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Abstract

Global population growth, urbanisation and intensifying pressure on natural resources have made
the sustainable management of organic waste streams an increasingly urgent priority. The
depletion of finite mineral resources and the decline of soil organic matter across European
agricultural land have underlined the need to recover and recycle nutrients from waste rather than
disposing of them - a need made more urgent by rising fertilizer costs and geopolitical instability
in supply chains. In this context, the concept of a circular bioeconomy - in which waste streams
are valorised as resources rather than discarded - has become central to EU environmental and

agricultural policy.

Sewage sludge, generated in vast quantities across Europe, represents both a significant waste
management burden and an underexploited source of organic matter and plant-available
nutrients. When treated appropriately, SS can return to agricultural land as a biofertilizer, closing
nutrient loops and reducing dependence on synthetic fertilizer inputs. However, it also contains a
complex mixture of contaminants - including heavy metals, pharmaceuticals, PFAS and
microplastics - whose behaviour during treatment and following land application is not fully

understood.

The fate of organic matter, nutrients and pollutants during sludge treatment is a function of both
the treatment process applied, and the chemical structure of the compounds involved. Biological
treatments tend to stabilise organic matter and preserve nutrients. Thermochemical treatments
achieve greater volume reduction and alter contaminant concentrations and their interactions with
organic matter, thereby affecting pollutant bioavailability in soil. However, this comes at the cost
of structural changes to organic matter itself and shifts in nutrient bioavailability. The impact of
sludge application on agricultural soils depends on soil physicochemical properties, vegetation and
crop type, application rate and environmental conditions. Evaluating SS-derived products for land
application thus requires comprehensive, multicriteria characterisation of their physicochemical
properties, agronomic benefits and associated risks. This study aimed to provide a comprehensive
characterization of sludge and sludge-derived products with an emphasis on the bioavailability,
bioaccessibility and complexity of organic matter and nutrients across these matrices. The main

objectives are:

() to elucidate the transformation pathways of organic matter and nutrients across various
sludge-derived products,

(i)  to identify the most impactful physicochemical and agronomical fate parameters affected
by these transformations through multivariate statistical analyses,

(iii)  to elucidate the links between treatment processes and their corresponding end-products
and facilitate a reverse-engineering approach, to optimize process performance and
product quality.
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1 Introduction

1.1 What is Sewage Sludge (SS)

Water used by households and industries is collected and transported to wastewater treatment
plants (WWTPs). Along the way, it may mix with surface runoff and other industrial effluent. This
combination is commonly referred to as ‘wastewater’. Prior to treatment, wastewater contains a
complex mixture of pollutants and microorganisms harmful to human health and the environment,

so it must be treated before re-entering the water cycle.

Sewage sludge (SS) is the solid by-product of wastewater treatment plants (Figure 1). Composed
primarily of water, it is rich in valuable resources such as organic carbon (typically 25-35% of dry
solids (DS)) as well as nitrogen (N, 4-5% DS), phosphorus (P, 1-3% DS) and potassium (K, 0.1-
0.3% DS). It also contains hazardous pollutants like PAHs (Polycyclic Aromatic Hydrocarbons),
PCBs (Polychlorinated Biphenyls) (Mailler et al., 2017), PFAS (Per and polyfluoroalkyl Substances)
(Arvaniti et al., 2024), pharmaceuticals and personal care products (PPCPs) (Bourdat-Deschamps
et al., 2017), heavy metals (HMs), microplastics (MPs), pathogens (Lamastra et al., 2018) and

antimicrobial resistance genes (ARGs) (Yin et al., 2024).
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I INORGANIC
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Figure 1: Conceptual overview of the main constituents of sewage sludge generated during wastewater treatment,
including beneficial components (organic matter and nutrients) and contaminants (inorganic and organic; persistent

and emerging).

1.2 Quantities and Disposal Routes

The production of SS has increased steadily over the last decade. According to Eurostat, total

European production currently reaches approximately 13.5 million tonnes of DS per year, a figure
]



that continues to rise with population growth, urbanisation and increasingly efficient wastewater
treatment (Eurostat, 2022). Consequently, sludge valorisation has become a priority within waste

management policy and research.

Land application for agriculture accounts for 47.5% of European sludge, followed by incineration
(27.2%), land reclamation (8.3%), and landfill (5.6%), as shown in Figure 2. Current management
practices vary across European countries, reflecting differences in geography, regulation, and
infrastructure. Agricultural recycling dominates in France, Spain, Denmark and Ireland, while
incineration is the only permitted route in Flanders and the Netherlands. Land reclamation is
favoured in Finland and Sweden, and several countries including Germany and Poland operate
mixed strategies. These contrasts partly reflect underlying agronomic contexts: southern
European soils often deficient in organic matter (OM) benefit from sludge amendment, whereas
northern European countries facing nutrient surplus and eutrophication risks tend toward thermal
treatments (EurEau, 2021)

= Agriculture
\ ® Recultivation/Land Reclamation
® Incineration
m Landfill
m Other

Figure 2: Sludge destination in Europe (% of total) according to the 2021 EurEau Survey 'Europe's Water in Figures
(EurEau, 2021).

1.3 Policy context

To support a sustainable and circular society that protects both the environment and human
health, updates to EU law governing the use of SS are urgently needed. The current legislative
framework on SS presents significant differences among EU Countries and gaps on emerging but
also already existing topics of concern. This limits safe treatment and application practices across

EU Member States, slowing progress toward circular economy objectives.



1.3.1The Sewage Sludge Directive (86/278/EEC)

The Sewage Sludge Directive (86/278/EEC; SSD), which came into effect on 18th June 1986,
remains the primary legislative instrument governing the agricultural use of SS across the EU. Its
objective is to regulate land spreading of treated SS to minimise risks to human, animal and plant
health. The Directive sets maximum permissible concentrations of six HMs - cadmium (Cd), copper
(Cu), nickel (Ni), lead (Pb), zinc (Zn) and mercury (Hg) - in both the receiving soil and the sludge
itself, specifying annual application limits based on a ten-year average. It establishes
requirements covering nutrient management planning, sampling and analysis of sludge and soils,

record-keeping, and permitted treatment types and application sites (European Comission, 1986).

Now over 40 years old, this legislation urgently requires updates and revision. It addresses only
a limited set of HMs and makes no provision for the growing suite of emerging contaminants now
recognised as significant risks associated with sludge land application, including organic
micropollutants, PFAS, PPCPs and MPs. Several Member States have already responded by
applying more stringent national limits and extending regulation to additional contaminant classes.
For example, France regulates 3 PAHs and 7 PCBs, Denmark sets limits for 9 PAHs, and Belgium
for 7 PCBs (Hudcova et al., 2019). This has resulted in disparate approaches across the EU rather

than coordinated progress.

1.3.2 Complementary EU Legislation

Sewage sludge application in agriculture must also comply with limits set by other EU legislation.
The Nitrates Directive (91/676/EEC) has a particularly significant practical impact, regulating the
maximum quantities of nitrogen permitted to be spread on an agricultural holding (Sutton et al.,
2016). In practice, these nutrient thresholds impose a more binding constraint on sludge
application rates than heavy metal limits in many contexts, yet emerging organic contaminants

remain entirely unregulated at EU level.

1.3.3The EU Fertilising Products Regulation (2019/1009)

The European Fertilising Products Regulation (FPR 2019/1009) sets common safety, quality and
labelling requirements for fertilising products to shift dependency away from imported mineral
fertilisers and expand EU market access to organic and recycled fertilisers (Green Horizon Farmers
Network, 2019). The regulation covers seven component material categories (CMCs) but does not

currently include sewage sludge or sludge derived products (EU Commission, 2019/1009). Thus,



SS and its derived products cannot be commercialised at EU level and can only be marketed under

specific national or regional frameworks.

The FPR has introduced some organic contaminant limit values for the first time, namely for PAHs,
providing a useful blueprint for how sludge-derived products could safely circulate the European
market in future. The anticipated revision of the SSD and potential inclusion of SS-derived
products within the FPR framework represent an opportunity to establish a coherent, risk-based

regulatory approach that supports both environmental protection and nutrient circularity.

The regulatory gaps outlined above highlight the need for comprehensive, systematic
characterisation of SS and its treatment derivatives across OM, nutrient and contaminant profiles.
A deeper understanding of how different treatment processes transform OM and nutrients is
essential for technology development, ensuring agronomic value, guaranteeing safety from

pollutants and minimising environmental impact.

While there is growing research interest in optimizing innovative sludge treatment strategies such
as hydrothermal carbonization (HTC) and pyrolysis, what is lacking is a data-driven comparative
framework for evaluating treatments and sludge-derived products against consistent quality and
safety benchmarks, as well as long-term studies on the effect on soil after agricultural application.
The following section lists some of the existing and more innovative sludge treatment technologies

and reviews their agronomic performance.

1.4 Sludge Treatment Processes

Fresh sludge is liquid, containing primarily water. It is usually thickened and dewatered on site or
nearby (up to 20-35% DS) so that it can be processed and transported more easily (EurEau,
2021). Due to the presence of pathogens and other contaminants, sludge must be properly treated

before use, to minimise its environmental and social impacts (Fan et al., 2022).

Sludge treatment processes can be broadly classified into three categories according to their mode
of action (Pradel, 2019): biological processes, which stabilise OM and reduce pathogen load
through microbial activity, as in anaerobic digestion and composting; physical processes, which
reduce water content through thickening, dewatering and drying; and thermochemical processes,
which transform OM structure and fix carbon into stable solid matrices, as in pyrolysis and

hydrothermal carbonisation (HTC).

While physical and biological treatments are well-established, some innovative thermochemical
approaches remain at an earlier stage of adoption, with wider deployment limited by techno-

economic constraints (Durak, 2023).



1.4.1Biological

1.4.1.1 Anaerobic Digestion (AD)

Anaerobic Digestion (AD) is a biological treatment comprising four sequential phases: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Sewage sludge, containing complex
carbohydrates, proteins and fats, first undergoes hydrolysis, breaking down complex organic
compounds through enzymatic reactions into soluble monomers. These are fermented during
acidogenesis into volatile fatty acids (VFAs), which acetogenesis subsequently converts into acetic
acid, hydrogen and carbon dioxide. Finally, methanogenesis transforms these substrates into
biogas, a gas phase mostly composed of methane (CH4) and carbon dioxide (CO.) (Gizaw et al.,
2024).

AD yields two main products. Biogas can be used for heat and electricity generation, offsetting
operational energy costs and reducing CO2 emissions associated with wastewater treatment
(Gizaw et al., 2024). Digestate - the residue remaining after digestion - retains partially stabilised
OM and a nutrient-rich composition, typically meeting minimum requirements for use as an
organic soil amendment. The valorisation potential of each product is linked to the biodegradability
of the input OM: higher biodegradability favours methane yields, while lower biodegradability is
associated with greater soil amendment value, as more stable OM persists following land

application (Fernandez-Dominguez et al., 2022; Jimenez et al., 2017).

AD has been shown to effectively recover P and N as plant-available nutrients from digestate. It
can provide OM and nutrients converted into mineral forms more readily available for plant uptake
when applied to soil as fertilizer (Jimenez et al., 2020) However, mineral N can be temporarily
immobilized by microbial biomass during OM biodegradation in soil (Lashermes et al., 2009). The
partially stabilised OM fraction that persists following digestion can contribute to long-term soil
organic carbon and support soil structure through water retention and increased microbial activity,
adding further agronomic value beyond nutrient supply (Balkrishna et al., 2025; Lucia et al.,
2025a). Better knowledge of OM and nutrient availability would improve the fertilizing potential of

sludge-derived products (Jimenez et al., 2020).

1.4.1.2 Composting

Composting is a widespread biological process used to stabilise solid organic waste. Under aerobic
conditions aeration promotes the hydrolysis of complex organic substances into simpler
compounds through the production of hydrolytic enzymes and increased microbial activity,
transforming raw waste into a stabilised product suitable for use as an organic fertiliser. Its
performance is governed by a range of factors including feedstock composition, C/N ratio,
moisture content, pH, aeration intensity and oxygen consumption rate. The process proceeds

through three successive temperature-driven phases. First, an initial mesophilic stage in which
5



microorganisms break down labile organic compounds - including simple sugars, proteins and
lipids — releasing energy and causing a rise in temperature. This is followed by a thermophilic
stage characterised by peak temperatures (60-65 °C), at which most pathogens are eliminated
and more complex organic structures begin to break down. Finally, there is a maturation phase
during which temperatures gradually decline, mesophilic populations reestablish and recalcitrant
compounds undergo humification, yielding a biologically stable product with stable organic matter
and retained nutrients (Amir et al., 2004; Lucia et al., 2025; Salva et al., 2025; Zhao et al., 2016)

1.4.2 Physical

Fresh sludge is subjected to a series of physical treatment steps to progressively reduce its water

content, facilitating further processing, transport and disposal (EurEau, 2021).

1.4.2.1 Thickening

One of the first steps in sludge treatment is thickening, which increases the total solids (TS)
content from approximately 1-3% in fresh sludge to around 2-8% TS (Romero-Giiiza et al., 2022).
This is achieved through gravitational settling or mechanical processes such as lamellar settling,
in which inclined plates increase the effective settling surface area and accelerate solids separation
(Tarpagkou & Pantokratoras, 2014).

1.4.2.2 Dewatering
Thickened or digested sludge is subsequently de-watered to typically 15-30% TS (Romero-Gliiza

et al., 2022), producing a semi-solid product that is significantly easier and cheaper to handle,
store and transport. Common mechanical dewatering technologies include centrifugation, which
separates solid and liquid phases through centrifugal force and press filtration, by applying
hydraulic or pneumatic pressure to compress the sludge and expel water, yielding a filter cake
with high solids content (Zhang et al., 2022).

1.4.2.3 Drying

Drying further reduces water content beyond what mechanical dewatering can achieve. A general
distinction is made between partial drying (less than 85% dry solids) and full drying (greater than
85% dry solids); as water content decreases, calorific value increases, which is particularly
relevant when sludge is destined for thermochemical conversion processes such as pyrolysis or
incineration (Schnell et al., 2020). Drying processes can be classified by their mode of heat
transfer into contact, convection, radiation and mixed forms. Contact dryers - such as disc and
thin-film dryers - transfer heat to the sludge via a heated surface using steam, hot water or
thermal oil, without direct contact between the sludge and the heat transfer medium. Convection

dryers, such as drum and belt dryers, bring sludge into direct contact with a hot gas stream such
6



as flue gas or steam. Some systems, including fluidized bed dryers, combine both principles
(Schnell et al., 2020). On an industrial scale, solar drying is widely used, particularly for smaller
wastewater treatment plants where throughputs are comparatively low. The process involves
spreading sludge over large surface areas within glasshouses, where it is dried by solar radiation
and ambient air ventilation; due to the low temperatures and large air volumes involved, vapour
condensation and treatment are generally not required. Thermal drying, by contrast, applies direct
or indirect heat, usually at a temperature of 105 °C for sludge treatment, though some driers
operate at higher ranges of 300-800 °C, depending on the technology (Schnell et al., 2020;
Voulvoulis & Lester, 2006).

While physical processes do not substantially alter the bulk chemical composition of OM or
nutrients, drying can induce notable changes. Thermal drying at 85 °C has been shown to weaken
sludge OM structure, increasing lipid, humic acid and fulvic acid fractions while reducing the
insoluble OM fraction. Solar drying, by contrast, promotes progressive humification through
microbial activity, resulting in increased humic-like substances and reduced lipid content over time
- a transformation that may favour the production of stable soil amendments suited to long-term
OM input, while thermally dried sludge is better suited for use as a fertilizer (Collard et al., 2017).
Drying can also cause volatilisation of certain nitrogen compounds, particularly ammonia, which
potentially reduces the nutrient content of the dried product relative to the input material
(Horttanainen et al., 2017).

1.4.3 Thermochemical

1.4.3.1 Pyrolysis

Pyrolysis is a thermochemical process in which OM is decomposed at elevated temperatures
(typically around 350-600-C) under oxygen-limited (or inert) conditions and atmospheric to
slightly elevated pressure, producing three co-products: a solid carbonaceous residue (biochar),
a liquid fraction (bio-oil), and a syngas, composed of CO, CO;, CH4 and H. (Gizaw et al., 2024;
Racek et al., 2020).

Process conditions, particularly temperature and residence time, govern the relative yield of these
fractions: slow pyrolysis (350-450°C, residence time of minutes to hours) favours biochar
production, while fast pyrolysis (400-600°C, residence time of seconds) shifts yield toward bio-
oil and syngas. As temperature increases, biochar yield decreases as carbon is increasingly

partitioned to gaseous and liquid fractions, while ash content rises.

Applied to SS, pyrolysis offers significant advantages including volume reduction, pathogen
destruction, and immobilisation of HMs within the biochar matrix (Ahmad et al., 2014). At higher
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pyrolysis temperatures, the progressive thermal decomposition of hemicellulose (220-315°C),
cellulose (315-400°C) and lignin (160-900°C) releases volatile gases, further reducing the oxygen
and hydrogen content of the biochar and eliminating polar functional groups. This enhances
biochar stability, reflected in decreasing hydrogen-to-organic carbon (H/C) and oxygen-to-organic
carbon (O/C) ratios with increasing temperature. However, the loss of functional groups
simultaneously reduces cation exchange capacity (CEC), with implications for nutrient retention
following soil application (Pokharel et al., 2025). The conditions for biochar production inhibit
complete combustion of the biomass and preserve part of the carbon it contains as a recalcitrant
carbon pool, making biochar very useful as a soil amendment and tool to mitigate climate change
(Bona et al., 2023). Despite its proven agronomic potential, biochar derived from SS is not
currently permitted as an EU fertilising product under Regulation 2019/1009, limiting its use to
national frameworks and constraining wider adoption of pyrolysis as a sludge valorisation route
(EU Commission, 2019).

1.4.3.2 Hydrothermal carbonisation (HTC)

Hydrothermal carbonisation (HTC) has emerged as a promising thermochemical process for SS
treatment, offering a key advantage over conventional dry thermal processes by eliminating the
need for energy-intensive drying of wet feedstock (Tasca et al., 2019). The process operates under
subcritical water conditions at temperatures between 180 and 280°C and autogenous pressure.
The organic fraction of SS is converted through hydrolysis, dehydration, decarboxylation and
condensation reactions into a coal-like solid product known as hydrochar, a nutrient-rich liquid
phase, and a minor gaseous fraction composed primarily of CO2 along with small amounts of CO,
CH4 and other light hydrocarbons (IEA, 2021; Tasca et al., 2019).

Reaction temperature is the governing parameter controlling hydrochar properties: increasing
process severity reduces atomic H/C and O/C ratios and enhances fixed carbon content, reflecting
progressive aromatisation of the OM structure (Tasca et al., 2019). This transformation involves
the conversion of labile, oxygen-rich functional groups (O-alkyl C associated with carbohydrates
and carboxylic C) into more hydrophobic, alkyl-rich and aromatic structures, as confirmed by 13C
NMR and FTIR analyses (Bona et al., 2023; Zhang et al., 2014) Simultaneously, labile organic
fractions are solubilised and partitioned into the process water, while more recalcitrant compounds

are retained and stabilised within the hydrochar matrix.

Despite this structural transformation, hydrochar retains a substantial content of dissolved organic
matter (DOM), characterised by low-molecular-weight compounds (organic acids, furans, phenols
and their derivatives) generated during hydrolysis and partial condensation reactions (Bona et al.,
2023; Tasca et al., 2019). Thermal characterisation confirms that hydrochar contains a higher

proportion of thermally labile compounds compared to mature compost, indicating greater

8



susceptibility to microbial decomposition in soil (Bona et al., 2023). This has direct agronomic
consequences: the capacity of raw hydrochar to contribute to long-term SOC stabilisation is
constrained by its relatively high H/C ratios, typically well above the threshold of 0.6
recommended for recalcitrant soil amendments, making it more analogous to a labile organic input
than a stable carbon sink (Tasca et al., 2019). Hydrochar is nonetheless proposed as a carbon-
rich product capable of maintaining or enhancing soil organic carbon stocks, provided that
biological stability is adequately addressed prior to land application (Bona et al., 2023). Aerobic
co-composting with mature compost has been shown to reduce DOM content and phytotoxicity
while improving plant growth response, suggesting that post-treatment is a necessary step before

agronomic deployment (Bona et al., 2023).

Additionally, HTC presents opportunities for nutrient recovery. Phosphorus is largely retained
within the hydrochar solid fraction following processing, though its bioavailability is highly
dependent on process conditions and the speciation of metals present (Tasca et al., 2019; Zhang
et al., 2014). Nitrogen concentration in the solid fraction is reduced, as proteins contained in SS
are degraded above 150 °C. This is reflected by the increase of ammonium-N in the liquid phase
produced after HTC treatment (Tasca et al., 2019). As well as this increase in total N, the TOC
value usually increases due to the decomposition of organic compounds in the aqueous phase
(Zhang et al., 2014). This high organic content left in process water offers an attractive potential
and can be used in either gasification or cultivation medium for biomass or to recover nutrients
(Tasca et al., 2019; Tekin et al., 2014). Conversely, the accumulation of HMs and residual organic
contaminants, including pharmaceuticals and potentially phytotoxic compounds in the hydrochar,
needs a thorough risk assessment before land application (Bona et al., 2023; Tasca et al., 2019;
Wang et al., 2018).

SS and SS derived products hold considerable potential as a source of recoverable resources
including OM, nitrogen, and phosphorus for fertilizer applications, mineral constituents for use as
adsorbents in environmental remediation, and feedstocks for energy recovery. Achieving this
potential, however, requires detailed knowledge of the agronomical fate of OM and nutrients, a
prerequisite for optimising treatment processes and positioning SS-derived products as viable,

sustainable alternatives to conventional fossil-based fertilizers and soil amendments.

1.5 Sewage Sludge - Advantages

1.5.1 The Effect of Sludge Application on Soil

Sewage sludge represents a significant source of OM and essential plant nutrients with

considerable potential as a soil amendment and fertilizer substitute. Mineral fertilisers have
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dramatically increased soil fertility and food production since the latter half of the 20th century,
yet their manufacture relies on finite geological deposits in the case of phosphorus and potassium,
and energy-intensive processes for nitrogen fixation. Sewage sludge offers an opportunity to
recycle these nutrients back to agricultural land, reducing dependency on synthetic inputs.
Depending on origin and treatment process, SS contains 2.80-8.06% nitrogen and 0.1-14%
phosphorus per tonne of dry solids (Liu et al., 2026), representing valuable nutrients that can

contribute meaningfully to sustainable agricultural practice.

Sewage sludge contains a range of essential macro- and micronutrients that contribute to soil
fertility and plant growth. Nitrogen, phosphorus and potassium are the primary macronutrients of
agronomic relevance, with SS also providing micronutrients including iron, zinc, copper and
manganese. Despite lying within the contaminants category, elements Zn and Cu are important
for chlorophyll synthesis and plant vitality and contribute to biofortification (Bolan et al., 2021;
McGrath et al., 1995). However, nutrient concentrations in SS are generally lower than in
conventional mineral fertilisers. Additionally, the slow-release nature of nitrogen, which is a
consequence of its predominantly organic form, means nutrient availability is gradual rather than
immediate. While this can reduce leaching risks compared to synthetic fertilisers, it may require
higher application rates, supplementary inputs or appropriately timed application (e.g., autumn
application to align nutrient release with crop demand the following spring) to meet crop needs.
The OM fraction of SS can further enhance nutrient availability indirectly, through improved CEC
and the gradual mineralisation of bound nutrient forms, releasing plant-available phosphorus and

nitrogen progressively throughout the growing season (Balkrishna et al., 2025; Lucia et al., 2025)

Beyond nutrient supply, OM in SS plays a significant role in improving soil health. Nearly 50% of
the solid fraction of SS is OM, which significantly affects the physical, chemical and biological
characteristics of the soil when applied, by increasing porosity, improving water retention and
circulation, and promoting aggregate stability and microbial balance (Lucia et al., 2025). Ippolito
et al. (2021) found that increasing sludge application rates significantly elevated soil organic
carbon, potentially mineralizable nitrogen and extractable phosphorus compared to mineral
fertiliser application alone, suggesting broader benefits for soil biogeochemical processes.
However, the quantity of SS that can be applied is constrained by nutrient thresholds and heavy
metal limits set by national regulations, a tension that underscores the need for precise

characterisation of sludge-derived products.

In a two-year study that used secondary- and tertiary-treated sludge as an organic soil
amendment on rainfed wheat, improvements in soil water content, CEC and available phosphorus
were observed, with OM accumulation identified as the driving mechanism (Abou Jaoude et al.,

2025). Similarly, SS applied at 10 g/kg soil in a controlled field experiment significantly improved
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plant growth, biomass production and soil water holding capacity, with no toxic accumulation of

HMs in plant tissues at this application rate (Eid et al., 2026).

In the 18-year SOERE-PRO field experiment, dehydrated sewage sludge (SLU) achieved the
highest nitrogen fertiliser replacement value (this estimates the N contribution of organic waste)
at 58%, among the organic wastes tested, second only to digestate (69%), and provided the
largest mineral fertiliser savings (57.3 kg N, 23.1 kg P20s, and 5.7 kg K20 ha~t yr 1), attributed
to its relatively high mineral N content. However, the same study found that SLU was the only
organic waste tested that did not significantly increase soil organic carbon stocks relative to the
control, attributed to its lower humification coefficient (i.e., greater biodegradability) compared
with the other organic wastes. In contrast, the SLU-derived compost (GWS) showed a significantly
higher SOC stock increase than SLU (+5.4 t C ha™! over 18 years under N-, vs. no significant
change for SLU), consistent with its higher humification coefficient (72% vs. 49% for SLU),

although GWS achieved a lower nitrogen fertiliser replacement value of 30% (Chen et al., 2022).

The high OM content of SS provides an energy source for heterotrophic soil microorganisms,
driving increases in microbial biomass carbon and nitrogen following application. Several studies
have demonstrated significant increases in microbial biomass carbon, in some cases exceeding
90% compared to unamended controls, alongside enhanced enzymatic activities including
dehydrogenase, phosphatase and urease, which are key indicators of soil biological activity and
nutrient cycling (Lucia et al., 2025). These effects reflect a broader improvement in soil
biodiversity and ecosystem functioning, supporting nutrient cycling and disease suppression.
However, the magnitude and persistence of these effects depend on application rate, sludge
quality and soil characteristics. The presence of HMs and organic contaminants in sludge can, in
some cases, reduce microbial diversity, emphasizing the importance of sludge characterisation

prior to land application (Lucia et al., 2025).

The agronomic properties of SS-derived products vary considerably depending on the treatment
process applied, with thermochemical products such as biochar and hydrochar exhibiting

significantly distinct characteristics from raw or biologically treated sludge.

1.5.2 The Effect of Biochar Application on Soil

The pyrolysis of SS produces biochar, whose agronomic and environmental properties differ
substantially from those of the raw feedstock, with implications for both carbon soil dynamics and
contaminant behaviour. The long-term persistence of biochar in soil has been demonstrated in a
15-year vineyard study, in which 22 t/ha of biochar was deployed and the soil monitored under

conventional agricultural practices including tillage and fertilisation (Chiaramonti et al., 2024).
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Although this study used lignocellulosic rather than SS-derived biochar, its findings are relevant
to the broader question of biochar stability in agricultural soils. It was found that biochar remained
in soil throughout this period: during this time, exogenous organic and inorganic matter was
incorporated into the material, penetrating the biochar structure and diluting the carbon content
of analysed particles. Critically, the inertinite fraction - the most thermodynamically stable form
of organic carbon, used to assess potential degradation - remained unchanged over the 15 years,
confirming the permanence of this fraction under real agricultural conditions. In terms of
agronomic potential, increases in soil organic carbon following biochar amendment have also been
reported at the same site under a different treatment regime, with TOC remaining significantly

elevated relative to controls several years after application (Rombola et al., 2015).

Turning to contaminant behaviour, the sorption capacity of SS-derived biochars towards PAHs -
specifically phenanthrene and pyrene, among the most commonly found hydrophobic organic
contaminants in contaminated sites, was investigated by Zielinska & Oleszczuk, 2015. It was found
that pyrolysis of SS significantly improved sorption capacity towards these compounds, suggesting
that SS-derived biochar may serve as both a soil amendment and a contaminant immobilisation
agent. Trace metal behaviour following SS pyrolysis is more variable than that observed for PAHs.
Khan et al. (2013) found that, although pyrolysis increased the total concentration of all measured
metals in the resulting sewage sludge biochar, soil amendment decreased the bioavailable (EDTA-
extractable) concentrations of As, Co, Cr, Ni and Pb relative to the unamended control, while
bioavailable Cu, Zn and Cd increased (Ahmad et al., 2014).

1.5.3 The Effect of Hydrochar Application on Soil

Hydrochar derived from hydrothermal carbonisation of sewage sludge has demonstrated
promising agronomic potential, particularly in terms of N dynamics. Application of SS-derived
hydrochar has been shown to immobilise soil nitrogen and regulate its release, reducing leaching
to groundwater while improving availability during crop growth (Tasca et al., 2019). At the
agronomic level, bean dry matter yield following hydrochar amendment was found comparable to
that achieved with mineral fertiliser application (Melo et al., 2018), while ryegrass production
increased substantially relative to peat substrate (Alvarez et al., 2017). These results have been
further supported by field-scale additions of 10 and 60 t/ha of hydrochar from stabilised SS, which
increased dry biomass yield of bean and rice, respectively compared to unamended controls (Melo
et al., 2019).

The potential of hydrochar derived from SS as a nitrogen fertiliser has been further demonstrated

in net-house conditions (semi-controlled, shade-netted), where hydrochar application alone or
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combined with urea improved soil fertility, plant growth and reduced N leaching; however, the
combination with urea significantly increased N.O emissions, highlighting a trade-off between
agronomic performance and greenhouse gas release that requires careful consideration before

large-scale adoption (Gebretsadkan et al., 2024).

In addition to nutrient dynamics, hydrochar production raises important questions regarding
contaminant fate. HMs in SS are thermally stable under HTC and are not degraded; instead, they
redistribute from exchangeable to more stable, oxidisable and residual fractions via complexation
with OM and minerals, with solid-phase immobilisation increasing with reaction severity (Nahar et
al., 2024). This produces an apparent concentration effect: total metal content rises relative to
feedstock due to mass loss during carbonisation, while leachability and bioavailability decrease.
However, some HMs may remain in the aqueous phase and efforts should be made to reduce HMs
or immobilize them. Organic contaminants behave differently: PAHs and PCBs were substantially
reduced under HTC at 180°C, with removal efficiencies above 48% for PAH and above 68% for
PCBs in hydrochar derived from stabilised sludge and sludge cake (Alipour et al., 2022). However,
despite this reduction, resulting PAH concentrations in hydrochar remained above the limit
proposed in the STRUBIAS report for soil-applied char and gasification materials, whereas
pyrolysis at 450°C brought concentrations below this threshold (Alipour et al., 2022), suggesting
HTC alone may not be sufficient to meet regulatory thresholds for organic contaminants. Elevated
contaminant concentrations in hydrochar should therefore not be read as increased risk without

considering speciation, mobility and compound class.

1.6 Disadvantages and Public Concern

Despite the widely demonstrated agronomic value of SS, its agricultural application raises
legitimate concerns due to the presence of potentially harmful substances whose behaviour and
fate following soil application are not yet fully understood. Contaminants fall into two broad
categories: inorganic contaminants, mainly heavy metals (HMs), and a growing and diverse suite
of organic contaminants, including the polycyclic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), pharmaceuticals and personal care products (PPCPs), per- and polyfluoroalkyl

substances (PFAS), microplastics (MPs), anti-microbial resistance genes (ARGS).

1.6.1Inorganic Contaminants

HMs are the most historically documented concern associated with SS land application. Unlike
organic contaminants, they are not biodegradable and accumulate persistently in topsoil following

repeated applications, with long residence times. Low doses of SS do not cause a significant
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increase in heavy metal concentrations, however, excessive application has been found to increase

HM bioavailability, with negative consequences for soil health (Hudcova et al., 2019a).

While some HMs, like copper and zinc, are essential micronutrients at low concentrations, at
elevated levels they can become phytotoxic and impair the proper functioning of soil organisms
and biological processes (Michaud et al., 2026). Cd, Pb and arsenic (As) are of particular concern

given their toxicity even at very low concentrations (Kominko et al., 2024).

The behaviour of HMs in SS-amended soils is influenced by soil pH, cation exchange capacity, OM
content and the specific form of each metal (Hudcova et al., 2019a). Among these factors, pH
plays a particularly significant role: acidic conditions increase the solubility of metals such as Cd
and Zn, enhancing their mobility and plant uptake, while alkaline pH reduces solubility through
precipitation and adsorption (Lucia et al., 2025a). Heavier soils, with near neutral pH and high OM
content, can further reduce metal bioavailability through binding of metals to OM, reducing their

toxic effects on soil organisms (McGrath et al., 1995).

It is not only the total concentration but also the speciation, that is, the chemical form in which a
metal is present, that determines its mobility, bioavailability, and ecotoxicity. Feng et al. (2023)
reported that over 70% of Zn and Ni in SS were present in exchangeable or acid-soluble fractions,
posing greater environmental risk compared to more stable forms bound to OM or mineral phases
(Feng et al., 2023). In contrast, Pb and chromium (Cr) tend to occur in less mobile forms, while
Cd remains more available, particularly in acidic soils. These findings suggest that amendments
capable of raising soil pH, such as biochar, can effectively immobilize labile metal fractions and

reduce their potential toxicity in agricultural applications (Michaud et al., 2026).

This distinction between total content and bioavailable fraction is reflected in long-term field data:
an 18-year study within the SOERE PRO network found that repeated SS-derived organic waste
application increased soil HM availability over time, correlating with cumulative HM input,
particularly for Cu and Zn. However, total HM concentrations remained below conservation

thresholds throughout, with no detectable transfer to crop grains (Chen, 2023).

As mentioned above, HM content in SS is currently regulated under the EU Directive 86/278/EEC,
which sets maximum limits for a set of HMs (Cd, Cu, Hg, Ni, Pb and Zn) in both sludge and
receiving soils. Given that the SOERE PRO findings suggest total concentrations can remain within
regulatory thresholds even as bioavailable fractions increase, an open question is whether total-
content-based regulation is sufficient to manage the long-term bioavailability risks discussed

above, or whether speciation-based criteria would offer better protection from HM toxicity.
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1.6.20rganic and Emerging contaminants

A second, more recently recognised category of concern includes:

i. several categories of organic contaminants — including Polycyclic Aromatic Hydrocarbons
(PAHSs), Polychlorinated Biphenyls (PCBs), and other families such as Nonylphenols (NPs),
Linear Alkylbenzene Sulfonate (LAS);

ii. emerging contaminants — substances not yet adequately addressed by existing EU
regulation, i.e. pharmaceuticals and Personal Care Products (PPCPs), per- and
polyfluoroalkyl substances (PFAS), microplastics (MPs) and Antimicrobial Resistance Genes
(ARGS).

The fate and impact of these organic contaminants following sludge land application are strongly
governed by their physicochemical properties, particularly hydrophobicity and sorption affinity as
well as soil characteristics such as pH and organic carbon content. While hydrophobic compounds
tend to accumulate in the solid phase and persist over long timescales, more mobile compounds
may leach to groundwater or can be taken up by plants, with degradation, accumulation, and

transfer rates varying across compound classes.

PAHs are by-products of incomplete combustion of OM. Some natural phenomena like wildfires or
eruptions can also exacerbate their spread in the environment. They are hydrophobic in nature,
exhibit high sorption coefficient (Kp) values and therefore easily adsorb to solid particles of SS
during biological treatment, resulting unavailable for degradation and difficult to eliminate (An-
nori et al., 2022).

PCBs are a class of ubiquitous chemical compounds originating from a range of industrial materials.
These molecules can be introduced into the environment from combustion processes like waste
incineration and are by-products from a variety of chemical processes. PCBs, in particular dioxin-
like and indicator congeners are of great environmental concern because of their high persistence,
lipophilic properties, bioaccumulation, and toxicity to the ecosystem and to humans (Guo et al.,
2009).

PPCPs enter wastewater through human excretion and can accumulate in sludge during treatment.
Most pharmaceuticals exhibit low sorption coefficient (Kp) values and therefore have a greater
affinity for the water phase (Ternes et al., 2004). However, they can be removed from wastewater
through processes including adsorption to sludge and microbial and abiotic degradation. Removal
rates of nonsteroidal anti-inflammatory drugs (e.g., ibuprofen and diclofenac) in WWTPs exceed
75%, whereas carbamazepine is recalcitrant to biological treatments. Mean removal rates of
fluoroquinolones approach 70% due to strong sorption to sludge rather than biodegradation.

Primary risks are from antibiotics which can contribute to antimicrobial resistance and the
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distribution of all types of PPCPs (i.e., antibiotics, antidepressants, and endocrine disruptors,
amongst others) into the environment. This has ecotoxicological impacts on soil organisms —

earthworms, plant seeds, and microorganisms (Bourdat-Deschamps et al., 2017).

PFAS are emerging contaminants of growing concern, comprising a large and diverse group of
highly persistent synthetic compounds characterised by strong carbon-fluorine bonds, rendering
them resistant to biological and chemical degradation (Arvaniti et al., 2024; Bolan et al., 2021).
PFAS can be distinguished into short-chain and long-chain compounds according to carbon chain
length, a distinction with important implications for their environmental fate: short-chain PFAS
tend to remain in the aqueous phase and are more mobile, while long-chain PFAS exhibit greater
hydrophobicity and partition preferentially onto sludge solids through sorption mechanisms
(Arvaniti et al., 2024; C. Zhang et al., 2013). Sewage sludge, therefore, acts as a significant sink
for long-chain PFAS, with concentrations in sludge matrices reported up to 8.2 ug/g dry weight
across 182 detected substances worldwide (Arvaniti et al., 2024). Their high persistence,
combined with demonstrated toxicity to soil organisms, plants and human health through dietary
and inhalation exposure routes, makes PFAS a contaminant of particular concern in the context of
sludge land application. Examples from the French context illustrate this concern across multiple
environmental compartments. Munoz et al. (2022) characterised 160 PFAS across 42 classes in
47 organic waste products (OWP) applied in French agricultural fields, including SS, composts,
and manures, and found that urban-sourced OWP contained PFAS at concentrations several orders
of magnitude higher than livestock-derived materials (median PFAS: 265 vs. 0.63 pg/kg dry
matter). Sludge samples were dominated by PFOS (perfluorooctane sulfonate) and its
electrochemical fluorination-derived precursors, while contemporary samples showed a shift
towards zwitterionic fluorotelomers, reflecting broader regulatory and industrial transitions (Munoz
et al., 2022). Field-scale work by Michaud et al. (2025) demonstrated that repeated sludge
application over decades led to significant PFAS accumulation in topsoils (up to ~21 ug/kg), with
leaching waters at 45 cm depth containing short-chain perfluoroalkyl carboxylic acids at
concentrations exceeding EU drinking water guidelines, indicating a long-term groundwater
contamination risk (Michaud et al., 2025). Saliu et al. (2025) showed that despite elevated soil
PFAS burdens, concentrations in harvested grains remained low (generally below 2.5 ug/kg), with
PFBA dominating plant uptake due to its low soil-water partitioning coefficient and high mobility.
Notably, a significant negative correlation was observed between soil organic carbon and plant
bioaccumulation. PFAS adsorb to soil OM through hydrophobic and electrostatic interactions,
reducing their mobility and bioavailability for root uptake (Saliu et al., 2025). Nevertheless, PFAS
transfer to soil and groundwater remains a concern where OWP originate from wastewater
treatment plants receiving industrial or municipal effluents, underscoring the importance of
monitoring PFAS levels in OWP prior to land application.
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With the increased production of plastics from fossil fuels and the growing use of bioplastics, the
presence of microplastics in the environment is of growing concern, particularly the accumulation
in wastewater streams (Landeros Gonzalez et al., 2022). A 23-year field trial by Adhikari et al.,
2024 reported over 90 % of microplastics to be removed from the wastewater effluent and
accumulated in sewage sludge. This SS is then applied to land where microplastics will accumulate
in soil. It was demonstrated that repeated biosolids applications resulted in microplastic
concentrations significantly higher than unamended control soils, with polyurethane, polyethylene
and polyamide being the dominant polymer types detected (Adhikari et al., 2024). Atmospheric
deposition was also identified as a significant independent source of microplastic input,
complicating the attribution of soil contamination to sludge application alone. Evidence from the
French SOERE PRO long-term field network similarly demonstrates that repeated application of
urban waste composts leads to substantial microplastic accumulation in agricultural soils, with
coarse microplastic concentrations ranging from 26.9 to 417 kg per hectare after 22 years of
biannual application depending on compost type (Colombini et al., 2022). Composts derived from
unsorted municipal solid waste produced the highest accumulation, while those from more
selectively sorted biowastes introduced significantly lower microplastic loads, underscoring the
importance of upstream waste sorting in limiting soil contamination. The long-term ecological
consequences of the accumulation of MPs in soils remain poorly characterised and understood, as

well as the combined effects with additional contaminants.

With the consumption of antibiotics as therapeutic agents, there is a transfer of multiple antibiotic
resistance genes (ARGs) into bacteria, which have evolved and spread to produce antimicrobial
resistance (AMR). Large amounts of antibiotic residues and ARGs then end up in wastewater.
WWTPs receive wastewater from residential areas, hospitals, livestock, aquaculture and
pharmaceutical plants. The high microbial density, growth and nutrient content of the wastewater
provides the essential environment for the proliferation of AMRs. The antibiotics do not biodegrade
fully and adsorb to the surface of sludge particles (Yin et al., 2024).

Taken together, these concerns have fuelled significant public scepticism toward SS land
application, often amplified by high-profile contamination incidents and media coverage that does
not always distinguish between raw sludge and treated products, or between contaminant

presence and demonstrated impact or risk.
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2 Aims and Objectives

Addressing these knowledge and regulatory gaps requires moving beyond threshold-based
contamination limits. Instead, more comprehensive characterisation strategies are needed - ones
that better capture parameters related to the quality and the fate of OM and nutrients. This
approach is not limited to the simple measure of total concentrations and is essential for evaluating

both the agronomic potential and environmental safety of sludge-derived products.

By applying a biochemical fractionation methodology able to characterise OM accessibility and
complexity, this work aims to advance understanding of OM fate across sludge and sludge-derived
products from both conventional and more innovative treatment processes, providing the data

needed to observe, evaluate and ultimately optimise sludge treatment and valorisation strategies.

In terms of agronomic efficiency, biochemical fractionation of OM (accessibility and complexity)
will be carried out according to the ISBAMO® methodology (Indice Stabilité et Bioaccessibilité MO,
Jimenez et al., 2014, 2015, 2017, 2020). This characterization is performed on a collection of
different sludge products coming from different processes, namely: anaerobic digestion, thermal
hydrolysis, thermal treatment, pyrolysis, hydrothermal carbonization and physical and mechanical
treatment such as gravitational thickening and centrifugation.

2.1 Specific Objectives

- Analyse physicochemical characteristics of different sludge products: raw sludge, digested
sludge, dehydrated sludge, thickened sludge, thermally treated sludge, sludge cake,
hydrochar, biochar;

- Perform biochemical fractionation and 3D fluorescence analyses on the same set of
samples;

- Apply multivariate statistical methods, namely principal component analysis (PCA) and
hierarchical clustering analysis (HCA) to find correlations between variables, simplify the

dataset of collected data, and support interpretation of results.

Sludge Sample
Collection of
various typologies

Multivariate
Statistics on Correlation of
complete dataset Variables &
(PCA & HCA) Simplification of
the Dataset

Figure 3: Overview of the methodological workflow: sludge samples undergo physicochemical characterisation, ISBAMO
fractionation and 3D fluorescence spectroscopy, and multivariate statistical analysis is performed on the resulting
dataset.
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3 Materials and Methods

3.1 Sample set

For this study, 29 sludge samples were analysed. The samples covered a range of typologies from
several wastewater treatment plants (WWTP): 4 raw sludge, 4 anaerobically digested sludge, 4
thickened sludge and 4 sludge cake all from WWTP1, 4 hydrochar from 4 different hydrothermal
carbonization (HTC) pilot-scale plants, 2 dehydrated sludge from WWTP2 and WWTP3, the input
and output of a thermal hydrolysis treatment at WWTP2, the input and output of AD process in
WWTP2, 2 solid fractions after centrifugation collected at WWTP2, and 1 biochar sample collected
at a lab scale pyrolysis system. Raw sludge, digested sludge and thickened sludge samples were
in the liquid phase, while sludge cake, hydrochar and solid fractions collected after centrifugal

treatment were in the solid phase. Nomenclature was created according to Table 1.

Table 1: Nomenclature of sample names, sample descriptions, treatment processes applied and different sample

sources; either wastewater treatment plants or hydrothermal carbonisation pilot-scale plants.

SHORT CODE [SAMPLE NAME (SAMPLE DESCRIPTION TREATMENT PROCESS SOURCE
R1 RS_080725 raw sludge aerobic WWTP 1
R2 RS_160725 raw sludge aerobic WWTP 1
R3 RS_220725 raw sludge aerobic WWTP 1
R4 RS_280125 raw sludge aerobic WWTP 1
D1 DS_040325 digested sludge anaerobic digestion WWTP 1
D2 DS_290725 digested sludge anaerobic digestion WWTP 1
D3 DS_050825 digested sludge anaerobic digestion WWTP 1
D4 DS_120825 digested sludge anaerobic digestion WWTP 1
T1 TS_280125 thickened sludge thickening WWTP 1
T2 TS_080725 thickened sludge thickening WWTP 1
T3 TS_160725 thickened sludge thickening WWTP 1
T4 TS_220725 thickened sludge thickening WWTP 1
SC1 SC_080725 sludge cake (after AD + thermally treated + filter press) anaerobic digestion/thermal conditioning ~ (WWTP 1
SC2 SC_160725 sludge cake (after AD + thermally treated + filter press) anaerobic digestion/thermal conditioning ~ (WWTP 1
SC3 SC_220725 sludge cake (after AD + thermally treated + filter press) anaerobic digestion/thermal conditioning ~ (WWTP 1
Sc4 SC_280125 sludge cake (after AD + thermally treated + filter press) anaerobic digestion/thermal conditioning ~ (WWTP 1
H1 H_ES hydrochar hydrothermal carbonisation HTC 1
H2 H_ES.d hydrochar from digested sludge hydrothermal carbonisation HTC 1
H3 H_SE hydrochar hydrothermal carbonisation HTC 2
DH DeH_F dehydrated sludge (output of rotating filter press -hydrochar input) |dehydration HTC3
H4 H_F hydrochar (output of incinerator - hydrochar output) hydrothermal carbonisation HTC 3
HIN HT_IN thermally treatment input (before AD) aerobic WWTP 2
HOUT HT_OUT thermally treatment output (before AD) hydrothermal treatment WWTP2
AIN AD_IN primary sludge + thermally treated sludge - AD input thermal treatment WWTP 2
AOUT AD_OUT primary sludge + thermally treated sludge - AD output anaerobic digestion WWTP 2
cAD Centri_AD solid fraction before AD (inlet to AD) -primary dehydration WWTP 2
cINC Centri_INC solid fraction before incineration (inlet to incinerator) - primary dehydration WWTP 2
DH2 DH_2 dehydrated sludge (output of rotating filter press) dehydration WWTP 3
B4 Biochar 4 Biochar pyrolysis Biochar plant

The samples from WWTP1 were part of the same treatment process chain, which is outlined in
Figure 4 (a). In this work, the results of bioaccessibility, complexity and fluorescence distribution
are analysed for these typologies from WWTP1 and for hydrochar samples. Figure 4 (b) presents
thermochemical and

additional typologies according to treatment category (mechanical,
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biological). The data for these typologies, as well as typologies from WWTP1, are included in the

database used to conduct the statistical analysis.

Temperatures of thermal conditioning used in the treatment of sludge cake (Figure 4 (a)) were

195 °C and temperatures for hydrochar processing (Figure 4 (b)) ranged from 200-210 °C.
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Figure 4: Process diagram for sludge treatments and corresponding sludge products: (a) shows treatment chain for
typologies for WWTP1 samples and (b) shows typologies for the additional samples included in the principal component

analysis, presented according to treatment category.
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3.1.1Sample Preparation

Figure 5 represents an overview of sample preparation and analyses conducted during this project
for (a) liquid samples and for (b) solid samples. This shows all analyses performed for each sample

type, although it should be noted that not all analyses were conducted for every sample.

Sample pretreatment and several physicochemical measurements (phase separation for liquid
samples, TS, VS, pH, EC (Electrical Conductivity) and elemental analysis (CHNS)) were completed

prior to the author’s work.

(a) _.r el 2 pH, Conductivity (EC), Total }

Solids (TS), Volatile Solids (VS)
Filtration
0.45um sCOD, NT kit,
= #| ammonia (N-NH4+),
e 3DFluo

l ISBAMO: SPOM, REOM, SEOM, PEOM ’

(COD, NTkit, 3DFluo)
h ° freeze-drying+
freezing (-20 °C) grindingr!m?n
TS, VS, tCOD, TKN, CHNS ]

Aqueous
Fraction (DOM)

Raw LIQUID

samples
(sludge, digestate)

_.( Centrifugation ( g
18600g, 20min, 4°C /

Solid Fraction
(pellet)

(b) —>[ preliminary analysis ]—»[ Total Solids (TS), Volatile Solids (VS) J

Raw SOLID freeze-drying+ TS, VS, tCOD, TKN, CHNS +
samples grinding 1mm ISBAMO: sPoM, REOM, SEOM, PEOM
(COD, NTkit, 3DFluo)
—'[ freezing (-20 C) ]

_’[ water extraction (10:1) ]—b[ pH, Conductivity (EC), ammonia (N-NH4+) ]

Figure 5: Flow diagram of sample preparation and analytical procedures for (a) liquid samples and (b) solid samples.
Key pre-treatment steps include centrifugation and 0.45 pm filtration for DOM isolation (a) and freeze-drying and
grinding to 1 mm prior to ISBAMO sequential extraction (a, b). Analyses performed on resulting fractions include COD,
NTkit, TKN, CHNS, and 3D fluorescence spectroscopy.

3.1.2 Sample Pretreatment

Phase separation using centrifugation was complete so that analysis could be done on both the
liquid and solid fractions of the sample. A Beckman Coulter Avanti J-26 XP centrifuge was used to

separate the samples into a solid fraction and a liquid fraction. The centrifuge was set at 18,600
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g for 20 minutes at 4 °C. The centrifugation ratio is calculated by dividing the total mass of the

solid fraction by the total mass of the samples centrifuged.

The liquid fraction, representing the DOM (Dissolved Organic Matter), was recovered after
centrifugation, filtered at 0.45 pm (with glass fiber cellulose acetate, Sartorius) and frozen at -20

°C for further analyses.

The solid fraction was frozen at -20 °C and freeze-dried using a Cryotec Cosmos 20k freeze-drier.
Freeze-drying is a process that eliminates all water from a sample by sublimation, without altering
its fundamental properties. After freeze-drying, a knife mill (IKA MF 10 basic) was used to grind

the freeze-dried samples into a powder of < 1 mm diameter.

For solid samples, no centrifugation was needed and after preliminary characterization, they were

directly frozen at -20°C to be subsequently freeze-dried and used for further analysis.

3.2 Physicochemical characterization

3.2.1Total Solids (TS) and Volatile Solids (VS)

The concentration of Total Solids (TS) and Volatile Solids (VS) was determined by weighing and
drying. TS represent all dry solids contained in a sample, including organic and inorganic solids.
TS were analysed by gravimetry after 24 h at 105 °C, while VS were analysed by gravimetry after
2 h at 550 °C. The VS was obtained by subtraction of the mineral matter obtained after 550 °C
and of the TS. Both measurements are performed in duplicate and values are expressed as a
percentage of the sample.

Mass;gsoc—Massp;
TS (%) — 105°C Dish x 100
Masspish+sample—Masspish

VS (%) = Massios-c=Massssoec 100

Masspish+sample —Masspish

3.2.2Chemical Oxygen Demand (COD)

The Chemical Oxygen Demand (COD) corresponds to the amount of oxygen required to oxidise
the OM contained in a raw sample under acid medium, high temperature (150 °C), a specific
oxidising agent (K dichromate (K2Cr207)), and time (120 min). The COD is defined as the amount
of O2 chemically equivalent to the Cr,0,> consumed during the oxidation. It is frequently used in

wastewater treatment as an indicator to assess the organic contamination in various effluents.

22



Soluble and total COD (sCOD and tCOD) were measured using AqualyticO® kits (0-1500 mg O..L"
1). The measurements were done using a spectrophotometer which follows Beer-Lambert’s law.
For sCOD analysis, the sample was previously filtered through 0.45 um filter. The tCOD of solid
samples and solid fractions was determined using an acid extraction method. A known mass of
freeze-dried sample is mixed with H>SO4 (98 % w w 1) and agitated for 24 hours. Afterwards, the
sample is diluted with distilled water before measuring COD using kits. Units were expressed in
mg O..L for the liquid phases and mg 0,.gTS™! for the solid fraction and total phases.

For liquid samples (raw sludge, digested sludge and thickened sludge) the tCOD of the sample is
considered as the sum of the tCOD from the freeze-dried solid fraction and the sCOD of the liquid

fraction. First, the total COD of the solid freeze-dried sample is calculated on raw samples basis:

mgCOD _mLH,O total
L 1000 mL

g Rsfreeze—dried ><Tsfreeze—drl’ed (%)

tCODso1i4 fraction (mggTS™) =

tCODsoiq fraction (mg g RS™H) = tCODsoiiq fraction (mg g TS™1) x T'Sraw sotia fraction(%)
The sum of soluble COD and total COD of the solid fraction will be the tCOD of the sample:
tCODsample(mg g RS_l) = (CODsoluble(mg g RS_l) X (1 - T)) + (T X tCODsolid(mg g RS_l))

Where RS is raw sample and r is the centrifugation rate (the mass of solid fraction after

centrifugation over the mass of the initial sample centrifuged (%)).

3.2.3Total Kjeldahl Nitrogen and Ammonia Nitrogen

Total Kjeldahl Nitrogen (TKN) was measured for freeze-dried solid samples and solid fractions
(sludge cake, hydrochar and solid fractions collected after centrifugal treatment), using the
Kjeldatherm and Vapodest 500 (Gerhardt) apparatus. The protocol involves 3 steps: first, the
digestion of OM using concentrated H,SO4, heat, K;SO4 and a selenium catalyst. This converts
nitrogen to ammonium sulfate. With the addition of NaOH, ammonium sulfate is converted to NH3,
which is distilled and collected in excess boric acid to produce ammonium borate. Finally, the
residual boric acid is titrated with a standard acid using a suitable indicator point to estimate the
total nitrogen content. TKN value is considered the sum of organic nitrogen and ammonia nitrogen
(N-NH4*).

Ammonia nitrogen and total nitrogen is measured in the soluble fractions (DOM) and extracted
fractions obtained through the ISBAMO® methodology (explained in section 3.3), using Hach
Lange kits. TN was expressed as a proportion of total TKN of the original solid sample. Organic N-

content can be calculated as the difference between TKN and N-NH4™.

23



3.3 ISBAMO® Methodology

The ISBAMO® (Indice de Stabilité et de BioAccessibilité de la Matiere Organique) methodology is
based on sequential chemical extractions of the OM contained in a sample and their subsequent
spectral analysis. The values obtained assess the biochemical and structural nature of the matrix
by means of its bioavailability and complexity (Jimenez et al., 2014, 2015, 2017, 2020).

A total quantity of 1 g of freeze-dried sample was sealed in two fibre bags (0.5 g each bag) and
subjected to the sequential chemical extractions using an automated extraction system (Thermo
Scientific Dionex ASE 350 Automated Accelerated Solvent Extraction System) in extraction cells,
as seen in Figure 6 below. The system operates at a temperature of 40°C to achieve the automatic
extraction using 3 increasingly aggressive solvents. The oven design ensures uniform heating and
temperature control for the extraction cell. The system allows in-line filtration and in-cell clean-
up to ensure homogeneous extraction. The software used was Chromaleon 7. N; gas is used to

purge the cells.

Relief valve

/ \h\m_ Pump
' ; valve
Solvents é

Oven —»

Extraction cell E
Static valve | |—D

Collection
bottle

Figure 6: Thermo Scientific™ Dionex™ ASE™ 350 (a): 1) Solvents bottles 2) Zirconium cells containing the samples.

3) Collection bottles. b) Schematic of the ASE process (Fernandez-Dominguez, 2023).

Using the ASE system, three fractions were obtained by this extraction process:

- SPOM = soluble extracted from particulate organic matter;
-  REOM = readily available organic matter;
- SEOM = slowly extractible organic matter.

The 3 fractions were collected in a total of 6 glass bottles. The SPOM is extracted into 1 bottle,
the REOM is extracted into 3 bottles (equal volume in each) and the SEOM is extracted into 2

bottles (equal volume in each).
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The final sample of each fraction after extraction was obtained by mixing an equal part of volume
from each extraction step. For SPOM, the final fraction is contained in 1 single bottle, so can be
transferred to a container directly. For REOM equal volumes (10mL) from each bottle were mixed
in one container and for SEOM equal volumes (20mL) from each bottle were mixed in one

container.

An additional extraction (PEOM = poorly extractible organic matter) is performed manually on the
fibre bags from the ASE cells, using H.SO4 72%. The PEOM extraction is complete after the
extraction using the ASE system. The non-extractable organic matter (NEOM) represents the

unextractable fraction.

Each fraction could be associated with a different family of biochemically similar compounds with
the aim to simulate biological accessibility. Table 2 defines all the obtained fractions using the
ISBAMO® methodology and clarifies the biochemical molecules extracted.

Table 2: All fractions obtained using the ISBAMO methodology. 2Fraction extracted using the ASE system. "Manually

extracted fraction. ‘Residual solid fraction after PEOM extraction. 9The extraction solvents used, the biochemical

molecules extracted and the resulting number of extraction bottles.

No. of
Fraction Solvent® Biochemical molecules extracted extraction
bottles
Soluble from Solid Organic
g CaCl, 10 mM Protein-like and sugars 1

Matter (SPOM)?

EPS (Extracellular Polymeric
Substances), protein-like, nucleic acid- 3
like, sugars, lipids

Readily Extractable Organic  NaCl 10 mM and
Matter (REOM)? 10 mM NaOH

Slowly Extractable Organic NaOH 0.1 Protein-like, humic-like substances,
Matter (SEOM)? ' remaining lipids

Poorly Extractable Organic

o : "
Matter (PEOM)® H,S04,72 % w:w Hemicellulose and cellulose-like

Non-Extractable Organic Residual OM (lignin-lignin, humins,
Matter (NEOM)® insoluble lipids)

As for the DOM fraction, all extracted fractions were kept at -20°C. At the end of each extraction
step, COD and TN of each fraction were measured (according to methodology explained in section
3.2.2 and 3.2.3) to calculate the accessibility profile of the sample as well as the extraction yield
based on the total sample COD and N concentrations. The NEOM fraction represents COD
remaining after sequential chemical extraction and is calculated by difference. To assess the

complexity of the sample, each fraction was analysed using 3D-Fluorescence spectroscopy.
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3.4 COD and TN Mass Balance and Extraction Yield Calculations

The amount of extract for each extraction step was measured. The extraction volumes of the same
fraction, collected in different bottles, were mixed (as outlined above), and the COD and TN (mg
L) were measured for each fraction (SPOM, REOM, SEOM, PEOM). With these values, the
equations below were used to obtain the relative COD % and N % of each fraction over the total

COD and N in the raw sample.

Fractionass(mg) = conc. (mg/L) x -xractant (1)

mg )_ Fraction,qss(mg)

Fraction ( =
mass,FD 9gTSEp msample(g)XTSFD(g/g)

) Fractionqss rp ( TSrs(9/9)

Fraction ass rs (m

gRS gTSFD)

Fraction g, —— gR = Fraction s rs (;" ) XT

Fractionmassr( g

9"5) x 100

tconc. sample(gRS)

Fraction,(%X) =

Cpom(mg/L)xED

DOM,,(%X) = 1000 5 100

tconc.sample (gRS)

Where X refers to a specific fraction, FD, freeze-dried; RS, raw sample; Msampie, is the mass of the
solid fraction; conc., the concentration of either COD or TN. Please note that for solid samples,

DOM fraction (liquid fraction) is not present.

3.5 3D fluorescence spectroscopy

The fluorescence spectroscopy analyses were conducted on the extracted liquid fractions using a
fluorescence spectrometer (Perkin ElImer LS55). The liquid sample was introduced into a SUPRASIL
quartz cell from HELLMA type 110-Q5, where the excitation wavelength passed through the quartz
cell and the emission could be detected at an angle of 90°. Pulsed radiation is produced by a xenon
lamp between 200 and 600 nm with a 10 nm incrementation. The monochromators presence in
the excitation and emission compartments allow the acquisition of the excitation-emission spectra
and 3D spectra. The processing of the Excitation Emission Matrix (EEM) subsequent data from the
3D spectra was performed with fluorescence regional integration (FRI) analysis as a quantitative
data approach. The spectra can be divided into seven zones (I-VII) corresponding to a biochemical

family with common complexity level as seen in Figure 7 below.

26



... | 1: protein- like (Tyrosine Tyr) / gi\',”‘/
« | II: protein- like (Tryptophane Trp) o
AN = 11: protein- like (Tyr et Trp,microbial products)
“1v: fulvic acid-like
« | Vi Inner filter, glycolated protein-like —
A % I, protein-like (Tyrosine)
- w {VI: mel -like; 3D fluorescence-FRI 5 i
E ) melanoldin-ifke | - V|| jidoresce m S Il, protein-like (Tryptophan)
= lignocellulose-like r = Complexity IIl, protein-like (Tyrosine, Tryptophan)
® | ¢ | vii: humic acid-like and mu':robl.al Products)
K] = IV, fulvic acid-like;
s 20 V, inner filter, glycolated protein-like
= 0 VI, melanoidin-like and lignocellulose-like
Sl = VI, humic acid-like
= 3
%] = Complexity %y + %y + %1 + Yovn
I - —  Index %, + % + Y%
G 2000
("""c:\)?‘x ) sz
ﬁ\“z‘\é‘*
o Vi gl

Figure 7: Fluorescence regionalization integration for spectra interpretation and quantification, outlining the location of

each zone and the complexity index calculation (Jimenez et al., 2014).

Zones I-III correspond to the simplest molecules with protein-like fluorescence, while the more
complex molecules are located in zones 4-7. The different molecules corresponding to each zone
are described in the table below (Table 3).

Table 3: 3D fluorescence spectral zones, their corresponding biochemical families and excitation and emission

wavelength regions.

Zone Biochemical family Aex, Aem

Aromatic protein-like

I (Tyrosine-like) 220, 300-310

Aromatic protein-like

II (Tryptophan) 220, 360
Protein-like (Trp, Tyr,
III . . 280, 350-360
microbial products)
IV Fulvic acid-like 230, 400-420
Intern filter
\"/ 280, 440-450

(glycolated protein-like)

VI Glycolated protein-like

(melanoidin), lignocellulose-like 340, 420-450

Lipofuscin-like

(condensed protein)
Vil lignin-like 400, 480-500

Humic acid-like

The complexity of OM is assessed through the proportions of fluorescence volumes of the most
recalcitrant molecules such as humic-like substances, fulvic-like acids, lipofuscin-like (i.e. a

lignocellulosic marker) as well as amino acids and less complex molecules.

The proportion of fluorescence for a given zone "“i” Pt (i) was calculated using the fluorescence

zone volumes Vs (i) according to the equations below (Jimenez et al., 2017):
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. . 71y — Vf,raw(i) NO)
Ve()(U.A./mg - COD - L) = CODsampre x1/ 57,50

V(D)
z:i7:1 V()

Pr()(%) = x 100

with:

Vs (i) (U.A. mg O,.L'1): the normalized volume of the zone i,
Vs raw (i) (U.A. mg O..L1): the raw volume of the zone i,
CODsample (Mg 02.L1): the COD concentration of the sample,
S(i) (nm?): the area of a zone i,

Pt (i) (%): the fluorescence proportion of a zone i.

To compare several samples, a “complexity index” (CI) was used to simplify interpretation. This
index is defined by the ratio of the sum of the fluorescence volumes of the most complex
fluorescence zones (IV-VII) over the sum of the fluorescence volumes of the protein-like zones
(I-III). The complexity index used here incorporates the OM content of the sample through
normalisation by COD concentration, lending greater analytical significance to the index by
accounting for differences in sample OM load (Jimenez et al., 2015). The CI is calculated as
follows:

T Vi)

Complexity Index = %CODsaction X IR0

3.6 Statistical analysis

Principal Component Analysis (PCA) was used to investigate the collected variables, find
correlations, reduce the complexity of the dataset and identify treatment gradients. PCA
summarizes information contained in many correlated variables into fewer dimensions. The first
two dimensions, which explain the highest share of variance in the dataset, are normally visualized

through Cartesian axes.

Hierarchical Clustering (HC) was applied to the PCA results. This method groups samples according
to their composition and allows us to determine whether materials naturally cluster according to
their treatment origin and/or shared physicochemical properties. It helps to reveal compositional
similarities among different materials. Using these statistical analysis tools, it was possible to
determine correlations between biodegradability, indicators from OM characterization and the
different type of sludge products. All data processing and statistical analyses were performed in
Excel and R Studio (R version 4.5.1). Descriptive statistics and data visualization were generated
using Excel and standard R packages. Multivariate analyses were conducted using the Factoshiny

(Vaissie et al., 2025) application for PCA and hierarchical clustering analysis (HCA).
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4 Results

Firstly, the results for bioaccessibility, complexity and 3D-Fluorescence data will be presented.
This analysis was completed on 5 typologies: raw sludge, digested sludge, thickened sludge,
sludge cake (all samples from WWTP1 that form a process chain) and hydrochar (sourced from 4
different treatment plants). These samples were selected as they represent the principal stages
of conventional and innovative sludge treatment; from minimally processed raw sludge through
biological stabilisation, mechanical dewatering, thermal conditioning and hydrothermal
carbonisation. Each comprised four replicate samples, enabling typology-level comparison. The
biochar sample was excluded from this analysis as the solid-phase pyrolysis matrix is not
compatible with the ASE extraction system. Raw data is shown in the annex in section 8.2, Table
A 3.

4.1 Bioaccessibility

4.1.1 OM Distribution Across Fractions

The proportion of total COD distributed across the chemically extracted fractions of the 5 sludge
typologies (raw, digested, thickened, sludge cake, hydrochar) is summarised in Figure 8. The
fractionation profiles obtained were typology-specific, reflecting the distinct processing history of

each sample type.

mgCOD/gTs 1485.3 £ 206.28 1044.04 + 45.49 1044.08 + 32.39 875.03+51.11 1170.41+ 106.48
100%
80% -
§ 70% 1 1 @ DOM_COD
2 60% - mSPOM_COD
] O REOM_COD
50% - l | I
1 mSEOM_COD
40% - l OPEOM_COD
30% - O NEOM_COD
20% - n=4
10% -
0% T T T T

RAW (55%) DIGESTED (48%) THICKENED (51%) SLUDGE CAKE (32%) HYDROCHAR (55%)

Figure 8: Total COD and biochemical fractionation profiles across five sludge typologies (n=4 per typology; left to right:
raw sludge, digested sludge, thickened sludge, sludge cake, and hydrochar). Bar segments represent chemically
extracted COD fractions; values at bar tops indicate total COD; percentage values in brackets indicate the total extracted

COD. Black error bars show standard deviation.
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Raw sludge exhibits the highest tCOD content of the solid fraction (1485.3 + 206.28 mgCOD/gTS)
and the greatest proportion of bioaccessible fractions. The DOM fraction, representing water-
soluble organic substances, is highest in raw sludge compared to other typologies (9%). Raw
sludge also contains the highest COD proportions in the SPOM (4%) and REOM (7%) fractions out
of all typologies. The considerable variability observed (£206.28 mgCOD/gTS) is attributable to

the inherent heterogeneity of influent sewage sludge composition.

Digested sludge shows a reduction in tCOD (1044.04 + 45.49 mgCOD/gTS) relative to raw sludge,
consistent with the poor biodegradability of secondary sludge. The fractionation profile reflects a
shift toward less accessible fractions, with a marked increase in the PEOM fraction from raw sludge
(23% to 32%) and reduction in DOM, SPOM and REOM fractions, indicating preferential
degradation of more accessible OM during AD. Variability is substantially reduced compared to

raw sludge, suggesting that AD homogenises the organic composition of the sludge.

Thickened sludge displays a fractionation profile closely resembling that of digested sludge and
the same value of tCOD (1044.08 £ 32.39 mgCOD/gTS), with a similar distribution across fractions
(£ 3%) and low variability. This suggests that thickening, as a purely physical process, does not
significantly alter the organic composition or bioaccessibility of the sludge relative to digested

material.

Sludge cake shows the lowest proportion of extractable COD (32%) and the lowest tCOD (875.03
+ 51.11 mgCOD/gTS) of all typologies. Following AD and thickening, the sludge undergoes thermal
conditioning at 195°C, prior to press filtration. The low extractable COD proportion and narrow
variability reflect the cumulative effect of sequential processing steps on OM bioaccessibility.
Despite this, a substantial PEOM fraction remains, indicating that a portion of OM persists in a

moderately accessible form even after extensive processing.

Hydrochar exhibited a moderate level of bioaccessibility (55%) with a tCOD of 1170.41 + 106.48
mgCOD/gTS. The fractionation profile is dominated by the PEOM fraction (43%) and a portion of
the SEOM fraction remains (6%). The elevated variability (£106.48 mgCOD/gTS) is expected
given that hydrochar samples derived from different municipal sludge samples and sourced from

different processing facilities.

4.1.2 Nitrogen Distribution Across Fractions

The proportion of total nitrogen distributed across the chemically extracted fractions of the five
sludge typologies (raw, digested, thickened, sludge cake, hydrochar) was measured and is
summarised in Figure 9. Here, the PEOM fraction and the non-extractable organic matter (NEOM)

fraction are grouped and represent the total nitrogen remaining after sequential chemical
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extractions by the ASE. Like the COD fractionation data, the nitrogen fractionation profiles

obtained were typology-specific, reflecting the distinct processing history of each sample type.

mgaTKN/gTS 41.36+15.68 74.54+8.36 80.22+11.53 21.76£0.56 26.02+.80
100% -
90% -
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n=4
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20% -
10% -
0% -

RAW (68%) DIGESTED (75%)  THICKENED (69%) SLUDGE CAKE (23%) HYDROCHAR (36%)

Figure 9: Total nitrogen and accessibility nitrogen profiles across the five chemically distinct sludge typologies from left
to right; raw sludge, digested sludge, thickened sludge, sludge cake and hydrochar, n=4 per typology. Bar segments
represent chemically extracted nitrogen fractions; values at bar tops indicate total nitrogen (TKN); percentage values

in brackets indicate the extracted nitrogen. Black error bars show standard deviation.

Raw sludge has a TKN of 41.36 £ 15.68 mgTKN/gTS with 68% extractable nitrogen. Nitrogen is
distributed relatively evenly across SPOM (12%), REOM (14%) and SEOM (32%) fractions, with
SEOM fraction dominating. There is a substantial non-extractable fraction (31%) which may reflect
poorly and non-accessible organic N. Once again, the high variability reflects the inherent

heterogeneity of raw sludge composition.

Digested sludge shows the most striking shift in nitrogen distribution, with the DOM fraction
accounting for 57% of total extractable nitrogen, compared to 11% in raw sludge. TKN curiously
yields 74.54 + 8.36 mgTKN/gTS, a higher value compared to the raw sludge it derives from, with
75% extractable nitrogen. The SEOM fraction decreases markedly relative to raw sludge (10% vs
32%), consistent with degradation of protein-like compounds during digestion. Variability is
substantially reduced relative to raw sludge, consistent with the homogenising effect of AD

observed as well in the COD fractionation data.

Thickened sludge presents the highest absolute TKN of all typologies (80.22 £ 11.53 mgTKN/gTS)
with 69% extractable nitrogen. The DOM fraction remains dominant at 47%, though slightly
reduced relative to digested sludge (57%), with a corresponding slight increase in SEOM (12% vs
10%) and NEOM (31% vs 25%). Overall, there is a subtle redistribution away from the DOM
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fraction toward less accessible fractions and a slight increase in absolute TKN relative to digested
sludge.

Sludge cake shows a reduction in both absolute TKN (21.76 £ 0.56 mgTKN/gTS) and extractable
proportion (23%), with NEOM dominating at 75%. The SPOM, REOM and SEOM fractions are all
substantially reduced relative to upstream typologies. The extremely low variability (£0.56

mgTKN/gTS) reflects the high reproducibility of the industrial sludge cake process.

Hydrochar presents a TKN of 26.02 £ 6.80 mgTKN/gTS with 36% extractable nitrogen. The
nitrogen distribution is closest in similarity to sludge cake but distinct from all other typologies,
with a higher SPOM fraction (18%) relative to sludge cake. The SEOM fraction (12%) remains
comparable to other typologies while the PEOM+NEOM fraction dominates at 64%. The DOM
fraction is absent as hydrochar is the solid fraction after hydrothermal carbonization processing.
Most of the soluble nitrogen is moved to the process liquid phase during treatment. The variability
(£6.80 mgTKN/gTS) is expected given that hydrochar samples originate from different processing

facilities.

4.2 Evolution of 3D Spectra: Characteristic Fluorescence Footprint

Representative 3D excitation-emission matrix (EEM) fluorescence spectra for selected
representative samples from each typology across the five extracted fractions are presented in
Figure 10 (WWTP1 typologies) and Figure 11 (hydrochar) below. Although one sample is chosen
to represent each typology, the spectra produced for each typology was consistent across the 4
samples. The red arrows indicate the dominant fluorescence peaks within each spectrum. Spectral
profiles are discussed in detail in Section 5.2, in conjunction with complexity ratio and fluorescence

zone distribution data.
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Figure 10: 3D-Fluorescence fluorescence spectra at each extraction step from DOM (row 1) to PEOM (row 5) for the sludge

typologies from WWTP 1, column 1 = raw sludge (R1), column 2 = digested sludge (D3), column 3 = thickened sludge (T3), column

4 = sludge cake (SC3). Fluorescence intensity in arbitrary units is plotted as iso-lines. Arrows indicate the main fluorescence peaks.
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Figure 11: 3D-Fluorescence spectra at each extraction step from SPOM (left) to PEOM (right) for a hydrochar sample (H1 sample).

Fluorescence intensity in arbitrary units is plotted as iso-lines. Arrows indicate the main fluorescence peaks.

4.3 OM Fluorescence Distribution

The fluorescence zone distribution across the five extracted fractions (DOM, SPOM, REOM, SEOM,
PEOM) for each typology is summarised in Figure 12. The split line divides simple protein-like
fluorescence zones (I-III) from complex fluorescence zones (IV-VII), with a higher proportion
above the split line indicating greater OM complexity. Results are expressed as the percentage
fluorescence contribution of each zone within each extracted fraction. The distribution is these
graphs are directly correlated with the zone distribution of the 3D-fluorescence spectra. Raw data

can be found in the annex section 8.2 in Table A 4.
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Figure 12: Distribution of fluorescence (%) of the seven spectral regions in each fraction for the five sludge typologies,

n=4 for each typology. The horizontal line splits the simple fluorescent OM from the complex one.

Raw sludge presents the highest overall proportion of simple fluorescence zones across all
fractions, with the split line ranging from 51% (PEOM) to 73% (REOM), indicating that the majority
of OM in the accessible fractions is composed of relatively simple, protein-like compounds. Zones
I-IIT dominate particularly in the DOM, SPOM and REOM fractions and complexity increases
progressively toward less accessible fractions, with the PEOM fraction showing the lowest
proportion of simple zones (51%) and the highest contribution of zone IV (fulvic acid-like, 23%)

and zone VII (humic acid-like, 3.8%) of all raw sludge fractions.
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Digested sludge shows a marked reduction in simple zone proportions relative to raw sludge across
all fractions, with the split line ranging from 43% (PEOM) to 62% (SPOM). The DOM fraction shows
a notable decrease in simple zones compared to raw sludge with split line decreasing from 64%
to 55%. Zone VII (humic acid-like) increases in the PEOM fraction relative to raw sludge (6.7%
vs 3.8%).

Thickened sludge presents a fluorescence distribution broadly consistent with digested sludge
across all fractions, with split line values ranging from 43% (PEOM) to 52% (SPOM and REOM).

Sludge cake shows a distinct fluorescence profile characterised by high complexity in the less
accessible fractions. While the SPOM fraction retains a relatively high proportion of simple zones
(53%), complexity increases sharply toward less accessible fractions, with the PEOM fraction
showing only 22% simple zones, the lowest of any fraction across typologies along with hydrochar.
Zone V (glycolated protein-like) increases substantially in the PEOM fraction (25%) relative to
upstream typologies. Zone IV (fulvic acid-like) increases progressively across fractions, reaching
34% in PEOM. In addition, zone VI (melanoidin-like compounds) increases substantially in the
REOM fraction (20%) from thickened sludge (7.7%).

Hydrochar presents the most complex fluorescence profile of all typologies, with consistently low
simple zone proportions across all fractions (the split line ranges from 22% in PEOM to 39% in
REOM). Zone IV (fulvic acid-like) dominates across all fractions, reaching 42% in the PEOM
fraction, substantially higher than any other typology. Zone V (glycolated protein-like) is elevated
in the PEOM fraction (24%) and zone VI (melanoidin-like compounds) is consistently present,

ranging from 9.5-10.4% across all fractions.

4.4 Sludge Complexity Indicator

The complexity ratio (CR) across the extracted fractions of the five sludge typologies is presented
in Figure 13 and the data plotted by typology. A graph of CR plotted by fraction can be found in
the annex section 8.1.1 in Figure A 1. The CR is defined as the ratio of the sum of fluorescence
volumes of complex zones (IV-VII) to the sum of fluorescence volumes of protein-like zones (I-
ITI), normalised by COD concentration to account for differences in OM load between samples.
Higher CR values indicate greater molecular complexity and recalcitrance of the extracted OM
(Jimenez et al., 2017). The CR increases consistently with processing intensity across all fractions
and typologies, reflecting progressive stabilisation of OM through biological, mechanical and

thermochemical treatment stages. Raw data is found in the annex section 8.2, Table A 5.
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Figure 13: The complexity ratio (CR) of each fraction across the five sludge typologies (raw sludge, digested sludge,

thickened sludge, sludge cake and hydrochar), n=4 for each typology. Black error bars show standard deviation.

Raw sludge presents the lowest CR values of all typologies across all fractions, ranging from 0.39
(REOM) to 0.99 (PEOM). The PEOM fraction shows the highest CR within raw sludge.

Digested sludge shows a moderate increase in CR across all fractions relative to raw sludge,
ranging from 0.63 (SPOM) to 1.31 (PEOM). The increase is most pronounced in the DOM (0.83)
and SEOM (0.91) fractions.

Thickened sludge presents CR values broadly comparable to digested sludge across most fractions,
ranging from 0.85 (SPOM) to 1.35 (PEOM). The DOM fraction shows a slight increase relative to

digested sludge (1.03 vs 0.83), though the overall profile remains consistent.

Sludge cake shows a dramatic increase in CR relative to upstream typologies, with REOM (2.20)
and PEOM (3.72) showing the most pronounced increases. The PEOM CR of 3.72 represents an
approximately 3.8-fold increase relative to raw sludge and approximately 2.8-fold increase relative

to thickened sludge. The SPOM fraction shows a more moderate increase of 0.95.

Hydrochar presents PEOM CR (3.58) comparable to sludge cake (3.72), confirming that both
thermochemical treatments produce poorly and non-accessible organic OM. However, the
distribution of complexity across fractions differs between the two typologies: hydrochar presents
elevated CR in the SPOM (1.75) and SEOM (1.88) fractions relative to sludge cake (0.95 and 1.46
respectively), whereas sludge cake shows higher REOM CR (2.20 vs 1.47), suggesting that HTC
and thermal conditioning complexify OM through different structural pathways in different

fractions.
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4.5 Principal Component Analysis and Hierarchical Clustering of the
Dataset

PCA and hierarchical clustering were performed on two datasets: one comprising physicochemical
variables and one comprising fluorescence zone distribution data, across the 29 samples (as

outlined in (Table 1) representing the sludge typologies investigated in this study.

4.5.1 PCA of Physicochemical Parameters

First, PCA according to physicochemical properties was applied to the dataset. The set of
physicochemical characteristics considered as variables were pH, EC, TS, VS/TS, COD, TKN, N, C,
H, P, K, Benzo(a)pyrene (BaP) and Total Ammonia Nitrogen (TAN). BaP is one of the 16 PAHs
classified by the United States Environmental Protection Agency (Alipour et al., 2022). It was
considered in this analysis because it is one of the most toxic PAHs found in SS and is classified

as a level 1 carcinogen (Mohammed et al., 2021).

Considering its low representativeness in the database (only 1 sample) and its extreme
physicochemical signature, the analysis was done with and without the biochar sample data. To
focus on functional convergence and avoid one typology dominating the principal components, the
results and discussion will focus on the analysis excluding biochar data. By excluding biochar, the
PCA-HCA analysis of remaining products better resolves more subtle functional gradients among
sludge products that share intermediate characteristics but originate from diverse biological and
thermochemical processes. The PCA and HCA of the data including biochar is presented in the

annex section 8.1.2, Figure A 2.

4.5.1.1 PCA and HC of Physicochemical Properties Without Biochar

Scores and loadings from the PCA of physicochemical properties excluding biochar are presented
in Figure 14. The first two components accounted for 67.44% of the total variance (Dim 1:
36.99%; Dim 2: 30.45%). Dimension 1 represents a gradient from high C, H, mgCOD/gTS and N
on the positive axis toward high P and pH on the negative axis. Dimension 2 separates individuals
with high TKN, EC, TAN and K from those with high TS and BaP.

Where the results differ are in distribution of the typologies across the PCA graph of individuals
which shows typologies form a decreasing gradient from left to right; thickened and digested
sludge (negative Dim 1), dehydrated sludge and thermally treated sludge (near origin) and raw
and hydrothermally treated sludge (positive Dim 1). Sludge cake and hydrochar are further

separated toward negative Dim 2.
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Figure 14: Scores plot (a) and loadings (b) obtained from the PCA analysis of the database (biochar excluded) with
the considered set of physicochemical characteristics (pH, EC, TS, VS/TS, COD, TKN, N, C, H, P, K, BaP, TAN) as active
variables; left is the graph of individuals (sludge types) and right is the PCA graph of variables (physicochemical
properties).

The correlation values of the quantitative variables on Dimensions 1 and 2 are presented in Table
4. On Dimension 1, H, C, mgCOD/gTS and N showed the strongest positive correlations, while P
and pH showed the strongest negative correlations. On Dimension 2, mgTKN/gTS, EC, TAN and K
were most positively correlated, while TS and BaP were negatively correlated.

Table 4: Correlation data of the variables for dimension 1 and dimension 2 of PCA graph of physicochemical

characteristics using data excluding biochar.

Correlation of quantitative variables on Dimension1 Correlation of quantitative variables on Dimension2

H 9.457E-01 mgTKN.gTS 9.414E-01
C 9.197E-01 EC 8.954E-01
mgCOD.gTS 8.857E-01 TAN (mg/g) 7.754E-01
N 6.022E-01 K 7.150E-01
VS/TS_raw 4.118E-01 BaP -4.424E-01
BaP -5.648E-01 TS_raw -7.181E-01
pH -7.347E-01

-8.599E-01
- 9.457E-01

Hierarchical clustering analysis of the physicochemical properties identified four clusters, selected
on the basis of the inertia gain plot (Figure 15). Cluster 1 (black) grouped sludge cake and
hydrochar, Cluster 2 (pink) grouped digested and thickened sludge, Cluster 3 (green) comprised

dehydrated sludge samples, and Cluster 4 (blue) grouped raw sludge samples.
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Figure 15: Hierarchical Clustering Analysis of the physicochemical properties excluding biochar with 4 clusters; Cluster
1 (black) = sludge cake and hydrochar, Cluster 2 (pink) = digested and thickened sludge, Cluster 3 (green) =
dehydrated sludge, Cluster 4 (blue) = raw sludge.

4.5.2 PCA of the % Fluorescence of Fractions across Zones without DOM

PCA and HCA analyses was performed on 28 variables to describe the accessibility and complexity
of the OM for 27 samples. For this analysis, the percentage fluorescence of each fraction (SPOM,
REOM, SEOM and PEOM) across the 7 zones of complexity was used, providing the 28 variables.
Scores and loadings from the PCA are presented in Figure 16 below and HCA results shown in
Figure 17. Labels of variables correspond to Fraction_Zone. For example, PEOM_7 corresponds to

the PEOM fraction that sits in zone 7 of the fluorescence spectrum.

As outlined previously, biochar was excluded from the analysis as well as the AD_IN sample due
to missing data (ISBAMO fractionation was not performed on this sample). DOM fraction variables
were also excluded from the fluorescence PCA because data for the DOM fraction is absent in
sludge cake and hydrochar (DOM fluorescent data is not measurable for solid samples), rendering

the dataset incomplete. This exclusion also improved the interpretability of the resulting biplot.

When removing DOM variables from the data, over 60% of the variance is explained in dimension
1 alone. Together, the first two dimensions explain 75.62 % of variance. Dimension 1
discriminates between sludge products with higher complexity, containing compounds in zones

IV, V, VI and VII from sludges and sludge products with lower complexity, containing compounds
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from zones I, II and III. Dimension 2 separated individuals with lower accessibility (PEOM

fractions) from individuals with higher accessibility (SPOM fractions).
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Figure 16: P Scores plot (a) and loadings (b) obtained from the PCA analysis of the database (biochar excluded) with
the % fluorescence of fractions (SPOM, REOM, SEOM, PEOM) across the 7 complexity zones as active variables; left is
the graph of individuals (sludge types) and right is the PCA graph of variables (% fluorescence of each fraction across

zone I-VII). Labels of variables correspond to Fraction_Zone, e.g. PEOM_7 = PEOM fraction in fluorescence zone 7.

The correlation values of variables on Dimensions 1 and 2 are presented in Table 5. On Dimension
1, the strongest positive correlations were observed for zone IV and V fluorescence across the
REOM, PEOM, SEOM and SPOM fractions and all top contributing variables are from zones IV-VII.
On Dimension 2, fluorescence zones VII and VI in the PEOM and REOM fractions showed the
strongest positive correlations, while zone II and V fluorescence in the REOM and SPOM fractions

were negatively correlated.

Table 5: Correlation data of the variables for dimension 1 and dimension 2 of PCA graph of % fluorescence of fractions.

Correlation of quantitative variables on Dimension1  Correlation of quantitative variables on Dimension2

REOM_4 9.537E-01 PEOM_7 8.882E-01
REOM_5 9.400E-01 PEOM_6 8.126E-01
PEOM_5 9.205E-01 REOM_6 5.895E-01
SEOM_4 9.090E-01 REOM_7 4.513E-01
SPOM_4 8.982E-01 SPOM_2 4.143E-01
SEOM_5 8.757E-01 REOM_3 -3.994E-01
PEOM_4 8.589E-01 REOM_2 -4.473E-01
SPOM_6 8.363E-01 SPOM_5 -5.048E-01
SEOM_7 7.892E-01

SEOM_6 7.556E-01

REOM_7 7.307E-01

Hierarchical clustering analysis of the percentage fluorescence intensity across zones I-VII

identified four clusters, selected on the basis of the inertia gain plot (Figure 17). Cluster 1 (black)
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grouped mainly raw and dewatered sludge samples, Cluster 2 (pink) grouped digested and
thickened sludge, Cluster 3 (green) comprised sludge cake samples, and Cluster 4 (blue) grouped

hydrochar samples.
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Figure 17: Hierarchical Clustering Analysis of the % fluorescence of fractions (SPOM, REOM, SEOM, PEOM) across the
7 complexity zones with 4 clusters: Cluster 1 (black): raw and dehydrated sludge, Cluster 2 (pink): digested and
thickened sludge, Cluster 3 (green): sludge cake, Cluster 4 (blue) hydrochar.

5 Discussion

5.1 COD and Nitrogen Fractionation Profile: typology-specific
bioaccessibility

The typology-specific fractionation profiles observed across the five sludge-derived matrices which
reflect the cumulative effect of successive treatment stages on the chemical accessibility of both
OM (Figure 8) and nitrogen (Figure 9). The progressive shift from accessible to less accessible
fractions along the processing chain is consistent with the selective transformation and
stabilisation of OM during each treatment stage, as established by Muller et al. and Parnaudeau
et al. (Muller et al., 2014; Parnaudeau et al., 2004).

Raw sludge presents the highest absolute tCOD of all typologies (1485.3 £ 206.28 mgCOD/gTS)
the highest proportion of labile COD fractions (DOM, SPOM and REOM) and the most evenly

distribution of nitrogen across extracted fractions. The dominance of DOM (9%), SPOM (4%) and
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REOM (7%) in the COD profile reflects the biochemically active character of raw sludge, which is
rich in microbial biomass, extracellular proteins, simple sugars and water-soluble organic
compounds (Jimenez et al., 2017; Laera et al., 2019). This result is in keeping with research by
Ciaciuch et al., 2017, in which readily biodegradable substrates and slowly biodegradable
substrates (fractions that can be correlated to REOM and SEOM), were dominant in raw sludge
samples compared to thermally treated sludge and digestate, where COD increased in the less

extractable fractions (Ciaciuch et al., 2017).

In contrast, the absolute TKN of raw sludge (41.36 £ 15.68 mgTKN/gTS) is the second lowest of
all typologies, lower than digested (74.54 mgTKN/gTS) and thickened sludge (80.22 mgTKN/gTS).
This inconsistent value of TN may reflect an analytical error or inconsistency in the sampling
procedure seeing as this is also evidenced by anomalous TS and pH values for these samples. The
nitrogen is distributed across SPOM (12%), REOM (14%) and SEOM (32%) fractions, with SEOM
dominant, reflecting the association of organic nitrogen with proteins and microbial biomass
compounds that require stronger alkaline conditions used in the SEOM extraction to solubilise.
This is consistent with previous studies showing a high content of proteins in secondary sludge
(Jimenez et al., 2014). The parallel between COD and nitrogen fractionation in raw sludge, both
showing the highest proportion of accessible fractions in this typology, confirms that at this stage
of processing, organic carbon and nitrogen exist predominantly in bio-accessible forms. The high
variability in both tCOD (£206.28 mgCOD/gTS) and TKN (£15.68 mgTKN/gTS) reflects the
inherent compositional heterogeneity of influent sewage sludge, despite coming from the same
wastewater treatment plant. SS is known to be a challenging matrix that can lead to variability
due to the heterogeneity of the input and the varying degrees of mixing during processing (Babi¢
& Mutavdzi¢ Pavlovi¢, 2013).

After AD there is a reduction in tCOD from 1485 to 1044 mgCOD/gTS. This decrease of
approximately 30% reflects the transformation of labile organic carbon to biogas (CH4 and CO2)
(Yu & Schanbacher, 2010), with preferential consumption of DOM, SPOM and REOM fractions. This
selectivity is consistent with the established preference of anaerobic microbial communities for
accessible organic substrates over more recalcitrant compounds (Jimenez et al., 2015; Muller et
al., 2014). The concomitant increase in PEOM (23% to 32%) and NEOM (45% to 52%) reflects
the relative accumulation of holocellulose-like and lignin-like compounds as labile fractions are

consumed.

Absolute TKN increases markedly from raw sludge (41.36 mgTKN/gTS) to digested sludge (74.54
mgTKN/gTS) by approximately 80%. This imbalance reflects, as previously mentioned, an analysis
failure or sampling issue at the WWTP as normally TKN is conserved during this process, or else

lost due to ammonia volatilisation. The nitrogen fractionation profile of digested sludge shows a
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shift of nitrogen to the DOM fraction (11% in raw sludge to 57% in digested sludge) reflecting the
mineralisation of organic nitrogen to ammonium (NH4*) during AD, which partitions preferentially
into the aqueous phase. The marked decrease in SEOM nitrogen (32% to 10%) as well as
decreases in SPOM and REOM fractions, is consistent with the degradation of nitrogen-containing
compounds during digestion and partitioning to the liquid phase (the DOM fraction) (Guilayn et
al., 2020).

The observed redistribution across fractions explains why nitrogen bioaccessibility increases to
75% in digested sludge, while COD bioaccessibility decreases slightly. Organic carbon is degraded
and stabilised into recalcitrant forms; nitrogen is simultaneously released into accessible inorganic
form. The reduced variability in both COD (£45.49 mgCOD/gTS) and nitrogen (£8.36
mgTKN/gTS) fractionation following digestion confirms the homogenising effect of AD on sludge

OM composition.

Thickened sludge presents COD and nitrogen fractionation profiles broadly consistent with
digested sludge, as expected for a purely physical concentration process involving no chemical or
biological transformation. The tCOD remains essentially unchanged (1044.08 + 32.39 mgCOD/gTS
vs 1044.04 £ 45.49 mgCOD/gTS for digested sludge) and the COD fractionation profile is similar
across all fractions (within £3%), confirming that thickening does not alter the chemical

accessibility of OM.

The absolute TKN increases slightly from digested (74.54 mgTKN/gTS) to thickened sludge (80.22
mgTKN/gTS). The slight increase (7%) may be a result of sampling inconsistency and since
nitrogen is mainly present in the form of organic nitrogen, it is not separated and remains in the
solid phase after the thickening process (Horttanainen et al., 2017).The nitrogen profile similarly
retains DOM dominance (47%), though slightly reduced relative to digested sludge (57%), with a
corresponding slight increase in SEOM and NEOM fractions, likely reflecting partial removal of
soluble nitrogen with the separated liquid phase after thickening and subsequent concentration of

solid sludge.

Sludge cake shows the most pronounced reduction in both total COD and nitrogen content and
bioaccessibility out of all typologies with a tCOD of 875.03 £ 51.11 mgCOD/gTS, the lowest of all
typologies. This is a ~41% reduction relative to raw sludge and ~16% relative to thickened sludge.
The COD fractionation profile reflects the cumulative stabilising effect of the full treatment
sequence; AD, thickening, thermal conditioning and press filtration, with NEOM dominating at
68% and extractable COD reduced to 32%. Following AD and thickening, which have already
consumed the most labile COD fractions, thermal conditioning acts on an already-stabilised matrix,
further solubilising residual accessible organic compounds including proteins and lipids (Aboulfoth

et al., 2015). These solubilised compounds are subsequently removed during press filtration,
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stripping the most accessible organic fraction from the solid product and leaving a matrix

dominated by non-extractable, stable OM.

Thermal conditioning is known to accelerate the mineralisation of organic nitrogen in sludge,
promoting its conversion to ammonium (NH4*) which partitions into the aqueous phase (Mustonen
et al., 2018). The nitrogen profile of sludge cake is consequently dominated by the subsequent
press filtration step, which removes this NH4*-rich liquid phase from the solid product. Absolute
TKN drops to 21.76 £ 0.56 mgTKN/gTS, the lowest of all typologies, representing a loss of ~73%
of the solid-phase TKN relative to thickened sludge. This high reduction reflects the removal of
the NHa*-rich liquid phase during dewatering, leaving predominantly nitrogen-containing
compounds that resist the milder extraction conditions, reflected in the PEOM+NEOM fraction
dominating at 77%. Sludge cake is consequently the only typology where COD bioaccessibility
(32%) exceeds nitrogen bioaccessibility (23%). While some extractable organic carbon is retained
in the solid following thermal conditioning, the accessible nitrogen fraction is removed with the
press filtrate and there is also some condensation of proteins into the NEOM fraction. The
extremely low variability in both COD (£51.11 mgCOD/gTS) and nitrogen (£0.56 mgTKN/gTS)
fractionation reflects the high reproducibility of the industrial thermal conditioning and press

filtration process.

Hydrochar presents a fundamentally different pattern of OM and nitrogen transformation
compared to sludge cake, despite both undergoing thermochemical treatment at comparable
temperatures (SC = 195°C, H = 200-210°C). The tCOD of hydrochar (1170.41 + 106.48
mgCOD/gTS) is higher than sludge cake (875.03 mgCOD/gTS) and comparable to digested sludge
(1044 mgCOD/gTS), reflecting that HTC retains organic carbon in the solid product rather than
removing it through dewatering or biological mineralisation. The COD fractionation profile is
dominated by the PEOM fraction at 43% (the highest of any typology), while total extractable COD
(55%) is comparable to raw sludge. This paradox of having similar overall extractability to raw
sludge yet fundamentally different fraction distribution, reflects the structural transformation of
OM during HTC. The HTC process is applied directly on raw sludge with no prior COD reduction,
unlike sludge cake, which derives from a combination of treatments, of which AD has a high impact

in reducing COD due to biogas production.

Hydrothermal carbonisation promotes the hydrolysis and decomposition of major biopolymer
components such as carbohydrates, with subsequent condensation polymerisation of
intermediates driving the formation of aromatic carbon structures (Zhang et al., 2014). This is
consistent with 13C-NMR and FTIR analyses confirming that hydrochar contains lower proportions
of oxygen-containing organic carbon (including O-alkyl, carboxylic and carbonyl C) and reduced

aliphaticity, alongside higher aromatic carbon content and aromaticity relative to the original
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sludge (Zhang et al., 2014). These condensed aromatic structures resist the milder aqueous and
alkaline extractions but are solubilised under the strongly acidic PEOM conditions, explaining the

concentration of extractable COD in the PEOM fraction.

The DOM fraction is absent in hydrochar, consistent with the transfer of water-soluble organic
compounds to the HTC process water during treatment. The HTC process water is known to contain
a range of soluble organic compounds; phenolic compounds, organic acids (acetic, formic, glycolic
and levulinic acids), furan derivatives and 5-hydroxymethylfurfural (5-HMF) (Tasca et al., 2019),
which are products of the hydrolysis and depolymerisation of carbohydrates and proteins during
HTC. The elevated variability in tCOD (£106.48 mgCOD/gTS) reflects the heterogeneity of
feedstock and process conditions across the different processing facilities from which hydrochar

samples originate.

The absolute TKN of hydrochar (26.02 £ 6.80 mgTKN/gTS) is low, comparable to sludge cake
(21.76 mgTKN/gTS) and substantially lower than digested and thickened sludge, showing transfer
of nitrogen to the HTC process liquid during treatment (Wang et al., 2018). The nitrogen profile
is distinct from all other typologies, with notably elevated SPOM nitrogen (18%) relative to sludge
cake, consistent with reports of NH4* adsorption onto hydrochar particles during HTC (Zhang et
al., 2014). The dominant PEOM+NEOM nitrogen fraction (64%) likely reflects the incorporation of
nitrogen into recalcitrant heterocyclic structures during HTC (principally pyridine-N and pyrrole-
N), formed through thermal condensation reactions at elevated temperature and pressure (Liu et
al., 2026). The variability in TKN (£6.80 mgTKN/gTS) is relatively low given that hydrochar
samples originate from different processing facilities, suggesting that HTC consistently

redistributes nitrogen regardless of feedstock variability.

The fractionation profiles presented here collectively illustrate the divergent fates of organic
carbon and nitrogen across the sludge processing chain, a distinction that is central to
understanding the agronomic and environmental character of each sludge-derived product and
their possible functionality in soil application. Organic carbon follows a trajectory of progressive
stabilisation: labile, accessible fractions are selectively consumed during AD and further
complexified during thermochemical treatment, leaving an increasingly recalcitrant residue
enriched in PEOM and NEOM fractions. Nitrogen, by contrast, is governed more strongly by phase
separation processes: mineralised to NHa* during biological treatment and concentrated in the
soluble phase, then either retained (digested and thickened sludge) or removed (sludge cake)
depending on whether a liquid-solid separation step follows. Hydrochar represents a distinct case
where both carbon and nitrogen are simultaneously transformed by thermochemical reactions:
carbon condensed into aromatic structures retained in the solid, nitrogen partially transferred to

the process water and partially adsorbed or incorporated into recalcitrant heterocyclic structures.
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These divergent transformation pathways mean that no single typology optimises both organic
carbon and nitrogen bioaccessibility simultaneously. Importantly, the sequential chemical
extraction approach demonstrates that chemical accessibility effectively simulates sludge
bioaccessibility, successfully resolving the readily and slowly bio-accessible fractions across
typologies in a way that bulk physicochemical parameters alone cannot (Muller et al., 2014). This
observation will be further contextualised through the molecular complexity analysis presented in

the following section.

5.2 Molecular Complexity as an Additional Layer of Characterisation

Classic characterisation of SS OM involves extracting and quantifying compounds according to
biochemical families (proteins, lipids, carbohydrates, fibres), but this approach does not divulge
which components constitute the biodegradable and non-biodegradable fractions of the OM (Muller
et al., 2014). Chemical sequential extractions simulate the bioavailability of OM according to its
chemical accessibility, providing a more functionally relevant characterisation by fractionating OM
into compartments of decreasing accessibility rather than by biochemical origin (Muller et al.,
2014).

Bioaccessibility alone is insufficient to predict biodegradability. A fraction may be chemically
accessible yet molecularly complex and therefore resistant to microbial degradation, or
conversely, simple in structure yet physically inaccessible. Both bioaccessibility and complexity
must therefore be simultaneously determined to accurately characterise sludge OM and predict its
behaviour during biological treatment or following land application (Muller et al., 2014). The 3D
EEM spectra (Figure 10 and Figure 11), fluorescence zone distribution (Figure 12) and complexity
ratio data (Figure 13) presented here provide this second dimension, revealing not just how much
OM is accessible but how molecularly complex and recalcitrant that matter is across typologies
and treatment stages. It is important to note that the chemical sequential extraction approach
simulates bioaccessibility. It does not directly measure bioavailability, which would require
biological assay data. The fractionation profiles therefore represent a proxy for the potential
accessibility of OM to microbial degradation under defined chemical conditions. Across all
typologies, the PEOM fraction consistently presents the highest complexity ratio, confirming that
the least chemically accessible OM is systematically the most molecularly complex, consistent with
findings from Muller et al. (2014).

Raw sludge presents the lowest complexity ratios across all fractions (0.39-0.99) and the highest
proportion of simple fluorescence zones (51-73% above the split line), consistent with its

predominantly protein-like, microbial biomass-derived OM. The dominance of zones I-III in the
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DOM, SPOM and REOM fractions confirms that the most accessible compartments of raw sludge
are composed of relatively simple compounds, consistent with the high labile COD fractions
observed in the accessibility data. The moderate complexity of the PEOM fraction (CR: 0.99)
reflects the presence of some more complex lignocellulose-like compounds even in untreated

sludge, likely derived from lignocellulosic material in the wastewater influent.

The EEM spectra provide direct visual confirmation of this characterisation. The R1 DOM spectrum
shows a dominant peak in the lower excitation/emission region (approximately Ex/Em 220-
280/340-360 nm), characteristic of tyrosine and tryptophan-like fluorescence associated with
fresh, relatively labile protein-like OM (Muller et al., 2014; Mayer et al., 1999), with a second peak
in zone III (Ex/Em 280/350 nm) also present. The R1 SPOM and R1 REOM spectra show a similarly
protein-dominated profile with contours concentrated in the lower spectral zones (I-III), and the
R1 SEOM spectrum shows some spreading of contours toward higher excitation/emission
wavelengths, reflecting the more complex character of alkaline-extractable compounds. The R1
PEOM spectrum presents notably sparser contours with the arrow pointing toward the mid-zone
region. This could reflect partial dissolution of carbon structures by the 72% H2S0a4 extractant,
consistent with the lower OM content and moderately complex character of the acid-extractable

fraction in untreated sludge.

AD produces a moderate but consistent increase in complexity across all fractions. Two
complementary mechanisms drive this increase. First, the preferential consumption of simple
protein-like compounds during digestion reduces the proportion of zones I-III across all fractions,
proportionally enriching the residual OM in more complex structures. Second, microbial synthesis
and cell lysis release intracellular components, including humic precursors and complex polymers
(Aemig et al., 2019). Biological humification produces humic acid-like and fulvic acid-like
substances reflected in the increase in zones 1V, V and VI of the SEOM fraction (Jimenez et al.,
2015; Muller et al., 2014), while an increase in upper zones of the PEOM fraction may reflect
complex lignocellulose-like compounds related to the feedstock composition (Jimenez et al.,
2015). The distinguishing feature of the digested sludge complexity profile is the intermediate CR
levels across all fractions, indicating the presence of both simple and complex fluorescent
molecules at all levels of chemical accessibility (Jimenez et al., 2015). The COD profile of digested
sludge reflects these changes in complexity. The increase in NEOM COD in particular shows the
stabilisation of OM into more recalcitrant humic acid-like forms during AD, a humification process
associated with the formation of complex, slowly degradable organic structures from simpler

precursors (Fernandez-Dominguez et al., 2022; Jimenez et al., 2017)

The EEM spectra confirm this visually. The digested sludge DOM spectrum shows a significant shift

relative to raw sludge, with peaks in zone I/II and zone III regions, indicating tyrosine, tryptophan
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and other microbial-derived compounds. A peak appears in the upper right melanoidin/humic-
like region (Ex/Em 340-400/420-480 nm, zones VI-VII), contrasting with the protein-dominated
in the raw sludge DOM showing the fundamental transformation of dissolved organic matter during
AD; simple protein-like compounds are consumed, reducing zones I-III and complex glycolated
protein and lignocellulose-like compounds are produced. The D3 SPOM and D3 REOM spectra
similarly show contours extending toward higher excitation/emission wavelength relative to raw
sludge and the D3 SEOM spectrum shows a prominent peak in the complex upper zone VI/VII
region, consistent with humic-like and fulvic acid-like accumulation. The D3 PEOM spectrum
remains relatively sparse however a second peak appears in zone VII that is absent in R1 PEOM,
consistent with the quantitative increase in zone VII (3.8% to 6.7%). Notably, protein-like
fluorescence (zones I-III) persists across all fractions except PEOM, confirming that simple organic
molecules exist at multiple levels of chemical accessibility. Their biodegradability potentially is not
reduced by molecular complexity but by their inaccessibility, as demonstrated by Muller et al.
(2014).

Thickened sludge presents complexity ratios broadly comparable to digested sludge across most
fractions. However, the DOM fraction shows a slight increase in CR relative to digested sludge
(1.03 vs 0.83) despite thickening involving no chemical or biological transformation. Since no new
complex structures are formed during thickening, this likely reflects the preferential removal of
simpler, soluble organic compounds with the separated water phase which may proportionally
increase the complexity of the remaining solid matrix. This interpretation is consistent with the
slight reduction in nitrogen in the DOM fraction. The CR increase through physical concentration
rather than chemical transformation suggests the complexity is sensitive not only to chemical and

biological transformation but also to physical processing, specifically changes in water content.

The T3 EEM spectra broadly reflect this pattern. The DOM and SPOM spectrum for the thickened
sample shows peaks populating zone VI, indicating greater complexity. This confirms the
hypothesis that the removal of water-soluble compounds like proteins and sugar (found in the
SPOM fraction) will concentrate molecules in the remaining solid sample and increase complexity.
The T3 PEOM spectrum is similar to D3 PEOM, which is expected. The least accessible fraction
contains hemicellulose and cellulose compounds that are not removed with the water phase;
therefore, complexity remains unchanged. Together, the T3 spectra confirm that thickening does
not fundamentally alter the molecular character of OM but produces a subtle, visually detectable
(3D spectra) shift toward greater complexity in the REOM, SEOM and PEOM fractions, consistent

with the slight increase in the CR of the DOM fraction, observed in the quantitative data.

Sludge cake shows the most dramatic increase in complexity of all typologies within the biological-
mechanical treatment chain, with REOM CR increasing to 2.20 and PEOM CR to 3.72: a 2.8 and
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3.8-fold increase relative to thickened sludge, respectively. This increase in complexity is
consistent with thermal conditioning promoting Maillard-type condensation reactions between
proteins and reducing sugars, producing glycolated protein-like and melanoidin-like structures (Li
et al., 2024; Muller et al., 2014; Yang et al., 2026). This is evidenced by the increase in zone VI
fractions (in REOM, SEOM and PEOM) relative to upstream typologies (Jimenez et al., 2014; Muller
et al., 2014). Zone IV (fulvic acid-like) increases to 34% in PEOM, consistent with thermal
formation of fulvic acid-like compounds from simpler precursors (Collard et al., 2017). The SPOM
fraction retains a relatively moderate CR (0.95) and simple zone proportion (53%), showing that
the most accessible OM retains relatively simpler molecular character even after thermal
conditioning. This asymmetry, a dramatic complexification of less accessible fractions alongside
retention of simpler character in the most accessible fraction, reflects the specific effect of thermal
conditioning acting on an already biologically stabilised matrix where labile fractions have largely
been consumed by prior treatment. This is supported by Jimenez et al., (2014), whose correlation
data demonstrated that thermally treated sludge shows a positive influence on biodegradability
through DOM fraction variables, but a negative influence through complex compounds present at
high temperatures from fluorescence zones IV to VI. This suggests that while the most accessible
fraction retains some biodegradable character, the less accessible fractions are substantially
complexified and recalcitrant.

The DOM fraction is absent in sludge cake, consistent with removal of the soluble phase during
dewatering. The EEM spectra show shift away from simple protein-like zones (I/II) toward zone
IV (fulvic acid-like, Ex/Em 230/400-420 nm) across all fractions relative to upstream typologies,
reflecting the thermal formation of fulvic acid-like compounds (Muller et al., 2014). The SC3 SPOM
spectrum shows a modest shift toward zone IV at the lower excitation region, consistent with its
moderate CR and the relatively small decrease in simple zone proportion (4%), observed in the
fluorescence distribution data. The SC3 REOM spectrum shows a prominent zone VI peak,
populating higher excitation/emission wavelengths than any upstream typology, with dense
contours reflecting the high fluorescence intensity of thermally modified structures, such as
glycolated protein-like and melanoidin-like compounds associated with slow biodegradability
(Jimenez et al., 2014; Muller et al., 2014). The SC3 SEOM spectrum shows a dominant peak in
highly complex upper region of zones VI-VII, while simpler zones decrease and zone IV increases,
consistent with molecules extracted from the SEOM fraction; humic-like and fulvic acid-like
structures as well as complex proteins and certain lignocellulosic compounds (Jimenez et al., 2015;
Laera et al., 2019). The PEOM spectrum of sludge cake shows contours shifting further toward
zone VII, indicating the accumulation of humic acid-like and lipofuscin-like structures in the least
accessible fraction, consistent with the elevated PEOM CR (3.72) and low simple zone proportion
(22%). Together, the spectra for sludge cake paint a consistent picture of a matrix where thermal
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conditioning has fundamentally transformed the molecular character of OM through

complexification of less accessible OM.

Hydrochar presents the most complex fluorescence profiles of all typologies, with consistently low
simple zone proportions across all fractions (split line of 22-39 %) and PEOM CR (3.58)
comparable to sludge cake (3.72). However, the distribution of complexity across the other
fractions differs from sludge cake. Hydrochar presents elevated CR across SPOM (1.75), SEOM
(1.88) and PEOM (3.58) while sludge cake complexity is concentrated in REOM (2.20) and PEOM
(3.72). This reflects the distinct structural pathways of the two thermochemical processes; in
sludge cake, thermal conditioning acts on an already biologically stabilised matrix, concentrating
its effects on residual less accessible OM, while HTC acts on a less pre-processed matrix producing
comprehensive structural transformation across all OM compartments simultaneously through

dehydration, decarboxylation and condensation reactions (Zhang et al., 2014).

The dominance of zone IV (fulvic acid-like, Ex 230/Em 400-420nm) across all hydrochar fractions
(41.7% in PEOM, 36.8% in SPOM, 35.7% in SEOM and 34.2% in REOM), is particularly distinctive
and not observed in any other typology, suggesting that HTC produces fulvic acid-like aromatic
structures across the full spectrum of chemical accessibility, consistent with 13C-NMR and FTIR
analyses confirming the formation of condensed aromatic structures during HTC (Zhang et al.,
2014). Zone V (glycolated protein-like, Ex 280/Em 440-450nm) is elevated in PEOM (24.4%),
comparable to sludge cake PEOM (25.0%), consistent with Maillard-type reactions during HTC

producing melanoidin structures alongside aromatic condensation products (Li et al., 2024).

Although there is Zone VI (melanoidin/lignocellulose-like) compounds present across all fractions
(9.5-10.4%), the values are comparatively lower in hydrochar than in sludge cake across most
fractions. Hydrochar REOM zone VI (9.5%) is substantially lower than sludge cake REOM (20.2%),
suggesting that the melanoidin/lignocellulose-like structures associated with zone VI are more
characteristic of the multi-step, sludge cake production process than of HTC. Zone VII remains
consistently low across all hydrochar fractions (1.9-2.4%), confirming that HTC produces fulvic
acid-like and melanoidin-like structures through thermal condensation rather than promoting the
biological humification pathway that produces humic acid-like fluorescence in digested sludge
(Collard et al., 2017; Jimenez et al., 2015).

The hydrochar EEM spectra provide the most visually distinctive profiles of all typologies and
directly confirm the breadth of complexity across fractions. The H1 SPOM spectrum shows two
distinct peaks: one at Ex~240nm/Em~400nm corresponding to zone IV (fulvic acid-like) and one
at Ex~280-300nm/Em~450-480nm, corresponding to zone V/VI (glycolated protein-
like/melanoidin-like). This peak pattern is not observed in any other typology at the SPOM level.

The presence of both zone IV and zone V/VI peaks even in the most accessible water-soluble
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fraction confirms that HTC produces fulvic acid-like and melanoidin-like aromatic structures that
remain associated with the solid hydrochar surface and are captured by the mild CaClz extraction,
alongside the adsorbed NH4*, as discussed in the nitrogen fractionation section. The H1 REOM
spectrum shows similarly dense and complex contours with dominant peaks in zones V/VI (Ex
~280-300nm/Em ~450-480nm) alongside zone IV contributions, reflecting the accumulation of
glycolated protein-like, melanoidin-like and fulvic acid-like structures. The H1 SEOM spectrum
shows broad, dense contours extending across zones IV, V and VI with additional signal toward
zone VII (Ex ~400nm/Em ~480-500nm), suggesting the presence of both humic-like and fulvic
acid-like compounds alongside the full range of thermally condensed structures. The H1 PEOM
spectrum shows complex contours with contributions from zones 1V, V, VI and VII simultaneously,
consistent with the accumulation of the full spectrum of thermally condensed aromatic structures
in the acid-extractable fraction, confirmed by the highest PEOM CR of all typologies (3.58) and

the lowest simple zone proportion (21.7%).

Notably, zone VII (humic acid-like) in the PEOM fraction of sludge cake (5.3%) is lower than
digested sludge PEOM (6.7%), despite more intensive processing, suggesting that thermal
conditioning does not enhance biological humification but instead produces structurally distinct

complex compounds dominated by zones IV and VI through a thermal condensation pathway.

5.3 PCA: which parameters best discriminate typologies?

5.3.1 PCA of Physicochemical Parameters

As already noted, the PCA results without the biochar sample will be discussed. The PCA of
physicochemical parameters (Figure 14) explains 67.44% of total variance across the first two
dimensions (Dim 1: 36.99%; Dim 2: 30.45%), indicating that the major axes of compositional
differentiation among the sludge typologies are well captured by this reduced representation.
Dimension 1 is defined by high organic content variables loading positively (Table 4); H (0.946),
C (0.920), mgCOD/gTS (0.886), N (0.602), VS/TS (0.412), and mineralisation-associated
variables loading negatively; P (-0.860), pH (-0.735), BaP (-0.565). This axis therefore represents
a gradient from organic-rich, hydrogen-rich typologies toward more mineralised, phosphorus-
enriched and alkaline typologies. Typologies scoring positively on dimension 1 are raw sludge and
hydrothermally treated (T=140°C, WWWTP2) sludge that retain high elemental organic content
and elevated COD per unit total solids and have a high volatility due to organic solids present.
This is consistent with limited degradation and mineralisation of OM in raw sludge at the start of

the processing chain, and thermally treated sludge at lower temperatures of 140°C. The negative

52



dimension 1 scores of sludge cake and hydrochar reflect a relative depletion of labile organic

fractions and hydrogen-rich structures.

Dimension 2, driven by mgTKN/gTS (0.941), EC (0.895), TAN (0.775) and K (0.715) loading
positively, and BaP (-0.442) and TS_raw (-0.718) loading negatively, separates typologies on the
basis of nitrogen speciation and ionic composition against total solids content. The high positive
dimension 2 scores of digested and thickened sludge reflect the accumulation of nitrogen and
ammonia as well as an elevated electrical conductivity following AD, where the breakdown of
proteins and deamination reactions release inorganic nitrogen into the liquid phase (Park et al.,
2014).

Sludge cake and hydrochar are seen at negative values along dimension 2 indicating a high total
solids content which is expected after dewatering and carbon condensation. The negative
dimension 2 scores of sludge cake and hydrochar are consistent with TAN loss during thermal
processing, where volatilisation of ammonia under elevated temperature conditions occurs
(Horttanainen et al., 2017; Qin & Hu, 2018).

An interesting point is the elevated benzo(a)pyrene (BaP) in both sludge cake and hydrochar. BaP
is a polycyclic aromatic hydrocarbon formed through pyrolytic condensation reactions. Its
association with both typologies confirms that thermal processing, both thermal conditioning
(sludge cake) and hydrothermal carbonisation (hydrochar), does not reduce PAH contamination,
consistent with literature, reporting increased levels of BaP in sludge with increasing hydrothermal
temperature (Peng et al., 2017). This is a significant finding for agronomic valorisation since BaP
is a regulated contaminant in many jurisdictions for land application; the limits of BaP for sludge
use in agriculture are 2 mg/kg in France and the proposed limits for the EU are 6 mg/kg (the EU
limit is the sum of several common occurring PAHs) (Hudcova et al., 2019b). Values of BaP found
in the samples in this database fall below these limits and are in the range of 0.079 mg/kg DM -
0.419 mg/kg DM.

The high levels of P in both thermally processed typologies relative to biologically processed ones
reflect the concentration of phosphorus as OM is destroyed during thermal treatment, increasing
P on a per-TS basis. This enrichment of P during the thermal treatment of sewage sludge has been
reported in literature (Meng et al., 2019). In terms of fertiliser valorisation this could be of great
advantage as thermally processed sludge products can be P-rich however, the agronomic
availability of P depends on its speciation (Meng et al., 2019)

The positioning of dehydrated and thermally treated sludge in intermediate positions on the factor
map in Figure 15, reflects the transitional nature of these typologies, retaining characteristics of

their biological precursors while exhibiting partial physicochemical transformation.
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The hierarchical clustering (Figure 15) of the physicochemical dataset yields four clusters.

Cluster 1 (negative Dim 1, negative Dim 2) groups sludge cake and hydrochar together,
characterised by high TS_raw (v-test: 4.50), BaP (2.32) and P (3.23), and strongly negative
contributions from mgTKN/gTS (-4.11), TAN (-2.70) and VS/TS (-2.81), reflecting the solid-phase,
thermally processed character of both typologies and their depletion of labile nitrogen relative to
total solids. The clustering of sludge cake and hydrochar together based on physicochemical
characteristics is notable given their distinct thermal processing pathways. This may suggest that
these bulk compositional properties, principally high solids content, low volatile fraction and
elevated BaP, overlap across both thermal treatment routes.

Cluster 2 (negative Dim 1, positive Dim 2) groups digested and thickened sludge, defined by high
EC (4.68), mgTKN/gTS (3.86), TAN (3.97) and K (2.66), consistent with nitrogen mineralisation
during AD and the release of intracellular ions through microbial cell lysis. The products in this
cluster could contribute to nutrient supply and balancing acidic content in soils. The clustering of
digested and thickened sludge together confirms that thickening does not substantially alter bulk

physicochemical composition.

Cluster 3 (near origin, positive Dim 2) contains dehydrated sludge, distinguished by elevated N
(3.60), H (2.63) and VS/TS (2.17), suggesting retention of organic nitrogen and volatile matter
relative to thermally processed typologies. This is further confirmation that mechanical dewatering
does not alter the chemical composition of the solid fraction. From an agronomic perspective,

these products could contribute primarily to OM input and nitrogen supply.

Cluster 4 (positive Dim 1, near-zero Dim 2) comprises raw sludge, characterised by high
mgCOD/gTS (3.35), C (3.12) and H (2.82) and strongly negative P (-3.95) and pH (-3.60),
consistent with high organic content and the absence of alkalinity or phosphorus enrichment
associated with downstream processing. The primary division in the dendrogram separates the
thermally processed solid-phase typologies (cluster 1) from all biologically processed typologies
(clusters 2, 3 and 4), with the secondary division separating nitrogen-enriched digested and
thickened sludge (cluster 2) from organic-rich raw and dehydrated sludge (clusters 3 and 4).
Sludge products in this cluster have the potential to increase OM in depleted contexts and to help

increase biological diversity in the soil.

5.3.2PCA of Percentage Fluorescence across Fractions and Complexity Zones

The PCA applied to fluorescence variables in Figure 16, explains 75.62% of total variance across
the first two dimensions (Dim 1: 62.34%; Dim 2: 13.28%), with Dim 1 alone accounting for the

majority of variance. This strongly dominant first component indicates that the single primary axis
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of differentiation (fluorescence complexity) structures the dataset markedly, with dimension 2

capturing a secondary yet meaningful gradient.

Dimension 1 is defined by a clear opposition between zones IV-VII variables loading positively
((Table 5) REOM_4: 0.954, REOM_5: 0.940, PEOM_5: 0.921, SEOM_4: 0.909, SPOM_4: 0.898,
SEOM_5: 0.876, PEOM_4: 0.859, SPOM_6: 0.836) and zones I-III variables loading negatively
across all fractions. This axis therefore represents a gradient from simple, protein-like fluorescent
OM (negative Dim 1) to complex, aromatic and humic-like fluorescent OM (positive Dim 1), in
accordance with findings in literature (Fernandez-Dominguez et al., 2021; Jimenez et al., 2014).
Raw sludge, digested sludge and thickened sludge occupy negative dimension 1 positions,
confirming the predominance of protein-like and tyrosine/tryptophan-like fluorophores in
biologically derived typologies. Sludge cake and hydrochar occupy strongly positive dimension 1
positions, reflecting the thermal condensation and aromatisation reactions that shift fluorescent
OM toward zones IV-VI in both typologies. The consistency of this pattern across all four fractions
demonstrates that the complexity shift induced by thermal processing is not confined to a single
accessibility level but is expressed throughout the entire OM pool. This demonstrates the
discriminatory power of fluorescent OM complexity as a characterisation parameter, and the
capacity of the fractionation methodology to generate diagnostic data for evaluating the

fertilisation and amendment potential of diverse sludge-derived products.

Dimension 2 represents a secondary gradient of OM accessibility within the complex fraction,
showing a positive correlation for high zone VI-VII contributions in less accessible fractions
(PEOM_7 (0.888), PEOM_6 (0.813) and moderately accessible fractions REOM_6 (0.590), REOM_7
(0.451)) and negative for zone II-III contributions in more accessible fractions (SPOM_5 (-0.505),
REOM_2 (-0.447), REOM_3 (-0.399)). This confirms the bioaccessibility axis, affording a matrix

representation of indicators, in agreement with findings by Jimenez et al., 2014.

Sludge cake scores positively on dimension 2, indicating that its complex OM is concentrated in
the less accessible PEOM fraction in zones VI-VII, consistent with Maillard-type condensation
products accumulating in recalcitrant structural fractions (Li et al., 2024). Hydrochar scores
negatively on dimension 2, indicating that despite its high overall complexity (positive Dim 1), its
fluorescent OM is more evenly distributed across accessible fractions with greater contributions
from zones II-III in SPOM, suggesting that hydrothermal carbonisation produces aromatic
structures that are comparatively more accessible than the thermally condensed compounds of

sludge cake.

The hierarchical clustering (Figure 17) presents four clusters; Cluster 1 (negative Dim 1, near-
zero Dim 2) comprises raw sludge samples, characterised by high zone I-III contributions across

all fractions, the highest positive v-test scores in this cluster are for PEOM_1, REOM_1, SEOM_1
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and PEOM_3, confirming protein-like OM dominance. Cluster 2 (negative Dim 1, slightly positive
Dim 2) groups digested and thickened sludge together, distinguished from raw sludge by higher
PEOM_7 and reduced zone I contributions, reflecting labile OM consumption during AD (Jimenez
et al., 2015). Cluster 3 (positive Dim 1, positive Dim 2) contains sludge cake samples, defined by
high zone IV-VII contributions across REOM and SEOM fractions and elevated PEOM_6, consistent
with thermally induced condensation producing structurally complex recalcitrant compounds.
Cluster 4 (positive Dim 1, negative Dim 2) comprises hydrochar samples, characterised by high
zone IV-V contributions in SPOM, REOM and SEOM and low zone VI-VII in PEOM, reflecting the

dominance of aromatic but less humified structures produced by hydrothermal carbonisation.

The large inertia gain at the two-cluster partition visible in the dendrogram confirms that the
primary division in the dataset is between thermochemically processed typologies (clusters 3 and
4) and biologically processed typologies (clusters 1 and 2), with thermochemical processing
representing the dominant source of fluorescent OM complexity differentiation across the sample

set.

Taken together, the fluorescence PCA resolves the sludge typologies along two orthogonal
compositional gradients that jointly characterise the fate of OM across the treatment sequence.
The dominant gradient, dimension 1, represents a progression from simple, protein-dominated
fluorescent OM in biologically derived typologies toward thermally condensed, aromatic and
humic-like fluorescent OM in thermally processed products. This gradient is driven consistently
across all four accessibility fractions, confirming that fluorescent OM complexity is the single most
discriminating parameter in the dataset. The secondary gradient further resolves the thermally
processed typologies by the accessibility distribution of their complex OM, separating sludge cake
(recalcitrant, PEOM-concentrated zone VI-VII structures) from hydrochar (comparatively
accessible, SPOM-distributed zone IV-V structures). This suggests that indicators of
bioaccessibility and OM complexity may offer greater predictive power for fertiliser or soil

amendment quality than treatment type alone.

In terms of typology distribution, the PCA space describes a trajectory from raw sludge (simple,
protein-rich, biologically labile) through digested and thickened sludge (intermediate complexity,
protein-rich and biologically humified) to thermally processed products (highly complex,
recalcitrant, aromatised), broadly corresponding to increasing treatment intensity and decreasing

biological availability of OM.

In this specific dataset, the fluorescence fractionation approach resolves this trajectory with a
greater clarity than physicochemical parameters alone, demonstrating its particular utility as a

diagnostic framework for
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i. evaluating the organic matter quality and fate;
ii. evaluating the agronomic valorisation potential;
iii. identifying treatment gradients;

iv.  providing a clear summary of multiple types of variables.

6 Conclusion

The chemical characterisation of sludge organic matter and nutrients is a crucial field of
investigation which can supply knowledge and innovative tools to optimize the recycling of sludge
(Muller et al., 2014). Despite extensive prior research on organic fertilisers, no studies have
comprehensively characterised SS and its diverse derivatives across organic matter accessibility,
molecular complexity and nutrient distribution within a single, internally consistent dataset. This
study addresses that gap by applying a deep characterisation methodology - the ISBAMO
sequential extraction framework combined with 3D fluorescence spectroscopy - uniformly, across
29 sludge samples within a single analytical campaign. This integrated approach resolves sludge
products specific differences in organic matter bioaccessibility, molecular complexity and nutrient
distribution that bulk physicochemical parameters alone cannot capture, providing a basis for
evaluating the agronomic efficiency and environmental safety of diverse sludge-derived fertiliser

products.

A fundamental finding is the decoupling of carbon and nitrogen transformation fates across the
treatment chain. Organic carbon follows a pathway of progressive stabilisation: labile, accessible
fractions are selectively consumed during anaerobic digestion and further complexified during
thermochemical treatment, producing an increasingly recalcitrant residue enriched in poorly
accessible and non-accessible organic matter fractions. Nitrogen, by contrast, is governed
primarily by phase separation processes: mineralised to ammonium during biological treatment
and concentrated in the soluble phase (digested and thickened sludge), then either retained in
the solid product or removed with the press filtrate (sludge cake). Hydrochar represents a distinct
case in which both carbon and nitrogen are simultaneously transformed by thermochemical
reactions: carbon condensed into aromatic structures retained in the solid fraction, and nitrogen
partially transferred to the process water and partially incorporated into recalcitrant heterocyclic
structures. These divergent pathways mean that no single typology simultaneously optimises
organic carbon accessibility and nitrogen accessibility, a distinction with direct implications for
agronomic valorisation strategy and fertiliser product design. Depending on the objective (soil
organic matter stabilisation, mineral nitrogen supply, readily available carbon), the process can

be optimised accordingly. An integrated approach is therefore required, in which soil requirements
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are first assessed and sludge-derived fertiliser products are subsequently selected and tailored to

meet these needs using multiple treatment pathways.

The physicochemical clustering analysis provides a basis for differentiating the agronomic potential
of sludge-derived products beyond treatment classification. Cluster 1, grouping sludge cake and
hydrochar, is characterised by high total solids, elevated phosphorus (P) and Benzo(a)pyrene
(BaP), and severely depleted labile nitrogen, suggesting potential application for phosphorus
supply on P-deficient soils, subject to regulatory constraints on BaP content. Cluster 2, comprising
digested and thickened sludge, is defined by high ammonia, electrical conductivity and potassium
(K), positioning these products as the most promising for nitrogen and potassium fertilizer supply
to crops. Cluster 3, containing dehydrated sludge, retains elevated organic nitrogen and volatile
matter, suggesting a role primarily in organic matter input and gradual nitrogen release in crop
rotations. Cluster 4, comprising raw sludge, is characterised by high organic carbon content and
low pH, indicating potential for organic matter replenishment in soils at risk of erosion and
structural degradation or for targeting pH correction on marginal lands. However, pathogen and
contaminant risk associated with untreated sludge must be considered. This cluster-based
differentiation supports the principle that soil requirements should first be assessed and sludge-
derived fertiliser products subsequently selected and tailored to meet these needs, rather than

treating sludge products as interchangeable based on treatment type alone.

The environmental safety of these typologies is shaped principally by contaminant profiles. The
association of elevated BaP concentrations with both thermochemically processed typologies,
sludge cake and hydrochar, confirmed through their shared physicochemical cluster in the PCA,
constitutes a significant regulatory constraint on direct land application under current European
legislation and must be central to any valorisation pathway assessment. Although this data
includes only one contaminant, this finding underlines the fundamental tension in thermochemical
sludge treatment: while high-temperature processing eliminates pathogen risk, it does not
necessarily eliminate PAH contamination and checking the compliance to regulation is mandatory
before soil application (Meng et al., 2019). However, the actual risk depends not only on the
concentration of a contaminant per se, but the application rate and the resulting exposure. Soil
assays are therefore needed to simulate field applications and account for nutrient losses, plant
uptake dynamics and, critically, the contrasting bioavailability and fate of contaminants for the
diverse sludge-derived products, which can strongly alter contaminant mobility and risk in soil.
Only through such integrated assessment can appropriate application rates be established,
enabling controlled land use of sludge-derived products that minimises contaminant risk while

maximising agronomic benefit.
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Another key finding of this work is the compositional trajectory observed for typologies into the
PCA space. The clustering based on fluorescence PCA data shows sludge products occupying a
distinct gradient, demonstrating that organic matter complexity is the single most discriminating
parameter across the typology dataset, explaining 62.34% of total variance on the primary axis
alone. The secondary accessibility gradient further distinguishes sludge cake from hydrochar
despite their similar bulk complexity. This distinction is invisible to physicochemical
characterisation but clearly resolved by the fractionation-fluorescence variables. Together, these
two gradients define a compositional space in which typologies distribute according to treatment
intensity and thermochemical pathway, suggesting that bioaccessibility and complexity indicators
offer greater predictive power for fertiliser and soil amendment quality assessment than treatment

or physicochemical classification alone.

This work shows how the ISBAMO sequential extraction framework, combined with 3D
fluorescence spectroscopy and multivariate analysis, demonstrates clear utility as a diagnostic tool
for sludge characterisation. Applied consistently across a diverse set of sludge-derived typologies,
it represents a transferable and scalable characterisation framework applicable to the broadening
range of sludge-derived products entering the organic fertiliser market under evolving European

regulatory frameworks.

Some limitations of the present work should be acknowledged. Chemical sequential extraction
provides a proxy for bioaccessibility under defined chemical conditions and does not directly
measure biological availability. This would require complementary bioassay data, such as
biochemical methane potential (BMP). The hydrochar samples originate from different processing
facilities, introducing feedstock and process variability that limits direct comparison with typologies

originating from a single WWTP, but demonstrate its reduced variability as a sludge product.

Future work should prioritise the integration of phosphorus speciation analysis, biological
availability assays and a broader contaminant screening to complement the organic matter
characterisation presented here. A further priority for future work is the validation of the ISBAMO-
derived complexity and accessibility indicators against measured carbon mineralisation rates.
Establishing these correlations would enable the use of fractionation and fluorescence-derived
indicators as input variables for dynamic process models predicting organic matter fate in soil
following land application, such as the PLS model for carbon biodegradability in soil proposed by
Jimenez et al., 2017. This would advance the framework from a descriptive characterisation tool
toward a predictive model for carbon turnover in agroecosystems. For the agronomic valorisation
of sludge-derived products, accurate prediction of organic carbon mineralisation in soil is
particularly meaningful, as it directly informs estimates of carbon sequestration potential,

greenhouse gas emissions associated with land application, and the contribution of sludge-derived
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organic matter to long-term soil carbon stocks (Fernandez-Dominguez et al., 2021; Jimenez et
al., 2017). These aspects are critical considerations for evaluating the environmental sustainability

of sludge recycling in agriculture.

Beyond characterisation, these findings support evidence-based selection of valorisation pathways
and can inform regulatory decision-making on the agronomic use of the growing suite of sludge-
derived fertiliser products. Altogether, the characterisation database established in this study
offers a reference to improve the efficiency and safety of sludge-derived product recycling and
provides a foundation for designing future strategies that align nutrient circularity with soil health

and environmental safety goals.
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8 Annex

8.1 Annex A: Supplementary Figures and Tables
8.1.1 Complexity Index of ISBAMO Fractions

Complexity Ratio of ISBAMO Fractions across Sludge Typologies
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Figure A 1: The complexity ratio (CR) of each typology (raw sludge, digested sludge, thickened
sludge, sludge cake and hydrochar), across fractions (DOM, SPOM, REOM, SEOM, PEOM). n=4 for

each typology. Black error bars show standard deviation.

8.1.2 PCA and HCA of Physicochemical Properties, with Biochar Included

Scores and loadings from the PCA of the physicochemical properties, including biochar (29 samples
in total) are presented in Figure A 2. The first two components accounted for 62.67% of the total
variance (Dim 1: 39.43%; Dim 2: 23.24). The distribution of variables is consistent with the
analysis excluding biochar and correlation values for the variables on dimensions 1 and 2 are
shown in Table A 1. Biochar (sample 29) is positioned at the extreme negative end of dimension

1 and elevated dimension 2, clearly isolated from all other sludge-derived typologies.
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Figure A 2: Scores plot (a) and loadings (b) obtained from the PCA analysis of the database

including biochar with the considered set of physicochemical characteristics (pH, EC, TS, VS/TS,
COD, TKN, N, C, H, P, K, BaP, TAN) as active variables; left is the graph of individuals (sludge
types) and right is the PCA graph of variables (physicochemical properties).

Table A 1: Correlation data of the variables for dimension 1 and dimension 2 of PCA graph of

physicochemical characteristics using data including biochar.

Correlation of quantitative variables on Dimension1

H
C
mgCOD.gTS
VS/TS_raw
N
K
EC
P
pH

0.9672
0.9045
0.6768
0.6251
0.5773
-0.5789
-0.6479
-0.817
-0.8496

Correlation of quantitative variables on Dimension2

mgTKN.gTS
K
TAN (mg/g)
EE
N
BaP
TS_raw

0.845
0.5995
0.5559
0.3719

0.3707
-0.6435
-0.7845
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8.2 Annex B: Raw Data

Table A 2: Raw data for the mean COD distribution (% of extracted COD) across ISBAMO
fractions and total organic carbon content (tCOD, mg/g TS) for each sludge typology (n = 4
replicates). Values in parentheses indicate mean % COD extracted relative to tCOD of the raw
solid. Standard deviations are reported for tCOD values. DOM_COD data were unavailable for

sludge cake and hydrochar. Data underlying Figure 8.

Sample RAW (55%) DIGESTED (48%) THICKENED (51%) SLUDGE CAKE (32%) HYDROCHAR (55%)
DOM_COD 9% 1% 1%

SPOM_COD 4% 2% 2% 3% 2%
REOM_COD 7% 3% 4% 2% 3%
SEOM_COD 12% 10% 12% 4% 6%
PEOM_COD 23% 32% 32% 23% 43%
NEOM_COD 45% 52% 49% 68% 45%
% COD extracted 55% 48% 51% 32% 55%
mean tCOD mg/g TS 1485.2975 1044.035 1044.0775 875.0275 1170.4125
stdev 206.279724 45.49015754 32.38556301 51.11117123 106.4787567

Table A 3: Raw data for the mean nitrogen distribution (% of extracted TN) across ISBAMO
fractions and total nitrogen content (TKN, mg/g TS) for each sludge typology (n = 4 replicates).
Values in parentheses indicate mean % TN extracted relative to TKN. Standard deviations are
reported for TKN values. DOM_TN data are unavailable for sludge cake and hydrochar. Data

underlying Figure 9.

Sample (extracted TN) RAW (68%) DIGESTED (75%) THICKENED (69%) SLUDGE CAKE (23%) HYDROCHAR (36%)
DOM_TN 11% 57% 47%

SPOM_TN 12% 4% 4% 7% 18%
REOM_TN 14% 4% 5% 6% 7%
SEOM_TN 32% 10% 12% 10% 12%
PEOM + NEOM 32% 25% 32% 77% 64%
% TN extracted 68% 75% 68% 23% 36%
TKN mg/g TS 41.357 74.5435 80.21775 21.76225 26.01575
stdev 15.677801 8.360602231 11.53481716 0.558152533 6.799173203
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Table A 4: Raw data for the mean percentage fluorescence intensity distribution across zones I-
VII and split line values for each ISBAMO fraction and sludge typology. Relevant typology is
indicated in each table. Values represent the proportion (%) of total fluorescence intensity
attributed to each zone within a given fraction. DOM fraction data are unavailable for sludge

cake and hydrochar. This table underlies Figure 12.

RAW

Zone DOM SPOM REOM SEOM PEOM

I 13.60161 6.107009 18.26478 8.015924 10.32305
I 32.51117 40.55509 37.85348 36.95267 30.25746
Il 17.79702 20.86018 16.59752 16.60354 10.66228

v 20.44969 18.44927 15.42078 21.52567 22.91918
\Y 9.887049 8.312534 6.492849 9.13572 12.26636
VI 4.718493 4.592597 4.388115 6.361118 9.768549
Vi 1.034967 1.123315 0.98247 1.405365 3.803116

Split line 63.9098 67.52228 72.71579 61.57213 51.24279

DIGESTED

Zone DOM SPOM REOM SEOM PEOM

I 9.592267 5.855976 10.6782 4.681442 5.006241
I 41.92042 36.58646 30.95218 31.19997 29.65227
1 3.380058 19.11205 14.31608 16.19653 8.692396

v 23.88263 22.59814 22.54257 24.82673 23.06612
v 10.1676 8.721374 10.89296 11.59553 13.96608
VI 8.098442 5.794044 8.718475 9.731081 12.93679
VI 2.958588 1.331955 1.899551 1.768715  6.6801

splitline  54.89274 61.55448 55.94645 52.07795 43.35091

THICKENED

Zone DOM SPOM REOM SEOM PEOM

I 7.235516 2.90439 8.172882 5.14272 7.171092
I 30.65378 34.30151 31.14488 33.68495 26.62229
M 11.33165 14.84295 12.78986 14.95613 9.202191

v 29.3983 26.80691 23.49438 24.66271 24.13328
\Y 11.45757 11.7874 11.29739 10.77671 15.03176
VI 8.058328 7.715557 10.86663 9.030763 12.30135
Vil 1.864849 1.641272 2.233978 1.746005 5.538045

splitline  49.22095 52.04886 52.10763 53.7838 42.99557
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SLUDGE CAKE

Zone SPOM REOM SEOM PEOM

I 1.190124 5.162882 3.659402 2.223291
I 39.53842 18.07636 26.7912 14.19534
Il 12.46657 8.754425 11.13296 5.160862
| 30.43005 30.80156 29.93091 33.92189
Vv 9.020596 14.50637 13.99476 25.03277
Vi 6.232007 20.23084 12.01237 14.2141
Vil 1.122223 2.467558 2.478394 5.251754
splitline  53.19512 31.99366 41.58357 21.57949
HYDROCHAR

Zone SPOM REOM SEOM PEOM

| 1.626236 3.193279 1.928121 2.271566
I 24.35454 25.04929 22.77594 13.20305
M 10.22303 11.14996 10.56237 6.191462
v 36.7954 34.19853 35.66275 41.74933
Vv 14.69556 14.89911 16.50728 24.40411
Vi 10.41771 9.546921 10.26612 9.743626
Vil 1.88752 1.962912 2.297414 2.43687
split line 36.2038 39.39253 35.26643 21.66607

Table A 5: Raw data for the mean complexity ratio (CR) and standard deviation across ISBAMO

fractions for each sludge typology (n=4 per typology), underlying Figure 13.

TYPOLOGY VALUE DOM SPOM REOM SEOM PEOM
mean 0.608782| 0.49325| 0.392376| 0.630568| 0.985431
RAW SLUDGE stdev 0.104527| 0.07916| 0.058421| 0.06549| 0.181652
mean 0.827826| 0.628662| 0.777804| 0.914392| 1.306537
DIGESTED SLUDGE stdev 0.092237| 0.168187| 0.225143| 0.036677| 0.149075
mean 1.026722| 0.851852| 0.922899| 0.863753| 1.346982
THICKENED stdev 0.059905| 0.257017| 0.199072| 0.063659| 0.165752
mean 0.95329| 2.197509| 1.464876| 3.71809
SLUDGE CAKE stdev 0.142008| 0.334105| 0.607238| 0.203129
mean 1.752623| 1.473256| 1.876367| 3.583015
HYDROCHAR stdev 0.117891| 0.394431| 0.141053| 0.184418
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