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Abstract
Thermal hydrolysis (TH) has been widely applied to sewage sludge treatment to improve
downstream anaerobic digestion (AD) by enhancing organic solids hydrolysis and
subsequent biogas productivity. However, TH also has several drawbacks, including the
formation of recalcitrant compounds, which are anaerobically non-biodegradable and even
inhibitory to the downstream AD. Melanoidins produced from the Maillard reaction have
been regarded as a representative of such compounds. Theoretically, the production of
melanoidins increases with increasing TH temperature.

This study collaborated with TORWASH®, a patented TH technology developed by
TNO, aiming to characterise the recalcitrant compounds derived under TORWASH®

conditions from 180 - 210 °C. In addition, we investigated the effects of anaerobic
pre-digestion on the TH performance, attempting to increase the biogas productivity
of digestate. Moreover, we also sought pretreatment methods that could mitigate the
production of recalcitrant compounds. By reviewing the studies of Zhang et al. (2020) and
other researchers in this field, we found that acidic pretreatments could be the solution.
Then, we assumed that the addition of acetic acid and CO2 gas could limit the progression
of the Maillard reaction. A laboratory simulation of the TH process was performed on
waste activated sludge (WAS) at 180 - 200 °C and anaerobically pre-digested WAS at 180 -
210 °C. The following TH tests with acidic pretreatments were only conducted on WAS at
190 °C.

We found that the production of recalcitrant compounds (soluble humic substances)
increased with increasing reaction temperature, corresponding to increased UVA254 and
colour formation. Proteins were primarily hydrolysed or denatured during TH, and
competition for carbohydrates between the Maillard and caramelisation reactions could
occur at 190 °C and above. In addition, TH disintegrated high molecular weight DOM
> 1 kDa into low molecular weight DOM < 0.1 kDa, and stronger sludge disintegration
occurred at higher reaction temperatures. Moreover, BMP decreased after anaerobic
pre-digestion but increased after TH treatment. The liquid fraction of pre-digested WAS
could reach an equivalent degree of anaerobic biodegradability as that of WAS when
applying a higher reaction temperature.

All acidic pretreatments applied decreased the production of soluble humic substances
by 10 %, corresponding to a 13 % decrease in UVA254. CO2 pressurisation at 10 bar could
effectively reduce the formation of fulvic-acid like and humic-acid like matter, compared
with the untreated sample. The effect of 20 bar CO2 was less pronounced than that of 10
bar CO2, whether or not the samples were pre-added with HAc.
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Chapter 1

Introduction

1.1 Anaerobic digestion

Anaerobic digestion (AD) is a fermentative process in which biowastes are degraded with
biogas production (Mao et al., 2015; van Lier et al., 2020). These biowastes undergo four
successive steps during AD: hydrolysis, acidogenesis, acetogenesis, and methanogenesis
(Figure 1.1). In the first step, fermentative bacteria enzymatically hydrolyse the complex
organic matter into soluble monomers: sugars, amino acids, and fatty acids. These
monomers are further degraded into volatile fatty acids (VFA), lactic acid, alcohols, ketones,
CO2, and H2 in the next step, acidogenesis. The third step, acetogenesis, converts the
remaining fatty acids from the previous two steps into acetic acid, CO2, and H2. In the final
methanogenesis step, the products from the last two steps are consumed; acetate, H2, and
CO2 are converted into methane by aceticlastic and hydrogenotrophic methanogens (van
Lier et al., 2020). Among the four steps, hydrolysis is the rate-limiting step, constrained
by the free accessible surface area and structure of complex organic matter (van Lier et al.,
2020). Therefore, several physicochemical pretreatment methods have been developed to
accelerate hydrolysis; according to their working principles, they can be divided into four
categories: mechanical, thermal, chemical, and combined, as shown in Figure 1.2.

Figure 1.1: AD process scheme (Rea, 2014).
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Figure 1.2: Classification of the different substrate pre-treatment methods
(González et al., 2018).

1.2 Thermal hydrolysis

Thermal hydrolysis (TH) refers to a process technology that involves physicochemical
reactions occurring under high temperature and pressure conditions in the presence of
water (Byrappa & Yoshimura, 2012; Hii et al., 2014). TH has been applied extensively to
sewage sludge treatment to improve downstream AD, waste stabilisation, sterilisation, and
dewaterability (Abelleira-Pereira et al., 2015; Barber, 2016).

1.2.1 TORWASH®

TORWASH® is a continuous TH technology developed by TNO (Netherlands Organisation
for Applied Scientific Research), which is currently in the pilot testing stage (Nanou et al.,
2020). The design of the pilot installation consists of five sections: feeding, pre-heating,
TORWASH® (i.e., TH), cooling, and depressurisation (Figure 1.3). During operation,
pre-thickened sludge is pumped into the upper inlet of a continuous tubular thermal
reactor, entering the pre-heating section. Once the required temperature is reached,
the sludge flows into the TORWASH® section with a retention time of around 30 min.
Once the TH is finished, the thermally-hydrolysed sludge is cooled and depressurised.
Conventionally, the TH-treated sludge is sent to the AD reactor directly as in the design
of Cambi® and Bio ThelysTM (Pilli et al., 2015), but TORWASH® uses a filter press to
separate the TH-treated sludge into filtrate and press cake; only the filtrate is AD-treated.
This separation could make the AD treatment more efficient; according to Bougrier et al.
(2008), higher biogas production was achieved in the soluble fraction compared with the
particulate fraction for WAS TH-treated at 95 - 170 °C.

The reaction temperature applied in TORWASH® spans from 180 to 210 °C; which is
higher than that of conventional industrial-scale TH installations such as Cambi® (150
- 160 °C) and Bio ThelysTM (150 - 180 °C) (Pilli et al., 2015). In this higher temperature
range, not only does hydrolysis take place, but mild torrefaction occurs (Nanou et al.,
2020). Torrefaction corresponds to a thermal treatment carried out at reaction temperatures
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of 200 - 300 °C in the absence of oxygen, which generally improves the fuel properties
of biomass (i.e., energy density) by reducing the moisture content in torrefied biomass
(Atienza-Martínez et al., 2015).

Figure 1.3: TORWASH® pilot installation (A) and flow diagram (B), adapted
from Nanou et al. (2020).

1.2.2 Factors affecting TH performance

Reaction temperature
Our study focuses on high-temperature TH conducted at above 100 °C. In this temperature
range, Toutian et al. (2020) observed a 21 % increase in soluble COD (SCOD) for lab-scale
TH of WAS at 130 - 170 °C compared with untreated WAS. In addition, Wilson and Novak
(2009) reported an 8 - 21.4 % increase in COD solubilisation for WAS TH-treated at 130 - 200
°C with respect to raw WAS. However, an increased COD solubilisation at higher reaction
temperatures does not always result in higher anaerobic biodegradability (Figure 1.4). It
has been widely reported that 170 - 190 °C is the optimal temperature range for TH of WAS
to reach the highest anaerobic biodegradability, although the concentration of SCOD is still
observed to increase at reaction temperatures up to 220°C (Gonzalez et al., 2018; Mottet
et al., 2009). This inconsistency between COD solubility and anaerobic biodegradability
implies a potential trade-off between the solubilisation of biodegradable matter and the
formation of soluble recalcitrant compounds. The biodegradable matter contributes to
methane production, but the soluble recalcitrant compounds do not. Therefore, a reaction
temperature of 190 °C is postulated as the temperature above which the formation of
recalcitrant compounds outcompetes the sludge digestibility improvement, but the exact
temperature depends on the composition of the sludge and other factors (Gonzalez et al.,
2018).
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Furthermore, Wilson and Novak (2009) reported that the relative solubilisation of
polysaccharides was higher than that of proteins at 130 - 220 °C. It was hypothesised that
most proteins were already solubilised at a temperature > 100 °C, while carbohydrates only
started to solubilise at 130 °C (Gonzalez et al., 2018). Therefore, the main effect of TH on
carbohydrates blow 220 °C is solubilisation instead of degradation. In contrast, extensive
degradation and denaturation of proteins are expected to occur at temperatures of 190 - 220
°C (Wilson & Novak, 2009).

Figure 1.4: Effect of reaction temperature and time evaluated on
solubilisation (A) and methane production (B) of TH-treated WAS

(Sapkaite et al., 2017). SB is the solubilisation factor.

Reaction time
A longer reaction time leads to an increase in the solubility of compounds. For example,
Xue et al. (2015) conducted TH (120 - 180 °C) of high solid sludge for different reaction
times (15 - 180 min), which showed the concentrations of SCOD, soluble carbohydrates,
and proteins generally increased with a longer reaction time. Furthermore, Aboulfoth
et al. (2015) reported that COD solubilisation still improved when the reaction time was
prolonged to 240 min for TH of combined sludge (primary and WAS) at 175 °C. However,
a higher degree of organic solubilisation achieved by a longer reaction time may not
necessarily increase methane production (Figure 1.4). Sapkaite et al. (2017) observed
a decrease in methane production when the reaction time exceeded 30 min, which can
be associated with the formation of soluble recalcitrant compounds (Ngo et al., 2021).
Furthermore, based on the consensus, a 30 - 40 min reaction time is considered the optimal
condition when WAS is TH-treated at 160 - 180 °C (Barber, 2016). Correspondingly, this
time range is also adopted within the industry; Cambi® and Bio ThelysTM processes are
currently operated at 20 - 30 min and 30 - 60 min, respectively (Pilli et al., 2015).

Feed source
Various feedstocks, including sewage sludge, slaughterhouse or fatty waste, manure,
lignocellulosic biomass, food waste, and algae, can be pre-treated with TH (Carrere et al.,
2016). The feedstocks of interest in our study are WAS and anaerobically pre-digested WAS
(digestate) for the simulation of both pre- and inter-stage TH pretreatments (i.e., TH-AD
and AD-TH-AD). Pre-digestion degrades readily biodegradable substances into biogas
and a small portion of complex organic matter; thereby, pre-digested sludge contains less
SCOD and VFA but more hardly biodegradable organic matter than raw WAS (X. Liu et al.,
2021; Nielsen et al., 2011). In addition, pre-digestion increases pH due to the ammonium
produced from protein hydrolysis and VFA depletion (Nielsen et al., 2011). The increase in
pH could affect the pathway of recalcitrant compounds formation via the Millard reaction
during TH (Hodge, 1953).
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1.2.3 TH mechanism

A series of physicochemical reactions occur during TH; they contribute to the
morphological change in the gel-like structure of WAS through the destruction of
extracellular polymeric substances (EPS) (Figure 1.5). EPS are microbial-derived polymers
consisting of protein, polysaccharides, lipids, nucleic acids, and humic substances
(HS), maintaining the colloidal structure of the sludge aggregates (Guo et al., 2016).
Therefore, the destruction of EPS during TH leads to the release of polysaccharides
and proteins (Barber, 2016). The mechanisms of EPS degradation and solubilisation of
organic macromolecules are based on free radical oxidation and hydrolysis (Yan et al., 2022).

Figure 1.5: Sludge morphology transformation during TH (Yan et al., 2022).

Free radical oxidation
Free radicals are chemical species that contain at least one unpaired valence electron; these
unpaired electrons lead to a highly oxidative property (McNaught, 1997). TH provides
ideal conditions for their formation. The development of free radicals can be divided
into three stages, initiation, propagation, and termination (Togo, 2004). In the first stage,
free radicals, including alkyl (R·) and hydrogen (H·) radicals, are produced from the
degradation of organics under conditions of high temperature and oxygen deficiency
(Equation 1.2.1) (Yousefifar et al., 2017). These radicals can further react with stable
molecules to form new radicals in the next stage (Equation 1.2.2, Equation 1.2.3, and
Equation 1.2.4) to continuously generate more free radicals, such as hydroxyl radicals
(HO·), alkyl radicals (R·), and amino radicals (R2N·) (Bachir et al., 2001; Yousefifar et al.,
2017). Finally, interactions between free radical species occur and form stable, non-radical
adducts, including short-chain alcohols (Equation 1.2.5 and Equation 1.2.6) and carboxylic
acids (Equation 1.2.7) (Aggrey et al., 2012).

RH→ R · + H · (Eq. 1.2.1)

H2O + H · → HO·+ H2 (Eq. 1.2.2)

RH + HO·→ R · + H2O (Eq. 1.2.3)
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R2NH + HO·→ R2N·+ H2O (Eq. 1.2.4)

R · + HO·→ ROH (Eq. 1.2.5)

R2N·+ H2O→ NH+
4 + 2ROH (Eq. 1.2.6)

R · + 2HO·→ R′COOH (Eq. 1.2.7)

Hydrolysis
The concept of hydrolysis in TH is different from that in AD. The hydrolysis during TH
is driven by increased water reactivity at elevated temperatures and pressures (Yan et
al., 2022). In contrast, the hydrolysis during AD is catalysed by exoenzymes produced
by hydrolytic bacteria (Carlsson et al., 2012). During TH, complex organics (A-B)
are hydrolysed to form low molecular weight hydrolysed products (A-H and B-OH)
(Equation 1.2.8, Brunner (2009)), which is manifested in COD solubilisation, converting
particulate COD (particulate COD = total COD - SCOD) into SCOD (Ngo et al., 2021).

A B + H2O→ A H + B OH (Eq. 1.2.8)

1.3 Recalcitrant compounds

This study collaborated with TNO to investigate soluble recalcitrant compounds derived
from lab-scale TH experiments under operating conditions similar to those of TORWASH®.
The recalcitrant compounds refer to aerobically or anaerobically non-biodegradable
dissolved organic matter (DOM) derived from TH. TH-treated sludge contains thousands of
different recalcitrant compounds, each in small concentrations, overall adding up to a large
concentration (Faixo et al., 2021). Furthermore, the formation of recalcitrant compounds
during TH is primarily associated with two reactions, the Maillard and caramelisation
reactions (Penaud et al., 2000). Typical products of these two reactions include furfurals,
hydroxymethylfurfural (HMF), melanoidins, and caramelans, which might be recalcitrant,
toxic, or both to the downstream AD (Bolado-Rodríguez et al., 2016; Monlau et al., 2014).
When TH is operated at TORWASH® designated temperature range (180 - 210 °C), both
reactions occur concurrently; therefore, it is difficult to differentiate these two reactions as
they share the same intermediates (Göncüoğlu Taş & Gökmen, 2017). In addition, acidic
pretreatments were applied to WAS as a potential method to mitigate the formation of
recalcitrant compounds. To understand how pH can affect the pathways of these two
reactions, the mechanism is introduced below.

1.3.1 Maillard reaction

The Maillard reaction is a non-enzymatic browning reaction between aldoses and amino
compounds, producing coloured (mainly brownish), UV-absorbing and non-biodegradable
polymers (Hodge, 1953). TH of the sewage sludge provides ideal temperature conditions
and reactants for the occurrence of Maillard reaction since the sewage sludge contains 20 -
40 % of carbohydrates and 30 - 50 % of proteins (Bemiller, 2018; Jimenez et al., 2013). The
Maillard reaction can be divided into three stages (Hodge, 1953) as follows (Figure 1.6):
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Early stage
During TH, polysaccharides are solubilised and further degraded into mono- and
disaccharides (Wilson & Novak, 2009). The carbonyl groups of these saccharides can
condense with the amino group of the amino acids, producing N-substituted glycosylamine
(RN = CHR’), which then undergoes the Amadori rearrangement, forming the relatively
stable and colourless intermediates known as Amadori rearrangement products (ARP). The
Amadori rearrangement is generally a non-reversible reaction and can occur spontaneously
even at room temperature (Nursten, 2005).

Figure 1.6: Maillard reaction scheme (Hodge, 1953). Horizontal lines divide
the reaction scheme into three stages.

Intermediate stage
The intermediate stage corresponds to the breakdown of ARP through dehydration and
fragmentation. The dehydration pathways include 1,2-enolisation and 2,3 enolisation,
depending on the pH of the reaction system. Under acidic conditions (pH≤ 7), dehydration
occurs primarily via 1,2-enolisation (losing three water molecules), producing furfural
(when aldopentoses are involved) or HMF (when aldohexoses are involved) (Bemiller,
2018). Furfural and HMF both have been reported to inhibit the downstream AD process
at a concentration above 2.0 g/L (Ghasimi et al., 2016). At pH above 7, dehydration via 2,3
enolisation (losing two water molecules) is favoured to generate reductones (slightly acidic
reducing agents), which can be dehydrated into deoxyreductone. In addition, the ARP can
also undergo fragmentation, forming fission products with shorter chains, such as carbonyl
and dicarbonyl. These fission products can further react with α-amino acid to produce
aldehydes and release CO2 through Strecker degradations (Equation 1.3.1 (Schönberg &
Moubacher, 1952), suggesting the CO2 partial pressure may influence the progress of this
reaction. Besides, COLE (1967) suggested that CO2 could be used as an indicator of the
progression of the Maillard reaction, assuming that CO2 was formed mainly via the Strecker
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degradation. It was reported that CO2 was the major component (> 90 %) present in the
gas sample taken from the TORWASH® reactor during steady operation. The CO2 formed
during TH could react with water and produce carbonic acid as an acid catalyst (F. Liu et
al., 2012). In short, the products from the intermediate stage are yellow and UV-absorbing;
they are highly reactive and can participate in further reactions in the final stage (Hodge,
1953).

R CH

NH2

C

O

OH

Amino acid

+ C
O

R′
C

O

R′′

Dicarbonyl

+ H2O→ C

O

R H

Aldehyde

+ CO2 ↑ +NH3 (Eq. 1.3.1)

Final stage
The final stage leads to the production of nitrogenous, brown, and UV-absorbing polymers
or co-polymers, known as melanoidins, via aldol and aldehyde–amine condensation
(Hodge, 1953). The low molecular weight melanoidins are initially formed through the
reactions between the intermediates and the amino compounds (O’Brien et al., 1998).
Subsequently, low molecular weight melanoidins (< 3.5 kDa) are polymerised or/and
cross-linked via α-amino groups to generate high molecular weight melanoidins (> 10
kDa) (Hui et al., 2008; O’Brien et al., 1998). Lü et al. (2015) reported that high molecular
weight melanoidins were formed at 140 - 165 °C. Considering the temperature range (above
180 °C) applied in TORWASH®, the production of melanoidins seems unavoidable. Many
structures and molecular weights have been found in a variety of melanoidins; generally,
melanoidins are postulated to be high molecular weight polymers with repeating units
of furans and/or pyrroles (S. Martins & van Boekel, 2003). The empirical formula of
melanoidins is C17−18H26−27O10N with a molecular weight of 5 – 40 kDa (Nursten, 2005).
In addition, melanoidins are overall resistant to biodegradation due to their high molecular
weight, complex structure and xenobiotic nature (Chandra et al., 2008). Hence, melanoidins
are difficult to be degraded anaerobically.

1.3.2 Caramelisation

In addition to the Maillard reaction, caramelisation is another non-enzymatic browning
reaction occurring at 160 - 170 °C, which further darkens the colour in the liquid fraction
of thermally-hydrolysed sludge (Barber, 2016; Gonzalez et al., 2018; Villamiel et al., 2006).
Caramelisation is the pyrolysis of sugars, polysaccharides, polyhydroxycarboxylic acids,
and reductones into caramelans (Ajandouz et al., 2001; Barber, 2016; Nursten, 2005).
Besides, the caramelisation reaction does not involve amides; therefore, caramelisation
products are not nitrogenous, which can be distinguished from melanoidins (Gonzalez
et al., 2018). The pathway of caramelisation depends on the pH and type of sugar in
the reaction system, which begins with Lobry de Bruyn–Van Ekenstein transformation,
catalysed by base or acid media. This transformation converts aldoses into ketose isomers
(e.g., glucose isomerised to fructose in Equation 1.3.2) or vice versa, whilst producing
tautomeric enediols as reaction intermediates (Kroh, 1994). These carbohydrates and
isomeric carbohydrates can be further dehydrated or fragmented. Under neutral or
acidic conditions, dehydration is the dominant reaction, producing HMF from hexoses
(Equation 1.3.3) and furfural from pentoses. Under alkaline conditions, the dehydration
rate is slower than that under neutral or acidic conditions; therefore, fragmentation is
the dominant reaction, producing fission products, such as acetol, acetoin and diacetyl
(Hui et al., 2008). In addition, caramelisation generally requires a reaction temperature
higher than the Maillard reaction. This is in line with the results of Wilson and Novak
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(2009) that caramelisation does not appear to contribute to UVA254 of sludge hydrolysate at
temperatures < 220 °C.
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1.3.3 Mitigation of recalcitrant compounds formation

Generally, the reaction rate of the Maillard reaction decreases at a lower pH (Villamiel
et al., 2006). In the early stage of the Maillard reaction, the unprotonated amines and
the open-chain reducing sugars are considered reactive forms (S. I. Martins et al., 2000).
The unprotonated amino groups can actively participate in nucleophilic reactions to
condense with open-chain sugars, producing glycosylamine (Figure 1.7). The protonation
depends on pH and amino groups’ acid dissociation constants (see pKa2 in Table 1.1).
Generally, more unreactive protonated amino acids would present at lower pH. The ratio of
unprotonated amino groups is less than 1% at pH < 7 (Van Boekel, 2001). Besides, pH can
also influence the configuration of the reducing sugars. The acyclic sugars are more reactive
than the cyclic sugars due to their higher reducibility (Equation 1.3.4). Lowering the pH
can reduce the chain opening rate and the fraction of acyclic sugars (Table 1.2) (Bemiller,
2018; Cantor & Peniston, 1940; Zhang et al., 2020). Overall, acidification could lower
the concentration of reactive amines and reducing sugars in the early stage of Maillard
reactions. Subsequently, fewer intermediates could be formed; Ge and Lee (1997) confirmed
that the ARP formation rate is decreased at a lower pH.
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Figure 1.7: Sugar amine condensation and amine protonation.

Table 1.1: Acid dissociation constants of common amino
acids

Amino acid Molecular Formula pKa1 1 pKa2 2

Cysteine C3H7NO2S 1.96 10.28
Serine C3H7NO3 2.21 9.15
Threonine C4H9NO3 2.09 9.10
Tyrosine C9H11NO3 2.20 9.11
Tryptophan C11H12N2O2 2.83 9.39
Arginine C6H14N4O2 2.17 9.04
Lysine C6H14N2O2 2.18 8.95

1 pKa1 is the negative logarithm of the dissociation constant
for the -COOH group.
2 pKa2 is the negative logarithm of the dissociation constant

for the -NH3 group.
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Table 1.2: Variation in percentage of acyclic
sugar at pH 6.5, 7.0 and 7.5.

Sugar 1 pH 6.5 pH 7.0 pH 7.5

D-Lyxose 15 % 18 % 36 %
L-Arabinose 13 % 22 % 46 %
D-Xylose 10 % 13 % 36 %
D-Galactose 7 % 8.5 % 14 %
D-Mannose 4 % 6.2 % 11 %
D-Glucose 1.2 % 2.2 % 4 %

1 0.1 M of Sugar at at 25 °C (Cantor &
Peniston, 1940).

1.4 Knowledge Gaps and research objectives

According to the literature, several knowledge gaps need further investigation. Studies
have been conducted on the design of AD-TH-AD configuration to increase the ultimate
methane production, but there is limited effort to address the effects of anaerobic
pre-digestion on recalcitrant compounds derived from TH. In addition, intensive studies
were carried out to reduce recalcitrant compounds formation and enhance biological
performance, such as acidic treatment using sulphuric acid (Takashima & Tanaka, 2010)
and the addition of sodium sulfite during alkaline TH of sludge (N. Yang et al., 2022).
However, CO2 pressurisation as a pretreatment method to mitigate the formation of
recalcitrant compounds is scarcely reported, and the impact of CO2 partial pressure on
recalcitrant compounds during TH of sludge was unclear.

According to the stated knowledge gaps, the main objectives of this research are as
follows:

1. To characterise the recalcitrant compounds derived from thermally-hydrolysed WAS
and anaerobically pre-digested WAS at different reaction temperatures.

2. To investigate the effect of CO2 partial pressure and the addition of acetic acid (HAc)
on the formation of generated recalcitrant compounds derived from TH.

1.5 Research questions and approaches

To meet the research objectives, the following research questions are formulated:

1. What are the differences between WAS and pre-digested WAS before and after TH?

2. How can reaction temperature affect the formation of recalcitrant compounds?

3. What are the differences between acidifying TH systems through HAc addition and
CO2 pressurisation?

To answer these research questions, the research approach can be divided into three steps:

1. Characterise WAS and anaerobically pre-digested WAS subjecting to TH at different
reaction temperatures.
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2. Conduct TH on WAS with the addition of HAc and CO2 partial pressure for the
potential mitigation of recalcitrant compounds production.

3. Qualitatively and pseudo-quantitatively analyse the impacts of reaction temperature
and CO2 partial pressure on the production of recalcitrant compounds.



13

Chapter 2

Materials and Methods

2.1 Source of sludge

WAS and anaerobically pre-digested WAS samples were obtained from the sludge
treatment processes at WWTP Land van Cuijk, The Netherlands, where the WAS was
first thickened (in sludge thickener 2) and then anaerobically digested; the digested WAS
was temporally stored in buffer tank 1 with the addition of polyelectrolyte to improve
the dewaterability in the next step (Figure 2.1). Two batches of samples were collected.
The first batch of samples included thickened WAS (referred to as WAS-1, taken from the
sludge thickener 2) and digested WAS (referred to as DWAS-1, taken from the sludge buffer
tank 1) (Table 2.1). For the second batch, only thickened WAS was sampled (referred to as
"WAS-2"). Collected samples were stored in a refrigerator at 4 °C.

Figure 2.1: Sludge treatment at WWTP Land van Cuijk and sample collection.

Table 2.1: Feedstocks for TH tests.

Parameter WAS-1 DWAS-1 WAS-2

pH (-) 6.1 7.7 6.3
TS (%) 3.9 3.9 6.8
VS (%) 3.0 2.9 4.9
TCOD (mg O2/L) 54,200 ± 300 44,000 ± 1000 72,000 ± 1000
TN (mg N/L) 2580 ± 40 3430 ± 40 3840 ± 40
TP (mg P/L) 1260 ± 40 1240 ± 20 696 ± 4
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2.2 Experimental design

TH experiments were divided into two parts. The first part was conducted at the biofuels
lab of TNO (Petten, The Netherlands) by Dr. Jan Pels to find optimal reaction temperatures
for WAS-1 and DWAS-1 based on dewatering tests (Section 2.2.1). The second part was to
assess the effect of acidic pretreatments on TH of WAS-2 at WaterLab of Delft University of
Technology (Delft, The Netherlands) (Section 2.2.2).

2.2.1 TH experiment at different reaction temperatures

A multiclave system (Fisher Scientific, USA) with a regular heating/stirring plate was
used to perform TH on WAS-1 and DWAS-1. It consisted of several sealed single thermal
reactors that allowed samples, each around 80 mL, to proceed concurrently. Multiclave
tests on WAS-1 were carried out at temperatures ranging from 180 to 200 °C for 30 min
(Figure 2.2). After cooling, a Carver hydraulic press was used to test the dewaterability
of thermally-hydrolysed WAS-1. First, a reaction temperature of 180 °C was applied
to WAS-1, while the produced hydrolysate could not directly pass through the Carver
hydraulic press; thus, a centrifuge was used to obtain the supernatant called WAS-1-M180.
Furthermore, a similar situation also occurred when the reaction temperature was raised to
185 °C; hence, the centrifuge was used again to collect the supernatant called WAS-1-M185.
However, the hydrolysates of WAS-1 generated at 190 and 200 °C could be dewatered
through the carver press, and the pressed filtrates were obtained, named as WAS-1-M190
and WAS-1-M200, respectively. The optimal temperature for WAS-1 was defined as the
lowest temperature at which the hydrolysed WAS-1 could be dewatered by the carver
hydraulic press (i.e., 190 °C). Subsequently, the optimal temperature was then applied in
a larger scale TH test in a 20 L autoclave (Fisher Scientific, USA) for 30 min via thermal
conduction. The produced hydrolysate was vacuum filtered using a Büchner funnel with a
glass fibre filter (pore size 2.7 µm); the filtrate WAS-1-A190 was collected.

Multiclave tests on DWAS-1 were performed at temperatures from 180 to 210 °C for
30 min (Figure 2.3). The results of dewatering tests showed that the Carver press
could only poorly dewater the samples of thermally-hydrolysed DWAS-1. Therefore,
the centrifuge was used to separate the hydrolysates of DWAS-1 heated at 180 and 190
°C. The obtained supernatants were named as DWAS-1-M180 and DWAS-1-M190. The
remaining TH tests on DWAS-1 were performed at reaction temperatures of 195, 200, 205,
and 210 °C, orderly, and then separated using a glass fibre filter with vacuum suction
to obtain the corresponding filtrates DWAS-1-M195, DWAS-1-M200, DWAS-1-M205,
and DWAS-1-M210. The filter cakes retained in the glass fibre filters were dewatered
through the carver hydraulic press to determine the optimal temperature based on their
dewaterability. Following the same principle, it was concluded that 205 °C was the optimal
temperature for DWAS-1. In addition, 20 L of DWAS-1 was also thermally hydrolysed at
the optimal temperature (205 °C) for 30 min and then vacuum filtered using a glass fibre
filter (pore size 2.7 µm); the obtained filtrate was named as DWAS-1-A205.



Chapter 2. Materials and Methods 15

Figure 2.2: Scheme of TH and dewatering tests on WAS-1.

Figure 2.3: Scheme of TH and dewatering tests on DWAS-1.
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2.2.2 Acidified TH experiment

Acidified TH experiments on WAS-2 were carried out in an on-stirred Parr No. 4600
pressure vessel system (Illinois, USA). The system consisted of a Parr 4838 temperature
controller, a benchtop heater and a 4600-1.9L-HP-VGR vessel (Figure 2.4). There were
six openings on the head of the reactor vessel, including one inlet valve, two outlet
valves, one safety valve, one port for manometer and one thermowell coupled with a
thermocouple for temperature measurement (Figure 2.4 (D)). Furthermore, steam heating
was applied; around 400 mL of demi water (demineralised water) was first added to the
reactor vessel. Then an unsealed metal cylindrical container filled with approximately 300
g sample was placed in the centre of the vessel to isolate demi water and sample. The demi
water vaporised during heating provided a more uniform convective steam heating than
conductive electrical heating applied in multiclave and autoclave.

Before commencing acidified TH experiments, a non-acidified TH of WAS-2, referred
to as WAS-2-control, was conducted at 190 °C for 30 min. The 190 °C was concluded from
TH tests of WAS-1. After the reaction, the reactor was set aside in a fume hood to cool
down at room temperature. When the reading on the temperature controller had dropped
below 100 °C, two outlet valves were turned on slowly to release the pressure, accelerating
the cooling process. Therefore, the water loss due to evaporation was unavoidable,
and a correction factor was calculated based on the mass change of the sludge sample
before and after TH. For the acidified TH experiments, three acidic pretreatments were
applied, including the addition of acetic acid (HAc) (WAS-2-HAc), CO2 pressurisation
(WAS-2-10CO2 and WAS-2-20CO2) and the combination of both (WAS-2-HAc+10CO2
and WAS-2-HAc+20CO2), as shown in Table 2.2. For WAS-2-HAc, it followed the same
operating procedure as WAS-2-Control, but HAc was added to WAS-2 before TH, exceeding
part of the buffer capacity of the VFA system (pKa = 4.75) in the sludge by lowering the
pH of WAS-2 to 4.3 (Nativ et al., 2021). The operating procedure for WAS-2-10CO2 and
WAS-2-20CO2 was slightly different from WAS-2-Control and WAS-2-HAc. Before TH, the
intake valve of the reactor vessel was connected to a CO2 tank, and low-pressure CO2 was
injected into the reactor to flush out the residual air in the headspace through the outlet
nozzle. Subsequently, the outlet valve was closed, and high-pressure CO2 continuously
flowed into the reactor until reaching the designated pressure, 10 bar for WAS-2-10CO2 and
20 bar for WAS-2-20CO2. The pressurised reactor was left standing overnight in the fume
hood without any operation to achieve equilibrium of solubility among CO2, sludge sample
and demi-water. The headspace pressure slightly dropped due to the CO2 dissolution in
the liquid phase on the following day; hence, the replenishment of CO2 was needed before
TH tests. The last two TH tests, WAS-2-HAc+10CO2 and WAS-2-HAc+20CO2, first dosed
WAS-2 with the same amount of HAc as in the TH test of WAS-2-HAc, and then followed
the same procedure as TH tests WAS-2-10CO2 and WAS-2-20CO2, pressurising the reactor
with CO2: 10 bar for WAS-2-HAc+10CO2 and 20 bar for WAS-2-HAc+20CO2.
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Figure 2.4: Parr No. 4600 pressure vessel system, which consists of a Parr
4838 temperature controller (A), a bench top heater on a base plate (B), and a

4600-1.9L-HP-VGR vessel (side view (C) and top view (D)).

Table 2.2: Acidified TH tests on WAS-2.

Test Reactor Reaction temperature Time pH 1 CO2
2 HAc (added) 3

(°C) (min) (-) (bar) (mg/L)

WAS-2-control Parr No. 4600 190 30 6.3 - -
WAS-2-HAc Parr No. 4600 190 30 4.3 - 16,985
WAS-2-10CO2 Parr No. 4600 190 30 6.3 10 -
WAS-2-20CO2 Parr No. 4600 190 30 6.3 20 -
WAS-2-HAc+10CO2 Parr No. 4600 190 30 4.2 10 16,985
WAS-2-HAc+20CO2 Parr No. 4600 190 30 4.2 20 16,985

1 The pH of samples measured before TH.
2 The pressure of CO2 in the reactor headspace before TH.
3 The concentration of HAc added in sample.
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2.3 Analytical methods

Total solids (TS) and volatile solids (VS) were determined gravimetrically according to
standard methods (APHA et al., 1998). pH was measured with a SenTix 940 IDS probe
attached to a multimeter (9620 IDS, Xylem Inc., USA), calibrated prior to each use.
COD and BOD5 were measured with photometric test kits, LCK514 and LCK555 (Hach,
Germany), respectively. Total phosphorus (TP) and total nitrogen (TN) were determined
using photometric test kits, LCK350 and LCK338 (Hach, Germany), respectively. For the
dissolved parameters, the sample was centrifuged at 13,000 rpm for 15 min (Sorvall™ ST
16 Centrifuge Series, Thermo Fisher Scientific, USA). The supernatant was filtered with
a syringe membrane filter (0.45 µm, CHROMAFIL Xtra RC, Germany). The ammonium,
orthophosphate, and dissolved organic carbon (DOC) were measured with test kits,
LCK303, LCK350, and LCK387 (Hach, Düsseldorf, Germany), respectively. True colour was
determined with a UV-Vis spectrophotometer (GENESYS 6, Thermo Fisher Scientific, USA)
at a wavelength of 475 nm using platinum-cobalt (Pt-Co) solutions as standards. UVA254
was spectrophotometrically measured in a 1 cm path length quartz cell (K. Y. Park et al.,
2019); the results were normalised to the concentration of DOC, giving the value of specific
ultraviolet absorbance (SUVA254) in units of L/(mg·m). In addition, the mean oxidation
state of dissolved organic carbon (DCOS) was calculated using Equation 2.3.1 (Højris &
Lund Skovhus, 2019). For quantification of organic macromolecules, the concentrations
of soluble proteins and humic substances (HS) were determined based on the modified
Lowry method (B. Fr¢lund et al., 1995; B. O. Fr¢lund et al., 1996); soluble carbohydrates
concentration was determined with the phenol sulfuric acid assay (Dubois et al., 1956),
using D-glucose monohydrate solutions as standards. Every sample used for the analyses
above was diluted according to the range required by the test kits or corresponding
methods, and all analyses above were done in triplicate.

DCOS (−) = 4× (DOC (mol C/L)− SCOD (mol O2/L))
DOC(mol C/L)

(Eq. 2.3.1)

2.3.1 Biomethane potential tests

Biomethane potential (BMP) tests were conducted on WAS-1, DWAS-1, WAS-1-A190, and
DWAS-1-A205 using the automatic methane potential test system II (AMPTS II, BPC
Instruments, Sweden) in 500 mL bottles. Table 2.3 shows the details of the tests. The bottles
were flushed with nitrogen to remove oxygen from the headspace and tightly sealed to
maintain anaerobic conditions. AD occurred under mesophilic conditions at 35 °C and was
terminated when daily methane production was below 1 % of the accumulated volume
of methane for three consecutive days (Holliger et al., 2016). In AMPTS II, CO2 and H2S
were stripped in a NaOH scrubber, and the volume of the remaining dry pure methane
gas was continuously measured by liquid displacement in individual flow cell units for
each batch. The BMP was expressed as the volume of dry methane gas under standard
conditions (273.15 K and 101.33 kPa) per mass of VS added (NL CH4/kg VS) (Holliger et
al., 2016).
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Table 2.3: Details for the BMP tests on WAS-1, DWAS-1, WAS-1-A190, and DWAS-1-A205.

Batch No. Load Substrate Inoculum Water Micronutrients 1 Macronutrients 1 Buffer (100 g NaHCO3/L)
(g) (g) (g) (mL) (mL) (m) (mL)

1, 2, 3 2.32 VS 76.62 (WAS-1) 173.20 143.54 0.24 2.40 4.00
4, 5, 6 2.32 VS 81.28 (DWAS-1) 173.20 138.89 0.24 2.40 4.00
7, 8, 9 2.32 VS 128.86 (WAS-1-A190) 173.20 91.30 0.24 2.40 4.00
10, 11, 12 2.32 VS 220.16 (DWAS-1-A205) 173.20 0.00 0.24 2.40 4.00
13, 14, 15 Control 2.42 (Cellulose 2) 173.20 220.16 0.24 2.40 4.00
16, 17, 18 Blank - 173.20 220.16 0.24 2.40 4.00

1 The inoculum characterisation and composition of macronutrient and micronutrient solutions can be found in Appendix B.
2 The VS of cellulose was estimated to be 96.1 %.

2.3.2 Volatile fatty acids

Volatile fatty acids (VFA) were quantified by gas chromatography (Agilent Technology
7890A, USA) with a flame ionisation detector. The column was HP-FFAP 25 m x 320 µm x
0.5 µm (length x internal diameter x film thickness). The temperature of the GC oven was
programmed to increase from 80 to 180 °C in 10.5 min. The injector temperature was kept at
80 °C at an injection volume of 1 µL, and gasified VFA were detected at 240 °C. High purity
helium was used as a carrier gas at a flow rate of 67 mL/min with a split ratio of 25:1. Prior
to GC analysis, 10 mL of sample was first centrifuged at 13,000 rpm for 15 min, and then
the supernatant was filtered over a 0.45 µm syringe membrane filter (CHROMAFIL Xtra,
Germany). The filtered liquid was diluted 2 to 10 times with pentanol (325.8 mg/L) as an
internal standard, and a 1.5 mL diluted sample was transferred to a 1.5 mL vial with an
addition of 10 µL of formic acid (purity > 99 %).

2.3.3 Size exclusion chromatography

High-performance size exclusion chromatography (HPSEC) was conducted on the liquid
fraction of thermally-hydrolysed samples using a Phenomenex column (YarraTM 3 µm
SEC-2000, LC Column 300 × 7.8 mm, Ea) connected to an ultrafast liquid chromatography
system (Prominence, Shimadzu). The mobile phase was 25 % acetonitrile in Milli-Q water
with 10 mM sodium phosphate buffer (pH = 7). The flow rate of the mobile phase was
1 mL/min, and the injection volume was 50 µL. Separation was achieved at 25 °C after
20 min, and the eluted substances were sequentially detected by UV at 254 and 210 nm.
Moreover, the ultraviolet absorbance ratio index (URI) was calculated based on the ratio
between UVA210 and UVA254.

2.3.4 Fluorescence excitation emission matrix

Fluorescence spectra were measured in standard 1 cm quartz cuvettes using a
spectrofluorometer (AQUALOG, HORIBA, USA) equipped with a 150 W xenon arc lamp
(excitation source). Three-dimensional EEM spectra were collected at a temperature of
25 °C with subsequent scanning emission wavelengths of 247.55 - 824.879 nm at 4.7 nm
intervals by varying excitation wavelengths from 220 to 500 nm at 2 nm increments
using excitation and emission slit widths of 5.0 nm bandpass. Before measurement, the
filtered samples (syringe filters, CHROMAFIL Xtra RC, 25 mm, 0.45 µm) prepared for
fluorescence analysis were diluted with Milli-Q water to adjust DOC concentration to 1
mg/L. The obtained EEM data were processed according to the method proposed by M.
Park and Snyder (2018). Furthermore, several fluorescence parameters and indices were
calculated based on EEM data to indicate humic content and source of DOM, including
humic-like fluorescence parameter (Fn(355)), protein-like fluorescence parameter (Fn(280)),



Chapter 2. Materials and Methods 20

fluorescence index (FI), humification index (HIX), and Biological index (BIX). For a detailed
data processing procedure, see Appendix C.

2.4 Statistical analysis

Microsoft Excel 2022 was used to tabulate the data and perform simple statistics such
as mean and standard deviation calculations. Standard deviations of the measurements
were used as experimental errors. Furthermore, a one-way ANOVA (α = 0.05) followed
by a post hoc Tukey HSD analysis (α = 0.05) was performed to determine which reaction
temperatures or acidic pretreatments were statistically different from each other with
respect to several important parameters using an online calculator (URL: https://astatsa.
com/OneWay_Anova_with_TukeyHSD/). In addition, Kendall rank correlation was used
to assess monotonic relationships (whether linear or not) between two parameters at a
confidence level of 95 % using MATLAB R2021b. Similarly, principal component analysis
(PCA) was performed on standardised data sets (data were centred to have mean = 0
and scaled to have standard deviation = 1) to better classify TH tests based on their
different reaction temperatures and acidic pretreatments using MATLAB R2021b. The
experimental parameters employed encompassed the variations in the concentrations of
soluble carbohydrates, proteins, HS, DOC, SCOD, ammonium, orthophosphate, solid
content, colour, etc. Furthermore, the evaluation also considered changes in fluorescence
indices or parameters such as HIX, FI, BIX, URI, SUVA254, etc. For each PCA assessment,
the respective contribution to the total variance in the PCA analysis of each principal
component (PC) was calculated, and only the PCs which satisfied the Kaiser’s rule (Kaiser,
1960) were selected to manifest PCA assessment in biplots.

2.5 PHREEQC

Equilibrium simulation was performed to predict the pH change of WAS-2 after the
acidic pretreatments, using PHREEQC version 3 (USGS) and databases of phreeqc.dat and
minteq.v4.dat (Parkhurst & Appelo, 2013). The pH decrease in WAS-2 after HAc addition
was calculated with an ion-association model included in PHREEQC based on the theory
of specific ion interaction, using soluble phase characteristics of raw WAS-2 as model input
(see Solution 1 WAS-2 in Appendix E). In addition, the pH was simulated for TH of WAS-1
with CO2 pressurised based on the CO2 solubility. The built-in Peng-Robinson equation
was used to calculate the CO2 solubility at different reaction temperatures and pressures
(Peng & Robinson, 1976).

https://astatsa.com/OneWay_Anova_with_TukeyHSD/
https://astatsa.com/OneWay_Anova_with_TukeyHSD/
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Chapter 3

Results and Discussion

3.1 Effect of reaction temperature and pre-digestion on TH

To understand the main effects of both the TH temperature and the anaerobic pre-digestion
on TH performance, various methods were implemented to analyse the liquid fraction of
WAS-1 and DWAS-1 before and after TH. Key parameters such as COD, DOC, ammonium,
orthophosphate, and macromolecules (proteins, carbohydrates, and HS) were measured to
evaluate the solubilisation and the hydrolytic efficiency of TH; the sludge disintegration
effect was evaluated based on the molecular weight distribution of DOM measured by
HPSEC; recalcitrant compounds were characterised using fluorescence spectroscopy.

Each measured key parameter of WAS-1 and DWAS-1 depended on the reaction
temperature. Two different reaction temperature ranges were applied in multiclave
tests: 180 - 200 °C for TH of WAS-1 and 180 - 210 °C for TH of DWAS-1. After TH, the
produced hydrolysates were sent to dewatering tests using different separation techniques:
centrifuge, hydraulic press, or glass fibre filtration (for a detailed procedure, see Section
2.2.1). Different techniques could result in different compositions of the separated
hydrolysates. Therefore, the obtained liquid fraction of hydrolysates after dewatering tests
was filtered again with a syringe membrane filter (0.45 µm) for the measurement of the key
parameters mentioned above.

3.1.1 Results of SCOD, DOC and DCOS

SCOD and DOC
COD solubilisation, as a primary indicator for hydrolytic efficiency, was observed initially
at 180 °C for both TH of WAS-1 and DWAS-1 (Figure 3.1 (A)). The soluble COD (SCOD)
concentration in WAS-1 hydrolysates increased at 180 - 190 °C, but no significant difference
in SCOD was found for WAS-1 TH-treated at 190 - 200 °C (p > 0.05). However, this
does not indicate that a higher degree of COD solubilisation cannot be achieved at 200
°C and above. Jeong et al. (2019) and Wilson and Novak (2009) reported TH tests of
WAS at 180 - 220 and 190 - 220 °C, showing that the SCOD concentration increased at
higher temperatures. In contrast to the increase in SCOD concentration, the incremental
increase in DOC concentration per increase in reaction temperature was lower than that
of SCOD after the initial TH at 180 °C (Figure 3.1 (B)). Furthermore, a slight drop in DOC
concentration was observed for DWAS-1 TH-treated at 205 °C. (Fang et al., 2020; Wang et
al., 2011) reported the production of CO2, CO and a small amount of CH4 increased with
higher temperatures due to mild torrefaction and decarboxylation (Fang et al., 2020; Wang
et al., 2011). This could explain the drop in DOC concentration observed in our study, but a
further study of off-gas is required to confirm this carbon loss.
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Regarding the effect of anaerobic pre-digestion on TH performance, we found that TH
appeared to be more effective on WAS-1 than on DWAS-1. DWAS-1 requires a higher
reaction temperature to reach an equivalent COD solubilisation to WAS-1. To achieve a
COD solubilisation of 40 %, a temperature of 180 °C was required by WAS-1, while 190 °C
was required by DWAS-1. DWAS-1 was anaerobically digested before sampling. During
anaerobic digestion, biodegradable substances were degraded and converted into biogas,
usually resulting in lower concentrations of VFA (Table 3.1), SCOD, and DOC (Figures 3.1
(A) and (B)). Therefore, COD and DOC were partially degraded and solubilised during the
pre-digestion, explaining why the following TH treatment on DWAS-1 was not as effective
as that on WAS-1. TH of DWAS-1 targets the anaerobically non-biodegradable organic
compounds formed or released during the pre-digestion (X. Liu et al., 2021).

Table 3.1: The concentrations of VFA in
feedstocks.

VFA WAS-1 DWAS-1
(mg COD/L)

Acetic acid (C2) 1926 ± 50 12.1 ± 0.8
Propionic acid (C3) 1750 ± 20 11.9 ± 0.3
Isobutyric acid (IC4) 366 ± 2 Undetected
Butyric acid (C4) 1560 ± 20 Undetected
Isovaleric acid (IC5) 783 ± 8 Undetected
Valeric acid (C5) 770 ± 20 Undetected
Isocaproic acid (IC6) 59.9 ± 0.7 Undetected
Caproic acid (C6) 49.3 ± 0.9 Undetected

To justify the characteristics of WAS-1 measured in our study, we compared WAS-1 with
other raw WAS used in previous studies and found that the concentrations of SCOD,
ammonium, and orthophosphate in raw WAS-1 were exceptionally high (Table 3.2). This
was due to a delayed feedstock characterisation. Freshly collected WAS-1 and DWAS-1
were used for TH tests at different reaction temperatures and then stored in a fridge at 4
°C. The characterisation of WAS-1 and DWAS-1 was conducted after long-term anaerobic
storage. During the storage, hydrolysis of biodegradable substances was likely to occur,
which increased the SCOD concentration in WAS-1. Therefore, the original WAS-1 used for
TH tests is presumed to contain a lower concentration of SCOD than the measured result.
The COD solubilisation after TH could be underestimated.

Table 3.2: Comparison in characteristics of raw WAS obtained in other studies with WAS-1.

Raw WAS reference SCOD TCOD TS Ammonium Orthophosphate
(mg O2/L) (mg O2/L) (%) (NH+

4 -N/L) (mg PO3−
4 -P/L)

WAS-1 (used in our study) 6130 ± 40 54,200 ± 300 3.94 ± 0.02 680 ± 6 844 ± 4
Jeong et al. (2019) 1690 51,210 4.99 160.00 Not available
Wilson and Novak (2009) 820 ± 10 65,700 ± 4300 6.0 100 Not available
Toutian et al. (2020) 1225 ± 601 95,133 ± 9265 7.2 ± 0.1 112 ± 8 380 ± 150
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DCOS
The dissolved carbon oxidation state (DCOS) reflects the mean oxidation state of DOC in
the samples (Figure 3.1 (C)). Different biomass or organic waste corresponds to different
carbon oxidation states (COS) (Figure 3.1 (E)). Generally, COS can predict the biogas
composition, that is, the ratio between CH4 and CO2 (Figure 3.1 (D)). Theoretically, the
lower the COS is, the more CH4 will be produced relative to CO2 (Angelidaki et al., 2011).
Therefore, DCOS is used to evaluate the methane potential of hydrolysates in the soluble
phase. Only the liquid fraction of hydrolysed sludge is sent to AD treatment in the design
of TORWASH®.

As shown in Figure 3.1 (C), WAS-1 had a positive DCOS of 0.48 ± 0.03, representing
the oxidation state of organic carbon in the soluble fraction of raw WAS-1. The soluble
fraction of WAS is mainly composed of soluble microbial products and loosely bound EPS.
Urrea et al. (2016) found that the COS was 0.04 for soluble microbial products and 0.03 for
loosely bound EPS, which are lower than the DCOS of WAS-1 (0.48 ± 0.03). This suggests
that oxidised molecules, such as organic acids or amino acids, were formed during the
storage of WAS-1 (Figure 3.1 (D)). In addition, we found that the DCOS decreased after
anaerobic pre-digestion from 0.48 ± 0.03 (WAS-1) to -0.83 ± 0.03 (DWAS-1). This suggests
that the organic carbon in the liquid fraction of WAS-1 was reduced during digestion. The
reduction could result from the consumption of biodegradable substances with DCOS ≥
0 (acetic acid, DCOS = 0) and the release of tightly-bound EPS (DCOS = -0.55, Urrea et al.
(2018)). Moreover, the formation of aromatics, such as humic substances (HS, DCOS = -0.4
to -0.03, Kroll et al. (2011)), could also contribute to the decrease in DCOS during anaerobic
digestion (Figure 3.1 (D) and Figure 3.5 (A)). Overall, the raw WAS-1 was hydrolysed
to a limited extent during storage, and more reduced organic carbon was observed after
anaerobic digestion.

Regarding the change in DCOS during TH, we found WAS-1 and DWAS-1 responded
differently to the initial TH at 180 °C; DOC in WAS-1 was reduced after TH (i.e., increase in
DCOS), whereas DWAS-1 was oxidised (i.e., decrease in DCOS), as shown in Figure 3.1 (C).
In addition, the DCOS of hydrolysates decreased with increasing reaction temperatures
for TH of WAS-1 and DWAS-1 (omitting the hydrolysate of DWAS-1 at 200 °C as an
outlier). The DCOS change during TH could result from a combined behaviours of
carbohydrates (COS ≈ 0, Figure 3.1 (D)), proteins (1 < COS < 0, Figure 3.1 (D)), and HS
(DCOS = -0.4 to -0.03, Kroll et al. (2011)). A negative correlation was found between the HS
concentration and DCOS, Tau-b = -0.6, p < 0.05, as shown in Figure 3.2, Tau-b is Kendall’s
tau-b correlation coefficient. Increased production of HS at higher reaction temperatures
could lower the overall DCOS and anaerobic biodegradability (Figure 3.5 (A)). Therefore,
the reduction in DCOS does not necessarily result in an increased ratio of CH4 in biogas
generated from the liquid fraction of the hydrolysed (Figure 3.1 (C)).
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Figure 3.1: Effects of reaction temperatures on SCOD (A), DOC (B) and
DCOS (C) of thermally-hydrolysed WAS-1 and DWAS-1 from multiclave.
(D): Composition of the digestion gas vs. the mean oxidation state of the
carbon in the substrate (Gujer & Zehnder, 1983). (E): Illustration of the range
of oxidation states of carbon in common bio-molecules and other organic

compounds (Amend et al., 2013).
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Figure 3.2: Heatmap of Kendall rank correlation coefficient for WAS-1 and
DWAS-1 subjecting to TH at different reaction temperatures. Insignificant

correlations (p > 0.05) are shown as blank cells.

3.1.2 Results of in ammonium and orthophosphate

Ammonium
The result of ammonium change is shown in Figure 3.3 (A). We found that the ammonium
concentration in raw WAS-1 was higher than that of WAS-1 hydrolysates produced at 180
- 200 °C, and a significant increase in ammonium concentration only occurred at 200 °C.
This differs from what Wilson and Novak (2009) observed; the ammonium concentration
increased during TH of WAS at 130 - 220 °C compared with raw WAS. During TH, ammonia
could be produced from the cleavage of amine functional groups of amino acids and the
destruction of the peptide bonds (Wilson & Novak, 2009). The produced ammonia can
react with water, producing ammonium and hydroxide, but in the meantime, ammonium
can dissociate and reproduce ammonia. This process depends on the dissociation constant
(pKa) of ammonium and pH (Figure 3.3 (C)). The pKa of ammonium decreases with
increasing temperature. Therefore, more ammonia will present at higher temperatures
relative to ammonium. Also, the solubility of ammonia in water decreases with increasing
temperature (Engineering ToolBox, 2008). Hence, some ammonia can be lost in the air phase
when depressurising the reactor. The ammonia loss may explain the ammonium drop after
TH of WAS-1. However, ammonia loss was not observed in TH of DWAS-1 at 180 - 220 °C.
Instead, we found that ammonium concentration in DWAS-1 hydrolysates increased with
elevated reaction temperature, especially at 195 °C and above, although the ammonium
concentration in raw DWAS-1 was inherently higher than that of raw WAS-1. The increase
in ammonium concentration indicates the hydrolysis of protein. As shown in Figure 3.5
(B), the concentration of soluble proteins decreased with increasing reaction temperature,
suggesting proteins could partially be hydrolysed during TH treatment. However, it is
unclear why the ammonia release due to TH was more pronounced for WAS-1 than for
DWAS-1. We can speculate that the protein hydrolysis is not the main contributor to the
decrease in soluble proteins concentration for WAS-1 TH-treated at 180 - 200 °C.
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Orthophosphate
The phosphorus transformation during TH is more complex than that of
ammonium-nitrogen. As shown in Figure 3.4, soluble orthophosphate can derive from
the hydrolysis of organophosphate and polyphosphate or the dissolution of amorphous
phosphates. Meanwhile, soluble orthophosphate can be adsorbed or precipitated with
minerals, forming Ca/Fe/Al-associated P species (Fang et al., 2020). The adsorption and
precipitation of orthophosphate are pH-dependent Yu et al. (2021). As shown in Figure 3.2,
a negative weak correlation was found between orthophosphate concentrations and pH,
Tau-b = -0.51, p < 0.05. In addition, we found that orthophosphate concentration decreased
after anaerobic pre-digestion, along with an increase in pH (Figures 3.3 (B) and (D)).
More orthophosphate could precipitate at higher pH, resulting in a lower concentration
of soluble orthophosphate. The pH increased after anaerobic pre-digestion from 6.1 (raw
WAS-1 ) to 7.7 (raw DWAS-1) could result from the depletion of VFA (Table 3.1) and the
production of ammonia from protein hydrolysis (Figure 3.3 (A)).

Regarding the effect of reaction temperature on phosphorus transformation, we
found that the orthophosphate concentration in raw WAS-1 was higher than that of
WAS-1 hydrolysates (Figure 3.3 (B)). The possible explanation is the delayed feedstock
characterisation. During the long-term storage of WAS-1, orthophosphate could be released
from polyphosphate stored in the polyphosphate-accumulating organism under anaerobic
conditions (Seviour et al., 2003), which increased the orthophosphate concentration in raw
WAS-1. Leaving the interference of the delayed characterisation aside, the orthophosphate
concentration was generally insusceptible to the reaction temperature (Figure 3.3(B)): no
significant differences (p > 0.05) were found for WAS-1 TH-treated at 180 - 190 °C, and only
mild fluctuation (640 ± 10 mg PO3−

4 -P/L) was observed for DWAS-1 TH-treated at 180 -
210 °C. Overall, the phosphorus release was not well observed in TH of WAS-1 or DWAS-1
under TORWASH® conditions.

Figure 3.3: Effects of reaction temperatures on the concentrations of
ammonium (A), orthophosphate (B), and pH (D) of thermally-hydrolysed
WAS-1 and DWAS-1. (C): Temperature affecting the dissociation constant

(pKa)for ammonium (Isaksson, 2018).
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Figure 3.4: Schematic illustration of the mechanisms of phosphorus
transformation during TH of sludge and manure proposed by Fang et al.

(2020).

3.1.3 Results of soluble proteins, carbohydrates, and HS

Soluble proteins
Soluble proteins concentration were strongly affected by TH at 180 °C and above, as
shown in Figure 3.5 (B). Soluble proteins concentration decreased monotonically with
increasing reaction temperature: a strong negative correlation was found between these
two variables, Tau-b = -0.92, p < 0.05 (Figure 3.2). This suggests that protein degradation is
the dominant process under TORWASH® conditions. During TH, both protein hydrolysis
and denaturation take place. Wilson and Novak (2009) stated that the proteins (BSA) could
be hydrolysed into smaller molecular weight peptides, individual amino acids, and VFA
in a temperature range of 130 - 220 °C. In addition, ammonium was often produced during
protein hydrolysis (Wilson & Novak, 2009). However, the ammonium concentration in
WAS-1 hydrolysates, produced at 180 - 200 °C, remained relatively constant (Figure 3.3
(B)). Thus, the denaturation could be the primary process for protein degradation for
TH of WAS-1. The denaturation of proteins often occurs at 75 °C and above (De Graaf,
2000). The denatured proteins could precipitate irreversibly, corresponding to a decrease in
soluble proteins concentration (Neyens et al., 2004). In addition, considering the presence
of carbohydrates in the WAS-1 and DWAS-1, part of the proteins could participate in
the Maillard reaction (Gonzalez et al., 2018), further decreasing the soluble proteins
concentration.

Soluble carbohydrates
Compared with the change in soluble proteins concentration, a different trend was found
in soluble carbohydrates concentration (Figure 3.5 (C)), which initially increased but then
decreased with a further increase in reaction temperature. This carbohydrates behaviour
suggests that the predominant process in polysaccharides was initially solubilisation at
lower reaction temperatures, until reaching maxima at 185 and 195 °C for TH of WAS-1
and DWAS-1, respectively. The subsequent decrease could result from the Maillard and
caramelisation reactions. Wilson and Novak (2009) reported that the caramelisation
occurred at 190 °C and above. Therefore, competition for carbohydrates between the
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Maillard and caramelisation reactions could occur. The competition depends on reaction
temperatures and available reactants such as mono- or dimeric reducing sugars. As
reaction temperature increased, more non-reducing long-chain polysaccharides could be
hydrolysed into mono- or dimeric reducing sugars, providing more ideal reactants for the
Maillard and caramelisation reactions (Wilson & Novak, 2009).

Additionally, the phenol sulfuric acid method used in our present study could overestimate
the concentration of soluble carbohydrates in WAS-1 and DWAS-1 hydrolysates. This
method measured not only soluble carbohydrates but also the furfural derivatives
produced from Maillard and caramelisation reactions. Therefore, the measured result
included soluble carbohydrates and furfural. However, it is difficult to evaluate the
conversion between carbohydrates and furfural based on current results. A further study
is required to investigate how reaction temperature affects the furfural production during
TH of WAS.

Figure 3.5: Effects of reaction temperatures on the concentrations of
soluble HS (A), soluble proteins (B), and soluble carbohydrates (C) of

thermally-hydrolysed WAS-1 and DWAS-1.

Soluble HS
As mentioned above, the Maillard reaction consumes proteins and carbohydrates during
TH. The products from the Maillard reaction are considered HS-like or potential HS
precursors. Specifically speaking, these products are primarily melanoidins, produced in
the final stage of the Maillard reaction, known as synthetic humic acid (Blondeau, 1989;
Cooper et al., 2019; Nakaya & Nakashima, 2016).

As shown in Figure 3.5 (A), substantial production of HS was observed after the
initial TH at 180 °C: the soluble HS concentration in WAS-1 and DWAS-1 increased from
400 ± 40 to 9800 ± 400 mg/L and from 930 ± 70 to 8000 ± 300 mg/L, respectively. When
the reaction temperature was increased from 180 to 190 °C, the soluble HS concentration
in WAS-1 hydrolysate further increased by 44 %. Correspondingly, a 50 % increase was
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observed in colour content (Figure 3.8 (A)) and 25 % in UVA254 (Figure 3.8 (B)), suggesting
a further production of melanoidins at 190 °C. In addition, a progressive increase in soluble
HS concentration in DWAS-1 hydrolysates was observed at 180 - 205 °C and no further
increase at 205 - 210 °C.

3.1.4 Results of HPSEC

The results of HPSEC are shown in Figure 3.6. UV-absorbing DOM in the liquid phase
of thermally-hydrolysed WAS-1 or DWAS-1 were separated based on the hydrodynamic
radius, then successively detected at 210 and 254 nm. The DOM in samples was divided
into several fractions: > 30 kDa, 20 - 30 kDa, 10 - 20 kDa, 3.5 - 10 kDa, 1 - 3.5 kDa,
and 0.1 - 1 KDa, and < 0.1 kDa. The molecular weight distribution results obtained
at UV 210 and 254 nm were rather similar. The fraction of DOM < 0.1 kDa increased
progressively at higher reaction temperatures, whereas the fractions of 10 - 20, 3.5 - 10, and
1 - 3.5 kDa decreased as temperature increased. Interestingly, the molecular weight fraction
0.1 - 1 kDa remained relatively stable when subjected to different reaction temperatures:
no significant difference (p > 0.05) was found in this fraction at UV 210 nm for WAS-1
TH-treated at 180 - 200 °C. Overall, high molecular weight DOM was disintegrated into
small molecular weight DOM under TORWASH® conditions. In addition, Dwyer et al.
(2008) and Y. Liu et al. (2015) reported that high molecular weight recalcitrant compounds,
such as melanoidins > 10 kDa, could be formed at 140 °C and above. However, in
our study, no significant differences were found in DOM fraction > 10 kDa for WAS-1
TH-treated at 180 - 200 °C at UV 210 and 254 nm, and only a decrease was found in
fraction > 10 kDa for DWAS-1 TH-treated at 180 - 210 °C at UV 210 and 254 nm. This
does not indicate the absence of polymerisation under TORWASH®. The molecular weight
distributions obtained from HPSEC only qualitatively determine the proportion of each
molecular weight fraction. Therefore, the polymerisation is likely to occur during TH, but
compared to the disintegration effect of TH, the polymerisation can not be well observed.
Moreover, Mohsin et al. (2018) reported that insoluble melanoidins were produced at 150
°C for TH of D-glucose and L-alanine. Therefore, it is possible that high molecular weight
recalcitrant compounds could precipitate out of the soluble phase. Overall, the stronger
sludge disintegration occurred at higher reaction temperatures. Once the sludge aggregates
are disintegrated, organic compounds are concomitantly solubilised. This facilitates the
hydrolysis of particulate organics and macromolecules in the following AD treatment
(Nazari et al., 2017; Zhen et al., 2017).
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Figure 3.6: Effect of reaction temperature on the size fractionation of
UV-absorbing DOM at 210 (A) and 254 nm (B) for TH of WAS-1 and DWAS-1.

3.1.5 Results of BMP and BOD tests

BMP
BMP tests were conducted on filtrated hydrolysates, WAS-1-A190 and DWAS-1-A205, and
feedstocks, WAS-1 and DWAS-1, for assessment of anaerobic biodegradability. Due to the
large amount of sample required by AMPTS-II, the volumes of hydrolysates produced
from multiclave were insufficient for BMP tests. Therefore, the following results focus on
the effect of anaerobic pre-digestion on TH performance.

As shown in Figure 3.7(A), no significant difference in BMP was found between WAS-1
(raw) and WAS-1-M190, indicating the BMP was not improved after TH at 190 °C. This
conflicts with the previous study by Jeong et al. (2019) that the BMP in WAS hydrolysates
increased after TH at 180 - 220 °C compared with raw WAS. However, the total methane
production reported by Jeong et al. (2019) included both liquid and solid fractions of WAS
hydrolysates. In contrast, our study only considers the liquid fraction to simulate the
TORWASH® process, in which only the liquid fraction is used for AD treatment. Therefore,
The hydrolysates, WAS-1-A190 and DWAS-1-A205 produced from 20 L autoclave, were
filtered with a glass fibre filter (pore size 2.7 µm) before BMP tests. As shown in Table 3.3,
solids were lost after filtration. The methane potential in the solid fraction of WAS-1 would
also increase after TH at 190 °C. D. Yang et al. (2019) reported that the BMP in the liquid
fraction of WAS hydrolysates, produced at 160 °C, could account for 62 - 94 % of the
BMP of raw sludge and 51 - 73 % of the sum of BMP in both liquid and solids fractions.
Therefore, the dry AD process is suggested as the post-treatment for the solid fraction of
WAS hydrolysates to increase methane production further.

By comparing WAS-1 with DWAS-1, anaerobic pre-digestion resulted in reduced methane
production. During pre-digestion, VFA and SCOD were consumed (Table 3.1 and Figure
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Table 3.3: Solid content of the substrates for BMP
tests.

Sample TS VS VS/TS
(%) (%) (%)

WAS-1 3.94 3.04 77.15
WAS-1-A190 (filtrate) 2.25 1.81 80.46
DWAS-1 3.94 2.86 72.59
DWAS-1-A205 (filtrate) 1.37 1.06 76.79

3.1 (A)), resulting in lower ultimate methane production of raw DWAS-1 than that of
raw WAS-1. In addition, for TH at 205 °C, higher BMP was achieved in DWAS-1-A205
compared with raw DWAS-1, suggesting TH of anaerobically pre-digested WAS increased
the anaerobic biodegradability of the digestate.

Interestingly, no significant difference (p > 0.05) was found between WAS-1-A190
and DWAS-1-A205 (Figure 3.7(A)), suggesting that the liquid fraction of DWAS-1 could
reach an equivalent degree of anaerobic biodegradability as that of WAS-1 by applying
a higher reaction temperature. Nielsen et al. (2011) found that the final methane yield
increased by 18 % when WAS anaerobically pre-digested at 37 °C for 19 days before TH
at 170 °C for 15 min. Therefore, the application of inter-staged TH (AD-TH-AD) may
further increase biogas production. However, evaluating the final methane potential for
TH with anaerobic pre-digestion is difficult. We do not have the information on how much
methane was produced during the anaerobic pre-digestion of WAS-1. The exact anaerobic
pre-digestion conditions (e.g., time and temperatures) were also unknown. In addition, the
BMP results above should be rejected for any quantitative analysis. The relative standard
deviation of the BMP in the blank samples was above 5 %, which did fulfil the criteria for
the BMP results assessment proposed by Holliger et al. (2016).

BOD
Additionally, BOD5 was measured to assess the effect of TH on aerobic biodegradability.
As shown in Figure 3.7(B), BOD5 increased after the initial TH of WAS-1 at 180 °C, and
no significant differences were found in BOD5 for WAS-1 TH-treated at 180 - 200 °C.
Therefore, the aerobic biodegradability in the soluble phase of thermally hydrolysed
WAS-1 stayed relatively constant under TORWASH®. In contrast, a different result was
observed for DWAS-1 samples. BOD5 in DWAS-1 hydrolysates increased with increasing
reaction temperature, reaching a maximum value at 190 °C, decreased at 195 - 200 °C, and
then mildly increased again at 205 °C. The decrease in BOD5 could be interpreted as the
potential production of recalcitrant compounds that were aerobically non-biodegradable,
e.g., melanoidins. Additionally, for TH of DWAS-1, the drastic decrease in BOD5 at
200 °C coincides with the reduction in soluble carbohydrates concentration at 200 °C.
The products of caramelisation could be the source of aerobically non-biodegradable
compounds. Moreover, the increase in BOD5 at 205 °C suggests a potential degradation of
recalcitrant compounds.
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Figure 3.7: Effects of reaction temperatures on the concentration of BOD5 (A)
and BMP (B) of thermally-hydrolysed WAS-1 and DWAS-1. Note: the filtered
hydrolysates, used for BMP tests, were produced from 20 L autoclave TH
tests; the hydrolysates produced from multiclave were used for BOD tests.
BMP and BOD are expressed as the volume of dry methane gas and oxygen
gas under standard conditions (273.15 K and 101.33 kPa) per mass of volatile

solids (VS) added, respectively.
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3.1.6 Results of colour, UVA254, URI and SUVA254

Surrogate parameters, such as colour, UVA254, URI and SUVA254, were chosen to indirectly
analyse the hydrophobicity, aromaticity, and certain chemical functions of the recalcitrant
compounds (Faixo et al., 2021).

Colour
The liquid fraction of the WAS-1 and DWAS-1 appeared to be brownish after TH at 180
°C and above. Bougrier et al. (2008) suggested that colour formation was associated with
the production of coloured matter such as Amadori products and melanoidins from the
Maillard reaction. Melanoidins are produced by polymerising low molecular weight
intermediates from Maillard reactions (Zhang et al., 2020). Dwyer et al. (2008) reported that
the melanoidins formation was reliant on the reaction temperature, and they found that the
colour increased for WAS TH-treated at 140 - 165 °C. As shown in Figure 3.8 (A), a drastic
increase in colour (by approximately 40 %) was observed for TH of WAS-1 at 185 - 190 °C.
However, with a further increase in reaction temperature (> 190 °C), the content of coloured
matter stayed relatively constant: colour = 13,600 ± 200 mg Pt-Co/L for WAS-1 TH-treated
at 190 - 200 °C, 19,100 ± 600 for DWAS-1 TH-treated at 190 - 210 °C. Theoretically, more
melanoidins are produced at higher temperatures, increasing the colour content. Mohsin
et al. (2018) suggested that melanoidins produced at higher reaction temperatures could be
insoluble, which no longer contribute to the browning in the liquid phase.

UVA254
An increase in UVA254 occurred at above 180 °C, as shown in Figure 3.8 (B), suggesting
increased production of UV-absorbing DOM with conjugated double bonds (C=O and
C=C) and aromatic structures, e.g., furfural, hydroxymethylfurfural and melanoidins
(Ignatev & Tuhkanen, 2019). In addition, a drastic increase in UVA254 was observed for
TH of WAS-1 at 185 - 190 °C, and a progressive increase in UVA254 was found for DWAS-1
TH-treated at 180 - 195 °C. This somehow fits the postulation of Gonzalez et al. (2018) that
further production of recalcitrant compounds could occur at around 190 °C for TH of WAS

URI
Mean URI values (UVA210/UVA254) were obtained from chromatograms of HPSEC at
UV 210 and 254 nm, indicating the relative density between aliphatic functional groups
and conjugated double bonds. Generally, proteinaceous compounds (more aliphatic but
less aromatic) correspond to higher URI values than humic substances (more conjugated
double bonds and more aromatic) (Ignatev & Tuhkanen, 2019; Trubetskaya et al., 2020). As
shown in Table 3.4, a negative correlation between reaction temperature and URI value
was found, Tau-b = -0.69, p < 0.05, indicating that more HS-like or aromatic compounds
were generated in the soluble fraction of hydrolysates at higher reaction temperatures for
TH of WAS-1 and DWAS-1 (Figure 3.8 (C)). Furthermore, URI values were found positively
correlated with soluble proteins concentration (Tau-b = 0.56, p < 0.05), but negatively
correlated soluble HS concentration (Tau-b = -0.73, p < 0.05), which was in line with the
study of Her et al. (2008). In addition, The URI value of WAS-1 was three times higher
than that of DWAS-1, suggesting that DOM was converted from non-aromatic to aromatic
groups during anaerobic pre-digestion.
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Table 3.4: URI values of standard/reference materials (Her et al., 2008).

Compounds URI Aromaticity

Suwannee River humic acid (SRHA) reference material (1R101H) 1.59 Highest
Suwannee River fulvic acid (SRFA) standard material (1S101F) 1.88 Intermediate
BSA (molecular weight ∼ 70,000 Da) 13.5 Lowest

SUVA254
Specific ultraviolet absorbance at 254 nm (SUVA254) is another specific indicator of
aromaticity of DOM, a property of recalcitrance (Ignatev & Tuhkanen, 2019). SUVA
> 4 indicates mainly hydrophobic and especially aromatic DOM; SUVA < 3 indicates
mainly hydrophilic DOM (Nguyen et al., 2020). As shown in Figure 3.8 (D), the
hydrolysates of WAS-1 and DWAS-1 had SUVA values below 2, suggesting they contained
mainly hydrophilic DOM. Furthermore, a positive correlation was found between reaction
temperature and SUVA value, Tau-b = 0.54, p < 0.05. More DOM was transformed
from hydrophilic to hydrophobic and aromatic (humic/fulvic-like) at higher reaction
temperatures. Additionally, SUVA254 values exhibited a negative correlation with URI
values, Tau-b = -0.69, p < 0.05 (Figure 3.2), which was in line with the finding of Her et
al. (2008), however, they suggested a further verification of this relationship. Moreover, the
SUVA254 (UVA254/DOC) of raw WAS-1 was the lowest compared with other samples due to
its relatively low UVA254. In addition, the SUVA254 decreased after anaerobic pre-digestion.
In line with the results of URI, hydrophobicity and aromaticity of DOM increased during
anaerobic pre-digestion.

Figure 3.8: Effects of reaction temperatures on the concentration of true
colour (A), UVA254 (B), URI (C) and SUVA254 (D) of thermally-hydrolysed

WAS-1 and DWAS-1.
.
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3.1.7 Fluorescence EEM

Fluorescence regional integration
The obtained fluorescence Excitation emission matrices (EEMs) were delineated into five
fluorescent regions (I-V) according to Table C.1. Fluorescence regional integration (FRI)
was then calculated within each region to pseudo-quantify the relative DOM content in
the defined region. Among the five regions, tyrosine-like protein (I) and soluble microbial
byproduct-like matter (IV) were considered biodegradable, whereas tryptophan-like
protein (II), fulvic acid-like matter (III), and humic acid-like matter (V) were regarded as
non-biodegradable (Jia et al., 2013).

As shown in Figure 3.9 (A), the total FRI of WAS-1 was around 50 % lower than
that of DWAS-1, suggesting that the overall DOM content decreased during anaerobic
pre-digestion. Specifically, we found that the FRI of tyrosine-like protein (I), tryptophan-like
protein (II), and soluble microbial byproduct-like matter (IV) decreased by 74 %, 32 %,
and 67 %, respectively. The reduction of tyrosine-like protein was more pronounced than
that of tryptophan-like protein. This was in line with the study of (Jia et al., 2013) that the
biodegradability of tyrosine-like protein was higher than that of tryptophan-like protein.
In addition, we found that the FRI of fulvic-acid like matter (III) and humic-acid like
matter (V) increased by 58 % and 50 % after anaerobic pre-digestion, respectively. This
was consistent with the results of soluble HS concentration (Figure 3.5 (A)), indicating a
humification of DOM during the anaerobic pre-digestion.

For the initial TH at 180 °C, the total FRI in hydrolyses of WAS-1 and DWAS-1 increased
by 9 and 10 times concerning raw WAS-1 and DWAS-1. We observed that the total FRI
of WAS-1 and DWAS-1 hydrolysates progressively increased with increasing reaction
temperatures, except for WAS-1 TH-treated at 185 °C and DWAS-1 at TH-treated 210 °C.
The increase in total FRI was mainly attributed to the increase in FRI of tryptophan-like
protein (II), fulvic acid-like matter (III) and humic acid-like matter (V). A two-fold increase
was found in FRI of fulvic acid-like matter (III) and humic acid-like matter (V) for WAS-1
TH-treated at 185 - 190 °C, suggesting that a temperature of 190 °C was critical for the
production of humic acid-like matter and fulvic acid-like matter for TH of WAS-1. In
addition, the percent fluorescence response was calculated, as shown in Figure 3.9 (B),
representing the fraction of FRI in the individual region with respect to total FRI. We found
that the fulvic acid-like matter was the major component of HS, accounting for around
70 % of the sum of fulvic acid-like matter and humic acid-like matter. Moreover, the
fraction of soluble microbial byproduct-like (IV) was relatively insusceptible to the reaction
temperature applied.
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Figure 3.9: FRI (A) and distribution of FRI (B) in nonfractionated
DOM from thermally-hydrolysed WAS-1 and DWAS-1 at different reaction
temperatures. (B): the percent fluorescence response is the ratio of FRI of

specific region to the total FRI (FRII−V/FRItotal .

Distribution of HIX, BIX and FI
Fluorescence indices, humidification index (HIX), biological index (BIX), and fluorescence
index (FI) provided additional information for understanding the effect of reaction
temperature on the properties and sources of the DOM.

HIX qualitatively assesses the degree of humification of humic acid. HIX < 4 suggests
that the DOM in aqueous samples are mainly produced by microorganisms with low
humification extent (Huguet et al., 2009). Figure 3.10 (A) shows the distribution between
HIX and BIX. The HIX values were maintained in a range of 1.0 - 2.4 for WAS-1 and DWAS-1
hydrolysates, exhibiting a low degree of DOM humification characteristics. Furthermore, a
positive correlation was found between HIX value and reaction temperature, Tau-b = 0.83,
p < 0.05 (Figure 3.2), suggesting that the elevation in reaction temperature could facilitate
the humification process during TH.

In comparison with HIX, biological index (BIX) values (Figure 3.10 (A)) stayed relatively
constant: BIX = 0.91 ± 0.04 for WAS-1 TH-treated at 180 - 200 °C; BIX = 1.24 ± 0.02 for
DWAS-1 TH-treated at 180 - 210 °C. BIX reflects the microorganism’s contribution to
DOM (Huguet et al., 2009). The BIX values of hydrolysates WAS-1 and DWAS-1 were
both greater than 0.8, indicating that DOM was mainly endogenous DOM produced by
microorganisms (Jin et al., 2020). Moreover, DWAS-1 hydrolysates had higher BIX values
than those of WAS-1 hydrolysates, displaying stronger autogenetic characteristics in DOM
(Zhou et al., 2019).

Figure 3.10 (B) shows the distribution between HIX and fluorescence index (FI) to
further evaluate the source of DOM, whether it was from a terrestrial origin (FI ≤ 1.4), a
microbial origin (F ≥ 1.9) or a mixed origin in-between (1.4 < FI < 1.9) (Birdwell & Engel,
2010). The FI values of hydrolysates of WAS-1 and DWAS-1 were both higher than 1.8
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except for WAS-1-M185, FI = 1.74, implying that the DOM mainly came from the metabolic
process of microorganisms (e.g. extracellular release substances of microbes) (Mcknight
et al., 2001). In addition, FI exhibited an increasing trend at higher reaction temperatures;
this was associated with increased solubilisation of microbially-derived material.

Based on the two distributions of HIX, FI and BIX (Figure 3.10), potential clustering
of the hydrolysates was achieved according to the reaction temperature applied. Both
distributions demonstrated two clear clusters in blue circles for the hydrolysates of WAS-1,
suggesting a critical change in the properties in DOM at 190 °C. Furthermore, Figure 3.10
(B) exhibited two more clusters in red circles for separating the hydrolysates of DWAS-1,
suggesting a critical change in the properties of DOM at above 200 °C.

Figure 3.10: Distributions of HIX vs. BIX (A), and HIX vs. FI (B) for
thermally-hydrolysed WAS-1 and DWAS-1 subjecting to different reaction
temperatures. Arrows indicate an increase of reaction temperature. Circles

indicate clusters with similarity.

3.1.8 PCA

PCA was performed to pinpoint the effects of reaction temperature and anaerobic
predigestion on the variations of macromolecular compounds, solubilisation metrics and
fluorescence indices. As shown in Figure 3.11, the scores of samples are shown as
observation points in a plane formed by two principal components (PCs). In addition to
the observations, variables are plotted as loading vectors to indicate how they correlate with
one another or PCs. The PCA assessment is based on the biplot, which can be interpreted
as follows (Kirkwood et al., 2013; Rossiter, 2014):

• The more a loading vector is parallel to a PC axis, the more it contributes to that PC
and vice versa.
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• The longer of a loading vector is in a PC plane, the more variability it presents in that
plane; short vectors are thus better represented in other dimensions.

• The relative angle between any two loading vectors of variables represents their
pairwise correlation: small angles represent high positive correlation, right angles
represent lack of correlation, and opposite angles represent high negative correlations.

The variance explained in the PC1 direction contributed to 59.90 % of the total variance,
and 36.12 % of the total variance was explained in the PC2 direction, in total 96.02 % was
explained. Two PCs contributed to the separation of the hydrolysates produced at different
reaction temperatures from different sources.

The hydrolysates of WAS-1 were clustered together in the upper-left quadrants (negative
PC1 but positive PC2 scores), whereas most of the hydrolysates of DWAS-1 were mainly
grouped in the right quadrants (positive PC1 scores), except for DWAS-1 hydrolysate
produced at 180 °C. The distribution of WAS-1 and DWAS-1 hydrolysates in the PC
plane shows that WAS-1 and DWAS-1 responded differently to TORWASH® temperature
conditions. Specifically, we found that hydrolysates of WAS-1 and DWAS-1 can be
distinguished based on parameters including pH, SCOD, DOC, BOD5, FRI-I (tyrosine-like
protein), BIX, ammonium, and orthophosphate. As discussed previously, pH increased
after anaerobic pre-digestion, resulting in a lower orthophosphate concentration. Also,
during pre-digestion, biodegradable substances were consumed. Therefore, DWAS-1
hydrolysates had lower concentrations of SCOD, DOC, and tyrosine-like protein than
those in WAS-1 hydrolysates, and the DOM in DWAS-1 hydrolysates displayed stronger
autogenetic characteristics than that of WAS-1 hydrolysates. In addition, the release of
ammonium from protein hydrolysis was found more pronounced for TH of DWAS-1 than
for WAS-1.

Regarding the spatial proximity between individual observation points, there was a
strong similarity between WAS-1 hydrolysates produced at 180 °C and 185 °C, suggesting
that the DOM composition stayed relatively constant at 180 - 185 °C. Instead, the WAS-1
hydrolysate produced at 190 °C is distant from those produced at 180 °C and 185 °C. At a
temperature of 190 °C, we observed stronger protein hydrolysis and soluble HS production,
resulting in a further increase in FRI-III (fulvic acid-like matter), FRI-V (humic acid-like
matter), Fn(355), and SUVA254 but a further decrease in DCOS and URI. In addition,
another cluster was found between DWAS-1 hydrolysates produced at 205 °C and 210 °C.
The increase in reaction temperature from 205 to 210 °C might no longer influence the
properties of DOM in DWAS-1 hydrolysates.

Furthermore, PCA also displays the correlation between variables. We found that
the reaction temperature was positively correlated (linear) with SUVA254, HIX, FRI-V
(humic acid-like matter), Fn(355) (humic-like fluorescence parameter), and FRI-III(fulvic
acid-like matter) but negatively correlated with URI, DCOS. This confirms that the degree
of humification increased with increasing reaction temperature. In addition, the reaction
temperature was positively correlated with FRI-II (tryptophan-like protein) and Fn(280)
(protein-like fluorescence parameter) but negatively correlated with soluble proteins
concentration. More aromatic proteins were found in the hydrolysates of WAS-1 and
DWAS-1 despite more soluble proteins being hydrolysed at higher reaction temperatures.
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Figure 3.11: Biplot of PC1 and PC2, showing both scores of samples and
loading vectors of variables. The scores of WAS-1 hydrolysates are shown
as blue dots. The scores of DWAS-1 hydrolysates are shown as red dots.
Loading vectors of variables are demonstrated as black lines radiating from

the origin. Solid arrows distinguish the hydrolysates close to each other.

3.2 Effect of acidic pretreatments on TH

Three acidic pretreatments were applied before TH of WAS-2 at 190 °C: acetic acid
(HAc) addition (WAS-2-HAc), CO2 pressurisation at 10 and 20 bar (WAS-2-10CO2 and
WAS-2-20CO2), the combination of both (WAS-2-HAc+10CO2 and WAS-2-HAc+20CO2),
and WAS-2-control as blank control.

3.2.1 Results of pH and VFA

As shown in Table 3.5, the pH in WAS-2-control decreased from 6.3 to 5.3 after TH.
Similarly, the pH in WAS-2-10CO2 and WAS-2-20CO2 decreased from 6.3 to 5.5 after
TH. However, the pH values in the hydrolysates, WAS-2-HAc, WAS-2-HAc+10CO2,
and WAS-2-HAc+20CO2, were maintained at 4.2 - 4.3 before or after TH. According to
Jeong et al. (2019) and Wilson and Novak (2009), the decrease in pH during TH can be
attributed to the production of VFA. As shown in Table 3.6, the total VFA concentration
in WAS-2-control increased by six times after TH compared with raw WAS-2, resulting
in a decrease in pH after TH. In addition, the CO2 pressurisation seemingly promoted
the production of VFA, particularly in propionic acid, butyric acid, and isovaleric acid.
We found that the total VFA concentration of WAS-2-10CO2 was 15 % higher than that
of WAS-2-control. Moreover, the VFA production also increased with CO2 pressure; the
total VFA concentration of WAS-2-20CO2 was approximately 20 % higher than that of
WAS-2-10CO2. However, this phenomenon was not well observed in WAS-2-HAc+10CO2
and WAS-2-HAc+20CO2 compared with WAS-2-HAc. The intrinsic mechanism of the
effect of CO2 on VFA production requires further study.
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pH simulation
To investigate the pH variation during TH, pH during TH tests was simulated with
PHREEQC based on the Peng-Robinson equation. It should be noted that this simulation
results could deviate from the measurement. PHREEQC is inadequate to model the current
experimental conditions (high temperature, high pressure, composition of WAS-2). Current
results could roughly demonstrate the general trends of pH and pressure during TH with
acidic pretreatments. As shown in Table 3.5, the pH in WAS-2-10CO2 and WAS-2-20CO2
could drop from 6.2 (raw WAS-2), respectively. Therefore, CO2 pressurisation could lower
the pH of WAS-2 to a limited extent. The following TH tests were simulated by increasing
the reaction temperature from 20 to 190 °C, and the pH in WAS-2-10CO2 and WAS-2-20CO2
rose back to 6.4 and 6.1 from 5.5 and 5.2, respectively (Figure 3.12). The simulated increase
in pH was due to the decrease in CO2 solubility in water with increasing temperatures
(Lucile et al., 2012). Therefore, CO2 pressurisation may only temporarily lower the pH of
WAS-2 during TH; based on the pH measurement, the actual pH values in WAS-2-10CO2
and WAS-2-20CO2 after TH were close to blank control (WAS-2-control). However, it is
difficult to validate the simulation results; for the CO2 + thickened WAS system under
high temperature and pressure conditions, data are scarce. Regarding the simulation of
combined pretreatments, WAS-2-HAc+10CO2 and WAS-2-HAc+20CO2, the pH values
after HAc addition stayed relatively constant at 3.8 - 3.9 during CO2 pressurisation and
TH. However, the actual pH measured after HAc addition was 4.2 - 4.3, which was higher
than the simulated results of 3.9. Therefore, the model underestimated the buffer capacity
of WAS-2 when only using the results of VFA, ammonium, orthophosphate, and alkalinity
(HCO−3 ) as model input (Appendix E).

Pressure simulation
In addition, the PHREEQC code also simulated the pressure change during TH. As shown
in Table 3.5, the total pressure increased due to thermal expansion and water evaporation.
However, the simulated total pressure was higher than the actual records (Appendix A).
The overestimation of total pressure could be due to an inaccurate estimation of the volume
of reactor headspace.

Table 3.5: PHREEQC results of TH with acidic pretreatments compared with measured pH and pressure 1.

Parameter WAS-2-control WAS-2-HAc WAS-2-10CO2 WAS-2-20CO2 WAS-2-HAc+10CO2 WAS-2- HAc+20CO2

pH measured
Initial pH 2 (-) 6.3 6.3 6.3 6.3 6.3 6.3
pH after HAc addition (-) - 4.3 - - 4.2 4.2
pH after TH 3 (-) 5.3 4.3 5.5 5.5 4.2 4.3
pH simulated
pH after HAc addition (-) - 3.9 - - 3.9 3.9
pH after CO2 pressurisation 4 (-) - - 5.5 5.2 3.9 3.9
pH during TH 5 (-) 7.2 3.8 6.4 6.1 3.9 3.9
pH after TH 6 (-) 6.8 3.7 6.4 6.4 3.8 3.8
Pressure measured
Total pressure (bar) 11.8 12.1 28.0 49.9 28.6 45.9
Pressure simulated 7

CO2 partial pressure (atm) 2.08 2.63 21.70 43.20 21.42 43.01
H2O partial pressure (atm) 12.59 12.59 13.64 14.81 13.55 14.71
Total pressure (atm) 16.06 16.55 35.34 58.01 34.97 57.73

1 The PHREEQC code can be found in Appendix E.
2 The pH of raw WAS-2 was used as the input of the model.
3 The pH measured after depressurising and cooling the TH-treated sample to 20 °C.
4 The pH simulated assuming the
4 The pH simulated during TH at 190 °C.
5 The pH simulated after depressurising and cooling the thermally hydrolysed sample to 20 °C.
6 The pressure simulated during TH of WAS-2 at 190 °C, assuming the volume of reaction headspace was 1.1 L.
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Figure 3.12: PHREEQC simulation of pH vs. temperature at 20 - 190
°C for TH tests pressurised with 10 and 20 bar. Note: the curve of

WAS-2-HAc+10CO2 overlaps with the curve of WAS-2-HAc+20CO2.

Table 3.6: Soluble phase characteristics of raw WAS-2 before and after TH with acidic pretreatments

Parameter WAS-2 WAS-2-control WAS-2-HAc 1 WAS-2-10CO2 WAS-2-20CO2 WAS-2-HAc+10CO2
1 WAS-2-HAc+20CO2

1

SCOD (mg O2/L) 1147.7 ± 0.6 30200 ± 200 41400 ± 200 30100 ± 90 30100 ± 200 42000 ± 100 41300 ± 300
DOC (mg C/L) 481 ± 6 11800 ± 100 16300 ± 100 11700 ± 100 11840 ± 90 16500 ± 200 16300 ± 400
Ammonium (mg NH+

4 -N/L) 179 ± 4 860 ± 10 905 ± 9 784 ± 5 900 ± 40 852 ± 5 905 ± 8
Orthophosphate (mg PO3−

4 -P/L) 480 ± 2 1034 ± 5 1310 ± 10 1009 1065 ± 5 1270 ± 10 1390 ± 10
VFA (mg COD/L)
Acetic acid (C2) 66 ± 6 1200 ± 40 19600 ± 200 1220 ± 40 1300 ± 30 19000 ± 400 18920 ± 70
Propionic acid (C3) 104 ± 1 420 ± 10 422 ± 4 600 ± 10 760 ± 10 422 ± 7 578 ± 6
Isobutyric acid (IC4) 27.0 ± 0.4 78.4 ± 3 67.5 ± 0.5 103 ± 2 141 ± 2 77 ± 1 112.8 ± 0.4
Butyric acid (C4) 8.63 ± 0.04 105 ± 2 102.8 ± 0.5 162 ± 4 198 ± 4 111 ± 2 145 ± 1
Isovaleric acid (IC5) 85 ± 1 201 ± 2 155 ± 3 293 ± 5 383 ± 9 188 ± 7 262 ± 4
Valeric acid (C5) 11.1 ± 0.2 60 ± 2 52 ± 1 92 ± 3 128 ± 5 60 ± 1 100 ± 8
Isocaproic acid (IC6) Undetected 41 ± 3 40 ± 3 48 ± 8 64.5 ± 0.5 46 ± 6 49.2 ± 0.8
Caproic acid (C6) Undetected 86 ± 5 83 ± 3 Undetected 36 ± 2 78 ± 2 83 ± 2
Total 302 ± 6 2190 ± 50 20500 ± 200 2520 ± 40 3020 ± 40 19900 ± 400 20250 ± 80

1 The concentration of added HAc was around 16,985 mg/L = 18,173.95 mg COD/L.
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3.2.2 Results of SCOD and COD

The results of SCOD and COD are shown in Table 3.6. We found that CO2 pressurisation
at 10 and 20 bar did not influence the solubilisation of COD and organic carbon whether or
not the WAS-2 was pre-added with HAc: no significant differences (p > 0.05) were found in
SCOD or DOC concentrations between WAS-2-control, WAS-2-10CO2 and WAS-2-20CO2;
also, no significant differences (p > 0.05) were found in SCOD and DOC concentrations
between WAS-2-HAc, WAS-2-HAc+10CO2, and WAS-2-HAc+20CO2.

3.2.3 Results of ammonium and orthophosphate

As shown in Table 3.6, no significant differences (p>0.05) were found in ammonium
concentration in hydrolysates of WAS-2, except for WAS-2-10CO2, in which the
ammonium was below the average. Correspondingly, the soluble proteins concentration
in WAS-2-10CO2 was significantly higher (p < 0.05) than in the other hydrolysates,
including the blank control (Figure 3.13 (A)). This suggests that less ammonium was
released from protein hydrolysis, resulting in a relatively higher ammonium concentration
in WAS-2-10CO2. Regarding the effect of acidic pretreatments on the solubilisation
of orthophosphate, we found that the orthophosphate concentrations in WAS-2-HAc,
WAS-2-HAc+10CO2, and WAS-2-HAc+20CO2 were 30 % higher than that of blank control
(Table 3.6). The addition of HAc decreased the pH in WAS-2 to 4.2; therefore, more
orthophosphate would solubilise at that pH. However, the solubilisation of orthophosphate
was not well observed in sampled pre-added with only CO2 with respect to the control.

3.2.4 Results of soluble HS, proteins and carbohydrates

Soluble HS
As shown in Figure 3.13 (A), the soluble HS concentration in hydrolysates with acidic
pretreatments decreased by 10 % on average compared with the blank control. However,
no significant differences (p > 0.05) were found in soluble HS concentration between
the acidic pretreatments. The decrease in soluble HS concentration suggests a reduced
production of melanoidins, and the acidic pretreatments could mitigate the production of
melanoidins to a limited extent. Two mechanisms are proposed to interpret the decrease in
soluble HS concentration: (1) the mitigation of the Maillard reaction; (2) the reduction in
humic acid solubility at lower pH (Wu et al., 2002):

(1) The mitigation of the Maillard reaction
The Maillard reaction begins with aldose and amine condensation. Acyclic aldoses and
unprotonated amine are considered reactive species. The relative content of acyclic
aldoses to cyclic aldoses decreases with decreasing pH. Also, less unprotonated amine
would present at lower pH. Therefore the condensation of aldose and amine could be
limited to a certain degree. Moreover, the increased CO2 partial pressure could influence
the progression of Strecker degradation that occurs in the intermediate stage of the
Maillard reaction. Ideally, fewer aldehydes are produced from Strecker degradation at
high pressure of CO2. To summarise, the mitigation of the Maillard reaction could be
achieved by influencing the aldose-amine condensation and Strecker degradation. If the
proposed mechanism is true, theoretically, fewer reactants will be available for producing
melanoidins in the final stage of the Maillard reaction.

(2) The reduction in humic acid solubility at lower pH
Given that the pH values in WAS-2 hydrolysates were below 5.5, HS in our samples were
mainly composed of humic acids and fulvic acids. Therefore, the reduction in humic acid
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solubility at lower pH could result in a decrease in soluble HS concentration. The addition
of HAc directly lowered the pH of WAS-2 hydrolysates from 6.3 to 4.3. A proportion of
humic acid would precipitate out of the soluble phase.

Soluble proteins and carbohydrates
As shown in Figures 3.13 (B) and (C), WAS-2-10CO2 and WAS-2-20CO2 had higher
concentrations of soluble proteins and carbohydrates than those of WAS-2-control.
The addition of CO2, especially at 10 bar, seemingly increased the concentrations of
soluble proteins and carbohydrates. However, this phenomenon was not observed in
the acid pretreatments of HAc+CO2: no significant differences (p > 0.05) were found
in concentrations of soluble proteins and carbohydrates between WAS-2-HAc+10CO2,
WAS-2-HAc+20CO2, and WAS-2-control.

Figure 3.13: Effects of acidic pretreatments on the concentrations of
soluble HS (A), soluble proteins (B), and soluble carbohydrates (C) in

thermally-hydrolysed WAS-2.

3.2.5 Results of colour, UVA254 and SUVA254

As shown in Figure 3.14 (A), acidic pretreatments reduced the production of coloured
matter after TH. The effect of acidic pretreatments on colour reduction followed a
descending order: HAc+20CO2 > HAc+10CO2 > 20CO2 > 10CO2 > HAc. The combined
addition of HAc and CO2 was more effective on colour reduction than the other acidic
pretreatments. The decreased colour content indicates a reduced production of Amadori
products and melanoidins. In addition, UVA254 in hydrolysates with acidic pretreatment
was reduced by 13 % on average relative to the control (Figure 3.14 (B)). Corresponding,
it could be associated with an average 10 % decrease in soluble HS concentration
after acidic pretreatments. Furthermore, SUVA254 was calculated to provide additional
information (Figure 3.14 (C)). The SUVA254 values of WAS-2-HAc, WAS-2-HAc+10CO2
and WAS-2-HAc+20CO2 were lower than the other hydrolysate due to the addition of



Chapter 3. Results and Discussion 44

HAc (16985 mg HAc added/L ≈ 6794 mg DOC /L). As for hydrolysates pretreated with
only CO2, SUVA254 values of WAS-2-10CO2 and WAS-2-20CO2 were lower than that of the
control, suggesting a reduction in the content of heterocyclic and aromatic DOM (Nguyen
et al., 2020).

Figure 3.14: Effects of acidic pretreatments on the concentration of true colour
(A), UVA254 (B), and SUVA254 (C) in thermally-hydrolysed WAS-2.

3.2.6 Fluorescence EEM

Fluorescence regional integration
As shown in Figure 3.15 (A), the total FRI values of WAS-1 hydrolysates with acidic
pretreatments were lower than that of blank control. Specifically, the total FRI of
WAS-2-HAc, WAS-2-10CO2, WAS-2-20CO2, WAS-2-HAc+10CO2, and WAS-2-HAc+20CO2
decreased by 17 %, 18 %, 13 %, 22 %, 13 % relative to WAS-2-control. Among these
acidic pretreatments, the effect of HAc + 10 bar CO2 on total FRI reduction was more
pronounced than that of HAc and 10 bar CO2, followed by 20 bar CO2 and HAc + 20 bar
CO2. Unexpectedly, 20 bar CO2 was less effective than 10 bar CO2.

Regarding the changes in the specific fluorescent regions, the FRI of tyrosine-like
protein (I) and soluble microbial byproduct-like matter (IV) in pretreated samples stayed
relatively constant in respect of the control. The decrease in total FRI can be primarily
attributed to the decrease in FRI of fulvic acid-like matter (III). Fulvic acid-like matter (III)
was the major fraction in WAS-2-control, accounting for 32 % of total FRI (Figure 3.15
(B)). We found that the FRI of fulvic acid-like matter (III) in WAS-2-10CO2 was 28 % lower
than that of control. The acidic pretreatments of 20 CO2 and HAc+10CO2 had similar
effects that the FRI of fulvic acid-like matter (III) of WAS-2-20CO2 and WAS-2-HAc+10CO2
decreased by 22 % and 26 % compared with WAS-2-control. The pretreatments of HAc
and HAc+20CO2 were less effective on fulvic acid-like matter reduction, corresponding
to 19 % and 15 % decreases relative to WAS-2-control. The effects of acidic pretreatments
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on reducing fulvic acid-like matter were akin to that of humic acid-like matter. Still,
10 bar CO2 was the more effective regarding the other pretreatments: the FRI of humic
acid-like matter (V) of WAS-2-10CO2 and WAS-2-HAc+10CO2 decreased by 30 % and 29
% compared with WAS-2-control. As shown in Table 3.7, Fn(355) (humic-like fluorescence
parameter) represents the relative contents of the humic-like substances. The Fn(355)
values of WAS-2-10CO2 and WAS-2-HAc were lower than that of other hydrolysates,
which is consistent with the results of FRI of humic acid-like matter (V). In addition to
Fn(355), humidification indices (HIX), in Table 3.7, indicates the degree of humification
in the humic acid-like matter. We found that the addition of 10 and 20 bar CO2 can
effectively decrease the HIX values from 2.5 (WAS-2-control) to 1.8 (WAS-2-10CO2 and
WAS-2-20CO2), whereas the fluorescence index (FI) and biological index (BIX) did not
change. This suggests that the source of DOM did not change after acidic pretreatments,
but the complexity of humic acid-like matter was reduced to a limited extent.

Figure 3.15: FRI (A) and distribution of FRI (B) in non-fractionated
DOM from samples of thermally-hydrolysed WAS-2 with different acidic

pretreatments.

Table 3.7: Effect of acidic pretreatments on fluorescence indices and parameters.

Parameter WAS-2 WAS-2-1-control WAS-2-HAc WAS-2-10CO2 WAS-2-20CO2 WAS-2-HAc+10CO2 WAS-2-HAc+20CO2

HIX (-) 0.9 2.5 2.4 1.8 1.8 2.2 2.3
BIX (-) 0.7 1.0 0.9 1.0 1.0 1.0 0.9
FI (-) 1.6 1.8 1.8 1.8 1.8 1.8 1.8
Fn(355) (R.U.) 9.9 1653.1 1267.1 1104.7 1203.9 1111.8 1345.8
Fn(280) (R.U.) 65.1 1811.4 1424.5 1632.6 1757.3 1372.1 1554.8

R.U. is Raman units.

3.2.7 PCA

Figure 3.14 (A) shows the results of PCA on TH of WAS-2 with acidic pretreatments. The
first two PCs explained 78.52 % of the total variance. The hydrolysates with treatments
of 10CO2 and 20CO2 were clustered together in the lower-right quadrant (positive PC1
scores but negative PC2 scores), whereas the HAc, HAc+10CO2, HAc+20CO2 were
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clustered in the left quadrants (negative PC1 scores). Both clusters were distant from
the control located in the upper-right quadrant (positive PC1 and PC2 scores), suggesting
low spatial proximity between control and pretreated samples. We found that control
and pretreated samples can be distinguished by the following parameters: FRI-III (fulvic
acid-like matter), FRI-V (humic acid-like matter), Fn(355), colour content, and soluble
HS concentration. In addition, The cluster of 10CO2 and 20CO2 was furthest apart
from the cluster of HAc, HAc+10CO2, and HAc+20CO2. This suggests that the effect of
acidic pretreatments with only CO2 pressurisation differs from that of the HAc addition.
We found that the concentrations of orthophosphate, SCOD, and DOC in WAS-2-HAc,
WAS-2-HAc+10CO2, and WAS-2-HAc+20CO2 were higher than those in WAS-2-10CO2 and
WAS-2-20CO2. Unlike CO2 pressurisation, HAc addition can effectively lower the pH
in samples. Therefore, orthophosphate solubilisation was observed in the hydrolysates
pre-added with HAc. Moreover, the concentrations of soluble carbohydrates and protein
(including tyrosine-like protein) in WAS-2-10CO2 and WAS-2-20CO2 were higher than
those in hydrolysed pretreated with HAc.

Figure 3.16: Biplot of PC1 and PC2, presenting both scores of hydrolysates
of WAS-2 (green dots) and loading vectors of variables (black lines radiating
from the origin). Solid arrows distinguish the samples close to each other.
Ptotal is the average total pressure in the reactor headspace during TH. PCO2
is the CO2 pressure in the reactor headspace before TH. pH1 is the pH value

of sample before TH. pH2 is the pH value of sample after TH.

3.2.8 General discussion for TH with acidic pretreatments

Overall, we observed that acidic pretreatments reduced the production of soluble HS by
10 % on average, corresponding to a 13 % decrease in UVA254. Also, a substantial colour
decrease of 12 - 46 % was found in the pretreated samples compared with the control. This
could benefit the UV-disinfection during post-treatment of the hydrolysates. A reduction
in UV absorbing compounds indicates a decreased UV-quenching ability of DOM; thereby,
the energy demand for UV-disinfection could be reduced (Dwyer et al., 2008).
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The acidic pretreatments, particularly the CO2 pressurisation at 10 bar, could be
advantageous to the downstream AD treatment. Compared with the WAS-2-control,
the content of fulvic acid-like matter and humic acid-like matter in the soluble fraction
of WAS-2-10CO2 decreased by 28 % and 30 %, respectively. The DOM in hydrolysates
behaved less recalcitrant after CO2 addition, reducing the potential inhibition to the
post-AD process. In addition, for the potential application of CO2 pressurisation to
the TORWASH® process, the CO2 gas and hot steam after TH could be recovered
by depressurising the off-gas in the thermal reactor to a flash tank. In contrast, acidic
pretreatment using HAc could be more costly; however, the added HAc could be converted
into biogas during post-AD treatment. In our study, the pH in hydrolysates with HAc
addition was around 4.2. At this pH level, the solubilisation of orthophosphate occurred.
The soluble phosphorus in the hydrolysate could be recovered from the post-treatment of
struvite precipitation. According to the design of TORWASH® (Grootjes et al., 2019), the
solid fraction of the hydrolysate is sent to an incinerator. Therefore, the more phosphorus
recovered in the soluble phase after HAc addition, the less phosphorus would be released
into the atmosphere.
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Chapter 4

Conclusion

This study aimed to understand the effects of reaction temperatures on recalcitrant
compounds formation and the effects of acidic pretreatments as potential mitigation on
recalcitrant compounds production. To achieve the research objective, three questions
were formulated. Corresponding to the results, the defined sub-research questions can be
answered as follows:

1. What are the differences between WAS and anaerobically pre-digested WAS before
and after TH?

• SCOD and DOC were partially degraded and solubilised during the anaerobic
pre-digestion of WAS; therefore, TH appeared to be more effective on WAS than
on anaerobically pre-digested WAS in terms of COD solubilisation.

• pH increased after anaerobic pre-digestion, resulting in the precipitation
of orthophosphate. Overall, soluble orthophosphate concentration in the
hydrolysates of pre-digested WAS was lower than that in the hydrolysates of
WAS.

• The change in ammonium concentration during TH of WAS differed from
that during TH of pre-digested WAS. The ammonium concentration decreased
after TH of WAS, whereas the ammonium concentration in hydrolysates of
pre-digested WAS increased with elevated reaction temperature, although the
ammonium concentration in pre-digested WAS was inherently higher than that
of raw WAS.

• BMP decreased after anaerobic pre-digestion but increased after TH treatment.
No significant difference (p >0.05) was found in BMP between WAS TH-treated
at 190 °C and pre-digested WAS TH-treated at 205 °C, suggesting that the liquid
fraction of pre-digested WAS could reach an equivalent degree of anaerobic
biodegradability as that of WAS by applying a higher reaction temperature.

• The BOD5 in WAS increased after the initial TH at 180 °C, but the BOD5 stayed
relatively constant when further increasing the reaction temperature from 180
to 200 °C. In contrast, we found that the BOD5 in hydrolysates of pre-digested
WAS drastically decreased at 200 °C, suggesting a substantial production of
aerobically non-biodegradable compounds.

2. How can reaction temperature affect the formation of recalcitrant compounds?

• The concentration of soluble proteins monotonically decreased with increasing
reaction temperature, indicating proteins were primarily hydrolysed or
denatured under TORWASH® conditions. However, a different trend was found
in soluble carbohydrates concentration. Solubilisation of carbohydrates was the
dominant process at lower reaction temperatures, but with a further increase in
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reaction temperature, competition for carbohydrates between the Maillard and
caramelisation reactions could occur.

• TH disintegrated high molecular weight DOM > 1 kDa into low molecular
weight DOM < 0.1 kDa, and stronger sludge disintegration occurred at higher
reaction temperatures. Moreover, the production of high molecular weight
melanoidin > 10 kDa from polymerisation was not well observed based on
results of molecular weight distribution.

• The production of recalcitrant compounds (soluble humic substances) increased
with increasing reaction temperature, corresponding to increases in UVA254,
colour content, and SUVA254 but decreases in URI and DCOS. In line with
the results of EEM-FRI, the contents of fulvic-acid like and humic-acid matter
increased at higher reaction temperatures.

3. What are the differences between acidifying TH systems through HAc addition and
CO2 pressurisation?

• CO2 pressurisation did not change the pH of hydrolysates after TH; thereby, the
orthophosphate concentrations in hydrolysates pretreated with CO2 were found
equivalent to that of control (no pretreatments). Contrarily, the addition of HAc
effectively decreased the pH in hydrolysates from 6.3 to 4.2, resulting in the
solubilisation of orthophosphate.

• Only CO2 pressurisation could enhance the production of VFA, particularly in
propionic acid, butyric acid, and isovaleric acid. The effect of 10 bar CO2 on VFA
production was more pronounced than that of 20 bar CO2.

• Humic substances are considered recalcitrant. All acidic pretreatments applied
decreased the production of soluble humic substances by 10 %, corresponding to
a 13 % decrease in UVA254 on average. Also, less coloured matter was produced
after acidic pretreatments; the effect of combined pretreatment (HAc+CO2) on
colour reduction was more pronounced than that of CO2 addition, followed by
HAc addition.

• CO2 pressurisation at 10 bar is the most effective acidic pretreatment in our study
in terms of reducing the formation of fulvic-acid like and humic-acid like matter,
followed by HAc + 10 bar CO2. The effect of 20 bar CO2 was less pronounced
than that of 10 bar CO2, whether or not the samples were pre-added with HAc.

• Only CO2 pressurisation could increase the concentrations of soluble proteins
and soluble carbohydrates compared with control (no acid pretreatments).
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Chapter 5

Limitations and Suggestions

Delayed feedstock characterisation
The feedstocks, WAS-1 and DWAS-1, were characterised after long-term anaerobic storage
at 4 °C. Therefore, their chemical compositions may differ from the original ones used for
TH tests, which influenced the evaluation of TH performance.

Experiment procedure improvement
In this study, the depressurisation of the thermal reactor was conducted at 100 °C, resulting
in a substantial loss in water and other volatile substances due to evaporation. This
could be minimised by depressurising the reactor vessel until it is cooled down to room
temperature. In addition, the reactor may not be thoroughly cleaned after each test only by
flushing with demi-water. Toutian et al. (2020) suggested that the reactor should be cleaned
with water for 30 min at 170 °C to wash out the remainders. Moreover, the TH experiment
in this study could not simulate the steam explosion which occurs during TORWASH®

and other commercialised TH installations. A modification of the current thermal reactor
is recommended to better simulate the TH process.

Inaccurate proteins and carbohydrates measurements
The concentrations of soluble proteins were measured with the modified Lowry method.
However, this method only provides qualitative identification. According to Wilson and
Novak (2009), it was possible that individual amino acids did not react positively in
the Lowry method, resulting in an underestimation of soluble proteins concentration.
Instead, Le et al. (2016) reported that the presence of amide bonds formed during TH could
interfere with the reduced copper-amide bond complex in the Lowry method, resulting in
an overestimated soluble proteins concentration. Despite EEM fluorescence spectroscopy
being used in our study to analyse aromatic proteinaceous compounds, there was a limited
study of non-aromatic proteinaceous compounds. Fourier-transform infrared spectroscopy
is suggested to analyse the structural characterisation of non-aromatic proteins and
polypeptides (H. Yang et al., 2015).

The concentration of soluble carbohydrates was determined with phenol sulfuric acid
assay, which utilised the heat released from concentrated sulfuric acid to dehydrate the
saccharides containing potential (or free) aldehydic or keto groups into furfural derivatives.
Subsequently, these derivatives were condensed with phenols to form coloured complexes
for colourimetric analysis (Rao & Pattabiraman, 1989). Therefore, this assay could
overestimate the concentration of soluble carbohydrates in the thermally hydrolysed
samples by including the furfurals produced from the Maillard and caramelisation
reactions. To better understand the change in soluble carbohydrates and the mechanism of
the Maillard reaction, intermediate Maillard reaction products (e.g., furfurals, aldehydes,
etc.) should be analysed using high-performance liquid chromatography combined with
mass spectrometry.
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TH with CO2 pressurisation
CO2 was added to the thermal reactor as one of the acidic pretreatments. Based on the
PHREEQC model, CO2 may only temporarily change the pH of WAS during TH since
its solubility decreases at higher temperatures. However, the model could not provide a
rough estimation of pH and pressure since PHREEQC was based on aqueous calculation,
which was inadequate to simulate the rheological change of sludge during TH. Therefore,
a more practical model is needed. In addition, continuous pH monitoring is necessary for
model validation and for understanding pH variation at different reaction temperatures
and CO2 partial pressures. The sensitivity analysis of CO2 should be conducted with a
progressive increase in CO2 pressure since it was unexpected that the effect of 10 bar of
CO2 on fluorescence DOM reduction was more pronounced than that of 20 bar of CO2.
Furthermore, N2 or other inert gases should be tested in comparison with CO2.

Methane potential evaluation The BMP tests conducted in our study provided limited
information. It is unknown to us how BMP changed in the hydrolysates of WAS-1 and
DWAS-1 at different reaction temperatures. In addition, we only measured the BMP
in soluble fractions of the hydrolysates, and the methane produced from anaerobic
pre-digestion of WAS-1 was unknown. Therefore, evaluating the final methane production
in both solid and liquid fractions of our samples is difficult. It is suggested to apply dry AD
treatment to the solid fraction of the hydrolysate to increase methane production further.
Moreover, specific methanogenic activity (SMA) tests are recommended to investigate the
inhibition/toxicity of the hydrolysates produced under TORWASH® conditions. Regarding
the hydrolysates produced from TH with acidic pretreatments, BMP and SMA tests are
also suggested to study the effects of acidic pretreatments on the following AD process.
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Appendix A

Records of TH tests on WAS-2

Table A.1: Experiment record of WAS-2-1.

Time [min] Pressure [bar] Temperature [°C]

0 11.7 190
1 11.7 190
2 11.7 190
3 11.7 190
4 11.6 189
5 11.6 189
6 11.6 189
7 11.6 189
8 11.6 189
9 11.6 189
10 11.9 190
11 11.9 190
12 12 191
13 12 191
14 12 191
15 12 191
16 12 191
17 12 191
18 12 191
19 11.9 190
20 11.8 189
21 11.8 189
22 11.8 189
23 11.8 189
24 11.8 189
25 11.8 189
26 11.9 190
27 11.9 190
28 12 191
29 12 191
30 12 191

Note: The WAS-2-1 was the hydrothermal experiment
carried out in the Parr No. 4600 at 190 °C for 30 min.
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Table A.2: Experiment record of WAS-2-2.

Time [min] Pressure [bar] Temperature [°C]

0 14.2 190
1 14.3 191
2 14.3 192
3 13.9 193
4 13.9 193
5 11.7 190
6 11.2 189
7 11 188
8 11 187
9 11 187
10 11 187
11 11.5 188
12 11.5 188
13 11.5 188
14 11.5 188
15 11.9 189
16 11.9 189
17 11.8 188
18 11.8 188
19 11.8 188
20 11.8 188
21 12 189
22 12 189
23 12 189
24 12 189
25 12.1 190
26 12.1 190
27 12.1 190
28 12.2 191
29 12.2 191
30 12.2 191

Note: The WAS-2-2 was the hydrothermal experiment
conducted with the addition of HAc (approx. 16985
mg HAc/ L WAS-2) in the Parr No. 4600 at 190 °C for
30 min.
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Table A.3: Experiment record of WAS-2-3.

Time [min] Pressure [bar] Temperature [°C]

0 31 191
1 30.8 192
2 30.5 193
3 30 194
4 29 193
5 28.5 192
6 28.2 191
7 28 190
8 27.9 189
9 27.9 189
10 27.9 189
11 27.9 189
12 27.9 189
13 28.2 190
14 28.2 190
15 28.3 191
16 28.3 191
17 28 192
18 28 192
19 28 192
20 28 192
21 28 192
22 27 191
23 27 191
24 27 191
25 26.5 189
26 26.5 189
27 26.2 188
28 26.2 187
29 26.2 187
30 26.2 187

Note: The WAS-2-3 was the hydrothermal experiment
with CO2 pressurisation (10 bar) in the Parr No. 4600
at 190 °C for 30 min.
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Table A.4: Experiment record of WAS-2-4.

Time [min] Pressure [bar] Temperature [°C]

0 53.38 191
1 53.38 193
2 53.38 194
3 52.38 195
4 52.38 195
5 51.27 194
6 50.35 193
7 50.35 193
8 50.35 193
9 50.35 193
10 50.35 193
11 50.35 193
12 50.35 192
13 50.35 192
14 50.35 192
15 49.33 191
16 49.33 191
17 48.73 190
18 48.73 190
19 48.32 189
20 48.32 189
21 48.32 189
22 48.43 188
23 48.43 188
24 48.43 188
25 48.43 188
26 48.43 188
27 48.43 188
28 48.43 188
29 48.43 188
30 48.73 189

Note: The WAS-2-4 was the hydrothermal experiment
with CO2 pressurisation (20 bar) in the Parr No. 4600
at 190 °C for 30 min.
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Table A.5: Experiment record of WAS-2-5.

Time [min] Pressure [bar] Temperature [°C]

0 31.5 191
1 31 192
2 31 192
3 31 192
4 31 192
5 29 191
6 29 192
7 29 192
8 29 192
9 29 192
10 29 192
11 29 192
12 29 192
13 29 192
14 29 192
15 28 191
16 28 191
17 28 191
18 28 190
19 27.9 189
20 27.9 189
21 27.8 188
22 27.8 188
23 27.8 188
24 27 188
25 27 187
26 27 187
27 27 187
28 27 187
29 27.5 188
30 27.5 188

Note: The WAS-2-5 was the hydrothermal experiment
with CO2 pressurisation (10 bar) and addition of HAc
(approx. 16985 mg HAc/ L WAS-2) in the Parr No.
4600 at 190 °C for 30 min.
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Table A.6: Experiment record of WAS-2-6.

Time [min] Pressure [bar] Temperature [°C]

0 49.74 190
1 49.33 191
2 48.93 193
3 48.12 194
4 46.91 193
5 46.91 192
6 46.91 191
7 45.9 190
8 45.09 189
9 45.09 189
10 45.09 189
11 45.09 189
12 45.09 189
13 45.29 190
14 45.29 190
15 45.29 191
16 45.29 191
17 45.29 191
18 45.29 190
19 45.29 189
20 45.29 189
21 45.29 188
22 45.29 188
23 45.29 188
24 45.29 188
25 45.29 189
26 45.29 189
27 45.29 190
28 45.29 190
29 45.29 191
30 45.29 191

Note: The WAS-2-6 was the hydrothermal experiment
with CO2 pressurisation (20 bar) and addition of HAc
(approx. 16985 mg HAc/ L WAS-2) in the Parr No.
4600 at 190 °C for 30 min.
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Appendix B

BMP tests

Table B.1: Characterisation of inoculum.

Inoculum pH TS [%] VS [%] Total COD [mg O2/L] SCOD [mg O2/L]

Digestate1 7.36 ± 0.02 3.764 ± 0.006 2.684 ± 0.002 41000 ± 300 810 ± 10
1 Digestate was collected from WWTP Harnaschpolder, Netherlands.

Table B.2: Macronutrient stock solution.

Chemical Concentration [g/L]

NH4Cl 170
CaCl2 · 2H2O 8
MgSO4 · 7H2O 9

Dose: 6 ml per liter medium.

Table B.3: Micronutrient stock solution.

Chemical Concentration [mg/L]

FeCl3 · 4H2O 2000
CoCl2 · 6H2O 2000
MnCl2 · 4H2O 500
CuCl2 · 2H2O 30
ZnCl2 50
HBO3 50
(NH4)6Mo7O2 · 4H2O 90
Na2SeO3 · 5H2O 100
NiCl2 · 6H2O 50
EDTA 1000
HCl (36% (v/v)) 1 [mL/L]
Resazurine 500
Yeast extract 2000

Dose: 0.6 ml per liter medium.
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Appendix C

EEM data processing

The overall procedure for EEM data processing is illustrated in Figure C.1. First, a
three-dimensional Delaunay interpolation method developed by Zepp et al. (2004) was
used to remove the Rayleigh and Raman scattering peaks manually. Specifically, scattering
peaks on EEM spectra were regionally excised and refilled with the surrounding data
points through interpolation. The next step was correcting the inner filter effect caused
by self-quenching, where light absorption occurs at both the excitation (Ex) and emission
(Em) wavelengths. The inner filter effect can be mitigated through sample pre-dilution or
mathematical correction (Equation C.0.1) (Lakowicz, 2006; Larsson et al., 2007).

Fcorr [A.U.] = Fobs · 10
Absex+Absem

2 (Eq. C.0.1)

where:
Fcorr is the corrected fluorescence intensities;
Fobs is the observed fluorescence intensities;
Absex is the absorbance at Ex wavelength;
Absem is the absorbance at Em wavelength.

Once the inner filter effect was reduced, the Raman normalisation was employed to
minimise the quantitative dependence of instrument specificity. Different instruments have
different detectors and/or photomultipliers, resulting in different scales of fluorescence
intensity with arbitrary units [A.U.]. Hence, normalisation methods are often required.
Water Raman integration was employed in this study. The wavelength-dependent Raman
cross-section of water is a fixed property of water of which the integral varies accordingly
with different instruments or instrumental settings; therefore, it can be used for calibration
(Lawaetz & Stedmon, 2009). Here, 350 nm Ex wavelength was chosen for water Raman
integration since it is widely adopted (Stedmon et al., 2003), which equated to a band
spanning from 370.8 to 427.9 nm with a peak appearing at 397.3 nm. To perform the
calibration, the Fcorr was divided by the area of Raman peak (Equation C.0.2), which
calibrated fluorescence signal to Raman units [R.U.] (M. Park & Snyder, 2018).

Ff inal [R.U.] =
Fcorr∫ λem,upper

λem,lower
FMQ(λem)

=
Fcorr∫ 370.8nm

427.9nm FMQ,ex350nm(λem)
(Eq. C.0.2)

where:
Ff inal is the final fluorescence intensity;
FMQ is the fluorescence intensity of Milli-Q water;
FMQ,ex350nm is the fluorescence intensity of Milli-Q water at 350 nm Ex wavelength;
λem,lower is the lower boundary of wavelengths for the Raman peak;
λem,upper is the upper boundary of wavelengths for the Raman peak.
Lastly, fluorescence regional integration (FRI) was performed to quantitatively assess DOM
fractions represented by five operationally defined fluorescence regions in Table C.1. The
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Figure C.1: Procedure for EEM data processing (left) and sketch of the
scattering occurring in a fluorescence EEM (right) (Lawaetz & Stedmon, 2009;

M. Park & Snyder, 2018).

fluorescence intensity volume beneath region i (φi) was obtained using Equation C.0.3,
which then was normalised according to relative regional areas by multiplying the
multiplication factor (MF) (Equation C.0.4). The MF equals the inverse of the fractional
projected Ex-Em area. The percent fluorescence response of fluorescence region i then
was calculated by dividing the normalised fluorescence volume beneath region i by total
normalised fluorescence volume (Equation C.0.5) (Chen et al., 2003).

φi =
λex,i,upper

∑
λex,i,lower

λem,i,upper

∑
λem,i,lower

Ff inal(λex, λem)∆λex∆λem (Eq. C.0.3)

where:
φi is the fluorescence volume beneath region i of EEM;
λex,i is the Ex and Em wavelengths in the EEM region i;
λem,i is the Ex and Em wavelengths in the EEM region i;
The subscripts “lower” and “upper” refer to lower and upper boundaries of EEM region.

φi,n = MFi φi =
∑

λex,upper
λex,lower

∑
λem,upper
λem,lower

∆λex∆λem

∑
λex,i,upper
λex,i,lower

∑
λem,i,upper
λem,i,lower

∆λex∆λem

φi (Eq. C.0.4)

where:
φi,n is the normalised fluorescence volume beneath region i of EEM;
MFi is the multiplication factor of EEM region i.

Pi,n =
φi,n

φT,n
× 100% =

φi,n

∑V
i=1 φi,n

× 100% (Eq. C.0.5)

where:
Pi,n is percent fluorescence response;
φT,n is the total normalised fluorescence volume of EEM.



Appendix C. EEM data processing 70

Table C.1: Ex-Em boundaries of five operationally-defined fluorescence regions.

Fluorescence region Ex boundary [nm] Em boundary [nm]
I Tyrosine-like aromatic protein 200-250 280-330
II Tryptophan-like aromatic protein 200-250 330-380
III Fulvic acid-like matter 200-250 380-550
IV Soluble microbial byproduct-like matter 250-400 280-380
V Humic acid-like matter 250-400 380-550

Fluorsecence parameters and indices
The Fn(355) (humic-like fluorescence parameter) and Fn(280) (protein-like fluorescence
parameter) are the maximum fluorescence intensities of the Em wavelength regions of
440–470 nm at Ex wavelength 355 nm and 340–360 nm at Ex wavelength 280 nm,
respectively (Jin et al., 2020). Fluorescence index (FI) is determined as the ratio of
fluorescence intensity at the Ex wavelengths of 450 and 500 nm under constant Ex
wavelength at 370 nm (Mcknight et al., 2001). Humification index (HIX) is the ratio of
two integrated fluorescence regions with Em wavelengths of 435-480 nm and Em 300-345
nm at Ex wavelength 254 nm (Zsolnay et al., 1999). Biological index (BIX) is the fluorescence
intensity ratio at Em wavelengths of 380 and 430 nm at Ex wavelength 310 nm (Jin et al.,
2020).
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Appendix D

Supplementary information for
results and discussion

Figure D.1: EEM fluorescence spectra contour of WAS-1 subjecting to
thermally-hydrolysed at different temperatures. Horizontal and vertical lines

divide EEM spectra into five regions (I-V). Normalised to 1 g DOC/L.
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Figure D.2: EEM fluorescence spectra contour of DWAS-1 subjecting to
thermal hydrolysis at different temperatures. Horizontal and vertical lines

divide EEM spectra into five regions (I-V). Normalised to 1 g DOC/L.

Figure D.3: Effect of reaction temperatures on Fn(355) (A), and Fn(280) (B) of
thermally-hydrolysed WAS-1 and DWAS-1.
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Figure D.4: EEM fluorescence spectra contour of WAS-2 subjecting to thermal
hydrolysis with different acidic pretreatments. Horizontal and vertical lines

divide EEM spectra into five regions (I-V). Normalised to 1 g DOC/L.
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Figure D.5: HPSEC chromatograms with UV absorbance detection at 210 (A
and B) and 254 nm (C and D) for WAS-1 and DWAS-1 subjecting to TH at

different reaction temperatures.
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Figure D.6: Heatmap of Kendall rank correlation coefficient for WAS-2
subjecting to TH with different acidic pretreatments. Ptotal is the average
total pressure in the reactor headspace during TH. PCO2 is the CO2 pressure
in the reactor headspace (equals the total headspace pressure) before TH. pH1
is the pH value of sample before TH. pH2 is the pH value of sample after
TH. Ptotal is the average total pressure in the reactor headspace during TH.
PCO2 is the CO2 pressure in the reactor headspace (equals the total headspace
pressure) before TH. pH1 is the pH value of sample before TH. pH2 is the pH

value of sample after TH.
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Appendix E

PHREEQC Code

Database : phreeqc . dat

SOLUTION_MASTER_SPECIES
Acetate Acetate − 1 . 0 59 .05 59 .05
Propionate Propionate − 1 . 0 73 .072 73 .072
I s o b u t y r a t e Isobutyra te − 1 . 0 87 .098 87 .098
Butyrate Butyrate − 1 . 0 87 .098 87 .098
I s o v a l e r a t e I s o v a l e r a t e − 1 . 0 101 .125 101 .125
Valera te Valerate − 1 . 0 101 .125 101 .125

SOLUTION_SPECIES
Acetate − = Acetate −

log_k 0
del ta_h 0 kca l

Acetate − + H+ = HAcetate
log_k 4 . 7 6
del ta_h 0 kca l
−gamma 0 0 . 0 6

Propionate − = Propionate −
log_k 0

H+ + Propionate − = H( Propionate )
log_k 4 .874
del ta_h 0 . 6 6 kJ
−gamma 0 0

Isobutyra te − = Isobutyra te −
log_k 0

H+ + Isobutyrate − = H( I s o b u t y r a t e )
log_k 4 .849
del ta_h 3 .2217 kJ
−gamma 0 0

Butyrate − = Butyrate −
log_k 0

H+ + Butyrate − = H( Butyrate )
log_k 4 .819
del ta_h 2 . 8 kJ
−gamma 0 0

I s o v a l e r a t e − = I s o v a l e r a t e −
log_k 0

H+ + I s o v a l e r a t e − = H( I s o v a l e r a t e )
log_k 4 .781
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del ta_h 4 .5606 kJ
−gamma 0 0

Valerate − = Valerate −
log_k 0

H+ + Valerate − = H( Valera te )
log_k 4 .843
del ta_h 2 .887 kJ
−gamma 0 0

END

Solut ion 1 WAS−2
− u n i t s mg/ l
−pH 6.266
−temperature 2 0 . 0
N( −3) 179
P 480
A l k a l i n i t y 3586 .8 as HCO3−
Acetate 61 .31422
Propionate 68 .84343333
I s o b u t y r a t e 14 .83258
Butyrate 4 .740266667
I s o v a l e r a t e 41 .89739333
Valera te 5 .449306667
END

# 20 % ( v/v ) HAc s o l u t i o n
Solut ion 2
− u n i t s mg/ l
−pH 1 . 7 7
−temperature 2 0 . 0
Acetate 199666.8948
End

# HAc addi t ion
MIX 1

1 0 .919
2 0 .081

SAVE Solut ion 3
END

# Define the r e a c t o r headspace before TH
GAS_PHASE 1 # 10 bar CO2 in headspace before TH
−fixed_volume
−pressure 20
−volume 1 . 1
−temperature 2 0 . 0
CO2( g ) 10
H2O( g ) 0 . 0
END

GAS_PHASE 2 #20 bar CO2 in headspace before TH
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−fixed_volume
−pressure 20
−volume 1 . 1
−temperature 2 0 . 0
CO2( g ) 20
H2O( g ) 0 . 0
END

GAS_PHASE 3 # No CO2 p r e s s u r i s a t i o n
−fixed_volume
−pressure 1
−volume 1 . 1
−temperature 2 0 . 0
CO2( g ) 0 .0004
O2( g ) 0 .209
N2( g ) 0 .786
H2O( g ) 0 .005
END

# Cooling at standard atmosphere
GAS_PHASE 4 # Standard atmospheric condi t ion
−f ixed_pressure
−pressure 1
−temperature 2 0 . 0
CO2( g ) 0 .0004
O2( g ) 0 .209
N2( g ) 0 .786
H2O( g ) 0 .005
END

Use Solut ion 1 # or Use Solut ion 3
EQUILIBRIUM_PHASES
CO2( g ) 0 .994 # or CO2( g ) 1 .295
SAVE Solut ion 4
END

USE s o l u t i o n 4
USE gas_phase 1 # or USE gas_phase 2
REACTION_TEMPERATURE 1 # Thermal hydrolys i s
190
INCREMENTAL_REACTIONS True
SAVE Solut ion 5
END

USE s o l u t i o n 5
USE gas_phase 4
REACTION_TEMPERATURE 1 # Cooling
20
INCREMENTAL_REACTIONS True
SAVE Solut ion 6
END
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