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Hydrothermal liquefaction (HTL) is a thermochemical technology that converts
wet biomass into biochar and biocrude at high temperatures and pressures. HTL
can be utilized within municipal wastewater treatment to convert waste activated
sludge (WAS) into valuable resources, but HTL by-products include an aqueous
coproduct (ACP) that has been characterized for its biological toxicity, high
ammonia, and presence of heterocyclic N-containing organic compounds
(HNOCs). This study evaluated the inhibitory effects of the most prevalent
HNOCs on autotrophic nitrifiers present in WAS, by determining the
concentration that reduces ammonia uptake by 50 percent (IC50). 2-
pyrrolidinone, pyrazine, and 2- piperidinone and their derivatives were the
most prevalent HNOCs in ACP from WAS at concentrations of 8.98, 6.05, and
0.40 mM respectively. The IC50 of 2-pyrrolidinone and pyrazine were 5.2 × 10−5

and 2.0 × 10−3 mM, respectively. The IC50 of the ACP was 0.08% (%v/v). This
corresponded to concentrations of 2- pyrrolidinone, pyrazine, and 2-
piperidinone of 7.52 × 10−3, 5.07 × 10−3, and 3.36 × 10−4 mM, respectively. The
impact of ACP storage was also tested. ACP stored for 15 weeks exhibited less
inhibitory effects on the nitrifying community compared to ACP stored for
1 week. The % maximum ammonia uptake rate was reduced by 23% for the
15-week stored ACP, in contrast to 51% reduction for ACP stored for 1 week.
Results of this study provide guidance for how ACP recycle can be incorporated
at a wastewater treatment plant without inhibiting nitrification, enhancing the
feasibility of using HTL as a solids processing technology.
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Introduction

Municipal wastewater treatment utilizes biological treatment
that produces waste activated sludge (WAS), which must be
disposed of in an economically- and environmentally responsible
fashion. Within the United States, publicly owned treatment works
(POTWs) process 34.5 Bgal/d of wastewater, which generates
millions of tons of sludge (Tarallo, 2014). The treatment and
disposal of sludge is an economic burden requiring $300-
$800 per ton, but there is potential to reduce these costs and
recover chemical energy, nutrient, and metal assets valued at
approximately $550 per ton l (Peccia and Westerhoff, 2015). A
common treatment approach for WAS is anaerobic digestion, but
this is inefficient in terms of materials recovery (Mulchandani and
Westerhoff, 2016; Rittmann et al., 2011), and chemical energy can be
lost through biogas flaring. The resulting stabilized biosolids may be
land applied in the United States, but there are concerns for
microplastic and PFAS leaching that may hinder biosolids
application in the future, highlighting the need for alternative
processes to treat stabilize sludge and recover resources from this
waste material.

Municipal sludge can serve as a rich biomass feedstock to
produce high-value products. Hydrothermal liquefaction (HTL) is
a promising technology developed for energy recovery from
municipal sludge and other biomass feedstocks like microalgae
and/or food waste (Wu et al., 2020). HTL consists of a high-
pressure, high-temperature reaction to convert organic solids in
high moisture into liquid fuel products (e.g., biocrude), a solid
residue (biochar), gas, and water-soluble products. The typical
reaction temperatures can vary between 200°C and 375°C and
pressures up to 22 MPa (Wu et al., 2020). HTL is advantageous
compared to other thermochemical conversions as it utilizes a wet
feedstock and avoids drying costs. The purpose of conducting HTL
on waste activated sludge is to produce biocrude from a renewable
source while minimizing sludge stabilization costs associated with
conventional technologies like anaerobic digestion. Furthermore,
HTL can be incorporated with other technologies to optimize the
recovery of nutrients like N & P (Li et al., 2018). Even though the
main product from HTL is the biocrude, the other products must be
assessed when considering this technology.

HTL accumulates nitrogen in the aqueous phase and
phosphorus in the solid biochar product phase (Watson et al.,
2020; Hable et al., 2019). The aqueous co-product (ACP)
contains high concentrations of volatile fatty acids (VFAs)
(10–17 g/L), total ammonia (3.9–7.1 g/L), dissolved proteins
(10–20 g/L), total phenols, and heterocyclic N-containing organic
compounds (HNOCs) (Basar et al., 2023; Wu et al., 2020). HNOCs
are organic compounds with a ring structure with at least one carbon
and nitrogen attached. Pham et al. identified 48 organic compounds
that are commonly reported in HTL wastewater including many
HNOCs (Pham et al., 2013). These can be classified by their ring
structures (typically 5 or 6-membered chains), saturation status, and
whether they are aromatic or non-aromatic. HNOC toxicity to
bacteria and mammalian cells has been reported (Zhou et al.,
2018; Pham et al., 2013; Padoley et al., 2008; He et al., 2017). In
one study, more diverse HNOCs and higher concentrations of non-
biodegradable organic nitrogen were associated with greater toxicity
for heterotrophic bacteria Bacillus subtilis and Pseudomonas putida

(Alimoradi et al., 2020). Some HNOCs are known to inhibit
autotrophic nitrifiers as well, although these have been mainly
studied in soil systems (Papadopoulou et al., 2020; Beeckman
et al., 2023; Hayden et al., 2021).

For HTL to be integrated into a municipal wastewater treatment,
the aqueous product of HTL will need to be treated. There are
various investigations on ACP treatment through wet oxidation,
anaerobic digestion, utilization of nitrogen for algal growth, and
gasification (Gu et al., 2019; Li et al., 2022; Adedeji et al., 2023;
Thomsen et al., 2022; Chen et al., 2020; Xu et al., 2019). Despite this
research, a practical method for full-scale application was not
determined due to the complex nature and unknown toxicity of
the compounds within the ACP. For many sludge stabilization
technologies, such as anaerobic digestion or thermal hydrolysis,
ammonia-rich centrate from these processes is recycled to the
activated sludge basins for biological treatment. A schematic of
ACP recycle is shown in Figure 1. Previous research focused on
determining the HNOC toxicity on heterotrophic bacterial growth
from microalgae-derived HTL wastewater (Alimoradi et al., 2020;
Roberts et al., 2013). When considering recycling ACP into an
aerobic activated sludge basin, potential inhibition to autotrophic
nitrifiers must be studied, since this community is slow-growing,
and nitrifiers are necessary for ammonia removal.

The objective of this study is to determine the inhibitory effects
of predominant HNOCs within ACP frommunicipal sludge HTL on
nitrifying bacteria, because nitrifier growth and ammonia oxidation
are typically rate-limiting for activated sludge treatment. ACP was
generated from municipal sludge, and the predominant HNOCs
were identified and tested individually and as a mixture. Inhibition
of nitrification was determined using batch ammonia uptake rate
assays using a nitrifying activated sludge from a full-scale wastewater
treatment plant. This study will help determine the feasibility of
recycling the aqueous stream into the wastewater liquid train
without causing adverse impacts on the biological treatment
process. The study will provide better understanding towards
ACP management strategies when incorporating HTL as a solids
treatment technology and is the first to show inhibitory effects of
specific HNOC compounds and ACP to nitrifying communities.

Materials and methods

Municipal sludge collection and HTL
reaction setup

Waste Activated Sludge (WAS) was collected from the Kansas
River Wastewater Treatment Plant (KRWWTP), located in
Lawrence, Kansas, United States with an approximate sample
volume of 20 L. Following collection, the WAS suspensions were
centrifuged at 3000 RPM for 15 min, and the wastewater
supernatant was reserved from this step. The pelleted sludge was
dried overnight at 105°C. The dried sludge solids were homogenized
using a standard coffee grinder before HTL.

HTL reactions were conducted in 75 mL, 4,740 series Parr
reactors. The reactors were loaded with samples containing
10 wt.% solids, in addition to 30 mL of wastewater previously
separated in the centrifugation step. Prior to heating, the reactors
were purged with N2 and then placed in a Techne SBL-2D fluidized
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sand bath with a Techne TC-8D temperature controller at room
temperature. The sand bath’s temperature was set to 350°C and held
isothermally for 1 hour. After the reaction, the reactor vessels were
directly quenched in room-temperature water for 5 min. After
cooling, the contents of the reactors were transferred to glass
centrifuge tubes and centrifuged at 5000 RPM for 10 min. The
supernatant was vacuum filtered using a pre-rinsed GF/F Whatman
glass-fiber filter paper with 0.7 µm pore diameter, and the collected
ACP volume was recorded. Biocrude and biochar remaining in the
reactors were separated and preserved for further analysis. ACP was
stored for 1 week and for 15 weeks before extracting HNOCs using
liquid-liquid extraction.

Liquid-liquid extraction of HNOCs

10 mL of ACP was added to a separatory funnel, and the pH was
raised to 14 through addition of 5M KOH. 10 mL of
dichloromethane (DCM) was added to the funnel, shaken for
2 min to extract the HNOCs, and allowed to separate 10 min,
and the DCM layer was collected as the first extract. The supernatant
was acidified to a pH of 5 with 5M HCl. 10 mL of DCM was added
and the funnel was shaken for 2 min. The DCM layer was collected
as the second extract. Lastly, a solid-phase extraction (SPE) was
performed on the recovered supernatant from the second extraction
using a Sep-Pak tC18 cartridge (Water Associates, Milford, MA).
The adsorbed sample was extracted with 5 mL of DCM as the
third extract.

Gas chromatography and mass
spectrometry analysis

Identification and quantification of HNOCs within the ACP
were conducted using a 7,890 gas chromatograph equipped with a
5,977 mass spectrometer (Agilent Ltd., Santa Clara, CA,
United States). Separation was accomplished with an Agilent VF
WAX-MS column (30 m × 0.25 mm × 0.25 μm), using the following
temperature profile: initial temperature – 50°C, hold – 10 min, 2°C
ramp to 160°C, hold – 1 min, 5°C ramp to 240°C, hold – 15 min.
Extracted compounds were identified with a NIST 11 mass spectra
library (NIST/EPA/NIH mass spectral library, 2011 edition).
Standards of 200 ppm 2-pyrrolidinone, pyrazine, and 2-
piperidinone in DCM were prepared for quantification. These
standards were used to develop a response factor (RF), according
to Equation 1. The concentrations of pyrrolidinone, pyrazine, and
piperidinone and their alkyl-substituted derivatives (HNOCidentified)
in the samples were then calculated using Equation 2.

Response Factor RF( ) � Peak Areastandard
HNOCconcentration

(1)

HNOC Conc. � Peak Area
RF

(2)

The concentration of each alkyl-substituted derivative was
estimated using the response factor of the parent compound. The
concentration of each parent compound was summed with the
concentrations of its alkyl-substituted derivatives to produce a
single concentration for each HNOC group.

FIGURE 1
Process flow diagram of how HTL can be implemented at a municipal WWTP to convert waste activated sludge to biocrude and biochar. The
aqueous co-product would be recycled to the biological treatment train, where the activity of ammonia oxidizing bacteria is necessary for nitrification
and ammonia removal.
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Specific ammonia uptake rates

Specific Ammonia Uptake Rate (SAUR) tests were conducted to
determine inhibition on autotrophic nitrifiers. The methodology is
depicted in Supplementary Figure S1. This assay was performed for
3 pure chemicals (2-pyrrolidinone, pyrazine, and 2-piperidinone)
and ACP stored for 1-week and 15-week at five to six different
concentrations for each chemical (30 SAUR tests in total). To
prevent microbial community changes affecting the results, the
activity tests were performed within a single sludge residence
time (7 days at the time of experiments).

Return Activated Sludge (RAS) was collected from the
KRWWTP on the day of each experiment. At the time of the
experiments, the KRWWTP was an aerobic wastewater treatment
plant with conventional activated sludge and nitrification (no
anaerobic or anoxic zones for biological nitrogen or phosphorus
removal). 4L of RAS was aerated for a minimum of 30 min to
consume any soluble chemical oxygen demand (sCOD) and
remaining nitrite. Excess dissolved oxygen (DO) was provided
through diffused-air aeration with a Whisper 300 aerator. DO-
limiting conditions were avoided by ensuring a DO value greater
than 6 mg L−1 measured with YSI OD500 optical probes throughout
the SAUR test. Sufficient alkalinity was provided by adding
400 mg L−1 as CaCO3 of sodium bicarbonate (NaHCO3) to each
batch reactor. The volatile suspended solids (XVSS) concentration
was maintained between 2–4 g VSS L−1 for each test. Reactor pH was
maintained between 7.5 and 8.4 and manually adjusted with 3%
HCL solution and NaHCO3. Batch reactors were mixed at 600 rpm
with Cole-Parmer overhead impeller mixers model 50,004–00 to
ensure sufficient mixing without breaking sludge flocs.
20–40 mg L−1ammonium chloride (NH4Cl) was fed as excess
substrate to begin the test. The inhibitory chemical was added
1 min after the initial SAUR measurement to ensure excess
substrate levels were reached. Samples were collected periodically
over 3 h. NH3 was measured with the ammonia phenol method and
HACH TNT832 (Rice et al., 2012). The resulting slope of ammonia
uptake rate was then calculated and normalized to the respective
mixed liquor volatile suspended solids (MLVSS) to obtain a specific
rate. The SAUR value was corrected to 20°C according to activated
sludge modeling guidelines (Melcer et al., 2003).

IC50 toxicity

The 50% inhibitory concentration (IC50) reflects the
concentration of a specific HNOC present in the aqueous co-
product that inhibited a biological process or response by 50%.
The IC50 was determined through a four-parameter logistic
regression model:

SAUR � SAURMIN + SAURMAX − SAURMIN

1 + HNOC
IC50

( )
n (3)

The model has four key parameters that typically resolve as a
sigmoid function (S-shaped curve). For biological inhibition, the
Hill coefficient (n) of the equation is positive, indicating a falling
steepness of the curve (Sebaugh, 2011). SAURmin is constrained to a

positive value to avoid incoherent negative responses in a
biological context.

SAUR � SAURMin + SAURMAX − SAURMin

1 + HNOC
IC50

( )
n (4)

Fit% � 1 −∑ SAURmeasured − SAURmodeled( )2/n0.5

1
(5)

The model was then solved for the unknown parameters using
Equations 4, 5 for best numerical fit (maximizing % fit) to determine

TABLE 1 Aggregated compounds for each identified HNOC in municipal
sludge ACP. Pyrrolidinone, pyrazine, and piperidinone were quantified
using standards.

Compound Peak Area % Conc (mg/L)

Pyrrolidinone Aggregates

2-pyrrolidinone, 1-Ethyl- 9.33 317.5

2-Pyrrolidinone, 1-methyl- 9.81 333.9

2-Pyrrolidinone, 1-propyl- 2.18 74.2

2-Pyrrolidinone, 1,5-dimethyl- 1.51 51.2

2-Pyrrolidinone 1.19 40.6

Pyrazine Aggregates

Pyrazine, methyl- 7.74 225.2

Pyrazine, 2,3-dimethyl- 1.89 55.0

Pyrazine, ethyl- 3.01 87.5

Pyrazine, 2,6-dimethyl- 3.20 93.1

Pyrazine, 2-ethyl-6-methyl- 3.17 92.3

Pyrazine, 3-ethyl-5-methyl- 3.20 93.2

Pyrazine, 3-ethyl-2,5-dimethyl- 2.00 58.3

Pyrazine, 3-ethyl-2,6-dimethyl- 2.41 70.2

Pyrazine, 2,6-diethyl- 0.47 13.7

Pyrazine 1.65 48.0

Piperidinone Aggregates

2-Piperidinone, 1-methyl- 1.44 48.8

2-Piperidinone 2.51 59.8

Pyridine Aggregates

Pyridine, 4-methyl- 0.34

Pyridine, 3-methyl- 1.85

Pyridine, 2-methyl- 4.40

Pyridine, 2,6-dimethyl 0.35

Pyridine, 2,3-dimethyl 0.99

Pyridine, 1-ethyl 0.38

Pyridine, 3-ethyl 1.36

Pyridine 2.68
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the hill coefficient (constrained to values between 0 and 5) and 50%
inhibitory concentrations.

Results

Identification and quantification of HNOCs
in ACP from HTL of municipal sludge

HTL was performed on municipal activated sludge, and an
initial qualitative GC-MS analysis was performed on the ACP to
select dominant HNOCs for inhibition studies. The identified
compounds for this analysis are shown in Table 1. The major
HNOCs were pyrrolidinone, pyrazine, piperidinone, and
pyridine. These results coincide with previous work from HTL of
algal biomass, which determined pyrazine and pyrrolidinone to be
the most prevalent HNOCs in the ACP (Alimoradi et al., 2020).
Furthermore, piperidinone, pyrrolidinone and pyrazine have been
shown to be prevalent in the aqueous phase from HTL of municipal
sludge at higher temperatures (Basar et al., 2023). Piperidines are a
cyclic compound produced from Maillard reactions between the
amino acids and reducing sugars during HTL (Hao et al., 2022; Fan
et al., 2023; Basar et al., 2023). Pyrazine and pyridine have similar 6-
atom ring chemical structures, with pyridine containing only 1 N
atom compared to 2 N atoms in pyrazine. Table 2 shows the relative
area and estimated concentrations of pyridine are significantly lower
than those of pyrazine. Other organics like phenol, cyclopentene,
and alkyl-substituted benzene compounds were also identified but
are not the focus of this study.

Based on the preliminary GC-MS results, the compounds
selected for individual chemical inhibition tests were, pyrazine, 2-

pyrrolidinone, and 2-piperidinone (Figure 2). In the ACP samples,
all derivatives with 2-pyrrolidinone, pyrazine, and 2-piperidone as
parent compounds were aggregated for quantification.
Quantification of the ACP revealed that 2-pyrrolidinone
(9.60 mM) and pyrazine (10.4 mM) are present at concentrations
ten times higher than 2-piperidinone (1.10 mM) (Table 2).

Inhibition of nitrification by
identified HNOCs

To determine the inhibition of nitrifiers by each HNOC, the
specific ammonia uptake rate (SAUR) of activated sludge from the
KRWWTP was determined with varying concentrations of each
chemical. The results with 2-pyrrolidinone are shown in Figure 3, in
which SAUR was measured with eight different 2-pyrrolidinone
concentrations ranging. Increasing the concentration of 2-
pyrrolidinone resulted in a sharp decrease of the SAUR, with
SAUR decreasing from 10.8 mg-N/gVSS-hr to 4.1 mg-N/gVSS-
hr. The data were fit to the logistic regression model, and the
inhibitory concentration expected to reduce ammonia uptake by
50 percent (IC50) was calculated as 5.2 × 10−5 mM with a 94% fit.

The same methodology was performed for the other two model
compounds and ACP. Analogous plots for pyrazine and 2-
piperidinone can be found in Supplementary Figures S2, S3.
Table 3 shows the overall parameters obtained for the logistic
regression model of each individual compound. Pyrazine clearly
inhibited nitrification, although to a lesser degree than 2-
pyrrolidinone. This is reflected by a higher IC50 concentration of
2.0 × 10−3 mM with a 97% fit. In contrast, 2-piperidinone did not
inhibit nitrification significantly, even at concentrations of 10–2 mM.
The data were fit into the logistic regression model, but the model
resulted in a poor fit with a maximum fit of 31%. Based on the
results, 2-piperidinone was determined to not significantly inhibit
autotrophic nitrifiers present in activated sludge.

Inhibition of nitrification by the aqueous Co-
Product (ACP)

While an understanding of the inhibitory effects of individual
HNOCs is important, it is also crucial to determine the inhibitory
effect of the ACP, which is a mixture of many compounds, to

TABLE 2 Quantification of Selected Compounds present in ACP.

Compound Concentration
(ppm)

Concentration
(mM)

Pyrrolidinone and
derivatives

817 9.60

Pyrazine and
derivatives

837 10.4

Piperidinone and
derivatives

109 1.10

FIGURE 2
Molecular structures of HNOCs selected for individual chemical inhibition tests.
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nitrification. ACP generated from HTL was stored for 1 week prior
to SAUR inhibition testing, and the results are shown in Figure 4.
This study is the first to show the inhibitory effect of ACP in
activated sludge nitrification with specific ammonia uptake rates
going from 7.8 mg-N/gVSS-hr to 3.8 mg-N/gVSS-hr. The data were
fit into the logistic regression model, and the IC50 was determined to
be equal to 0.08% (%v/v). The logistic regression model was
maximized to a 74% fit. The dataset does not include as many
data points in the plateauing portion of the sinusoidal curve within
the model, explaining the lower fit %.

The IC50 volumetric ratio corresponds to a 2-pyrrolidinone
concentration of 7.52 × 10−3 mM, pyrazine concentration of
5.07 × 10−3 mM, and 2-piperidinone concentration of 3.36 ×
10−4 mM (Supplementary Table S1). IC50 values of HNOCs
within the ACP mixture differed from the inhibitory
concentrations for the same compounds when tested individually
(Table 3). There are several reasons that individually tested
chemicals may exhibit different inhibitory effects than a mixture.
Chemicals within amixture can have antagonistic effects (decreasing
the inhibitory effect of individual constituents) or synergistic effects
(amplifying inhibitory effects of individual compounds). In this

study, 2-pyrrolidinone was more inhibitory as an individual
chemical than it appeared within the ACP mixture. However, all
compounds that include pyrrolidinone rings were aggregated into a
single class of compounds in this study. This may result in
overestimating the true concentrations of the compounds.

Effect of ACP Storage Time on Nitrification
Inhibition

During initial inhibition studies, it became evident that the ACP
color changed over time when stored in the refrigerator for several
weeks. To understand the color change and potential chemical changes
that could affect inhibition, SAUR experiments were undertaken with
ACP stored for 1 week and with ACP stored for 15 weeks post-HTL
reaction. The observed color change is shown in Supplementary Figure
S3. These tests were performed by increasing the volumetric ratio of the
ACP samples and analyzing the % Maximum Activity, which
corresponds to the ratio between the SAUR value measured at a
specific concentration and the maximum SAUR obtained during the
test (Figure 5). In the case of ACP stored for 1 week, the % maximum

FIGURE 3
2-pyrrolidinone inhibition of specific ammonia uptake rates (SAUR). The logistic regression is shown on the top right. The inhibitory concentration
(IC50) is shown in red.

TABLE 3 Inhibition Parameters for each HNOC tested and ACP. IC50 was not observed for 2-piperidinone.

Compound IC50 Hill Coefficient (n) SAUR Max (mg-N/g VSS-hr) SAUR Min (mg-N/g VSS-hr)

2-Pyrrolidinone 5.20 × 10−5 mM 2.0 10.8 4.0

Pyrazine 2.00 × 10−3 mM 1.6 7.4 5.5

2-piperidinone NA NA 7.8 6.0

ACP 0.08% (v/v) 3.2 7.8 4.2
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activity was 49% when 0.63% (%v/v) of ACP was added. Conversely,
when the same volume of ACP stored for 15 weeks was tested, the %
maximum activity only decreased to 77%. These findings suggest that
the ACP stored for 15 weeks at 4°C post-HTL reaction had a milder
inhibitory effect on the nitrifying community than the ACP stored for
1 week under the same conditions.

The trends observed can be related to chemical changes within
the ACP during storage. GC-MS analysis was conducted on samples
from both storage conditions (Figure 6; Table 4). The analysis

revealed that the overall composition of both samples was
similar, with aggregates of pyrazine and 2-pyrrolidinone being
the most prevalent HNOCs. The concentrations of N-containing
species decreased for pyrazine, 2-pyrrolidinone, and 2-piperidinone
from the 1-week storage sample to the fifteen-week storage sample.
Specifically, storing ACP for 1 week resulted in total concentrations
of 8.22 mM pyrazine, 8.31 mM 2-pyrrolidinone, and 0.96 mM 2-
piperidinone aggregates. In contrast, longer storage time led to
significant decreases in these compound concentrations, with

FIGURE 4
ACP inhibition on specific ammonia uptake rates (SAUR). The logistic regression is shown on the top right. The inhibitory concentration (IC50) is
shown in red.

FIGURE 5
Effects of storage time in ACP inhibition of specific ammonia uptake rates (SAUR).
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values of 6.21 mM, 6.36 mM, and 0.85 mM, respectively. These
initial findings align with the results from Figure 5, illustrating a
reduction in the inhibitory effects of ACP on nitrification over time.
While these compounds have been reduced in concentration during

ACP storage, other compounds such as phenol and p-cresol
significantly increased with the longer storage time. Additional
information is necessary to fully comprehend how these chemical
changes may contribute to biological inhibition.

FIGURE 6
GC-MS chromatograms of ACP stored for 1 week and 15 weeks (top row). Pyrazine, pyrrolidinone, and piperidinone compounds are magnified to
demonstrate an observed reduction in these compounds during storage.
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Discussion

Inhibition of nitrification by HNOCs

The inhibitory effects of HNOCs on AOBs and NOBs are largely
unknown. A general inhibition mechanism for pyridines was
proposed by Prosser et al., suggesting that pyridines are
responsible for chelation of the metal components of the
ammonia monooxygenase (amo) enzyme, thereby disrupting
ammonia oxidation to hydroxylamine in nitrification (Prosser,
1990). Pyrazine is a heterocyclic aromatic compound consisting
of a six-membered ring characterized by a pair of nitrogen atoms at
positions 1 and 4 on the ring, forming a symmetrically positioned
diazine structure (Figure 2). Structurally similar compounds include
pyridines, pyrazole, and nitrapyrin. Both nitrapyrin and pyrazole
have been found to be inhibitory to nitrification by reducing the
abundance of the amoA functional gene in soils (Papadopoulou
et al., 2020; Beeckman et al., 2023; Hayden et al., 2021).

Even though there is limited research on the inhibition of pyrazine
in nitrifying communities, the use of pyrazine as a corrosion inhibitor

may provide insight into the inhibitionmechanism. Pyrazine has been
studied and utilized as a corrosion inhibitor in steel and other metals,
since it binds to the metal surface and inhibits electrochemical
processes (Obot and Gasem, 2014; Bouklah et al., 2005). Nitrifiers
have been shown to grow rapidly on surfaces like plastic and iron, and
at a slower rate on stainless steel (Zhang et al., 2010). While AOBs
themselves are not known to be corrosive to steel, the resulting nitrates
may indirectly contribute to corrosion under certain conditions.
Organic inhibitors like pyrazine provide advantages for corrosion
inhibition through formation of chelation layers with the metal
surface (Chugh et al., 2020).

HNOCs have been used as coatings for nanoparticles. Silver
nanoparticles coated with polyvinyl pyrrolidone have inhibitory
effects on nitrifiers Nitrosomonas europaea, Nistrosospira
multiformis, and Nitrosococcus ocean (Arnaout and Gunsch,
2012; Beddow et al., 2014). The authors discussed the importance
of the nanoparticle coating in cytotoxicity. The inhibitory
mechanism of these silver nanoparticles was disruption of the
cell wall and cell lysis (Prajitha et al., 2019). Other studies have
reported that HNOC inhibition is caused by oxidative stress-related

TABLE 4 GC-MS results with the identified compounds in the ACP samples stored during 1 week versus 15 weeks.

Compound Concentration [mM]

1 week storage 15-week storage

pyrazine 0.75 0.43

methylpyrazine 2.59 1.59

2,5-dimethylpyrazine — 0.87

2,6-dimethylpyrazine 0.90 0.56

ethylpyrazine 0.84 0.46

2,3-dimethylpyrazine 0.53 0.30

2-ethyl-6-methylpyrazine 0.77 0.48

2-ethyl-5-methylpyrazine 0.78 0.39

trimethylpyrazine — 0.46

2,6-diethylpyrazine 0.11 0.05

3-ethyl-2,5-dimethylpyrazine 0.96 0.49

3,5-diethyl-2-methylpyrazine — 0.05

2,5-dimethyl-3-(1-propenyl)-pyrazine(Z) — 0.08

Total Pyrazine Aggregates Conc (mM) 8.22 6.21

1-methyl-2-pyrrolidinone 3.75 3.00

1,5-dimethyl-2-pyrrolidinone 0.48 0.32

1-ethyl-2-pyrrolidinone 3.00 2.02

1-propyl-2-pyrrolidinone 0.60 0.41

2-pyrrolidinone 0.48 0.55

Total Pyrrolidinone Aggregates Conc (mM) 8.31 6.36

1-methyl-2-piperidinone 0.30 0.22

2-piperidinone 0.66 0.63

Total Piperidinone Aggregates (mM) 0.96 0.85
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cell disruption (Macêdo et al., 2023; Papadopoulou et al., 2020;
Prosser, 1990).

2-Piperidinone, also known as 2-piperidone, is a heterocyclic
organic compound characterized by a piperidine ring, a saturated
six-membered ring with one nitrogen atom, fused to a carbonyl
group. 2-piperidinone has been identified as an intermediate
product of the degradation of pyridine by aerobic bacteria (Feng
et al., 1994; Kaiser et al., 1996). In this study, 2-piperidinone was not
strongly inhibitory to nitrifiers. However, piperidinone has been
shown to have antibacterial activity for heterotrophic gram-positive
and gram-negative bacteria (Damayanti and Setyowati, 2020).
Further research is necessary to confirm whether 2-piperidinone
or pyridine have inhibitory properties for either nitrifiers or
heterotrophs in activated sludge.

Inhibition of nitrification by the aqueous Co-
Product (ACP)

The overall objective of this study is to determine the inhibitory
effects of ACP on activated sludge nitrification. This is necessary to
provide guidance on how ACP genereated from HTL at a wastewater
treatment plant can be recycled to biological treatment without
inhibiting nitrification. In this study, the IC50 of ACP was
determined to be 0.08% (%v/v). Assuming a wastewater treatment
facility would treat the entirety of theirWASwith HTL technology, an
accurate prediction for sludge production must be done to calculate
the ACP generated fromHTL. The volumetric ratio of ACP produced
to wastewater treated can be compared to the IC50 to determine if
ACP can be recycled without inhibiting nitrification.

Net WAS production (Px,VSS) can be estimated with sufficient
wastewater characterization using Equation 6 (Tchobanoglus
et al., 2003).

Px,vss � QY So − S( ) 10−3 g/kg( )
1 + kd θc

+ fd( ) kd( )QY So − S( ) θc( ) 10−3 g/kg( )
1 + kd θc

+ QYn NOx( ) 10−3 g/kg( )
1 + kdn θc

+ Q nbVSS( ) 10−3 g/kg( ) (6)

The wastewater characteristics (influent substrate, So, of
220 mg L−1 and influent ammonia, NOx, of 24 mg L−1) and
treatment goals (effluent substrate, S, or 20 mg L−1) for
KRWWTP were used to calculate Px,VSS for a 7-day sludge
residence time (θc) and a flowrate (Q) of 1 MGD. A range of
reference values of sludge yield (Y), nitrifying yield (Yn), decay rate
of microorganisms (kd), decay rate of nitrifying microorganisms
(kdn), fraction of cell mass that remains as cell debris (fd), and non-
biodegradable VSS (nbVSS) were used to calculate maximum and
minimum sludge production values; these are provided in
Supplementary Table S2 (Davis, 2010). The results indicate that
the sludge production can range from 139 to 513 kg VSS d−1.
Assuming the HTL reaction generates approximately 8 L of ACP
per kg VSS, the ACP generated would range from 1,110 – 4100 L d−1.

If all ACP was recycled to the influent of the WWTP, that would
represent a percentage ranging from 0.029% – 0.108% (%v/v). This
range encompasses the IC50 of ACP of 0.08% (%v/v). Based on this
estimate, it is possible to recycle ACP generated through HTL of

sludge. Optimization of sludge production, ACP yield, and the
formation of inhibitory HNOCs can enable recycling of ACP to
the biological treatment train. For example, the temperature of the
HTL reaction affects HNOC formation (Alimoradi et al., 2020; Basar
et al., 2023) and can be optimized to reduce the formation of
inhibitory compounds. In this study, storage of ACP was shown
to reduce the inhibitory effects to nitrification.

Effect of ACP Storage Time on Nitrification
Inhibition

The concentrations of N-containing species decreased for
pyrazine, 2-pyrrolidinone, and 2-piperidinone after 14 weeks
storage. The mechanism for this degradation is not fully
understood, but literature suggests that HNOCs are susceptible
to oxidative degradation under aerobic conditions. Studies have
shown that pyrazine and similar aromatic heterocycles can
undergo oxidation via pathways that include hydroxylation and
ring cleavage, facilitated by reactive oxygen species such as
hydroxyl radicals or molecular oxygen in the presence of
transition metals (Müller and Rappert, 2010). Additionally,
compounds like 2-pyrrolidinone and 2-piperidinone, which
contain lactam structures, can degrade through hydrolysis or
oxidation, resulting in the formation of smaller, less inhibitory
molecules, such as carboxylic acids or amines (Smith, 2011).
These transformations may be further promoted by trace
catalytic components such as iron or manganese, which are
commonly present in the ACP matrix (Burroughs et al., 2019).
At full-scale, ACP could be stored prior to recycling to biological
treatment to reduce the concentration of inhibitory compounds,
or an advanced oxidation system. Further research is needed to
understand the mechanism to HNOC reduction, so the process
can be optimized.

Impact of microbial community structure
on IC50

The SAUR assays were performed throughout January and
April, with activated sludge harvested from a full-scale
nitrification WWTP during these months. During the January
experiments, the water temperature was 12°C, and nitrification
was performing well. However, nitrifiers are slow-growing
organisms, and growth is dependent on temperature. At full-
scale, nitrification failures have been documented during
colder seasons (Johnston et al., 2023; Johnston et al., 2019;
Kim et al., 2006). At low temperatures, nitrifiers may be
washed out if sludge residence times are not sufficiently
maintained. Even when AOBs are abundant, they may lower
their amoA gene expression at cold temperatures (Johnston
et al., 2023). In this study, the AUR were corrected for
temperature and normalized to total biomass concentrations
(VSS), but the inhibitory impact of HNOCs could be magnified
due to changes in the nitrifier community cultivated at low
temperatures. The nitrifier fraction in VSS will also change
seasonally. A more robust and abundant nitrifying community
during the summer may exhibit less inhibitory effects.
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Conclusion

HTL presents an innovative approach to energy recovery from
municipal sludge, offering a unique set of advantages in the context
of wastewater treatment. HTL addresses the challenge of sludge
management by transforming the organic content into a valuable
energy resource. Incorporating HTL for sludge processing and
recycling the ACP presents a promising avenue for sustainable
wastewater treatment practices. The toxicity of HNOCs and their
effects on heterothrophic bacteria has been investigated in previous
works. The present study showed the inhibitory effects of HNOCs to
autotrophic nitrifiers and calculated the IC50 for three individual
HNOCs and ACP.

GC-MS analysis of ACP generated from HTL of municipal
sludge determined 2-pyrrolidinone and pyrazine and their
derivatives as the most prevalent HNOCs at concentrations of
8.98 and 0.40 mM respectively. These compounds were shown to
be inhibitory to nitrifying bacteria with IC50 values of 5.2 × 10−5 mM
for 2-pyrrolidinone and 2.0 × 10−3 mM for pyrazine. 2-piperidinone
was not found to be strongly inhibitory to nitrification. The IC50 of
the ACP was 0.08% (%v/v) for an ACP sample stored 1-week after
production. This corresponded to concentrations of 2-
pyrrolidinone, pyrazine, and 2-piperidinone of 7.52 × 10−3,
5.07 × 10−3, and 3.36 × 10−4 mM respectively.

The volumetric ACP production from municipal sludge HTL
was estimated. If all ACP was recycled to the influent of the WWTP,
that would represent a percentage ranging from 0.026% – 0.098% (%
v/v). This range encompasses the IC50 of ACP of 0.08% (%v/v).
Based on this estimate, it is possible to recycle ACP generated
through HTL of sludge. Storage of ACP can be used to reduce
the concentration of inhibitory HNOCs. GC-MS data showed that
the overall concentration of the three selected HNOCs in this study
were reduced with 15 weeks of ACP storage.

This study demonstrates that ACP generated from HTL of
municipal sludge can be recycled within the WWTP, which is a
key factor for full-scale implementation of HTL. The feasibility of
HTL as a solids processing technology is enhanced by promoting
resource recovery and minimizing environmental impacts.
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