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Abstract: This study aimed to investigate the effect of combined Free Nitrous Acid (FNA)-Heat (i.e.,
FNH) pretreatment on single- and two-stage anaerobic digestion (AD) of thickened waste-activated
sludge (TWAS). Single-stage AD was conducted in batches, while two-stage AD involved acidogenic
fermentation under semi-continuous flow followed by batch methanogenesis. FNH pretreatment
was applied before the acidogenic stage, using 1.4 mg HNO2-N/L FNA concentration at 25 ◦C, 37 ◦C,
and 60 ◦C for 24 h. Among the scenarios, the most promising results were observed with two-stage
AD fed with FNH-pretreated TWAS at 60 ◦C, showing higher COD solubilization and a reduction
in volatile solids. Combined FNA-Heat pretreatment in two-stage AD yielded elevated methane
production (363–415 mL CH4/g VS added) compared to single-stage digestion. Methane yields
from FNA-Heat pretreated single-stage ranged from 332 to 347 mL CH4/g VS added, contrasting
with 212 mL CH4/g VS added for untreated TWAS. Methane generation commenced early in both
untreated and pretreated samples, attributed to soluble substrate abundance.

Keywords: two-stage anaerobic digestion; thermochemical pretreatment; acidogenic fermentation;
solubilization; methane production; thickened waste-activated sludge

1. Introduction

In the realm of wastewater treatment, anaerobic digestion stands as a recognized
technology for stabilizing municipal sludges and harnessing methane gas. Traditionally,
the anaerobic digester processes a mixture of primary (PS) and thickened waste-activated
sludge (TWAS). While PS is readily digestible, TWAS poses a challenge due to its slower
digestion rate [1]. In the case of TWAS digestion, the initial step, hydrolysis, often becomes
the bottleneck. The intricate aggregation of microorganisms and extracellular polymeric
substances (EPS), alongside the bound water content, necessitates extended treatment times
and leads to limited rates and yields of biogas production [2].

To tackle these challenges, various pre-treatment (PT) techniques have emerged to
enhance sludge solubilization and disintegration. These techniques span mechanical,
thermal, chemical, and biological processes [3], all aimed at breaking down EPS and cell
membranes, thereby releasing intracellular and extracellular components that are more
readily biodegradable during AD digestion. However, many of these methods prove
cost-intensive due to chemical and energy demands, coupled with adverse environmental
impacts [4].

Considering this backdrop, the biorefinery concept emerges as a beacon of innova-
tion, poised to not only address the challenges intrinsic to anaerobic digestion but also to
redefine the paradigm of waste-to-resource conversion. The essence of the biorefinery ap-
proach lies in its potential to extract multifaceted value from sludge’s intricate composition,
transforming it into a gamut of valuable outputs, including biofuels and bioproducts [5–7].
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By integrating diverse PT techniques within the framework of a biorefinery, the inherent
complexity of sludge can be strategically harnessed to yield an array of products, effectively
minimizing waste and optimizing resource utilization. In alignment with the global thrust
toward circular economies, where resource optimization and environmental consciousness
hold sway, the biorefinery ethos offers a compelling pathway [7].

The incorporation of biorefinery principles not only surmounts the challenges posed
by traditional anaerobic digestion but also metamorphoses them into platforms for resource
efficiency, economic viability, and environmental stewardship. Through the prism of the
biorefinery paradigm, sludge transitions from being a challenge to an untapped resource,
embodying the core tenets of sustainable and integrated waste management practices [5,6].

A promising contender in this arena is free nitrous acid (FNA), a biocidal chemical
agent that exists in equilibrium with nitrite in an acidic environment. FNA holds the
potential for advancing the circular economy, as it can be generated through partial ni-
tritration of ammonium-rich digestate liquor [8]. Prior studies have investigated FNA’s
effects on enhancing sludge biodegradability. Wang et al., for instance, demonstrated that
FNA pre-treatment at concentrations of 0.4–2.1 mg HNO2-N/L for 24 h increased methane
production by 10–30% over a 20-day digestion of secondary sludge. FNA was found to
accelerate hydrolysis and boost methane potential [9]. Yet, solely relying on FNA for anaer-
obic digestion does not meet the requirements for delivering class A biosolids [10]. Hence,
integration with other techniques or further treatment becomes necessary. For instance,
when combined with low thermal energy (FNH), FNA has demonstrated the capability to
inactivate fecal coliforms [10]. Moreover, rooted in thermodynamics and the Arrhenius
equation, higher temperatures have been proven to accelerate chemical reactions [10–12].

Taking this into consideration, the concept of combined FNA and thermal pre-treatment
emerges, with the potential to expedite the degradation of carbohydrates, lipids, proteins,
and DNA by leveraging the effects of FNA and its derivatives (e.g., NO, N2O3, and NO2).
This fusion could lead to even greater methane production during AD, surpassing the
outcomes of sole FNA pre-treatment. Notably, the availability of heat energy in wastewater
treatment plants (WWTPs) equipped with anaerobic sludge digestion and cogeneration
makes this approach feasible [13]. Interestingly, while combined FNA with heat pretreat-
ment (FNH) has not been extensively studied in the context of the AD process, its potential
effectiveness suggests a straightforward implementation.

In earlier studies that employed FNA, the digestion process predominantly comprised
a single-stage methanogenic reactor. However, emerging insights highlight the potential
benefits of physically dividing the process into two stages (staged AD), which promises
improved bacterial metabolisms, encompassing acidogenesis and methanogenesis, in
conducive environments [14]. Combining FNH with staged anaerobic digestion, a process
that divides AD into two stages, offers a chance to optimize bacterial metabolisms [15,16].

Against this backdrop, the present study hypothesized that the conjunction of FNH
pretreatment with the staged AD process could optimize the hydrolysis/fermentation
phase in the acidogenic digester, consequently elevating biomethane production. To date,
no information has been available regarding the application of such a strategy to enhance
fermentation and bioenergy recovery from FNH-pretreated TWAS. Hence, the central
objective of this research was to evaluate the impact of combined FNH pretreatment on
the enhancement of single- and two-stage AD of TWAS. It’s noteworthy that this study
specifically explores the integration of FNH pretreatment prior to the acidogenic stage (first
stage) of the two-stage AD process.

The study comprised three distinct phases, each focusing on evaluating FNH pre-
treatment performance, acidogenic digester performance, and methanogenic digester per-
formance. Throughout each phase, two systems operated in parallel: one employed
FNH-pretreated sludge (PT-TWAS) as the test system, while the other used raw TWAS as
the control system. The overarching aim was to comprehensively compare the effects of PT
on the performance of single-stage and two-stage digestion in terms of methane production.



Processes 2024, 12, 345 3 of 15

2. Materials and Methods
2.1. Chemicals

All reagents and chemicals were used as received without further purification and
were supplied either by VWR or Sigma-Aldrich. Sodium nitrite ≥ 97.0%, crystals ACS
(MW: 69 g/mol), were purchased from VWR, Canada, and pre-determined amounts of
sodium nitrite stock solution were used for FNA pretreatment.

2.2. Substrate and Inoculum

In this study, samples of Thickened Waste-Activated Sludge (TWAS) and inoculum
were obtained from the Ashbridge Bay Wastewater Treatment Plant, a prominent facil-
ity managed by the City of Toronto, Ontario, Canada. This plant, with a capacity of
818 ML/day (818,000 m3/day), serves a population of approximately 1.6 million Toronto
residents [17]. TWAS samples were collected from the outflow of the flotation tanks. Feed
sludge samples were collected weekly and stored separately at 4 ◦C. Daily feedstock vol-
umes were taken about two hours before feeding. Standard laboratory analyses were
conducted to assess the physical, biochemical, and biodegradable characteristics of the
inoculum, raw, pretreated, and digested samples.

Pretreatment experiments exclusively targeted the TWAS, while the digesters were
fed with either raw TWAS or pretreated TWAS. The primary characteristics of TWAS
(with standard errors from triplicate measurements) were as follows: total solids (TS)
36.2 ± 0.7 g/L, volatile solids (VS) 25.8 ± 0.5 g/L, total chemical oxygen demand (TCOD)
43.6 ± 1.6 g/L, soluble chemical oxygen demand (SCOD) 2.2 ± 0.2 g/L, and pH of 6.7 ± 0.1.

For the subsequent Biochemical Methane Potential (BMP) tests elaborated in Section 2.5,
the inoculum was procured from the effluent of anaerobic digesters operating under
mesophilic conditions within a temperature range of 34–38 ◦C. These digesters received
around 6500 m3/day of primary sludge and 1600 m3/day of TWAS. The average Solid
Retention Time (SRT) and organic loading rate were 18 days and 1.1 kg VS/m3, respec-
tively. The primary characteristics of the inoculum (with standard errors obtained through
triplicate measurements) were TS 22.7 ± 1.5 g/L, VS 14.6 ± 0.8 g/L, TCOD 16.9 ± 1.5 g/L,
SCOD 0.8 ± 0.09 g/L, and pH of 7.1 ± 0.1. Additionally, BMP testing was carried out on
both raw and pretreated TWAS to assess biodegradability. The inoculum underwent de-
gassing for seven consecutive days under mesophilic conditions before the commencement
of the BMP test [14].

2.3. Pretreatment

As outlined in Table 1, the pretreatment phase involved the utilization of three reactors,
each with a working volume of 2 L. The process encompassed subjecting raw TWAS sam-
ples to FNA pretreatment within continuously stirred reactors, conducted at three distinct
temperatures: 25, 37, and 60 ◦C. The selection of FNA dosage range, pH, and temperature
was based on preliminary experiment results and a thorough literature review from earlier
studies [10,17,18]. These considerations align with the broader aim of promoting sustain-
ability in waste treatment practices. The goal was to minimize energy usage (opting for
lower temperatures) and reduce chemical dosage, making the process environmentally
friendly and economically feasible.

Table 1. FNA-Heat Pretreatment conditions before the acidification process.

Sample ID# ~FNA
(mg HNO2-N/L) Temperature (◦C) pH

Raw TWAS (Control) 0 24 ± 1 6.7 ± 0.1
PT-25 1.4 24 ± 1 5.5 ± 0.1
PT-37 1.4 37 ± 1 5.5 ± 0.1
PT-60 1.4 60 ± 1 5.5 ± 0.1
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Each experiment spanned a duration of 24 h. Initial adjustment of the sample’s pH
to a target of 5.5 ± 0.1 was accomplished using a solution of 1.0 M HCl, and the pH was
not actively controlled during the pretreatment phase. In the case of FNA pretreatment,
meticulous preparation was undertaken for a nitrite stock solution (5 g N/L) utilizing
sodium nitrite salt (NaNO2). This prepared stock solution was then carefully introduced
into the batch reactors to attain the desired FNA concentration of 1.4 mg HNO2-N/L.

With due consideration to the pH and temperature conditions, the necessary volume
of the stock solution was calculated employing the equations governing acid equilibrium
(Equations (1) and (2)).

S[HNO2 − N] =
S[NO2 − N](
Ka × 10pH

) (1)

Ka =
e−2300

273 + T
(2)

where: Ka, ionization constant; T, temperature (◦C), and S, the concentration stated as
nitrogen [10].

Following the pH adjustment process and the addition of the specified FNA dosage,
the samples underwent thermal pretreatment with an exposure time of 24 h. This thermal
pre-treatment was executed within a Grant Combined Orbital/Linear Shaking Water Bath,
specifically the Model OLS200, manufactured by Grant Instruments (Royston, UK), with
gentle agitation at approximately 150 rpm. The water bath’s temperature was set to
three distinct levels: 25 ± 1, 37 ± 1, and 60 ± 1 ◦C. The sludge was gently mixed at a
range of 100–150 rpm to ensure uniformity throughout the retention period. As a point of
comparison, control experiments were carried out without any pH adjustment or nitrite
addition, and these control experiments were conducted at room temperature.

2.4. Hydrolysis/Acidification Experiment–Semi-Continuous

Four semi-continuous glass bioreactors, each with a 2 L operating volume, were
employed—one for control and three for pretreated samples. Schematic diagrams illustrat-
ing the experimental setups for the acidification/fermentation process in the control and
pretreated systems are shown in Figures 1 and 2 respectively.

Within the control system, raw TWAS (R-TWAS) underwent semi-continuous fermen-
tation with a 3-day solid retention time (SRT), yielding fermenter effluent referred to as
F-TWAS. In the pretreatment systems, effluents from the pretreatment units underwent
subsequent semi-continuous fermentation processes.

Stirred fermenters were independently fed semi-continuously (once per day) with
raw and FNA-heat pretreated TWAS. The volume of the added substrate and its ratio to
the inoculum were adjusted to sustain an organic loading rate (OLR) of 1 g-TCOD/g-VSS
per day. Before sealing the fermentation reactors with rubber stoppers, the reactor content
was flushed with nitrogen gas for a minimum of 5 min to establish anaerobic conditions.
The pH was maintained at 5.5 ± 0.1 by adjusting the feed pH using sodium hydroxide
(NaOH) or hydrochloric acid (HCl). These acidification/fermentation tests took place in a
mesophilic water bath set at 37 ◦C ± 1, with continuous stirring at 150 rpm using impellers.

Daily, 500 mL of fermented effluent was withdrawn, followed by replenishment
with 500 mL of either raw or pretreated TWAS, resulting in a 3-day hydraulic retention
time (HRT). A digital drive tubing pump (Masterflex L/S® Digital Drive with PTFE-
Tubing Pump Head supplied from Avantor Fluid Handling, Devens, MA, USA) facilitated
decanting and feeding.

The fermentation process was initially extended for 12 days (equivalent to 4 HRT) to
attain a steady-state condition (where parameter variations were under 10%). This state
was then sustained for an additional 12 days, resulting in a total fermentation period of 24
days. Throughout the experiment, water levels in the water bath were maintained daily due
to evaporation. In the final week of fermentation, effluents from the fermenters (fermented
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TWAS and fermented-pretreated TWAS) were collected daily to serve as feed substrates for
the subsequent BMP test.

Processes 2024, 12, x FOR PEER REVIEW 4 of 16 
 

 

nitrite salt (NaNO2). This prepared stock solution was then carefully introduced into the 
batch reactors to attain the desired FNA concentration of 1.4 mg HNO2-N/L. 

Table 1. FNA-Heat Pretreatment conditions before the acidification process. 

Sample ID# 
~FNA  

(mg HNO2-N/L) Temperature (°C) pH 

Raw TWAS (Control) 0 24 ± 1 6.7 ± 0.1 
PT-25 1.4 24 ± 1 5.5 ± 0.1 
PT-37 1.4 37 ± 1 5.5 ± 0.1 
PT-60 1.4 60 ± 1 5.5 ± 0.1 

With due consideration to the pH and temperature conditions, the necessary volume 
of the stock solution was calculated employing the equations governing acid equilibrium 
(Equations (1) and (2)). 𝑆 𝐻𝑁𝑂 𝑁  S NO NK   10  (1)

𝐾   𝑒273 𝑇 (2)

where: Ka, ionization constant; T, temperature (°C), and S, the concentration stated as ni-
trogen [10]. 

Following the pH adjustment process and the addition of the specified FNA dosage, 
the samples underwent thermal pretreatment with an exposure time of 24 h. This thermal 
pre-treatment was executed within a Grant Combined Orbital/Linear Shaking Water Bath, 
specifically the Model OLS200, manufactured by Grant Instruments (Royston, UK), with 
gentle agitation at approximately 150 rpm. The water bath’s temperature was set to three 
distinct levels: 25 ± 1, 37 ± 1, and 60 ± 1 °C. The sludge was gently mixed at a range of 100–
150 rpm to ensure uniformity throughout the retention period. As a point of comparison, 
control experiments were carried out without any pH adjustment or nitrite addition, and 
these control experiments were conducted at room temperature. 

2.4. Hydrolysis/Acidification Experiment–Semi-Continuous 
Four semi-continuous glass bioreactors, each with a 2 L operating volume, were em-

ployed—one for control and three for pretreated samples. Schematic diagrams illustrating 
the experimental setups for the acidification/fermentation process in the control and pre-
treated systems are shown in Figures 1 and 2 respectively. 

Within the control system, raw TWAS (R-TWAS) underwent semi-continuous fer-
mentation with a 3-day solid retention time (SRT), yielding fermenter effluent referred to 
as F-TWAS. In the pretreatment systems, effluents from the pretreatment units underwent 
subsequent semi-continuous fermentation processes. 

 
Figure 1. Experimental design of control system. 

Stirred fermenters were independently fed semi-continuously (once per day) with 
raw and FNA-heat pretreated TWAS. The volume of the added substrate and its ratio to 

Figure 1. Experimental design of control system.

Processes 2024, 12, x FOR PEER REVIEW 5 of 16 
 

 

the inoculum were adjusted to sustain an organic loading rate (OLR) of 1 g-TCOD/g-VSS 
per day. Before sealing the fermentation reactors with rubber stoppers, the reactor content 
was flushed with nitrogen gas for a minimum of 5 min to establish anaerobic conditions. 
The pH was maintained at 5.5 ± 0.1 by adjusting the feed pH using sodium hydroxide 
(NaOH) or hydrochloric acid (HCl). These acidification/fermentation tests took place in a 
mesophilic water bath set at 37 °C ± 1, with continuous stirring at 150 rpm using impellers. 

 
Figure 2. Experimental design of FNA-heat pretreatment and semi-continuous acidification/fermen-
tation of control system. 

Daily, 500 mL of fermented effluent was withdrawn, followed by replenishment with 
500 mL of either raw or pretreated TWAS, resulting in a 3-day hydraulic retention time 
(HRT). A digital drive tubing pump (Masterflex L/S® Digital Drive with PTFE-Tubing 
Pump Head supplied from Avantor Fluid Handling, Devens, MA, USA) facilitated decant-
ing and feeding. 

The fermentation process was initially extended for 12 days (equivalent to 4 HRT) to 
attain a steady-state condition (where parameter variations were under 10%). This state 
was then sustained for an additional 12 days, resulting in a total fermentation period of 
24 days. Throughout the experiment, water levels in the water bath were maintained daily 
due to evaporation. In the final week of fermentation, effluents from the fermenters (fer-
mented TWAS and fermented-pretreated TWAS) were collected daily to serve as feed sub-
strates for the subsequent BMP test. 

2.5. BMP 
Biochemical methane potential (BMP) tests represent a pivotal experimental ap-

proach for evaluating and contrasting the kinetics and methane-yielding potential of di-
verse substrates throughout anaerobic degradation processes. These tests were executed 
in batch mode, following the established protocol outlined by Angelidaki et al. [19,20]. All 
tests were meticulously conducted in triplicate, utilizing 150 mL of inoculum sourced 
from the Ashbridge WWTP. The food-to-microorganism (F/M) ratio was approximately 1 
for each experimental iteration. Prior to the initiation of BMP testing, a 7-day degassing 
period was observed for the inoculum. Additionally, to establish an accurate baseline for 
methane production from the substrate, three blank digesters containing solely 150 mL of 
inoculum (i.e., devoid of the substrate) were established. 

Inoculums are instrumental in initiating the digestion process and minimizing any 
lag phase, consisting of an active anaerobic culture introduced to the digesters. Ensuring 
anaerobic conditions, the substrate and inoculum were meticulously mixed. Subse-
quently, the bottles were hermetically sealed using butyl rubber stoppers and aluminum 
crimp caps after a nitrogen gas flush (maintained for 3 to 5 min at 5 to 10 psi). The sealed 
bottles were then placed within a Thermo Scientific Benchtop Orbital shaker, specifically 
the MaxQ model. To simulate mesophilic conditions in line with the batch reactor setup, 

Figure 2. Experimental design of FNA-heat pretreatment and semi-continuous acidifica-
tion/fermentation of control system.

2.5. BMP

Biochemical methane potential (BMP) tests represent a pivotal experimental approach
for evaluating and contrasting the kinetics and methane-yielding potential of diverse
substrates throughout anaerobic degradation processes. These tests were executed in batch
mode, following the established protocol outlined by Angelidaki et al. [19,20]. All tests
were meticulously conducted in triplicate, utilizing 150 mL of inoculum sourced from the
Ashbridge WWTP. The food-to-microorganism (F/M) ratio was approximately 1 for each
experimental iteration. Prior to the initiation of BMP testing, a 7-day degassing period was
observed for the inoculum. Additionally, to establish an accurate baseline for methane
production from the substrate, three blank digesters containing solely 150 mL of inoculum
(i.e., devoid of the substrate) were established.

Inoculums are instrumental in initiating the digestion process and minimizing any
lag phase, consisting of an active anaerobic culture introduced to the digesters. Ensuring
anaerobic conditions, the substrate and inoculum were meticulously mixed. Subsequently,
the bottles were hermetically sealed using butyl rubber stoppers and aluminum crimp
caps after a nitrogen gas flush (maintained for 3 to 5 min at 5 to 10 psi). The sealed
bottles were then placed within a Thermo Scientific Benchtop Orbital shaker, specifically
the MaxQ model. To simulate mesophilic conditions in line with the batch reactor setup,
the incubator temperature was maintained at 37 ± 1 ◦C. Throughout the procedure, a
rotational speed of 150 rpm was sustained. The BMP experiments extended until biogas
generation diminished to negligible levels, typically spanning around 44 days. Over the
course of the experiments, methane production was gauged daily or every alternate day.
The quantification of methane production from the sludge was ascertained by subtracting
biogas production from the blank samples, and the outcome was expressed as the volume
of methane generated per gram of VS added (mL CH4/g VS added).
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2.6. Analytical Methods

To execute the soluble analysis encompassing all tests except those concerning solids
and total COD, the raw, pretreated, and digested TWAS samples underwent filtration
utilizing a 0.45 µm VWR Vacuum Filtration System, specifically the Model 10040-462 (VWR,
Radnor, PA, USA). To expedite the filtration process, samples were appropriately diluted
with DDW (double-distilled water). All analyses were meticulously carried out either in
duplicate or triplicate to ensure robust results.

The quantification of parameters, including total solids (TS), volatile solids (VS),
total chemical oxygen demand (TCOD), and soluble chemical oxygen demand (SCOD),
was executed in accordance with established standard protocols [21]. For absorbance
measurements, a HACH spectrophotometer (model 3900) (HACH, Ames, IA, USA) was
employed. The determination of total volatile fatty acids (VFAs) was achieved through a
calorimetric approach using the TNT 872 kit, following the prescribed HACH procedure. In
detail, the method involved the systematic collection of a well-mixed sample, preparation
of reagents from the TNT 872 kit, and calibration of the calorimeter using known VFA
standards. The actual colorimetric reaction occurred within a designated chamber, leading
to a discernible color change proportional to the VFA concentration. Precise measurement
of this color intensity was facilitated using the HACH spectrophotometer, ensuring robust
and reliable data analysis. The overall methodology upheld stringent quality control
measures, including blanks and replicates, to fortify the accuracy of results.

As for the measurement of biogas volume, a manual approach was adopted involv-
ing a 100 mL Poulten and Graf Fortuna™ (Wertheim, Germany) air-tight glass syringe.
The measured biogas volume was subsequently normalized to standard pressure and
temperature conditions (STP; 1 atm and 0 ◦C) [14].

2.7. Performance Analysis

The efficiency of suspended solids reduction (R) achieved through different samples
(i.e., pretreated, fermented, and fermented pretreated) is calculated using Equation (3):

Solids Solubilization (R %) = ((SSi − SSt)/SSi) × 100 (3)

where SSi represents the suspended solids (TSS and VSS) concentration before treatment in
g/L, and SSt represents the suspended solids concentration after treatment in g/L.

The extent of COD solubilization, expressed as the percentage conversion of particulate
COD (PCOD) to soluble COD (SCOD), is calculated using Equation (4).

COD solubilization (%) = (SCODf − SCODi)/PCODi × 100 (4)

where SCODf and SCODi are the SCOD concentrations of TWAS after and before pre-
treatment, respectively. PCODi was the initial particulate COD. The particulate COD was
considered the difference between TCOD and SCOD.

The biodegradability of TWAS was quantified by comparing the total methane produc-
tion to the theoretical yield from fully biodegradable organic material (as per Equation (5)).

Biodegradability (% BD) = (B0 measured/B0 theoretical) × 100 (5)

where B0 Measured is experimental ultimate methane production and, B0 theoretical is the
theoretical methane potential based on the initial TCOD of the substrate (398 mL/g TCOD
added at 37 ◦C).

3. Results and Discussion
3.1. Disintegration of TWAs through FNA Pretreatment and Fermentation Process
3.1.1. Suspended Solid Reduction

This study section focuses on comparing the impact of combined FNA-heat pretreat-
ment on the reduction of sludge-suspended solids with that of the fermentation process,



Processes 2024, 12, 345 7 of 15

specifically when the pretreatment is applied before fermentation. Figure 3 illustrates the
concentrations of suspended solids (TSS and VSS) in the raw and processed (fermented
and/or pretreated) TWAS samples.
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As depicted in Figure 3, the suspended solid concentrations of all pretreated sam-
ples demonstrated a notable decrease compared to the non-treated TWAS (control). The
percentage of solid reduction efficiency exhibited enhancement with increasing temper-
atures. Among the pretreated samples (PT-25, PT-37, and PT-60), the most significant
reductions in TSS and VSS were observed in the “PT-60” condition, measuring at 25.7 ± 1.4
and 18.9 ± 0.9 g/L, respectively. This corresponds to a substantial enhancement of ap-
proximately 24% in TSS reduction efficiency and 25% in VSS reduction efficiency at PT-60.
This outcome points to the effectiveness of applying FNA pretreatment at temperatures
below 60 ◦C. This process facilitates the transformation of TWAS-suspended solids into a
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soluble form by disintegrating the TWAS structure and converting larger high-molecular
substances into organic matter with lower molecular weight, such as monosaccharides and
amino acids [18]. This finding aligns with our observations from the initial phase of this
study. The elevated solid reduction percentage achieved through combined pre-treatment
reflects a heightened potential for sludge disintegration when compared to untreated
sludge. These results harmonize with a previous study where pre-treating full-scale WAS
at room temperature with an FNA dosage of 1.8 mg HNO2-N/L led to a 17% increase in
VS destruction [22]. Notably, our study detected even greater VSS reduction, potentially
attributed to the nature of the waste and the higher temperatures applied (up to 60 ◦C).

According to Figures 3 and 4, it is evident that the fermentation of pretreated samples
across all tested scenarios led to significantly improved efficiency in reducing suspended
solids compared to the isolated application of either pretreatment alone (PT-samples) or
fermentation alone (F-TWAS).

The TSS and VSS contents of TWAS decreased from 33.8 ± 2.0 g/L and 25.1 ± 1.9 g/L
(R-TWAS) to 28.4 ± 3.1 g/L and 20.0 ± 1.5 g/L after undergoing the fermentation process
(F-TWAS). This reflects an approximate reduction efficiency of 16% for TSS and 20% for
VSS. Notably, the most substantial reduction in suspended solids was achieved through
the fermentation process following FNA-pretreated samples at 60 ◦C (F-PT-60), resulting in
remarkable reductions of 32.5% for TSS and 34.1% for VSS. As a result, the TSS and VSS
content of TWAS reached their lowest levels at 22.8 ± 1.1 and 16.5 ± 0.9, respectively.

It is important to highlight that the fermentation process did not yield significant gas
production. These observations support the conclusion that the reduction in TSS and VSS
observed in this study primarily stemmed from the disintegration of the TWAS structure
rather than mass removal during the fermentation process.

3.1.2. COD Solubilization

Enhancing the solubility of organic materials through pre-treatment before the anaer-
obic digestion (AD) process aims to alleviate the hydrolysis phase’s rate-limiting na-
ture [12,23]. Improved COD solubilization typically signifies enhanced pre-treatment
efficacy, translating to superior anaerobic digestion performance. This elevation in COD
solubilization is expected to bolster the hydrolysis rate and acidogenic efficiency within the
acid phase reactors, providing readily biodegradable components [24–26].

This study segment delves into evaluating the impact of pre-treatment (PT), fermen-
tation (F), and combined fermentation/pretreatment (F-PT) processes in terms of COD
solubilization.

Based on the presented findings in Figure 5, the soluble chemical oxygen demand
(SCOD) content of the untreated TWAS (RTWAS) exhibited an increase from 2.2 ± 0.1 g/L
to 10.1 ± 0.2 g/L post the fermentation process (F-TWAS). However, the pretreatment
phase demonstrated more efficient COD solubilization compared to the fermentation
process alone. For all conditions, SCOD concentrations following FNA-Heat pretreatment
surpassed those of non-pre-treated TWAS samples. These outcomes align with prior studies
reporting an increase in SCOD concentration through the application of both isolated and
combined FNA-based pre-treatment for TWAS [27,28].

This augmentation in SCOD arises from the release of extracellular polymeric sub-
stances (EPS) and intracellular organic matter as a result of cell membrane disruption
caused by pretreatment [3,8,15].

In congruence with the findings on the reduced efficiency of suspended solids (Figure 4),
the fermentation of pretreated samples across all scenarios demonstrated greater effective-
ness in achieving higher COD solubilization compared to the fermentation of untreated
TWAS (Figure 6).
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Among the range of scenarios explored, the most effective strategy for disintegrating
the structure of TWAS was the employment of a fermenter supplied with PT-60 (F-PT-60).

Regarding the total chemical oxygen demand (TCOD), it was expected to remain
constant before and after pretreatment [17]. The findings revealed an insignificant variation
(<5%) in TCOD concentration post pretreatment. Thus, the implementation of FNA and
heat pretreatment effectively preserved TCOD throughout the pretreatment procedure.

A comparison between the results of COD solubilization and those of suspended
solids (TSS and VSS) reduction unveiled an intriguing trend: In specific scenarios, the
extent of COD solubilization was lower than the percentage reduction in suspended solids.
This observation can be attributed to the methodology employed in SCOD analysis, where
samples underwent filtration using 0.45 µm syringe filters. On the contrary, suspended
solid analysis involved filtering samples through 1.2 µm filter papers. Consequently, some
particulate matter transitioned from a solid form to a colloidal phase within the size range
of 0.45–1.2 µm, contributing to the reduction in suspended solid concentration without
affecting the content of soluble substances, such as SCOD.

3.1.3. VFAs Production

Figure 7 depicts the concentrations of total Volatile Fatty Acids (VFAs) within both
control and pretreatment systems during semi-continuous mesophilic fermentation. The
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enhancement percentage in total VFA concentration resulting from the processes of fermen-
tation, pretreatment, and combined fermentation/pretreatment is also illustrated in the
same figure.
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The overarching trend observed in Figure 7 indicates a rise in VFA concentration fol-
lowing all pretreatment scenarios. As depicted, the application of FNA-Heat pretreatment
led to a heightened total VFA content, elevating it from 628 ± 64 mg/L in R-TWAS to a peak
of 845 ± 50 mg/L (specifically in the “PT-60” condition). This accounts for a significant
35% increase. However, it is important to note that the augmentation in VFA content after
pretreatment was predominantly attributed to the acidogenic fermentation phase.

In contrast, within the control system, the fermentation process brought about an
elevation in the total VFA content of raw sludge, escalating it from 628 ± 64 mg/L to
2095 ± 117 mg/L.

A similar trend was observed within the pretreatment systems, where the total VFA
content initially increased to 845 ± 50 mg/L during the pretreatment phase (specifically
in PT-60). Subsequently, at the conclusion of the consecutive pretreatment/fermentation
process (PT + F-PT60), a substantial rise in VFA concentration was achieved, reaching
3152 ± 140 mg/L.

It is noteworthy that while the combination of FNA and heat pretreatment had a
notable impact on enhancing the soluble fraction of organics and promoting sludge disin-
tegration, its influence on the VFAs concentrations of the pretreated sludge (PT samples)
remained relatively modest.

Notably, gas production was closely monitored throughout the semi-continuous fer-
mentation process, revealing that the fermentation of both the raw and pretreated TWAS
samples yielded no substantial gas generation. It is important to highlight that the initial
pH of the fermenters was diligently maintained within the optimal range of 5.5 ± 0.2, as
recommended for the fermentation process. Consequently, the lack of substantial hydrogen
generation (less than 5%) can be primarily attributed to the comparatively low concentra-
tions of soluble carbohydrates found in both the untreated and pretreated Thickened Waste
Activated Sludge (TWAS). These soluble carbohydrates, mainly glucose, function as the
favored electron donors and carbon sources for microorganisms that produce hydrogen.

3.2. Anaerobic Digestion
3.2.1. Methane Production Yield

The batch reactors were employed in conducting the biochemical methane potential
experiment, aiming to assess the anaerobic biodegradability.
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For comparison within a consistent framework, the cumulative methane productions
from the BMP experiments were normalized per substrate unit mass of added COD (mL
CH4/g TCOD added) and per substrate unit mass of added VS (mL CH4/g VS added).
Remarkably, all treated TWAS samples, whether pretreated, fermented, or a combination
thereof, exhibited greater methane production compared to the raw TWAS. Figure 8 show-
cases the biomethane yield per substrate unit mass of added VS (mL CH4/g VS added) for
both pretreated and/or fermented as well as the raw TWAS.
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The observed higher methane yields in all treated samples, regardless of the specific
treatment approach, align with findings from other relevant references [29]. Consistent
with existing literature, this outcome emphasizes the positive influence of pretreatment in
improving the hydrolysis stage of anaerobic digestion (AD) [3,30]. The enhanced methane
production in treated samples is indicative of the effectiveness of pretreatment methods
in facilitating the breakdown of complex organic matter, ultimately leading to improved
biogas generation during the AD process. These results are in line with broader research
trends supporting the beneficial impact of pretreatment on biogas production from organic
substrates [17,27,29,31–35]. The results from our study align with findings from other
references that highlight the efficiency of a two-stage anaerobic digestion (AD) process
compared to a single-stage configuration [1,36]. Specifically, the implementation of the
combined FNA-Heat pretreatment within the two-stage AD process led to significantly
higher methane yields, ranging from 363 to 415 mL CH4/g VS added. This notable increase
in methane production contrasts with the methane yields achieved by the FNA-Heat
pretreatments in the single-stage configuration, which varied between 332 and 347 mL
CH4/g VS added. Moreover, these yields were considerably higher than the untreated
waste-activated sludge (TWAS), which yielded only 212 mL CH4/g VS added. These
consistent findings emphasize the enhanced efficiency and biogas production potential
associated with the two-stage AD process, particularly when coupled with the FNA-Heat
pretreatment. Furthermore, the methane production commenced promptly following the
initiation of anaerobic digestion, devoid of significant lag phases, both for the untreated
raw sample and the pretreated sludges. This outcome was attributed to the abundance of
soluble substrates readily available for the anaerobic microorganisms [37–39].
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It is noteworthy that the application of the sole FNA-pretreatment process at lower
temperatures (i.e., PT-24 and PT-37) and the sole fermentation process showed lower
methane yield compared to combined pretreatment-fermentation.

As depicted in Figure 8, the fermented and/or pretreated samples not only yielded
higher ultimate methane production (after 44 days) in comparison to the control reactor
(R-TWAS) but also consistently exhibited greater methane recovery at each specific time
point. This observation substantiates the absence of any inhibitory effects stemming from
the pretreatment/fermentation process during anaerobic digestion.

3.2.2. Anaerobic Biodegradability

The evaluation of the efficacy of both single-stage and two-stage AD processes was
extended to assess their impact on biodegradability, as depicted in Figure 9. The biodegrad-
ability of TWAS was quantified by comparing the total methane production to the the-
oretical yield from fully biodegradable organic material (as per Equation (5). where B0
Measured is experimental ultimate methane production, and B0 theoretical is the theoretical
methane potential based on the initial TCOD of the substrate (398 mL/g TCOD added
at 37 ◦C).
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The inherent biodegradability of the TWAS utilized in this study was approximately
37%. As illustrated in Figure 9, all treated samples exhibited enhanced biodegradability
compared to the untreated TWAS. This enhancement can be attributed to the presence of
readily biodegradable compounds within the treated substrates (either pretreated and/or
fermented), which were introduced into the anaerobic digesters [40–42].

3.2.3. COD Mass Balance

A comprehensive COD mass balance was executed across all digesters to assess the
precision of the experimental data. The mass balance was established by considering
the initial and final TCOD concentrations within the digesters, with the deduction of
the theoretical methane production per unit mass of TCOD. A comparison between the
methane production results obtained from this study and those deduced through TCOD
mass balance revealed a divergence of under 10% for all digesters. Moreover, the COD
mass balance ranged from 89% to 94% across all reactors, thereby affirming the reliability
of the experimental data.
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3.2.4. Kinetic Analysis

For determining kinetic parameters with a reliable level of confidence, the Modified
Gompertz (MG) equation (Equation (6)) was employed. In this equation, B(t) signifies the
cumulative methane production at the time, P represents the ultimate biogas production
parameter, Rm denotes the maximum methane production rate per day, λ stands for the
length of the lag phase (day), and t signifies the duration of anaerobic digestion (day).

B(t) = P × exp
{
−expexp

[
RM × e

P
(λ− t) + 1

]}
(6)

The Modified Gompertz (MG) model was utilized to fit the experimental data from
the BMP tests to the theoretical model. The summarized results for parameters such as P
(ultimate methane production in mL), Rm (maximum methane production rate in mL/day),
and Lam (lag phase time in days) are presented in Table 2.

Table 2. The kinetic study of the single and two-stage AD process using the Gompertz Model;
FNA-heat.

AD Gompertz Kinetic
Model

Exp.ID# MMPR *
(mL/d)

Cumulative CH4
(mL)

P
(mL CH4)

Rm
(mL CH4/d)

Lam
(d) R2

Control 21 ± 1.0 228 ± 9 222 16 0.5 0.999

F-TWAS 20 ± 0.8 274 ± 11 267 20 0.9 0.999
PT-25 23 ± 1.1 278 ± 14 272 21 1.1 0.999

F-PT-25 21 ± 0.6 274 ± 9 278 20 0.9 0.999
PT-37 23 ± 0.2 286 ± 15 276 20 0.1 0.999

F-PT-37 24 ± 0.5 297 ± 23 291 21 0.9 0.999
PT-60 23 ± 0.4 302 ± 21 276 19 0.5 0.999

F-PT-60 27 ± 0.5 311 ± 24 299 23 0.7 0.999
* Maximum Methane Production Rate (mL CH4/d).

The estimated parameters exhibit alignment with the experimental data, with the
trend of ultimate methane production (P) closely mirroring the observations from the
experiments. Notably, the highest predicted cumulative methane production, reaching
299 mL CH4, was attained by the “F-PT-60” sample.

Regarding the estimated lag phase, the variations were within the range of 0.1 to
1.1 days for the different treatment scenarios. Most treated samples demonstrated a lag
phase of less than 1 day. A concise lag phase offers advantages, particularly in terms of
not necessitating an extended residence time, which subsequently leads to reduced reactor
volume requirements and lowers the operational expenses associated with the process.

The values of Rm, representing the maximum methane production rate, spanned from
16 to 23 mL/day across different samples. This range included values for both untreated
TWAS and “F-PT-60.” The agreement between the experimental data and the estimated
parameters was consistent, further confirming the reliability and validity of the model.

4. Conclusions

This study investigates the impact of combined FNA-heat pre-treatment on sludge-
suspended solids reduction, comparing it to the fermentation process. Pretreated samples
showed significant decreases in suspended solid concentrations, with the most substantial
reductions observed at 60 ◦C. Fermentation of pretreated samples, especially after FNA
pretreatment at 60 ◦C, demonstrated improved suspended solids reduction and enhanced
soluble chemical oxygen demand (SCOD) solubilization. Total chemical oxygen demand
(TCOD) remained constant after pretreatment, and total volatile fatty acids (VFAs) concen-
tration increased due to acidogenic fermentation. Biochemical methane potential (BMP)
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experiments revealed higher methane production in all treated samples, with the combined
FNA-Heat pretreatment in a two-stage anaerobic digestion process yielding the highest
methane yields. The study concludes that the combined FNA-heat pretreatment and fer-
mentation effectively reduce suspended solids, enhance methane production, and improve
the biodegradability of treated waste-activated sludge samples.
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