical to the reduction in UVT observed with straight dilution of AP using CCCSD SE at same dilution factor of 0.03% v/v. This similarity in the UVT reduction between the activated sludge effluent and the straight dilution of AP with no biological treatment suggests that the interfering constituents are not readily biodegraded under aerobic conditions.
[image: Bar graph comparing UV transmittance (% UVT) between control and +AP conditions for pilot (0.03% AP) and full-scale (0.40% AP) trials. The pilot shows over 60% UVT for both conditions, while the full-scale UVT drops significantly under +AP. Error bars are present.]FIGURE 7 | Mean UVT for pilot and full-scale experimental periods for duplicate control (gray) and +AP reactors (black striped). Control reactors ranged between 60% and 70% UVT during both experimental periods. Significant differences in UVT were observed between the control and +AP reactors at both dilutions (paired T-test, p < 0.01, N = 6, pilot and paired T-test, p < 0.01, N = 11, full-scale.For the AP sample tested by the commercial laboratory, six of the 165 compounds and elements analyzed were detectable (all values as µg/L except where noted): phenol (32,000), 4-methylphenol (26,000), 1,1,2-trichloroethane (360), toluene (200), ethylbenzene (55), and octachlorodibenzo-p-dioxin (OCDD; 244 pg/L). Also detected were total cyanide (230), total arsenic (88), and mercury (0.689).
4 DISCUSSION
In the present screening study, the effects of including AP in the feed of activated sludge reactors were assessed in terms of impact on wastewater treatment performance. The AP was dosed at levels representing the operation of a pilot HTL unit (0.03% v/v dilution) and full-scale HTL operation (0.4%) in an extreme summer drought scenario. The acute inhibition of non-nitrifying and nitrifying activated sludge cultures by low AP doses was assessed with the SOUR test. Chronic inhibition was assessed via the SOUR, DOC treatment performance, and UVT for continuous long-term laboratory activated sludge cultures fed synthetic wastewater containing AP.
4.1 Implications of acute and chronic SOUR results
The acute inhibition tests showed that post-secondary, nitrifying activated sludge cultures (SLOWRRF) were inhibited by AP, indicating for WRRFs with nitrogen limits and processes requiring nitrification, the need for treatment of the AP prior to return to the headworks. The reduced SOUR observed in SLOWRRF mixed liquor samples exposed to AP is consistent with reports in the literature associating a decreased SOUR with the presence of toxic or inhibitory constituents in the media (Archibald et al., 2001; Pernetti et al., 2003; Ricco et al., 2004). Research on the inhibitory effects of AP on nitrification in activated sludge, while limited by their batch study design, showed similar findings of nitrification inhibition, with 27%–44% inhibition reported by Macedo et al. (2023).
Unlike nitrifying activated sludge, SOUR tests on non-nitrifying samples (CCCSD) did not show evidence of acute inhibition from a single AP exposure. Likewise, SOUR from the continuous reactors exposed to AP did not differ notably from the SOUR of the control reactors at AP concentrations representing pilot through full scale. Despite the lack of observed difference in SOUR between the controls and +AP reactors in the chronic inhibition study, the limited replication and high degree of variability in reactor TSS and SRT limit the conclusions that can be drawn from these results.
4.2 Chronic exposure and dissolved organic carbon removal
Repeated-measure linear mixed models were used to analyze the time series of DOC removal data; these showed that both the reduction in percentage DOC removal and specific DOC removal rate in the +AP reactors compared to the controls was greater with increasing concentration of AP in the synthetic wastewater influent. These models accounted for both the temporal nature of the data and the variable DOC concentration in the influent. The results of this analysis on DOC removal over time underscore the importance of long-term studies in continuous reactors, where the batch SOUR studies did not detect inhibitory effects of AP; the longer-term continuous data show strong evidence of inhibition, even in the non-nitrifying reactors, and lend support to the conclusion that AP treatment is required before discharge to the headworks.
4.3 Implications for disinfection
The UVT of +AP reactor effluent during the chronic inhibition study averaged 57% and 4%, respectively, during the pilot and full-scale experimental periods. This is in comparison with the UVT of the controls averaging 65% over the same period. This reduction in UVT, at both pilot and full-scale AP concentration, is likely the result of recalcitrant DOC in the AP. Some compounds that absorb UV light in the region of 254 nm (Murillo-Acevedo et al., 2020; Mendez De Leo et al., 2002) are present in AP at relatively high concentrations: phenol (32,000 ug/L) and 4-methylphenol (26,000 ug/L). Supporting this conclusion, Si et al. (2018) identified recalcitrant constituents in AP, including N-heterocyclic and aromatic compounds and phenols. Additional compounds identified in other studies of AP from HTL of wastewater sludge known to absorb UV include pyrazine, methylpyrazine, and 2-pyrrolidone (Kilgore et al., 2023, Romero et al., 2025; Samir et al., 2020; Tsuru et al., 2021). While these UV-absorbing compounds may or may not affect activated sludge metabolism, if they are resistant to aerobic degradation and result in lower UVT, operational costs at plants that use UV disinfection would increase and their presence could interfere with the facility’s ability to meet bacterial removal requirements specified in their operating permit (Alimoradi et al., 2020).
On a practical level, when UVT is reduced, achieving the same level of disinfection requires either a longer exposure time to UV, increasing the intensity of UV radiation, or both (Severin, 1980; Tchobanoglous et al., 2014). In either case, the changes required to achieve an effective UV dose and corresponding increase in electricity translate to increased operational costs for the utility to meet their permitted disinfection requirements. As an example, one UV disinfection vendor reports an average 22% increase in specific power consumption, rising from 4.6 to 5.6 wh/m3 when UVT drops from 60% to 50% (Ultraaqua, 2022). Representing data from only one UV disinfection vendor, it is important to note that these numbers are variable and depend on many derating factors, including flow variation, fouling, and other site-specific characteristics of the wastewater. More relevant to an envisioned full-scale HTL installation is that effluent UVT of the +AP reactors during the full-scale AP concentration averaged 4%; this is a substantial decrease from the 65% UVT observed in the controls, clearly demonstrating the need for pre-treatment prior to AP headworks return, especially where UV disinfection is employed.
4.4 Total Toxic Organics
Phenols had the highest concentration (58 mg/L as phenol plus 4-methylphenol) of the 165 constituents tested in an AP sample as part of the Total Toxic Organics panel. While the 0.1 %v/v dilution of a full-scale facility (Table 2) would decrease the phenol concentrations to a generally non-toxic level (Water Quality Australia, 2000; US EPA, 2015b), the AP phenol concentrations exceeded the industrial discharge limit of the CCCSD, for example.
At low enough concentrations, both phenol and 4-methylphenol are biodegradable under aerobic or anaerobic conditions (Al-Khalid and El-Naas, 2012; Lin and Gu, 2021; Boyd et al., 1983), supporting the biological treatment of AP. However, if not degraded before discharge to headworks, phenols are more likely to inhibit nitrifiers than heterotrophic bacteria. Phenol concentrations of a few mg/L have been found to inhibit nitrifying bacteria (Lauchnor et al., 2023; Covarrubias-Vallejo et al., 2015).
Other potentially toxic organics detected—1,1,2-trichloroethane, toluene, and ethylbenzene—had concentrations 100–1000 times lower than the phenols. Each of these compounds, and especially cyanide, are well known to inhibit nitrifying bacteria (Han et al., 2014).
As a rough gauge of their importance as AP contaminants, the OCDD and mercury concentrations were below US EPA maximum contaminant levels (MCLs) for drinking water (US EPA, 2015a; US EPA, 2022), but the cyanide and arsenic are above the MCLs (USEPA, 2001; US EPA, 2023).
4.5 Treatment options for AP
For discharge from HTL/wastewater treatment facilities, AP constituents requiring treatment will be recalcitrant and/or toxic compounds, including those organics that interfere with disinfection, and in some cases, excess nutrients and salts. This treatment might take the form of pretreatment prior to mainstream treatment or completely separate sidestream treatment for discharge.
Various AP treatment technologies have been investigated. Aktas et al. (2024) demonstrated the successful use of granular activated carbon, achieving up to 94% removal of phenolics and 66% removal of COD—the removal of which will have a significant effect on UVT. However, the high concentration of organic carbon in AP (tens of thousands of mg/L) combined with the high cost of GAC treatment (Aktas et al., 2024; Jais et al., 2024), even for removal of extremely low concentrations of pollutants, will require the development and demonstration of other technologies. Although biological treatment might be challenging given the observed inhibitory effects of the AP, costs of biological treatment are typically lower than physical and chemical options. Aerobic pretreatment is a possibility, but anaerobic treatment can generate additional methane biofuel. A new example specific to AP is the Recirculating Anaerobic Dynamic Membrane Reactor, which has been shown to remove 65% of AP COD (Fonoll Almansa et al., 2025). Other emerging treatment options include wet air oxidation (WAO; also referred to as wet oxidation) and supercritical water oxidation (SCWO). WAO (catalyzed and non-catalyzed) reduced the COD of AP by 50%–90%, depending on the temperature and type of catalyst, if any (Kilgore et al., 2023; Thomsen et al., 2024, Vadlamudi et al., 2024). SCWO reduced the COD of AP by 98% (Wang et al., 2024).
However, none of these studies evaluated the potential effects of the treated AP on mainstream wastewater treatment processes. If the envisioned implementation of HTL continues to include AP discharge to headworks, research to identify a suitable pretreatment technology will require continuous activated sludge studies of the treated AP using real municipal wastewater and will need to include evaluation of the potential effects on other mainstream processes such as denitrification, phosphorus removal, membrane fouling, chlorine disinfection, and disinfection byproducts.
From a regulatory perspective, many municipal WRRFs, including the CCCSD, require industrial discharge permits even for onsite entities that discharge into the main influent of the facility. Given the likelihood that HTL infrastructure would be owned and operated by a third party and not a public utility, the concentration of constituents on lists like the Total Toxic Organics also support the need of AP treatment. Within the context of the CCCSD pilot evaluation, the presence of phenol at 32 mg/L in the AP would have required an exception to their typical industrial discharge permit requirement because, even at pilot scale, the phenol concentration exceeded the allowable limit.
4.6 Study limitations and future research
Synthetic wastewater was used in the chronic exposure studies to avoid the experimental uncertainty of the varying quality of real wastewater. Such variability, however, would be experienced at full scale. To assure scale-up performance, future pre-pilot studies will need to use flows of real wastewater and simulate temporal flow patterns.
The conclusions of the continuous activated sludge experiments are also somewhat uncertain due to the variability of the mixed liquor TSS concentrations and SRTs. Nonetheless, the present results aligned with previous batch experiments that evaluated the biological treatment of AP that identified nitrification inhibition (Macedo et al., 2023; Basar et al., 2024). In future research, better control of SRT would allow production of more distinct heterotrophic and nitrifying cultures, facilitating a better understanding of AP effects on these different culture types.
4.7 Conclusion
Despite its limitations, this seems to be the first study reporting the treatment of AP in continuous activated sludge reactors and associated downstream implications. Evidence from the continuous reactors suggests that for a full-scale activated sludge plant with HTL implemented, AP concentrations representative of the discharge of untreated AP to the headworks might result in (1) reduced DOC removal; (2) reduced specific DOC removal rates; and (3) a substantial decrease in UVT. Developing or identifying affordable AP treatment or disposal methods appears essential to HTL adoption within the municipal wastewater industry.
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