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Summary

This thesis research investigated the dynamics of nutrient release and the formation of
melanoidins during thermal hydrolysis processes (THP) of waste activated sludge (WAS)
preceding mesophilic anaerobic digestion (AD). In Chapter 2, a fractionation of THP-sludge
allowed for researching the distribution of nutrients and melanoidins over the liquid and solid
fraction of the sludge matrix during AD. The soluble melanoidins formed during THP were
found to be partially biodegradable during subsequent AD, particularly those with a molecular
weight under 1.1 kDa, associated with protein-like substances. In addition, total ammoniacal
nitrogen (TAN) concentrations exhibited a modest increase during THP, but a substantial

increase was observed during AD, negatively impacting acetotrophic methanogenesis.

In Chapter 3, the influence of THP on PO4*-P release and precipitation during AD is described.
The dynamics in soluble PO4*-P concentrations were most pronounced in WAS from enhanced
biological phosphorus removal (EBPR) plants. The results indicated an increment in TAN and
PO+*-P release with THP temperature, while varying soluble concentrations were observed
during AD. Full-scale samples provided insights into the precipitation of multivalent cations
with POs*-P. The results showed that precipitation reactions during AD governed the
concentration of soluble nutrients during THP-AD.

In this thesis, also the impact of THP on downstream processes was researched, particularly
reject water treatment after AD. The research focused on the potential consequences of elevated
concentrations of humic substances (HSs) and nutrients in the reject water from digestate
dewatering. In Chapter 4, research is described on the effects of THP pre-treatment on the
struvite precipitation efficiency, considering the chemical characteristics of HSs. Batch
experiments revealed the influence of melanoidins and humic acids on struvite precipitation at
different pH levels. The intrinsic characteristics of HSs emerged as critical factors affecting

struvite yield, morphology, and colour of the formed precipitates.

In Chapter 5, six full-scale partial nitritation and anammox (PN/A) influents and effluents were
sampled, with four wastewater treatment plants (WWTPs) using THP and two without.
Characterization of the samples revealed that THP increased concentrations of TAN, and
aromatic organics, which is an indication of melanoidins occurrence. Additionally, THP
decreased stoichiometric NO3z™-N concentrations in effluents from the PN/A reactors. This

study also emphasizes the importance of considering increased O> consumption and possible



limited trace element availability during PN/A process operation, when utilizing THP-AD to

optimize overall system performance.

In summary, the results of this thesis provide an understanding of the interactions and
consequences of THP in full-scale scenarios, focusing on the dynamics in nutrient release and
the effects of melanoidins formation, in THP, AD, and downstream processes for nutrient

removal (PN/A and struvite precipitation).
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Chapter 1

1.1. Introduction

Anaerobic digestion (AD) is a process that stabilizes organic compounds in absence of oxygen
by utilizing these same organics as a source and sink of electrons. AD’s main end-products are
biogas, a mixture of the most reduced and most oxidised form of carbon, i.e., CHa, COy, as
well as trace gases and microbial biomass (Appels et al., 2011; Kelleher et al., 2002). The
biogas can be upgraded and used as a source of energy, owing to its high percentage of CH4
(Qian et al., 2017; Stirmer, 2017; Zhang et al., 2016a). Additionally, the digestate produced
during AD can be used as a soil conditioner/fertilizer (Bratina et al., 2016; Sahlstrom, 2003;
Weiland, 2010), landfilled or incinerated (Dou et al., 2017), depending on the presence of

heavy metals, microbial activity, pathogens, and local legislation.

AD has been widely adopted and integrated into society over the past century, with numerous
full-scale plants currently operational worldwide (Sawatdeenarunat et al., 2015). In Europe, the
REPowerEU plan, launched in May 2022, has set a target of producing 35 billion cubic meters
(bcm) of bio-CHa per year by 2030. Figure 1.1 shows the combined biomethane and biogas
production in Europe in the last few years. To achieve the 2030 target of 35 bcm, the
Biomethane Industrial Partnership has been initiated (BIP-europe, 2023). Among other
objectives, the BIP-Europe partnership aims to establish the conditions for setting higher
targets by 2050.

14
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Figure 1.1. Combined bio CH4 and biogas production in Europe in the decade 2011-2021.
Adapted from (Association, 2022)

Wide-spread and important applications of AD can be observed in municipal wastewater
treatment plants (WWTPs), where it serves as a technology for reducing, stabilizing, and
recovering energy from primary and secondary sludges, generated during sewage treatment
(Appels et al., 2008). The handling and management of these sludges are fundamental concerns
for modern WWTPs and can account from approximately 19-50% of the total costs of sewage
treatment (Ozgun et al., 2021; Pastore et al., 2013; Scrinzi et al., 2023). The production of
biogas is likely to increase along with the production of sludge, which exceeded 7.5 million
tons (in dry basis) in the 27 EU Member States in 2019 (Ronda et al., 2023).

Due to the continuous increase in sludge production, research efforts have focused on strategies
that enhance the conversion of organics into CH4 and thus minimize ultimate sludge disposal
(Semblante et al., 2014). The bioconversion of organic matter into biogas involves four steps,
i.e., hydrolysis of particulates, acidogenesis, acetogenesis, and methanogenesis (Appels et al.,
2008). These processes occur in parallel and in series, and the overall conversion rate in the
AD process is governed by the slowest step, known as the rate-limiting step. Hydrolysis of

particulate matter and complex polymers into soluble substrates is considered the rate-limiting
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step in AD of sewage sludge (Dohanyos et al., 1997; Eastman and Ferguson, 1981;

Pavlostathis, 1991). To enhance the hydrolysis rate and to improve the bioconversion of

organics into biogas, various amendments to the conventional AD process have been

developed, including pre-treatments of waste activated sludge (WAS), process operation under

thermophilic regimes, sequential AD, separation of hydraulic retention time (HRT) and solids

retention time (SRT), among others (Gonzalez et al., 2022; Neumann et al., 2016). Various

pre-treatment methods for WAS prior to AD have been developed at laboratory scale, which

include mechanical, thermal, chemical, biological, or integrated approaches (Zhen et al., 2017).

Figure 1.2 shows the location of pre-treatment in a conventional WWTP scheme.

Primar Secondar Tertiar
Influent — Y Y Y L Effluent
treatment treatment treatment
Primary WAS
sludge
Pre-
treatmnet
Nutrients
treatment
Anaerobic -
. . » Biogas
digestion
Digestate
Incineration
Dewatering » Landfilling
Reject water Soil amendment

Figure 1.2. Schematic set-up of a WWTP including WAS pre-treatment and AD (modified

from Cano et al. (2015).
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1.2. Effects of THP on WAS characteristics.

The composition of WAS can be influenced by various operational parameters, seasonal
variations, and the chemical properties of the organic substrates present during secondary
treatment. However, regardless of these factors, WAS primarily consists of microbial cells
which are composed of specific organic compounds. These compounds are either structural
components e.g., cell walls, or EPS matrix, or are involved in metabolic processes e.g.,
cytoplasmic material. The organic fraction of WAS is primarily composed of proteins, humic
substances, carbohydrates, uronic acids, and nucleic acids (mainly DNA) (Mottet et al., 2010;
Wilén et al., 2003). In addition, ashes, which account for approximately 30% of WAS, originate
from all (earth)-alkali metals present in the biomass (Hupka et al., 2002). Table 1.1 shows an

overview of the composition of WAS.

During the thermal hydrolysis process (THP), the composition of WAS undergoes changes,
and certain constituents may undergo chemical transformations due to exposure to high
temperatures. For instance, physical changes, such as protein denaturation or solubilization are
well documented (Barber, 2016; Farno et al., 2014).

Table 1.1. Composition of activated sludge from a municipal WWTP.

Component Amount in WAS Reference

Volatile suspended solids 71-80% of TSS (Wilen et al., 2003)
Ashes 20-29% of TSS

Proteins 224-353 mg/g TSS

Humic Substances 111-191 mg/g TSS

Carbohydrates 61-93 mg/g TSS

Uronic acids 3.4-6.2 mg/g TSS

Nucleic acids (mainly DNA) | 15-28 mg/g TSS

Lipids 0-5mg/g TSS * (Mottet et al., 2010)

*Considering VS/TS=64% and TSS/TS=90%

Table 1.1 shows that the organic fraction of WAS primarily consists of proteins, humic
substances, and carbohydrates, which are largely biodegradable and can be converted into
biogas during AD. However, during THP, the organic constituents present in WAS are released
into the liquid phase and may undergo chemical interactions, leading to the formation of new

products. These interactions are influenced by the operational conditions during THP, such as
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temperature, pressure, pH, reaction time, amongst others. The subsequent section elaborates on

the modifications observed in the constituents of WAS during THP.
1.2.1. Humic substances (HSs)

HSs are complex organic compounds, and there is no single worldwide accepted definition or
formula for HSs, which are widely spread across our planet (Sutton and Sposito, 2005).
According to Stevenson (1994), HSs can be defined as “a series of relatively high molecular
weight, brown to black coloured substances, formed by secondary synthesis reactions”.
Additionally, Aiken (1985) defines HSs as ““a general category of naturally occurring, biogenic,
heterogeneous organic substances that can be characterized as being yellow to black in colour,
of high molecular weight, and refractory”. Both definitions highlight that HSs are coloured,
heterogeneous, high molecular weight (MW) compounds that are refractory, but they do not

specify their origin.

The heterogeneity of HSs results in an unclear molecular structure, and therefore, they can only
be characterized based on physicochemical properties such as light absorbance, MW, colour,

aromaticity, (low) biodegradability, pH dependent solubility, and others.

HSs can be classified into three main categories: humic acids (HAs), fulvic acids (FAs), and
humins, based on their solubility in acid-alkali conditions, typically determined by passing
through a 0.45 um filter (Klavins et al., 1999). HAs are the fractions of HSs that are soluble
under alkaline and mildly acidic conditions but insoluble at pH lower than 2. Conventionally,
the HA fraction comprises molecules with MW between 1.5-5 kDa in water streams and 50-
500 kDa in soils. FAs, on the other hand, are soluble at any pH and have MW ranging from
0.6-1 kDa in water streams and 1-5 kDa in soils. Humins represent the insoluble portion of HSs
under all pH values (McDonald et al., 2004; Sutton and Sposito, 2005).

Although the pH-solubility-based classification provides insights into the solubility of HSs, it
does not classify them based on their moieties and functional groups present in their structure,
which potentially can interact during AD. HSs are formed by the condensation of building
blocks and functional groups. Table 1.2 shows the building blocks that constitute HSs. The
interactions of HSs with the surrounding medium depend on their structure, leading to a wide
range of possibilities based on characteristics such as functional groups, aromaticity,

hydrophobicity, molecular weight, and others.
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Table 1.2. Main functional groups found in HSs including functional groups and building
blocks (Klavins et al., 1999).

Constituents in the HS

Loosely bound substances.
e Metal ions chelated to inorganic particulate materials; low molecular weight organic

substances.

Functional groups
e R-COOH (Carboxyl groups).
e R-OH (Hydroxyl groups).
e R>C=0 (Carbonyl groups).
e R-O-R (Ether groups).
e R-O-CHs(Methoxyl groups).
e R-CH3(Methyl groups).
¢ R-C=N (Cyano groups).
e R-SH, R-SOzH (Sulphur containing groups).
e R-NH2, R>N-R’ (Amino groups).

Major molecular structures present in the moieties of HSs

Pentoses and hexoses Carbohydrates
-CH2-CHa-, -CH=CH-, -CH>-NH> Aliphatic structures

/@?’; Phenols, phenolcarboxylic acids

o

OH

Benzene-carboxylic acids

(o]

OH

@ Aromatic and polyaromatic structures
I

o:<:>:0 Quinones

O OO o® Oxygen-containing heterocycles

(Oj @ CN Nitrogen-containing heterocycles

=, . 2"
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CS Sulphur containing heterocycles

HSs are widely recognized for their effectiveness as soil amendments due to their ability to
slowly release nutrients, high cation exchange capacity, and interaction with micro-nutritive
and micro-toxic chemicals, such as micronutrients and xenobiotics (Kobya and Gengec, 2012;
Senesi et al., 1996). The chelation of cations by HSs, including melanoidins, is attributed to the
presence of negatively charged moieties in their structure (Hedges, 1978; Kobya and Gengec,
2012; Morales et al., 2012). HSs can chelate various cations, including Fe?*, Fe3*, AI**, Cu?*,
Cr¥*, Fe*, Zn?, Pb?*, and others (Anita Rani and Nater Pal, 2013; Migo et al., 1997;
Tagliazucchi et al., 2010). HSs can also bind cations and chelate PO4* in solution, forming
organo-metallic compounds (Sinha, 1971). However, the origin of HSs and the specific cations
involved play a significant role in their complexing capacity. Generally, cations with higher
oxidation states have stronger interactions with HSs, such as AI** or Fe**, interacting more
strongly than alkaline earth metals, such as Ca** or Mg?*, and monovalent cations, such as Na*
or K*. For divalent cations, the cation binding capacity of HSs typically follows the Irving—
Williams series, which is independent of the ligand (Irving and Williams, 1948; Irving and
Williams, 1953; Milicevié et al., 2011).

On the one hand, the complexation of metals by humic substances may have a negative impact
on the nutrients’ treatment removal efficiencies, because the HSs-chelated nutrients are less
accessible for removal. On the other hand, in countries where AD digestate is utilized in
agricultural fields, the HSs produced during THP can have positive effects contributing to soil
amendment. HSs can increase soil stability (Piccolo and Mbagwu, 1990), provide benefits in
plant physiology (Trevisan et al., 2010) and can adsorb pollutants and heavy metals (Cattani et
al., 2009; Celano et al., 2008; Luo and Gu, 2009; Martin-Neto et al., 2001; Tan and Binger,
1986; Wang and Mulligan, 2009). Table 1.3 shows some properties of HSs and their effects on
the soil.

Table 1.3. General characteristics of HSs and associated effects in the soil (modified from
Stevenson (1994)).

Characteristic Remarks Effect on soil
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Colour The typical dark colour of many | May facilitate warming

soils is caused by organic matter.
Water retaining | Organic matter can hold up to 20 | Help prevent drying and
capacity times its weight in water. shrinking. Improves moisture-

retaining properties of sandy

soils

Interacts with clay

minerals

Cements soil particles into

structural units called aggregates.

Permits exchange of gasses and

stabilizes structure

Chelating properties

Forms stable complexes with
Cu®*, Mn?, Zn*, and others

polyvalent cations.

Increases the availability of
micronutrients to higher plants

Limited solubility in

water

Insolubility of organic matter is
due to its association with clay.
Also,

trivalent cations with organic

salts of divalent and

matter are insoluble.

Little organic matter is lost by

leaching.

pH buffering capacity

Exhibits buffering capacity in
slightly acid, neutral, and alkaline

Helps to maintain a uniform

reaction conditions in the soil.

pH ranges.
Cation exchange | Total acidities of isolated | Increases cation exchange
capacity fractions of humus range from | capacity (CEC) of the soil.
300 to 1400 cmoles/kg . Humic matter contributes from
20 to 70% to the CEC of many
soils.
Limitedly Decomposition of organic matter | Source of nutrients for plant
biodegradable yields CO2, NH4*, NOs, POs%*, | growth.”
and SO4%.
Interacts with | Affects bioactivity, persistence, | Modifies application rate of
xenobiotics and biodegradability of pesticides | pesticides for effective control.

* Measured as [sum of COOH + acidic (phenolic) OH] Schnitzer, M. and Gupta, U.C. 1965. Determination of
Acidity in Soil Organic Matter. Soil Science Society of America Journal 29(3), 274-277.
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1.2.2. Melanoidins

Melanoidins are a particular type of HSs formed during THP due to the reaction of reducing
sugars and proteins presents in WAS. Melanoidins are a group of high molecular weight, dark-
coloured, and recalcitrant compounds formed as end products of the Maillard reactions (Arimi
etal., 2015; Satori and Kawase, 2014). The Maillard reactions were first described by Louis C.
Maillard in 1912 and play a crucial role in the food industry as they can modify the sensory
and nutritional properties of food products. The Maillard reaction is propitiated by aldoses, in
which the carbonyl group is able to react with the amine group present in amino-compounds
such as an amino acids. This initial reaction triggers the formation of a series of intermediate

steps ending in the formation of various types of compounds.

The formation of melanoidins involves seven different types of reactions divided into three

steps, as depicted in Figure 1.4 (Hodge, 1953):

I Initial stage: in this stage there is no colour appearing, and there is no near UV

absorption by the reactants or products.

i) Sugar-amine condensation: this concerns the reaction between the carbonyl group present in
aldoses and the amine group present in nitrogenated compounds, resulting in the formation of
an N-substituted glycosylamine.

i) Amadori rearrangement: in this step, the N-substituted glycosyl-amine rearranges to form a
1-amino-1-deoxy-2-ketose and is catalysed by an acidic medium. Despite the formed products

may undergo browning in an alkaline medium in the presence of amino compounds.

] Intermediate stage: this stage is characterized by a colourless or yellowish reaction

matrix, with strong absorption in the near UV region due to the formation of aromatic rings.

iii) Sugar dehydration: depending on the pH of the medium, two reaction pathways can
be distinguished. In an acidic medium, furfural and hydroxymethylfurfural are produced, while
in the presence of amines and in a dry state or non-agqueous solvents, 6-carbon reductones are

formed.

iv) Sugar fragmentation: this reaction occurs through dealdolisation, where amino

products can catalyse the reaction into trioses and other fission products.
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v) Amino acids degradation: the so-called Strecker degradation (Schonberg and

Moubacher, 1952) converts a-amino acids to an aldehyde, releasing one carbon as CO..
i Final stage: in this stage a dark colour is appearing.

vii) Aldol condensation: Enols with a carbonyl group react to form a B-hydroxy
aldehyde or B-hydroxy ketone, sometimes followed by the loss of one molecule of water.
Amino compounds catalyse this reaction.

vii) Aldehyde-amine polymerisation: the aldehydes and moieties from the previously
described processes react and increase their molecular size, leading to the formation of
heterocyclic nitrogenated compounds known as melanoidins, a group of polyheterocyclic

highly coloured and refractory molecules.

Figure 1.3 shows the pathways described above, starting from aldoses and amino compounds
present in WAS and culminating in the formation of melanoidins. It is important to note that
the term "melanoidins” refers to a group of compounds that exhibit similar behaviour and does

not represent the behaviour of a single compound.
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Aldose sugar ~ + Amino N subtltut?d . o
compound «—— glycosylamine
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Amadori rearrangement
Q
l-amino-1-deoxy-2-ketose
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-3 H,O Q
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i
P

+ @-amino acid G
]

v G l Strecker degradation
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Fission Product
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.0 v (acetol,
j el pyruvaldehyde, ¢
reductones diacetyl, eftc.) Aldehyde
HMF or Furfural
o | ok ‘ G I ' o
e +amino
With or without amino sampround et
+ amino compound = ammod
compoun
compound dh »  Aldols and N-free
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(Brown nitrogenous polymers and copolimers)

Figure 1.3. Formation of melanoidins based on the Maillard reactions and the subsequent

interactions between the products formed (adapted from (Hodge, 1953)).

As mentioned previously, the structural composition of WAS primarily consists of proteins and
carbohydrates, making the occurrence of the Maillard reaction likely during THP of WAS. The
Maillard reactions can be influenced by various parameters, such as pH, temperature, the
presence of heavy metals, and sulphur compounds (sulphites and mercaptans)(Erbas et al.,
2012; Maet al., 2017; Martins and VVan Boekel, 2005; Mohsin et al., 2018; Ramonaityte et al.,
2009).

Inhibiting the Maillard reactions by modifying operational parameters is an interesting
approach to prevent the formation of melanoidins. However, the addition of chemicals may not
be economically feasible on a full-scale basis due to their costs and possible environmental

impact. To the best knowledge of the authors, reducing the THP temperature and reaction time
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appears to be a feasible method to decrease melanoidin formation. Dwyer (2008) demonstrated
that reducing the THP temperature by 20°C (from 160°C to 140°C) resulted in a reduction in
melanoidins formation without compromising the overall biodegradability of WAS. However,
further research is needed to develop full-scale technologies for inhibiting Maillard reactions.

1.2.3. Caramelisation reactions

Caramelization is a term used to describe a group of reactions that cause non-enzymatic
browning of carbohydrates when exposed to high temperature. The main difference between
caramelization and the Maillard reaction is the presence of amine groups in the Maillard
reaction producing N-containing melanoidins (Quintas et al., 2007). Since caramelization
reactions do not involve amino groups, the resulting aromatic compounds do not contain
organic nitrogen in their structure. Caramelization of carbohydrates can be divided into two
steps: depolymerization of complex carbohydrates (Ciesielski et al., 1997) and decomposition
of monosaccharides leading to the formation of HMF (hydroxymethylfurfural) and other
degradation products (Gurgel et al., 2012; Pilath et al., 2010). Various parameters can influence
carbohydrate decomposition, including temperature, pH, and water content (Ajandouz and
Puigserver, 1999; Buera et al., 1987; Wilson and Novak, 2009). Additionally, the
decomposition of monosaccharides can be strongly influenced by sugar concentration,
temperature, and the presence of metal ions (Lu and L, 2009; Yu and Wu, 2011). Moreau et
al. (2011) found that the presence of specific ions such as Na*, K*, Mg?* and Ca?* in the liquid
phase may enhance caramelisation and subsequent browning of starch. Both caramelisation
and the Maillard reactions are predominantly temperature-driven (Ajandouz et al., 2008).
However, since some intermediates, such as furfural or HMF, are common to both reactions, it

is difficult to attribute the end products solely to one particular reaction.

Both caramelization and the Maillard reaction produce aromatic, coloured, highly polymerized
compounds that absorb UV light (Ajandouz et al., 2001; Hrynets et al., 2015; Nagai et al.,
2018). Wilson and Novak (2009) found that cellulose and starch can be hydrolysed to mono
and disaccharides at 220 °C. Sugars degradation was confirmed by Pineda-Gdmez et al. (2014)
who found that starch decomposition begins at temperatures above 240 °C in a dry medium,
and by Shogren (1992), who also observed starch decomposition at 230°C. However, the
decomposition of monosaccharides occurs within the same temperature range as the
decomposition of polysaccharides, suggesting that both processes likely occur simultaneously.
Considering the composition of WAS and the typical temperature range of THP (140-160 °C),
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the main contributor to browning during THP is expected to be the Maillard reaction rather
than caramelization. Nonetheless, localized high temperatures resulting from poor mixing can

lead to local browning due to caramelization reactions during THP.
1.2.4. Lipids hydrolysis

Lipids found in WAS can originate from two sources: either from the influent of the secondary
treatment or they can be produced by the microbial biomass during the secondary treatment
process (Chipasa and Mdrzycka, 2008). The fraction of lipids produced by the biomass is
associated with microbial growth (phospholipids), release of metabolites, cell lysis products,
and lipids adsorbed onto the biomass (Siddiquee and Rohani, 2011). Lipids adsorbed to the
biomass come from the influent of the secondary treatment and are associated with colloidal
materials that cannot be retained in the primary treatment due to their low density and size.
While the lipids content in the analysed wastewater is generally a small fraction of WAS by
weight, the low carbon oxidation state in lipids results in a relatively large contribution of lipids
to the total chemical oxygen demand (COD) in WAS, i.e. accounting for 30-40% of the total
COD (Chipasa and Mgdrzycka, 2006).

During THP, both triacylglycerides and long-chain fatty acids (LCFAs) undergo degradation
through similar mechanisms. The degradation mechanism for fatty acids involves their
peroxidation into volatile fatty acids (VFAS) and other reaction products due to the high
temperature and the hydrolytic capacity of water (Brunner, 2009; Farhoosh, 2022). The
peroxidation of lipids depends on various factors such as temperature, fatty acid saturation,
trace metals, peroxides, oxidized compounds, and the presence of antioxidants (Silvagni et al.,
2012; Wilson and Novak, 2009). Lipid peroxidation reactions can result in the production of
volatile compounds such as alcohols and free fatty acids, both LCFAs and VFASs (Porter, 1984).
LCFAs are partially biodegradable under anaerobic conditions through B-oxidation, which
leads to the production of VFAs (Elsamadony et al., 2021; Holohan et al., 2022; Rinzema et
al., 1994). Unless the VFA concentrations reach inhibitory levels, they are biodegradable under
anaerobic conditions, resulting in the production of biogas (Holohan et al., 2022; Stafford,
1982; Wang et al., 1999)

1.2.5. Proteins deamination and total ammoniacal nitrogen (TAN) release

The degradation of proteins and the subsequent release of TAN have been identified as major
factors contributing to the inhibition of AD when THP is employed (Barber, 2016; Chen et al.,
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2008; Pavez-Jara et al., 2023). Proteins are biopolymers composed of amino acid chains, and
their structure undergoes denaturation and deamination with increasing temperature (He et al.,
2015; Mulvihill and Donovan, 1987). Denaturation of proteins occurs in a wide range of
temperatures depending on the protein structure (Bischof and He, 2006; Sohn, 1996). It is
expected that after THP, most proteins in WAS lose their biological activity since the majority

irreversibly denatures at temperatures above 100°C (Matsuura et al., 2015).

. Once WAS surpasses the denaturation temperature during THP, the primary structure may
breakdown with the subsequent release of free amino acids, VFAs, and TAN as by-products
through deamination (Somero, 1995; Wilson and Novak, 2009). Deamination caused solely by
the temperature increase has been observed during hydrothermal processes (Sato et al., 2004;
Toor et al., 2011). Moreover, the increased TAN concentration can also raise the costs of
centrate deammonification processes, as they are dependent on the TAN concentration that
needs to be removed (Bowden et al., 2016). Furthermore, the degradation of proteins during
AD mostly follows the so-called Stickland reactions (Nisman, 1954), to be methanised with

the rest of the organic substrates.
1.2.6. Ashes

Ashes are defined by Metcalf et al. (2003) as the non-volatile residue remaining after a sample
is burned to a constant weight at 550°C. In the context of WAS, ashes represent the inorganic
fraction (Wilén et al., 2003). The composition of WAS ashes may vary depending on the
geographical location and the specific treatment methods employed. Chemically, these ashes
consist of phosphorous oxides, Ca?* oxides, Mg?* oxides, sulphates, and various trace elements
or heavy metals (Dewil et al., 2007; Hong et al., 2005). In addition, if enhanced biological
phosphorus removal (EBPR) is utilized, the ashes of WAS may contain a notable amount of
phosphorus (P). Increased P occurs, because phosphate-accumulating organisms (PAOS) in
EBPR systems can accumulate up to 12% P on a dry basis, in contrast to the 1%-3% typically
found in conventional WAS (Van Loosdrecht et al., 1997). Table 1.4 shows a typical
composition of the ashes in WAS.

Table 1.4. Composition of ashes in WAS, adapted from Willems et al. (1976))

Component Concentration
Sand and clay 37-39%
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Ca** and Mg?®* phosphates, CaCOs, CaSOs, and oxides of Ca?*, AI** and | 23-32%
Fez+/3+_

Zn** 0.9
Cu*/? 0.2

Pb 0.1

Cr 0.07

Ni 0.02
Cd 0.006

*Also, Ar, Co and Hg were found to be present in low concentrations.

During THP the disruption of cells and subsequent release of cytoplasmic contents result in the
solubilization of the inorganic fraction into the bulk liquid. Cations released during THP
interact with the solubilized organic matter, particularly with HSs and melanoidins, forming
complexes. The interaction between cations such as Fe?*’** and AI** with HSs has been well
documented, and these cations can also complex PO4> ions (Bedrock et al., 1997; Levesque
and Schnitzer, 1967; Weir and Soper, 1963). Furthermore, the increased release of PO4* due
to EBPR use and cations can promote the precipitation of minerals based on POs* such as
amorphous Ca-P, hydroxyapatite, and struvite during AD (Langerak et al., 1999; Soler-Cabezas

et al., 2018). Uncontrolled precipitation can even lead to additional maintenance costs due to

pipe and anaerobic reactor incrustation (Barat et al., 2009; Parsons and Doyle, 2004).
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1.3. THP use and implications on AD

THP was initially developed in the 1940s as a sludge conditioning technology, operating at
temperatures ranging from 180-220°C (Qegaard, 2004). In the 1970s, research focused on
improving sludge dewaterability to reduce disposal costs (Everett, 1972; Haug, 1977; Haug et
al., 1983). Currently, many countries require AD digestate to meet the "EPA class A" standard,
which necessitates low pathogen and microbial activity levels. Consequently, THP has become
a tool to achieve this goal (Lukicheva et al., 2009; Pérez-Elvira and Fdz-Polanco, 2012; Pérez-
Elvira et al., 2008). Furthermore, THP has facilitated a reduction in HRT in AD reactors,
increasing treatment capacity.

THP combines two effects to enhance sludge biodegradability and dewaterability. Firstly, it
exposes the sludge to high temperatures and pressure for a defined period, altering the chemical
structure and breaking down complex molecules. Secondly, a rapid decompression stage causes
the cellular content in the sludge to explode, releasing the cytoplasmic material (Donoso-Bravo
et al., 2011). This phenomenon, known as "steam explosion,” occurs when the overheated
intracellular liquid transforms into steam due to a sudden decrease in pressure, significantly

increasing its volume and thus cell breakage.

Researchers have extensively investigated the implications of THP on AD, focusing primarily
on CHs production, organic compound solubilization, and increased nutrient release.
Numerous studies have aimed to optimize the process for maximizing CH4 production. Most
of these studies agree that a pre-treatment temperature range of approximately 160-180°C and
a duration of 20-40 minutes yields the highest CH4 production (Bougrier et al., 2006; Fdz-
Polanco, 2008; Sapkaite et al., 2017; Stuckey and McCarty, 1984). Temperature has been
identified as the primary parameter driving the process, with inadequate hydrolysis observed
below the optimal temperature range and excessive formation of recalcitrant or inhibitory
compounds observed at higher temperatures. Despite its limitations, THP has proven to be a
reliable technique, significantly improving sludge dewaterability, increasing CH4 production,

and reducing the organic solids content in the digestate (Cano et al., 2015).

Several THP technologies are commercially available at an industrial scale. Table 1.5 provides

a comparison of these technologies and their key features.

Table 1.5. Comparison among most common THP pre-treatment technologies used at full-
scale.
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Brand Amount Number | Main THP parameters Reference
name treated of
. . ) Temperatu )
installatio | Time Regime
re
ns
1.426.400 (Armstron
Cambi® (tDSlyear) Above g et al,
_ 62 | 150-180°C | Batch
(Cambi) 1.570.471 30 min 2017; AS,
(US tons/year) 2017)
Biothelys® | 80.800 ) (Veolia,
] 7 30 min | 165°C Batch
(Veolia) (tDSlyear) 2017a)
Exelys® 30.446 30 min Continuo | (Veolia,
) 3 165°C
(Veolia) (tDSlyear) approx. us 2017b; c)
THP®
(Fraunhofe Not
30.000-40.000 ) Above Not (UMSICH
r 2 availab -
(ton/year) 200°C specified | T, 2013)
UMSICHT le
)
LysoTher | 3.500
_ (GMBH,
m® (kg DS/d) 30- Continuo
2 _ 150-175°C 20153; b)
(ELIQUO | 1.277,5(tDSlye 60min us
STULZ) ar)
20.000 )
Turbotec® 6 Pilot _ (B.V.,
tDS/year 30- Continuo
(Sustec plants + _ 140-175°C 2015;
(full-scale 70min us
B.V.) 2 full scale 2017)
plants)

As shown in Table 1.5, CAMBI® (Norway) leads the market. However, other companies offer

products with diverse configurations to cater to specific customer demands. Additionally, Table

1.1 indicates that all full-scale processes operate within the optimal range mentioned earlier

(temperature: 160-180°C and time: 20-40 minutes). Manufacturers also report a significant

level of hydrolysis, a 30-50% increase in biogas production, and the formation of refractory

materials without compromising CH4 production.
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Numerous authors have investigated the formation of refractory compounds in THP, but a clear

consensus regarding their origin and nature has not yet been reached. Table 1.6 provides a

summary of studies that highlight the inhibition of AD resulting from THP treatments and the

most plausible explanations for this phenomenon.

Table 1.6: Comparison of inhibition of AD in different studies and the causes of it, in THP

pre-treatments.

Possible Pre- Substrate Effect Reference
inhibitor treatment
conditions
HMF and | 121°C for 60 | Wheat  straw | Inactivity or | (Bolado-
Furfural (in | min. and sugarcane | death of the | Rodriguez
HCI + | HCI + 121°C | bagasse. anaerobic etal., 2016)
autoclaving) for 60 min. inoculum  with
High lignin | NaOH + all three heating
solubilisation 121 °C for 60 strategies
(in NaOH + | min.
autoclaving)
Compounds 70°C for 60 | Poultry and | Increase in | (Rodriguez-
produced by | min piggery soluble  COD | Abalde et
Maillard 133°C and 3 | slaughterhouse | without an | al., 2011)
reactions bars for 20 | wastes. increase in BMP
min. in sludge with a

high percentage

of

carbohydrates.
Possible 100-225°C Primary sludge, | Reduction in | (Haugetal.,
formation  of | and 0-120 | activated methane 1978)
inhibitory min., no steam | sludge and | production at
substances. explosion. blend of both. | pre-treatment

over 175°C
Possible 150-225°C for | WAS, N-based | Reduced  bio- | (Stuckey
production of | 60 min compounds convertibility to | and
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melanoidins 150-225°C for | mixture  and | CH4 of | McCarty,
and humic | 60 min + | pure individual ~ N- | 1984)
acids. NaOH. carbohydrates. | based

Mesophilic compounds

and under identical

thermophilic treatment

digestion conditions.

regimes were

tested.
Possible 62-175°C for | WAS. Low digestibility | (Li and
formation  of | 15-120 min. of proteins* and | Noike,
inhibitory decreased 1992)
substances. methane
(expressed as production over
refractory 170°C.
compounds).
Refractory 130-170°C WAS. No increment in | (Valo et al.,
compounds and 60 min biodegradability | 2004)
formed by | KOH and over 170°C.
polymerization. | Fenton reagent

dosage
Possible 130-180°C for | WAS. Increase in | (Sapkaite et
production of | 5-50 min and soluble  COD | al., 2017)
melanoidins. decompression without an

mode (slow or increase in BMP

steam- over 163°C.

explosion

effect).
Possible 120-180°C for | Dewatered/high | Increase in | (Xue et al.,
formation  of | 15-180 min. solid sludge soluble  COD, | 2015)
inhibitory with poor
substances. degradability,
(Probably and decrease in
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because of the biogas
production  of production.
melanoidins)
Melanoidins 175 °C for 60 | Kitchen waste, | Decrease in | (Liu et al.,
min. vegetable/fruit | anaerobic 2012)
residue,  and | biodegradability.
WAS.
Increase in | 100-220°C for | WAS. Decrease in | (Jeong et
NH4* and non- | 30 min methane al., 2016)
biodegradable production over
materials  that 160-180°C
are created by
carbohydrate
and proteins at
high
temperature.
De- 130-220°C WAS and | Breakdown of | (Wilson
ammonification | and two hours | primary sludge. | proteins  over | and Novak,
of proteins. 150 °C 2009)
Melanoidins 140-165°C WAS. Increase along | (Dwyer et
and 30 minutes with the | al., 2008)
temperature in
colour, UVA
254, dissolved
organic carbon,
and humic acid-
like substances.
Maillard 140°C, pH 12, | Soluble part of | Formation of | (Penaud et
reaction for 30 min spent microbial | high-molecular- | al., 2000a)
products biomass from | weight
an  industrial | compounds
plant. which are

involved in the
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poor
biodegradability
and bio-toxicity.

Possible

formation  of

120-200°C pH
8-13 for 15-60

Spent microbial

biomass

Not increasing in

biodegradability

(Penaud et
al., 2000b)

inhibitory min obtained from | with more severe
substances., an  industrial | condition of
expressed  as plant pretreatment
refractory  or (longer time,
inhibitory high temperature
compounds and not neutral
pH).
TAN and free | 160 °C and a | WAS. Inhibited (Pavez-Jara
ammoniacal treatment time methanogenic etal., 2023)
nitrogen per batch of 30 activity.
(FAN). min

*Proteins possibly measured as HSs because the used method does not distinguish between

those two components.

From Table 1.6 it can be observed that the formation of refractory compounds during THP is
reported at different temperatures, process times, and substrates composition. Although
numerous studies have demonstrated the presence of compounds that can adversely affect the
AD process, the mechanism of inhibition or the fate of these compounds in subsequent steps

of water/sludge treatment remains poorly understood.

In addition to the solubilization/formation of recalcitrant organic matter during THP, the
solubilization of nutrients after THP also has been reported in the literature (Barber, 2016;
Devos et al., 2023; Ekpo et al., 2016). Nutrients, mainly present as TAN and PO.*, are
mineralized end-products of organic matter degradation under anaerobic conditions (Appels et
al., 2008; Holm-Nielsen et al., 2009). These nutrients remain in the digestate and reach the
dewatering step, where the soluble fraction is retained in the reject water, while the solids are
sent to the final sludge disposal location.

The release of PO4s* occurs due to the degradation of phospholipids, nucleic acids, and

polyphosphates present in the AD substrates. As previously mentioned, the release of PO4* is

34



General introduction

particularly significant when the WAS originates from facilities using EBPR (Wild et al.,
1997), and thus contains PAOs. Also, the release of PO4> from PAOs during AD can occur

through the degradation and release of polyphosphate in the presence of VFA (Flores-Alsina

et al., 2016) or via direct release from the cytoplasm. Additionally, PO,* is a reactive species

and can precipitate with cations present in the digestion broth (Latif et al., 2018). These

precipitates generated during AD can lead to issues such as pipe clogging or increased

maintenance in the AD reactors. Table 1.7 shows precipitates that can be formed during AD of

WAS, which can cause operational problems during the process.

Table 1.7. Precipitates that are reported to be formed during of after AD.

Precipitation

System

Reference

Mg® and N

Ha*

precipitates (struvite)

based

Continuous  pilot  scale
reactor fed with EBPR

(Marti et al., 2008)

precipitates (struvite).

with primary and secondary

sludge under mesophilic

Ca2*-based precipitates | sludge and primary pre-

(CaCOs, (Ca)3(POs4)2, | fermented sludge

hydroxyapatite).

Mg* and NHs" based | Pilot anaerobic reactors fed | (Sanchez-Ramirez et al.,

2021)

precipitates

processing primary sludge

conditions.
Struvite Anaerobic  sludge  from | (Fricke et al., 2007)
mechanical-biological
treatment
PO Ca?* and Mg? | AD of dried fish sludge (Estevez et al., 2022)
precipitates
Ca?* precipitates High  salinity  full-scale | (Gagliano et al., 2020)
inoculum. Ca?* was added on
purpose to assess its effect on
the microbial community
POs* Ca?* and Mg?" | Full-scale anaerobic digester | (Barat et al., 2009)
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and WAS from an EBPR

system.

Struvite (MgNH4PO4),
newberyite (MgHPOQg),
amorphous calcium
phosphate, CaCOz and
MgCO3

Supernatant from a UASB

digester  treating  wine

distillery waste

(Musvoto et al., 2000)

Mg and Ca-phosphates

Supernantants from manure

digestion

(Brown et al., 2018)

Struvite

Precipitates from a full-scale
sludge pipes at a municipal
WWTP applying EBPR
with Fex(SO0a4)3
Al2(SO4)3 dosage.

and

(Kecskésova et al., 2020)

CaCOz and PO4* precipitates

Expanded granular sludge
bed reactors with synthetic
medium containing Ca(OH):
and KH2POa.

(Langerak et al., 1999)

Struvite, amorphous Ca-

PO.%, and calcite.

Centrates obtained  after
centrifugation of
anaerobically digested
sludge and supernatants from
the thickener of an AD pilot

plant

(Pastor et al., 2010)

Struvite and Ca-phosphates

AD pilot plant fed with pre-
fermented primary sludge
and WAS from an EBPR

pilot-scale.

(Marti et al., 2008)

TAN is typically used as an indicator of ammoniacal nitrogen levels, as the NH4*/NHj3 ratio
can vary depending on factors such as solution pH, temperature, and ionic strength (Astals et
al., 2018). TAN is released during AD primarily as a result of protein degradation, as previously

mentioned. Once TAN is produced, it cannot be oxidized due to the reducing conditions present
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during AD, leading to its accumulation as an end-product. The elevated TAN concentration in
the digestate can lead to AD biomass inhibition. TAN and FAN inhibition is pH and
temperature-dependent, with FAN being the primary contributor (Jin et al., 2012; Rajagopal et
al., 2013; Van Hulle et al., 2010; Van Hulle et al., 2007; Yenigin and Demirel, 2013). TAN,
and particularly FAN, can exhibit toxicity during AD. The threshold concentration for TAN
inhibition is not clearly defined in the literature due to the adaptive capacity of anaerobic
biomass to the increased TAN concentrations (Capson-Tojo et al., 2020). It is typically
assumed that the primary AD inhibitor is the non-ionized species, FAN; however, Astals et al.
(2018) found that the inhibition caused by both, FAN and NH4* cannot be isolated.
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1.4. Effect of THP on the downstream processes after AD

Following AD, the resulting digestate is subjected to dewatering, commonly performed by
decanters, belt presses or other types of mechanical or physicochemical techniques (Tsang and
Vesilind, 1990). The resulting solids fraction is transported for incineration, landfilling, or is
utilized as a soil amendment, depending on local conditions and regulations. The liquid
fraction, known as centrate or reject water, is recycled to the primary or secondary treatment
processes. In the Netherlands, the solid fraction is typically incinerated, and therefore, a very
low water content is pursued to decrease the transportation and incineration costs (Hao et al.,
2020). THP providers claim that their pre-treatment improves the dewaterability of the
digestate (Neyens and Baeyens, 2003). Furthermore, according some technology providers
THP can also be implemented as an AD post-treatment, which is designed particularly to

enhance dewaterability (Cai et al., 2021; Svensson et al., 2018)".

The reject water mainly contains nutrients (such as TAN and POs*) and soluble AD-
recalcitrant compounds. Various studies have reported an increased nutrients concentration
following THP and AD (Carrere et al., 2010), compared to AD alone. The elevated nutrients
concentrations in the reject water may have an impact on downstream processes such as partial
nitritation and anammox (PN/A) which removes TAN, or struvite precipitation, which removes

PO42 and to a lesser extent TAN.

Struvite precipitation is a chemical process that involves the addition of Mg?*-containing salts
to a nutrient-rich liquid stream, resulting in the precipitation of NH4sMgPO4-6H20 (struvite)
according to Equation 1.1. Once the precipitation is complete, the struvite crystals can be
separated from the liquid through sedimentation. Struvite precipitation offers a dual benefit as
it removes next to PO,* also some TAN from the solution, while the generated mineral can be
utilized in fertilizer production (Talboys et al., 2016). The driving force behind struvite
precipitation is the oversaturation of the reagents (Kofina and Koutsoukos, 2005). The degree
of oversaturation is evaluated using the saturation index (SI), which indicates the deviation
from equilibrium for the reagents. Equation 1.2 represents the saturation index for struvite,
where AP represents the ion activity product, the brackets represent the activity of each ion in

* The companies Cambi and Veolia have commercial processes of THP of the digestate to mainly enhance
dewaterability.

https://www.cambi.com/what-we-do/equipment/thp-after-anaerobic-digestion/
https://www.veoliawatertech.com/en/publications/articles/next-generation-thermal-hydrolysis-process-high-
solids-thp
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solution, and Ksp represents the solubility product of struvite, which typically ranges from
3.89-101% t0 5.37-10** (Hanhoun et al., 2011).

Mg?" + NHj + H, PO} + 6H,0 < MgNH,PO,-6H,0 + nH" n=[1, 2, 3] (1.1),

SI=log,, (g) =logy, <{Mg +}{NKH4}{PO4-}) (1.2),

sp

Several factors indirectly affect the Sl of struvite, including pH (through the speciation of the
reagents), reagent concentration, ionic strength, and temperature. Inadequate control of these
operational parameters during struvite precipitation can lead to the formation of side
precipitates containing phosphorus, such as newberyite (MgHPO4-3H20), bobierrite
(Mg3(PO4)2-8H20) or tri-magnesium phosphate (Mgs(PO4)2-22H,0) (Warmadewanthi and
Liu, 2009). Moreover, precise pH control is crucial to induce the precipitation, since the

reaction releases protons (Equation 1.1), which may require pH adjustment in certain cases.

As shown in Figure 1.2 nutrient removal before reject water recirculation to the water line, is
advantageous for the effluent quality of the treatment plant. The PN/A process has gained
interest in recent years due to its cost-effective removal of TAN compared to traditional
nitrification-denitrification methods. The PN/A process consumes less oxygen and therefore
requires less energy than conventional nitrification-denitrification, and it does not rely on
organic matter as external electron donors. As the name suggests, the PN/A process consists of
two main reactions: partial nitritation and anammox, as shown in Equations 1.3 and 1.4 (Lotti
etal., 2014b). During the partial nitritation reaction, NH4" is oxidised using O as final electron
acceptor resulting in the production of NO2". During the anammox reaction, NH4" serves as
electron donor, and NOz" acts as the final electron acceptor, producing N2 as final product. Once
N2 reaches the saturation concentration, it is desorbed from the liquid phase and escapes into
the atmosphere. Both partial nitritation and anammox utilize inorganic carbon as a carbon
source (Lotti et al., 2014b; Strous et al., 1998).

INH4" + 0.091HCO3 + 1.3810, =» 0.091CH1.4004No2 + 1.036H.0 + 0.981NO, +1.89H*
(1.3),

INHs" + 1.146NO>" + 0.071HCO3 + 0.057H" =» 0.071CH31.7400.31No.2 + 0.161NO3" + 0.986N>
+2.002H20

(Modified from Hiet Wong et al. (2003) and Lotti et al. (2014a) (1.4),
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In recent years, the PN/A process has been extensively implemented at full scale, particularly
in Europe, North America, and Asia (Cao et al., 2017). Although PN/A is a well-established
technology widely applied in full-scale operations, its performance can still be influenced by
changes in operational conditions and influent composition. The factors that affect PN/A
performance can be attributed to either the partial nitritation or anammox reaction. Regardless
that in current installation partial nitritation and anammox reactions happen in the same
reaction, both reactions need to work in series to ensure efficient nitrogen removal. Therefore,

inhibition in one reaction may compromise the N-removal efficiency.

One noticeable effect of using THP is the increased oxygen requirements due to the treatment
of reject water with elevated TAN concentrations. It has been well reported that the operational
costs of the PN/A process are directly proportional to the TAN concentration. Additionally, the
AD-recalcitrant organics present in the reject water may not necessarily exhibit recalcitrance
under the anoxic/anaerobic conditions experienced during PN/A and may undergo oxidation
reactions. The degradation of THP-produced organics during PN/A also contributes to
increased oxygen consumption and can lead to the overgrowth of the anammox and nitrifying
biomass by heterotrophic microorganisms. Heterotrophic microorganisms can compete with
partial nitrifiers for oxygen at a usually higher growth rate, negatively affecting PN/A
performance. Furthermore, the effects of the compounds generated during THP on anammox
microorganisms are not yet fully understood. Table 1.8 provides an overview of some of the
problems associated with the use of THP followed by PN/A processes as addressed in the

literature.

Table 1.8. Observed effects of THP on PN/A process.

Factor Conditions Reference

The article states that no inhibition was | Dewatering liquors originated | (Ochs et al.,
observed. However, conversion rates | from post THP/AD using three | 2021)
were not measured and it is not clear | different PN/A systems

how the inhibition was assessed.

Inhibition on AOB and anammox | Two stages PN/A and bath tests | (Cao et al.,
activity, which was mitigated by long | for activities 2021)

acclimation periods.
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Very low effects of recalcitrant carbon | Batch tests performed with | (Hong et al.,
on maximum specific anammox activity | laboratory enriched granular | 2022)
biomass.
Inhibition effect on AOB, potentially | Sequencing batch reactors were | (Zhang et al.,
caused by particulate and colloidal | studied treating conventional | 2016b)
organics digestate and THP-AD
digestate, respectively
Inhibition of THP-AD centrate in batch | THP-AD centrate was | (Cao et al,
tests, which was alleviated with ozone | generated from a lab-scale | 2022)

oxidation.

anaerobic digester and used in
batch experiments and two-step

reactors.

Decrease in specific anammox activity.

Lab-scale
reactors fed with THP-AD from

sequencing batch

a full-scale installation.

(Lietal., 2022)

Inhibition caused by flocculent sludge
which consisted of suspended solids and
bacteria  and

heterotrophic was

characterised by a high conductivity.

Three reactors system, treating
lab-produced THP-AD reject

water.

(Wang et al.,,
2022)

Anammox activity was inhibited due to
proliferation of heterotrophic
microorganisms resulting from presence

of biodegradable COD.

One-stage PN/A system for the
treatment of reject water from
high-solid-sludge THP-AD.

(Cui et al,

2022)

No adverse effects related to the THP-
AD process was observed in the

anammox reactor.

Lab scale two stages PN/A
systems fed with THP-AD
dewatering liquor from the

municipal WWTP.

(\Valenzuela-
Heredia et al.,
2022)

AOB were directly inhibited by

dissolved organics, and indirectly, by

particulate and colloidal fractions,

Semi-technical side stream
deammonification sequencing

batch reactor fed with lab-scale

(Zhang et al.,
2018)
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causing diffusion limitation of the

substrate.

and full-scale produced THP-
AD.

THP pre-treated side stream had
inhibitory effects on the activity of
anammox bacteria. The inhibition was
possibly due to the high carbon content
which might have led to growth of

heterotrophic bacteria.

Lab scale membrane
bioreactors fed wit full-scale
THP -AD sludge.

(Gu
2018)

et

al.,
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1.5. Research aims and thesis outline

To gain a comprehensive understanding of the transformations that occur in WAS during THP
and their implications for process performance, it is essential to identify the specific
components of WAS and analyse their modifications and interactions throughout the THP-AD

process.

During THP and subsequent AD, multiple transformations mentioned earlier can occur
simultaneously. However, the unique conditions of each THP-AD process and the specific,
localised composition of WAS determine the characteristics of the THP sludge. Moreover, the
impact of THP-treated WAS on AD and PN/A processes is influenced by either the products
generated during THP, or the intermediates formed during AD. Figure 1.5 presents a schematic
representation of the transformations that can take place during the THP process and illustrates
the potential interactions among them. This figure highlights the intricate nature of the
transformations occurring during THP and the diverse range of products that are likely to be

formed throughout the process.

WAS
Lipids Proteins Carbohydrates Sl{its Ashes
substances
T
Senti I |
Hydrolysis eptide F)onds Saccharification Redox reactions Solubilisation
breaking
il N i | I Ve N
. . . . . . Modified humic . ) N3
Triacylglycerides— LCFA Peptides Oligosaccharides substamnces Cations | | (poly-) PO,
Amino acids Monosaccharides PO
Maillard rcaction\‘
\‘/
I\/Ealltl_a xd Furfural
_ reaction N & HME
intermediates
Polymerisation
e Complexes
MElanGiding (PO_‘S' -) cation-humic-like)
TAN & -
VFA FAN Precipitates

Figure 1.5. Interactions during the THP process of WAS.
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To the best knowledge of the authors, there is not a comprehensive understanding of all side
reactions and transformations suffered by WAS during THP, nor there is understanding of the
effects and fate of the formed HSs in subsequent treatment units. Also, the effects of the
(additional) nutrients released during THP on AD and subsequent treatment steps needs further
research. After this introductory chapter, the thesis will follow the route of potential impacts

of THP on subsequent treatment units in a WWTP.

Chapter 2 addressed the formation of recalcitrant compounds and the release of N from the
different fractions of THP sludge and WAS. Also, the distribution of melanoidins and N
between supernatants and sludge pellets of centrifuged THP sludge was studied and compared
to WAS without pre-treatment in order to elucidate the origin and fate of N and melanoidins.
An evaluation of the melanoidins’ MW, aromaticity, and anaerobic biodegradability was also
conducted, to determine their anaerobic biodegradability. In addition, acetoclastic toxicity tests
were performed in order to assess the possible inhibition of the THP-generated compounds on

methanogenesis.

Chapter 3 assessed the effect of THP on the release of nutrients during AD and the possible
precipitation of TAN and POs*-P with metal ions in the AD broth. Also, simulations in

PhreeqC were conducted to assess the precipitates formed during AD.

Chapter 4 researched the influence of HSs, including melanoidins and humic acids, on the
struvite crystallisation process, evaluating the effects on the yields of precipitated nutrients,
and the morphology of the produced crystals. The results were used to build a conceptual
model, which considered the influence of particular characteristics of HSs on the struvite

precipitation process.

Chapter 5 researched the changes in PN/A influents and effluents as a consequence of the use
of THP-AD. Nutrients, organics, and cations are measured and compared in full-scale WWTPs,
using either THP or without pre-treatment. Also, stoichiometric calculations were performed
to assess the aerobic/anoxic biodegradability of the organics produced in THP using different
final electron acceptors. Finally, trace elements complexation assays were conducted to
investigate metals availability and possible microbial growth limitations of PN/A reactors in

full-scale.

The final chapter addresses the main conclusions of the thesis. Also, perspectives are discussed

in order to assess future research lines and the implications of the conducted work.
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1.6. List of abbreviations
AD: anaerobic digestion.
COD: chemical oxygen demand.

DS: Dry solids.

EBPR: enhanced biological phosphorus removal.

FAs: fulvic acids.

HAs: humic acids.

HMF: hydroxymethylfurfural.

HRT: hydraulic retention time.

HSs: Humic substances.

LCFAs: long-chain fatty acids.

MW: molecular weight.

PAOs: phosphate-accumulating organisms.
PN/A: partial nitritation and anammox.
Sl: saturation index.

SRT: solids retention time.

TAN: total ammoniacal nitrogen.
THP: thermal hydrolysis process.
VFAs: volatile fatty acids.

WAS: waste activated sludge.

WWTPs: municipal wastewater treatment plants.
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Chapter 2

ABSTRACT

Full-scale thermal hydrolysis processes (THP) showed an increase in nutrients release and
formation of melanoidins, which are believed to negatively impact methanogenesis during
mesophilic anaerobic digestion (AD). In this research, fractionation of THP-sludge was
performed to elucidate the distribution of nutrients and the formed melanoidins over the liquid
and solid sludge matrix. Degradation of the different fractions in subsequent AD was assessed,
and the results were compared with non-pre-treated waste-activated sludge (WAS). Results
showed that the THP-formed soluble melanoidins were partially biodegradable under AD,
especially the fraction with molecular weight under 1.1 kDa, which was related to protein-like
substances. The use of THP in WAS increased the non-biodegradable soluble chemical oxygen
demand (sCOD) after AD, from 1.1% to 4.9% of the total COD. The total ammoniacal nitrogen
(TAN) concentration only slightly increased during THP without AD. However, after AD,
TAN released was 34% higher in the THP-treated WAS compared to non-treated WAS, i.e.,
36.7+£0.7 compared to 27.4+0.4 mgTANTreleased/gCODsubstrate, respectively. Results from
modified specific methanogenic activities (MSMAS) tests showed that the organics solubilised
during THP, were not inhibitory for acetotrophic methanogens. However, after AD of THP-
treated sludge and WAS, the mSMA showed that all analysed samples presented strong
inhibition on methanogenesis due to the presence of TAN and associated free-ammonia
nitrogen (FAN). In specific methanogenic activities (SMAs) tests with incremental
concentration of TAN/FAN and melanoidins, TAN/FAN induced strong inhibition on
methanogens, halving the SMA at around 2.5 gTAN/L and 100 mgFAN/L. Conversely,
melanoidins did not show inhibition on the methanogens. Our present results revealed that
when applying THP-AD in full-scale, the increase in TAN/FAN remarkably had a greater

impact on AD than the formation of melanoidins.
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2.1. Introduction

One of the most critical challenges for wastewater treatment facilities in many countries is the
handling and disposal of waste-activated sludge (WAS) (Fytili and Zabaniotou, 2008;
Kelessidis and Stasinakis, 2012; Yang et al., 2015). Among possibilities to stabilise WAS,
anaerobic digestion (AD) is a well-established technology since it has shown, high system
robustness, reduction of pathogens, and recovery of the biochemical energy as biogas (Appels
et al., 2008; Lin et al., 1997). However, the conversion efficiency of organics present in WAS
into biogas in a conventional AD process is still low, ranging between 20-50% (Kabouris et
al., 2009; Luostarinen et al., 2009; Ohemeng-Ntiamoah and Datta, 2018). To improve the
bioconversion rate and CHj4 yield, different pre-treatments for organic substrates have been
proposed such as mechanical, thermal, chemical, and biological techniques, or integrations of
these (Gonzalez et al., 2018; Zhen et al., 2017). Whitin full-scale installations using pre-
treatment processes for WAS digestion, thermal hydrolysis process (THP) is the mainly applied
technology, which is offered by different companies. Some THP brand names present in the
market are Cambi®, Biothelys®, Exelys®, THP®, LysoTherm® and Turbotec®. THP
suppliers claim to improve biogas production, dewaterability, and to reach a pathogens-free
digestate (Kepp et al., 2000; Pérez-Elvira et al., 2010). THP follows a sequence of two steps.
The first step consists of heating the product to be hydrolysed which may consist of secondary
sludge, primary sludge or a mix of both, up to 140-180°C (at 4-10 bar) for a determined time.
Commonly, 20-40 minutes is set by the manufacturer, depending on the offered technology. In
the second step, the pressure is suddenly released, causing the pressurised-hot-water in the
microbial biomass to evaporate, producing a violent expansion with the subsequent lysis, and

release of the cytoplasmic content (Ringoot et al., 2012).

Despite the advantages of THP, several authors have reported the potential formation of
recalcitrant and even inhibitory or toxic compounds due to the occurring side reactions during
this process (Barber, 2016; Haug et al., 1978; Valo et al., 2004). The formation of recalcitrant
and/or inhibitory compounds is reported to increase along with the THP pre-treatment time and
temperature in the majority of the cases (Dwyer et al., 2008). Although different studies have
found inconclusive results about the specific cause of possible inhibition of AD caused by THP,
negative effects might be attributed to intermediates of Maillard and caramelisation reactions
that are formed during the THP process (Balasundaram et al., 2022; Higgins et al., 2017;
Ortega-Martinez et al., 2021; Penaud et al., 2000; Rahmani et al., 2023). Melanoidins can be

formed during THP since organic compounds in WAS mainly consist of proteins,
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carbohydrates, and small portions of lipids and humic substances (Gonzalez et al., 2018; Wilén
et al., 2003), which react during THP in caramelisation and Maillard reactions. During the
Maillard reaction, an amino group present in amino acids/peptides/proteins reacts with the
“glycosidic” hydroxyl group present in sugars to produce an Amadori-rearrangement-product,
which is a Maillard reaction precursor (Ellis, 1959). If the conditions are favourable, the
products of the initial rearrangements continue reacting, leading to the formation of
intermediates that suffer polymerization reactions, and will thus increase in molecular weight
(MW). The reaction products will form a wide range of compounds called melanoidins (Hodge,
1953; Horvat and Jakas, 2004; Silvan et al., 2006). Since the structure of melanoidins is not
well defined and the environmental conditions can modify them, melanoidins refer to a group
of molecules that behave similarly instead of to one specific compound. Melanoidins can be
classified based on MW and solubility, in a similar way as the classification of humic
substances in humic and fulvic acids and humins (Klavins et al., 1999; Migo et al., 1993). In
literature, it is hypothesised that melanoidins might cause inhibition of the anaerobic process.
However, the extent of this inhibition or the factors affecting inhibition are not fully understood
(Brons et al., 1985; Gao et al., 2022; Li et al., 2019; Rufian-Henares and de la Cueva, 2009;
Wang et al., 2022; Yin et al., 2019).

Besides the solubilisation of organics during THP, an increased nutrients release has also been
observed (Ngo et al., 2021; Suarez-Iglesias et al., 2017). This (extra) solubilisation may cause
operational problems in the subsequent steps of the reject water or sludge treatment. Additional
maintenance may be required because of uncontrolled NH4*-PO4*-based minerals precipitation
that causes pipe clogging or problems in the sludge dewatering installation. Furthermore,
additional total ammoniacal nitrogen (TAN= NH4*+NHa) release could lead to NH4" and free-
ammonia nitrogen (FAN) inhibition of methanogenesis. The inhibition is mainly caused by
FAN but the influence of TAN cannot be isolated (Astals et al., 2018). TAN/FAN are formed
due to the breakdown of proteinaceous material (deamination) during AD and can cause
inhibition of the process, especially in substrates with low C/N ratio (Akindele and Sartaj,
2018; Barber, 2016; Mata-Alvarez et al., 2014; Wilson and Novak, 2009). An elevated
concentration of TAN/FAN may lead to an increased pH of the reactors since the pKa of
NHs /NHz= 8.9 at 35°C. Moreover, TAN/FAN exert a higher degree of inhibition on
acetoclastic methanogens than hydrogenotrophic methanogens (Koster and Lettinga, 1984).
The somewhat higher pH and temperature in AD reactors using THP as pre-treatment, i.e.

around 40°C according to Barber (2016), increases the FAN concentration and thus the
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potential inhibition. In addition to this inhibitory effect, high TAN concentrations might lead
to an increase in the «costs of reject water deammonification, either via
nitrification/denitrification, partial nitritation/anammox, or physicochemical techniques (Deng
et al., 2021; Fux and Siegrist, 2004; Ochs et al., 2023; Vineyard et al., 2020), since the costs

are proportional to the mass of TAN to be removed.

In our present study, the formation of recalcitrant compounds and the release of N from the
different fractions of THP sludge and WAS was monitored, and their effect on AD was
determined. The distribution of melanoidins and N between supernatants and sludge pellets of
centrifuged THP sludge was studied and compared to WAS without pre-treatment to elucidate
the origin and fate of N and melanoidins. An evaluation of the melanoidins’ MW, aromaticity,
and anaerobic biodegradability was also conducted, to determine their recalcitrant character.
In addition, acetotrophic toxicity tests were performed to assess the possible inhibition of the
THP-generated compounds on methanogenesis.
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2.2. Materials and methods
2.2.1. Fractionation and characterisation of the substrates used for AD.

Thickened WAS and THP-treated-WAS were collected immediately before and after a
CAMBI® system from a municipal waste-water treatment plant (WWTP) located in Hengelo,
The Netherlands. The sampling volume was 10 L, and only one sample of each sludge was
taken. The WAS sample originated in an aerobic activated-sludge plant using enhanced
biological phosphorus removal (EBPR) and nitrification/denitrification. THP sludge samples
were collected after passing a CAMBI® installation, pre-treating only secondary sludge from
the WWTP in Hengelo and surrounding small WWTPs. The CAMBI® installation comprised
a pulper to pre-heat the sludge, a reactor with an operational temperature of 160°C and a
treatment time per batch of 30 min, and a flash tank to perform the "steam explosion”. The

samples were stored at 4°C before analysis and fractionation.

THP sludge was homogenised and centrifuged at 12,000 rpm for 10 min in a centrifuge model
Sorvall ST 16R (Thermo Fisher Scientific, USA) at 4°C, whereafter the pellet and supernatant
were collected. The pellet of THP sludge was washed three times in a culture medium
consisting of buffer, macronutrients, and micronutrients (Table 2.A1l in supplementary
information), to remove the remnant soluble melanoidins. The washing was performed by
doubling the pellet volume with culture medium and subsequently resuspending and
centrifuging at 3,500 rpm for 10 min in a centrifuge model Heraeus Labofuge 400 (Thermo
Fisher Scientific, USA). Four different samples were analysed: i) THP-liquid (THP),
comprising the centrifugation supernatant of THP sludge; ii) THP-solid (THPs), consisting of
the buffer-washed pellet of THP sludge; iii) THP-total (THP;), comprising a homogenous
sample of THP sludge; iv) WAS, comprising the non-pre-treated sample of thickened WAS.
Note that iii) THP: and iv) WAS were not processed by centrifugation and washing. For
clarification, a scheme of the fractionation is included in the supplementary material (Figure
Al).

2.2.2. Chemical analysis

Total solids (TS) and volatile solids (VS) were assessed according to Standard Methods for the
examination of water and wastewater (Rice et al., 2012). Soluble and total chemical oxygen
demand (sCOD and tCOD, respectively) and TAN, were measured with the kits LCK 114,
APC 303, brand Hach Lange (Hach, USA). Carbohydrates were measured according to the
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phenol-sulphuric acid method (Dubois et al., 1951). Proteins and humic substances were
measured based on the Lowry method considering the interference of humic substances,
according to Fr et al. (1995). Volatile fatty acids (VFA) were measured using an Agilent
19091F-112, 25 m x 320 um x 0.5 um column in an Agilent 7890A Gas Chromatograph
(Agilent Technologies, USA) equipped with a flame ionisation detector. Helium was used as
mobile phase with a total flow rate of 67 mL/min and a split ratio of 25:1, the sample injection
volume was 1 pL. The gas chromatograph oven’s temperature increased from 80 to 180°C in
10.5 min, and the temperatures of the injector and detector were 80 and 240°C, respectively.
Free ammonia nitrogen (FAN) was calculated in each sample based on equation (2.1),

according to Emerson et al. (1975).

TAN TAN
(10pKa'pH+1) ( (04901821-*—2729492)_'31_I 1)
+

FAN=

(2.1),

10 Ty

Where:
TAN=TAN concentration (NHs"+NHs in gN/L).
FAN= FAN concentration gN/L.

pKa= NH4"/NHs dissociation constant at the sample temperature (approximated as pK, =
(0.901821+2729.92)

T )-

k

Tk= Sample temperature in K.

2.2.3. Biochemical methane potential (BMP) and modified acetotrophic specific
methanogenic activity (nSMA) tests

BMP and mSMA tests were conducted with the four fractions formerly mentioned using an
AMPTS Il system (Bioprocess Control, Sweden) at 35°C, considering the recommendations
raised by Holliger et al. (2016). BMP tests were carried out in triplicate, using 500 mL bottles
with a reaction volume of 300 mL. The BMP bottles comprising inoculum, substrate and
culture medium were sampled for analysis at the beginning and the end of the AD. We obtained
ten groups from the sampling: i) THP, and THP,+AD, comprising the THP, substrate at the
beginning and end of the BMP, respectively; ii) THPs and THPs+AD, comprising the THPs
substrate at the beginning and end of the BMP, respectively; iii) THP: and THP+AD,
comprising the THP; substrate at the beginning and end of the BMP, respectively; iv) WAS
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and WAS+AD, comprising the WAS substrate at the beginning and end of the BMP,
respectively; v) Blank and Blank+AD, comprising only inoculum and culture medium at the
beginning and end of the BMP, respectively. The tests were conducted with a concentration of
19 grams of tCOD per litre of substrate and 28.5 grams of VS per litre of inoculum, having an
inoculum/substrate ratio of 1.5 gVS/gCOD. In the blank bottles, the substrate was replaced by
demineralized water, while the culture medium (Table 2.A1 in supplementary information) and
inoculum remained in the same concentration as in the tests with substrates. Results were
expressed in millilitres of normalised CH4 (273.15 K and 1 atm) produced per gram of substrate
COD. The percentage of biodegradability of the analysed samples was assessed considering
that 100% corresponded to 350 NmL-CH4/gCOD.

The inoculum to perform the BMP and mSMA tests was collected from the digestate produced
at municipal WWTP, Harnaschpolder operated by Delfluent Services (Den Hoorn, The
Netherlands). These digesters treat a mixture of WAS and primary sludge without any pre-
treatment, at a hydraulic retention time of 21-24 days and an operational temperature of 35°C.
In preparatory tests (results not shown), microcrystalline cellulose (Sigma-Aldrich, USA) was
used as the substrate in positive controls with the inoculum from the same provenance, ensuring
that the inoculum was active and produced the stoichiometric amount of CH4 according to the
added substrate. The inoculum was pre-incubated at 35°C for seven days to consume the
remaining substrate from the full-scale installation and was pre-concentrated 1.7 times by
centrifugation 10 min at 3,500 rpm in a centrifuge model Heraeus Labofuge 400 (Thermo
Fisher Scientific, USA) to reach the required concentration to perform the experiments.

To study the differences in acetotrophic methanogenic activity of the inoculum before and after
the BMP test, two mSMAs tests were conducted with the mixed broth used for BMP tests at
the beginning and the end. The mSMA tests were conducted under the same conditions as the
BMP tests, using the automated methane potential test system (AMPTS) Il (Bioprocess
Control, Sweden) at 35°C, using the same culture media (Table 2.A1l in supplementary
information), and recording CH4 generation over time. The mSMA tests were conducted using
2 gCODI/L of sodium acetate, which was added to the BMP-substrates THP;, THPs, THP¢, and
WAS, using the same inoculum. The BMP-blank-bottle plus sodium acetate was considered as
MSMA positive control in which no substrate for BMP was added. The reaction volume of
MSMASs before and after the BMP test was 300 mL and 250 mL, respectively, since 50 mL of
broths were taken for analysis once the BMP test was ended (symbolised in the figures as

“+AD” samples). Both mSMAs were carried out in triplicate and the bars in the graphs
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represent the standard deviation. The results were expressed in grams of COD as CH4 produced

per gram of VS inoculum per day, at the maximum CHa production rate.

Additionally, SMA tests with different concentrations of TAN/FAN and melanoidins were
carried out, using the same inoculum as in the BMP and mSMA tests, in 500 mL bottles with
300 mL of reaction volume, and adding the same concentration of acetate and culture medium
used for mSMAs. TAN was supplied as NH4Cl (CAS Number 12125-02-9, Sigma-Aldrich,
USA). Resulting FAN concentrations were calculated according to equation (2.1) and plotted
together with TAN. The pHs used to calculate FAN were measured at the beginning of the
BMP test since it was close to the point when the maximum CHg rate was measured. At the
end of the BMP test (day 23), the pH of the broth was measured again for the FAN calculation.
Soluble melanoidins were prepared to resemble the humic substances formed during THP.
Melanoidins were prepared according to Bernardo et al. (1997) and Dwyer et al. (2008): by
reacting 0.25M glucose and 0.25M glycine using 0.5M NaHCO3 as buffer, for three hours at
121°C, in an autoclave model FVA3/Al (Fedegari Autoklaven AG, Switzerland). After the
incubation, the synthetic melanoidins solution was anaerobically digested at 35°C using
anaerobic inoculum in a proportion of 1 g VSinoculum /g COD melanoidins in order to reduce the
amount of readily-biodegradable organics, such as short molecular weight melanoidins and
non-reacted glucose and glycine. After the gas production stopped, the digested melanoidins
supernatant was separated from the digestate using centrifugation at 3,500 rpm for 10 minin a
centrifuge model Heraeus Labofuge 400 (Thermo Fisher Scientific, USA), characterised, and
stored at 4 °C for further use. The inhibitory effect on SMA was modelled using equation (2.2),
which is analogous to the equation used in ADM1 to model pH inhibition (Astals et al., 2018).

Also, the half inhibition constant was calculated as (KI,,;, 7K. )/2.
SMAi, max » if [Si]SKImin

SMA= (sl \?
SMAi, max'e-z77259 ((Klmax-Klmm)) 5 if [Si]>KImin

(2.2),
Where:
SMA| 1ax= SMA measured when inhibition starts.

[S;] : inhibitor concentration (i=TAN and FAN).

Kl inhibitor concentration at which the inhibition is almost complete (assumed as
SMA =0.06-SMA, 4x)-
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KI,,,;,=inhibitor concentration when inhibition starts.
2.2.4. Size Exclusion Chromatography (SEC-HPLC)

Employing SEC-HPLC we investigated the MW of the melanoidins formed during THP and
their fate during AD. SEC-HPLC elutes the soluble molecules based on their hydrodynamic
radius, which increases with the MW (Squire, 1985; Tarvers and Church, 1985). Absorbances
at two wavelengths were used in the SEC-HPLC detector. One was measured at 254 nm,
indicating the humic substances with a higher presence of phenolic groups (more condensed),
and the other one was measured at 210 nm, which represented less condensed molecules
associated with proteinaceous material (Her et al., 2008). Samples were taken before and after
performing the BMP tests, filtered through 0.45 um with a CHROMAFIL Xtra PES-45/25
(Macherey-Nagel, Germany), and analysed by SEC-HPLC using a column model Yarra™ 3
pm SEC-2000, LC Column 300 x 7.8 mm, Ea (Phenomenex, USA) connected to an ultrafast
liquid chromatography (UFLC) system (Prominence, Shimadzu, Japan). Acetonitrile and
sodium PO4* buffer of 10 mM, pH 7, prepared in ultrapure water in a proportion of 25% and
75%, respectively, were used as mobile phase. The eluent flow was 0.25 mL/min, and the
separation was reached within one hour at 25°C. A UV detector was used at 254 nm and 210
nm to identify the analytes. Four Polystyrene sulfonate standards (Polymer standard service,
Germany) of 0.1, 1.1, 3.6, and 29.1 kDa were used to correlate the elution time with the MW.
The results were expressed as the area under the curve of the detector signal (in mV) in the
timeframe that corresponds to the known MW defined in the standards. The UV absorbance
ratio index (URI) describes the specific aromaticity of the soluble substances measured in SEC-
HPLC. A high URI indicates the occurrence of protein-like moieties associated with carboxylic
and hydroxyl groups, while a low value indicates phenolic groups occurrence and thus,
aromaticity (Her et al., 2008). URI was calculated as the quotient of the averaged absorbances

at 210 nm over 254 nm, in each MW interval.
2.2.5. Fluorescence excitation emission matrix (FEEM)

FEEM was conducted using a FluoroMax-3 spectrofluorometer (HORIBA Jobin Yvon, Japan)
with a 1 cm path-length quartz cuvette. The samples were filtered through 0.45um and diluted
with ultrapure water to reach a concentration of 1 mgTOC/L. Emission and excitation spectra
were analysed from 290 to 500 nm and 240 to 452 nm with 2 and 4 nm of interval, respectively.
The Raman peaks were removed and the blank (ultrapure water) was subtracted. The

integration of the fluorophores was performed based on the location of the maximum peak
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method, according to Dwyer and Lant (2008). The FEEM was divided into three areas to
perform normalised fluorescence regional integration (NFRI), as follows: protein-like
substances (3,320 nm?2) comprised the polygon formed by the points (290 nm, 240 nm) , (290
nm, 268 nm), (328 nm, 308 nm), (350 nm, 308 nm), and (350 nm, 240 nm); fulvic-like
compounds (7,104 nm?) comprised the polygon formed by the points (352 nm, 240 nm), (500
nm, 240 nm), (500 nm, 288 nm), and (352 nm, 288 nm); and humic-like compounds (16,472
nm?) comprised the polygon formed by the points (352 nm, 288 nm) (500 nm, 288 nm) (500
nm, 452 nm) (472 nm, 452 nm), and (352 nm, 332 nm). The NFRI results comprised the volume
under the FEEM in arbitrary units (AU*nm?) in the three polygons analysed (protein-like,
fulvic-like, and humic-like substances), over the area of the specific polygon in nm? (Chen et
al., 2003).

2.2.6. True colour and UVA 254

True colour and UVA 254 were measured in the soluble fraction after filtration using 0.45um
syringe filters CHROMAFIL Xtra PES-45/25 (Macherey-Nagel, Germany). The true colour
was measured at 475nm using a Platinum-Cobalt colour reference solution (Hazen 500,
Certipur® Merck, Germany) with a concentration of 500 mgPt-Co/L in a Genesys 10S UV-
Vis spectrophotometer (Thermo Scientific, USA) using 1cm pathway plastic cuvettes. UVA
254 was measured in the same spectrophotometer as the true colour measurement, at 254 nm
with 1 cm pathway quartz cuvettes. The results are expressed in mg Pt-Co/L and 1/cm in the

case of true colour and UVA 254, respectively.
2.2.7. Analysis of results

The specific degree of solubilisation (SDOS) describes the solubilisation of specific
compounds of interest (i-th compound) in a particular moment per unit of mass in the initial
substrate (expressed as COD), and it is defined in equation (2.3). SDOS was calculated at the
beginning and end of AD, discounting the blank sample at the same moment. For assessing this
parameter, the soluble concentration of specific compounds in the blank sample (no substrate
added) was subtracted from the soluble concentration before and after AD, and this was divided
by the tCOD concentration in the initial substrate. The results are expressed in the mass of the

i-th compound solubilised per mass of tCOD in the initial substrate.

. C; :- G Blank
i-SDOS= =L (2,3),
] t=0 and t=23
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Where:
t= digestion time in days (t=0 is considered before AD t=23 after AD)
i-SDOS = Specific degree of solubilisation of the i-th parameter.

C; j=Soluble concentration of the i-th parameter in the j-th sample.

Ci. glank = Soluble concentration of the i-th parameter blank sample (before and after AD,

respectively).

tCOD; = Substrate tCOD concentration (homogenous) in the j-th sample, before AD (19
gCODI/L).

i=sCOD, T.colour, UVA 254, TAN, and soluble proteins.
j=THP,, THPs, THP;, and WAS.

To better understand the effect of THP conditions on the biodegradability of proteins in relation
to the biodegraded organic matter during AD, the TAN/eleased/ CODconsumed ratio was calculated
in all analysed fractions (COD balance in Figure 2.A2 of supplementary material). TAN
released per unit of total COD consumed is defined in equation (2.4). This parameter shows
the TAN released per unit of biodegradable COD in the analysed substrates.

TAN-SDOS, 5p, -TAN-SDOS ap

<(tC0D-AD, {COD_AD, Blank)-(1COD4AD jCOD,Ap Blank))

TANreleased/ CODConsumed: (2 : 4)1

CODj

Where:
TAN-SDOS, p, ;= TAN-SDOS after AD in the j-th sample.
TAN-SDOS_,p, j= TAN-SDOS before AD in the j-th sample.

tCOD,,p,j= tCOD concentration after AD in the j-th sample (tCOD,ap.gjank= tCOD

concentration in the Blank after AD).

tCOD_5p, ;= tCOD concentration before AD in the j-th sample (tCOD_p, giank= tCOD

concentration in the Blank before AD).
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Single-factor ANOVA with a confidence level of 95% was used to evaluate the significance of
differences between the different samples. Also, mean difference tests with the same level of

significance as ANOV A were used when comparing two samples’ averages.
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2.3. Results and discussion
2.3.1. Fractionation of THP sludge samples

The biochemical parameters of WAS and the different fractions of THP sludge are given in
Table 2.1. After fractionation, about 40% of the THP sludge (THP:) consisted of THP), while
60% of the mass was found as THPs. It is important to remark that the parameters measured in
THP, and THPs corresponded to the concentrations reached after the fractionation that was
performed in the laboratory and, therefore, do not represent values that can be found in a full-
scale installation. The soluble biochemical parameters in the THP, fraction were similar to
those of the THP; since both samples share the soluble portion of THP sludge. Measured VFAs
in THP, and THP: could originate from the release of cytoplasmatic metabolites and/or
physicochemical conversion of lipids, (long-chain) fatty acids and proteins present in WAS,
which were solubilised. The increased TAN concentration in pre-treated samples was most
likely produced by the physicochemical deamination of proteins during THP (Wilson and
Novak, 2009). Melanoidins present in the THP sludge fractions caused the observed increase
in UVA 254 and true colour compared to WAS. The percentage of solubilised organic matter
after pre-treatment (sSCOD/tCOD) increased from 0.5% in WAS to 32% in THP;, evidencing
the capacity of the pre-treatment to solubilise the organic compounds present in the WAS. The
soluble compounds present in the THPs fraction indicate that not all soluble substances were
removed during the washing protocol, and some remained within the THP-treated sludge’s
solid matrix. In addition, true colour and UVA 254 were measured in the soluble phase only;
the pre-treatment induced an increase of 650 and 300 times in true colour and UVA 254,
respectively, compared to WAS. Elevated colour and UVA 254 during THP have been widely
reported in the literature and have been attributed to the formation of melanoidins (Dwyer et
al., 2008).

Table 2.1. Biochemical parameters in the fractionation of THP sludge and WAS.

Measurement THPy THPs THP: WAS
fraction fraction sample sample
BMP (NmL-CH4/gCOD) [% of 230£23 119+35 165+24 122422
biodegradability] [66£7] [34+10] [47£7] [35+6]
sCOD (g/L) 54.9+0.9 |9.76+0.06 |52.9+0.2 0.95+0.05
tCOD (g/L) 7542 23819 172+1 21247
Total solids (gTS/L) 57.5+0.1 187.3+0.7 | 136.3+0.5 | 166.8+0.4
Volatile solids (gVS/L) 50.5+0.4 131.1+0.5 | 105.2+0.1 | 130.6+0.3
TAN (mg TAN/L) 1,034+8 | 389+2 1,068+14 | 713+12
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: 16,9931, 17,578+89 | Not
Soluble proteins (mgBSA/L) 480 2,406+231 5 detected.
Soluble carbohydrates (mg/L) 3,353+895 | 1,025+69 é; 88+1,0 367+37
VFA mg (COD/L) 1,885+81 | 210+17 1,997+74 | 35.2+0.2
UVA 254 (1/cm) 207.2£0.2 | 41.93+£0.05 | 207.60.2 8.168810.0
True colour (g Pt-Co/L) 81.0£0.2 8.54+0.02 | 84.1+0.2 8'212310'0

Table 2.1 also shows the BMPs of the analysed samples. Obtained values clearly indicate that
the THP, fraction had the highest biodegradability, reaching 66% of the theoretical CH4
production. Furthermore, THPs and WAS showed about 34% of biodegradability, indicating
the low biodegradability of both substrates. The BMP of THP: corresponded to the weighted
average of the BMPs of THP; and THPs, given a mass distribution of 40% in the supernatant
and 60% in the pellet during the fractionation. The assessed biodegradability of WAS and THP;
was slightly lower than the results obtained by Stuckey and McCarty (1984) and Jeong et al.
(2019) at similar conditions. However, as suggested by Jeong et al. (2019), a high sludge
concentration during THP may result in low BMP values of the pre-treated sludge due to mass
transfer limitations. Notably, in our work, WAS was pre-treated at a concentration of 16.6%
(166.8+0.4 gTS/L in Table 2.1), whereas in Jeong et al. (2019) the highest concentration
reached was 7%. It is noteworthy that THP; was sampled before it was diluted to enter the
anaerobic reactors, which explains the high TS concentration. Moreover, in the case of WAS
and THP; the increment of about 35% in biodegradability (from 34% to 47%) due to pre-
treatment is in accordance with the 25-27% increment that Jeong et al. (2019) found for
mesophilic digestion and THP pre-treatment at 175°C. On the other hand, Haug et al. (1978)
showed a biodegradability of WAS between 32.5 and 42.5% and an increment of 22.2%, i.e.,
from 32.5 to 39.7% after pre-treatment. While the biodegradability in their work was similar,
the attained increment was lower than the one obtained in our present work, even though pre-

treatment conditions were similar (175°C for 0.5 hours).
2.3.2. Occurrence and degradation of melanoidins

Figure 2.1-a shows the concentration of SCOD and its specific degree of solubilisation (sCOD-
SDOS) in the studied samples before and after anaerobic digestion, (“+AD” indicates
anaerobically digested samples). The sCOD-SDOS value relates the sSCOD concentration at a

specific moment to the initial substrate COD. This parameter is introduced to discount the
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effect of the culture medium, and inoculum due to endogenous respiration. Besides, the
concentrations shown were measured in the reaction broth, which includes the substrate,
inoculum, and culture medium. The sSCOD-SDOS decreased after AD in all analysed samples,
showing that organic matter, which was solubilised during THP, was largely biodegraded under
anaerobic conditions. Results showed a very high anaerobic biodegradability of the sCOD
observed in the samples THP, and THP:. On the other hand, THPs and WAS showed less
soluble organics before AD, which was a consequence of the particulate nature of the samples.
The residual sCOD after AD was considered recalcitrant under anaerobic conditions, and
accounted for 16.2, 1.4, 4.9 and 1.1% of the tCOD in THP,, THPs, THP;, and WAS,
respectively. In practice, anaerobically recalcitrant SCOD will leave the anaerobic digester with
the reject water and will be conveyed to any subsequent step after AD, such as struvite
precipitation and/or partial nitritation/anammox processes, or will be directed toward the
WWTP headworks. The sCOD in the analysed samples was correlated with true colour (Figure
2.1-b), UVA 254 (Figure 2.1-c) and soluble proteins (Figure 2.3-b), indicating that the
solubilised organic matter contained proteins, aromatics, and coloured compounds such as
melanoidins. The formation of soluble melanoidins in THP has been previously reported by
Dwyer and Lant (2008), and colour and UVA 254 were used to estimate their concentration.
Melanoidins, as well as humic substances, can be classified according to their acid/base
solubility in 1) fulvic acids (always soluble), ii) humic acids (insoluble at pH<2) and iii)
insoluble humins (Sutton and Sposito, 2005). However, in our present work, SCOD, true colour,
and UVA 254 only accounted for the fulvic and humic fractions that are soluble at the pH of

the experiments, without distinction between humic and fulvic acid fractions.

74



Accumulating ammoniacal nitrogen instead of melanoidins determines the anaerobic digestibility of thermally hydrolysed waste-activated
sludge

16 - : 0.8
| ) = SCOD =
= i L 06
» 127 ; —— sCOD-SDOS |
a) : ; Q
g ° E 2
Lo 1 [a)]
4 | S

I True colour

g s
@) 1
g 21 - E ——True colour-
a 1
52 14 - ! 20O 0.8
: | s
6 7 - : : = 0.4
9 : ]
S 0 - ‘ ' Lo
|_
60 1 ¢) | [™==UVA254
45 A —UVA 254-5D0s| 24

UVA 254 [1/cm]

w
N
UVA 254-SDOS [1/cm/g] True colour-SDOS [g/g]

Figure 2.1. Chemical analysis of the different THP-treated fractions and other sludge samples
subjected to AD (indicated as +AD): a) Soluble COD concentration and sSCOD-SDOS; b) True
colour concentration and true colour-SDOS; ¢) UVA 254 concentration and UVA254-SCOD.
The data consider the substrates dilution with inoculum and culture medium.

Figure 2.2-a and Figure 2.2-b show the MW distributions before and after AD as coloured bars
in the soluble part of the analysed samples. The size of computed areas under the curve with
254 nm and 210 nm showed a similar trend as sCOD, true colour, UVA 254, and soluble
proteins, in which THP, followed by THP; had the highest concentrations of humic substances,
followed by THPs and WAS. The concentration of humic substances (254nm) decreased after
AD. In addition, for both wavelengths, the MW of the humic substances before AD was mainly
below 3.6 kDa, which according to MacCarthy (2001), corresponds to a fulvic acids fraction.

The compounds measured in the Blank and WAS were very likely not melanoidins but
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extracellular polymeric substances (EPS), which are commonly present in aerobic and
anaerobic biomass (D’ Abzac et al., 2010; Fr et al., 1995). The presence of EPS-like compounds
was more evident in WAS, in which the fraction larger than 29.1 kDa was the highest in the
measurements at 210 nm (Figure 2.2-b). After AD, the concentration of compounds measured
at 254 nm and 210 nm decreased for all THP fractions, showing that the anaerobic
microorganisms either consumed or adsorbed part of these substances, removing them from
the soluble phase, as shown in Figure 2.2-b and Figure 2.2-c. For the pre-treated samples, the
low MW molecules showed the highest biodegradability, and the fraction below 1.1 kDa,
decreased in all samples analysed at 254 nm and 210 nm wavelengths. The low MW fraction
may have consisted of furfural, hydroxymethylfurfural, and similar compounds, which have
been identified as intermediates of Maillard reactions (Hodge, 1953). These compounds are
reported to be biodegradable under anaerobic conditions (Boopathy, 2002; Huang et al., 2019;
Park et al., 2012), which may explain our observed results (Figure 2.2 -a and Figure 2.2-b).

Figure 2.2-c shows URI per range of MW in each of the samples analysed before and after AD.
As can be observed in all fractionated THP samples, compounds with a MW exceeding 3.6
kDa increased the URI values during AD. This URI increase indicated that in these MWs
ranges, either the microorganisms converted the aromatic compounds or there was an increase
in the non-aromatic substances. Non-aromatic substances increase can possibly be attributed
to the excretion of soluble EPS during anaerobic biomass growth in the batch reactors,
increasing the UV210 absorbance in these fractions. Moreover, within the pre-treated samples,
compounds with a MW below 3.6 kDa increased their aromaticity after AD, which is indicated
by decreasing URI values. This indicates that the low-MW-aromatic compounds (low URI)
were biodegraded during AD as discussed before (Figure 2.2-b). In the case of the non-pre-
treated samples, WAS and Blank samples, the fractions >29.1kDa and <0.1kDa decreased their
specific aromaticity, indicated by an increased URI. The rest of the MW fractions increased
their aromaticity after AD. Since WAS and blank samples did not contain melanoidins, the
changes in URI were most likely caused by changes in the EPS structure and the presence of
degradation products of cell material in the case of WAS. The EPS spectrum has shown
absorbance in the range 210-220 nm and 255-265 nm, which are related to protein and humic-
like structures (Meng et al., 2016; Wang et al., 2018).

Figure 2.2-d shows the NFRI corresponding to humic-like, fulvic-like and protein-like
substances in the FEEM. As observed in Figure 2.2-d NFRI decreased after AD showing a
similar trend as sCOD (Figure 2.1-a) and total area in SEC-HPLC analysis (Figure 2.2-a and
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Figure 2.2-b). Also, the pre-treated samples showed a higher degree of fluorescence compared
to WAS, evidencing the presence of humic substances. Furthermore, it can be observed that
after AD the humic-like and fulvic-like fractions remained at a similar level, indicating lower
biodegradability in these fractions. On the other hand, the protein-like fraction decreased in all
the samples after AD, indicating that this fraction can be degraded under anaerobic conditions.
Overall, THP increased the solubilisation and formation of biodegradable and recalcitrant
melanoidins. Among the aromatic compounds formed during THP, we observed anaerobic
biodegradability in the low molecular weight fraction, which were associated with protein-like

substances.
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Figure 2.2. a) Distribution of MWs at 254 nm; b) Distribution of MWs at 210 nm; ¢) URI in
each MW interval (logarithmic scale); d) Protein-like, fulvic-like and humic-like NFRI in
FEEM. Bars represent the samples before and after (+AD) anaerobic digestion.

2.3.3. TAN formation and release

TAN release was studied in the fractionated substrates before and after AD. Despite that FAN
is considered the main inhibitor, TAN was chosen as determining parameter since TAN can be
measured directly, and it was not possible to differentiate the inhibition caused by NH4" or
FAN (Astals et al., 2018). Before AD, TAN originated from: TAN in the substrates, TAN
present in the culture medium used in the BMP tests (Table 2.A1), and TAN in the inoculum.
Moreover, TAN release after the BMP tests originated from TAN released from substrate

digestion, and TAN released from the inoculum due to endogenous respiration. Figure 2.3
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shows the concentration of TAN and soluble proteins, both before and after performing the
BMP tests. The SDOSs of these compounds are shown in Figure 2.3 as well. Following the
former reasoning, we choose TAN-SDOSs and soluble proteins-SDOS to assess the TAN and
soluble COD release caused exclusively by the substrates added in the BMP bottles.
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Figure 2.3. a) TAN concentration and TAN-SDOS; b) Soluble proteins concentration and
soluble proteins-SDOS; in the samples before and after (+AD) BMP tests, in the analysed
samples.

From Figure 2.3-a it can be observed that before AD, TAN-SDOSs of THP, and THP; showed
values 3.5- and 1.7-times higher than WAS. The elevated TAN-SDOS concentration before
AD indicated that the conditions during THP were such that they caused proteins deamination.
The physicochemical breakdown of proteins to the extent of deamination during THP
thermochemical reactions has already been reported by Wilson and Novak (2009). Conversely,
before AD, TAN-SDOSs in WAS and THPs showed the lowest values, indicating that in these
samples, N was contained in the particulate organics. In addition to the TAN
solubilisation/formation during pre-treatment, AD resulted in a TAN-SDOS increase of at least

four times in all samples analyzed.

Figure 2.3-a and b show that THP, rendered the highest TAN-SDOS increase during AD
showing that most of the biodegradable proteins were in the soluble fraction of THP-treated
sludge. Strikingly, THPs showed the lowest increase in TAN-SDOS during AD, i.e., from 2.8
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to 19 mgTAN/gCODsubs, indicating a lower concentration of biodegradable proteins in THP.
Guo et al. (2020) showed the presence of structural proteins in WAS pellet being part of the
non-soluble EPS matrix, which confirms our present finding. Figure 2.3-b shows that the
soluble proteins-SDOS before AD showed a similar tendency as TAN, rendering the highest
values in the sample THP, followed by THP:. Figure 2.3-b also shows that in all the cases the
solubilized proteins are biodegradable during AD, which resulted in accumulating TAN in the

digester broth.

The TANreleased/ CODconsumed ratios for the THP fractions were 99 £ 17, 46 + 9 and 56 £ 15
mgTAN/gCOD in THP,, THPs and THP, and 64 + 10 mgTAN/gCOD for WAS, respectively.
Comparing TAN/released/ CODconsumed, it can be inferred that THP, consisted to a large extent of
biodegradable proteins, considering 121 mgTAN/gCOD as the stoichiometric maximum from
serum albumin digestion (C123H193037N3s, CAS 98420-25-8). The opposite was observed in
THPs, in which the biodegradable solid fraction released about half of the TAN that was
released in total by THP, during AD. The low TAN/eleased/ CODconsumed in THPs indicated that
the biodegradable solid fraction of THP; contained less biodegradable proteins. Moreover, the
THP: sample released less TAN per biodegradable substrate than WAS. Considering that the
BMP value of THP: was higher than that of WAS, THP increased the biodegradability of other
organics too (not just proteins). At the same time, the decrease in TANeleased/ CODconsumed iN
THP: compared to WAS was likely caused by the Maillard reaction, which rendered AD-
recalcitrant melanoidins (Dwyer et al., 2008; Martins and van Boekel, 2003). Overall, THP
increased the solubilisation of biodegradable organic matter (shown as THP)) and increased the
BMP and TAN release, specifically from the soluble fraction. However, the use of THP
reduced the TAN/released/ CODconsumed ratio, due to the formation of melanoidins and deamination
during THP (Wilson and Novak, 2009; Wilson et al., 2011).

2.3.4. Acute inhibition of the methanogenic biomass

By assessing the mSMA at the beginning of the BMP tests, using fresh inoculum and the
fractionated substrates, we were able to determine any possible inhibitory effect on the
methanogenic biomass caused by compounds that were present in the initial substrate, such as
the organic matter released during pre-treatment. Additionally, the mSMA results obtained
after the BMP tests (+AD) provided information about possible metabolites that were formed

during AD, affecting the digestion process.
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Figure 2.4-a shows that the mSMAs of inoculum with the addition of the THP-pre-treated
samples were 84.2 + 1.3, 87.1+1.7 and 87.0 + 0.2 mgCOD/gVS/day for THP, THPs and THP:
respectively. Results showed that none of them was statistically different from the blank sample
(inoculum only), using mean differences t-test (p-values of 0.36, 0.08 and 0.1, respectively).
The equal mMSMA compared to the Blank in the pre-treated samples before BMP indicated that
there was no (acute) inhibition of methanogens that could have been caused by compounds
formed or solubilised during THP. On the other hand, mSMA of WAS was 39% higher
compared to the blank test, which was significantly different with a p-value=0.001 in a mean
difference t-test. The difference in mSMA between the Blank and WAS addition might be
explained by the storage of WAS in a “sludge-buffer-tank” at the WWTP for approximately
two weeks. This storage period might have led to an accumulation of methanogenic
microorganisms that increased the acetotrophic activity in this sample. The CAMBI® system
at the WWTP was fed from the same sludge buffer, but any microbial activity would have been
destroyed during the THP pre-treatment. Therefore, the mSMA in the samples with addition of

the pre-treated fractions was not affected.

Figure 2.4-a also shows the severe decrease in the microbial activity that was observed in all
the samples analysed after the BMP tests (samples +AD). Results indicated that one or more
compounds produced during AD decreased the acetotrophic activity of the anaerobic inoculum.
The samples after AD were statistically indifferent with p-values of 0.628 in a single factor
ANOVA, with 95% of confidence. Among the studied parameters, the increased concentrations
of TAN and FAN possibly explained the decrease in acetotrophic activity after AD (Astals et
al., 2018). Figure 2.3-a and Figure 2.4-b show the concentrations TAN and FAN, respectively,
in the studied samples before and after the BMP tests. FAN increased in all the samples after
AD, which was a consequence of the increased TAN concentration, plus a slight increase in
the pH during the incubations. To the authors' knowledge, there is not a clear threshold in the
literature for inhibition of acetotrophic methanogenic activity due to the presence of TAN and
FAN (Capson-Tojo et al., 2020). Different authors reported different ranges of inhibition for
TAN and FAN in AD, e.g. Bhattacharya and Parkin (1989) found that 55 mg FAN/L was the
maximum tolerable concentration, while Calli et al. (2005) found a reduction in COD
conversion in UASB reactors of 78-98%, with a concentration of 800 mgFANY/L. Literature
results indicate that TAN and FAN inhibition thresholds, are inoculum-dependent and might
vary depending on the operational conditions and acclimation of the microorganisms to these
inhibitors (Chen et al., 2008; Lee et al., 2021; Moerland et al., 2021).
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Figure 2.4. a) mSMA before and after BMP tests (+AD) in all substrates; b) FAN concentration
before and after BMP tests in all substrates.

The influence of possible inhibitors in the samples was further assessed, using the same
inoculum as in the mSMA test and applying incremental concentrations of TAN/FAN and
melanoidins. Figures 2.5-a and b show the relative SMA values as a percentage of the positive
control (without inhibitor) at different TAN/FAN, and melanoidins concentrations. Both TAN
and FAN distinctly decreased the SMAs (Figure 2.5-a), and SMAs halved their maximum
values at about 2.5 g TAN/L and 100 mg FAN/L. These half-inhibition concentrations were
within the range that was observed in the studied samples after BMP (+AD). Moreover, the
inoculum that was used in both (m)SMA and BMP was likely not well acclimated to increased
concentrations of TAN and FAN, since the full-scale digester from where the inoculum was
obtained contained around 789 mgTAN/L and 41 mgFANY/L. The mentioned full-scale digester
was not equipped with any sludge pre-treatment technique.

Contrary to the observed TAN and FAN inhibition of the SMA, the SMAs at incremental
concentrations of melanoidins showed no evidence of inhibition of the methanogenic activity,
even at COD concentrations as high as 20 gCOD/L, when, conversely, higher activity was
observed (Figure 2.5-b). The increased activity can possibly be attributed to some methanogens
that might have been contained in the melanoidins stock solution due to the anaerobic pre-

digestion process with anaerobic digestate. Our current findings agree with the results of
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Rodriguez-Abalde et al. (2011) who did not find evidence that melanoidins can cause inhibition
on methanogens. In contrast, Penaud et al. (2000) posed that there are recalcitrant compounds
that may cause a decrease in anaerobic activity. However, in their study, TAN/FAN were not
measured, although both compounds are expected to be present in ranges that might have led
to process inhibition. Other studies also reported inhibition of methanogens by humic
substances; however, the diversity of the microorganisms present in a full-scale inoculum
might have helped to mitigate this effect (Khadem et al., 2017; Yap et al., 2018; Zhang et al.,
2022). TAN/FAN are well-known inhibitors of AD. However, in literature, it is well described
that anaerobic biomass can be acclimated to high TAN/FAN concentrations (Yan et al., 2019).
The expected effect of increased TAN/FAN is especially high during the transition phase, when
an AD reactor with no pre-treatment starts using THP. Under such conditions, the sudden
increase in TAN/FAN concentrations might lead to instabilities in the process before the

anaerobic biomass is acclimated to the new regime.
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Figure 2.5. a) Relative SMA values of the inoculum used in the mSMA and BMP tests at
different concentrations TAN and FAN; 100% agrees with an SMA of 96+1 mg COD/gVS/day.

Note: X-axis is a log-scale. b) Relative SMA values at incremental melanoidins concentrations
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of the inoculum used in the SMA and BMP tests; 100% agrees with an SMA of 64+1 mg

COD/gVS/day.
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2.4. Conclusions

From our present study the following conclusions can be drawn:

84

THP of WAS released digestible organics and increased the concentration of aromatic
compounds, which were partially biodegradable under anaerobic conditions.
Especially, the aromatic fractions with a MW under 1.1 kDa that were related to
protein-like compounds were partially biodegradable.

TAN was limitedly released during THP solely, but TAN concentrations increased
drastically during subsequent AD.

THP increased the solubilisation and biodegradability of organic matter which
increased the BMPs. However, the ratio TANreleased/ CODconsumed decreased, due to THP-
related deamination and the Maillard reaction of proteinaceous material that forms
partially AD-recalcitrant melanoidins.

Melanoidins that were formed during THP of WAS did not cause acute inhibition on
acetotrophic methanogenesis of a full-scale inoculum sample.

Inhibition of methanogens, while digesting THP-treated sludge, was likely a
consequence of the released TAN (and FAN formation) from an increased amount of

biodegradable proteins.
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2.5. List of abbreviations
+AD: samples taken after the BMP was performed.
AD: anaerobic digestion.
AMPTS: automated methane potential test system.
BMP: biochemical methane potential.
BSA: bovine serum albumin.
EBPR: enhanced biological phosphorus removal.
EPS: extracellular polymeric substances.
FAN: free ammonia nitrogen.
FEEM: Fluorescence excitation emission matrix.
mSMA: modified specific methanogenic activity.

MW: molecular weight.

NFRI: normalised fluorescence regional integration.

sCOD: soluble chemical oxygen demand.
SDOS: specific degree of solubilisation.
SEC-HPLC: size exclusion chromatography.
SMA: specific methanogenic activity.

TAN: total ammoniacal nitrogen.

tCOD: total chemical oxygen demand.

THP: thermal hydrolysis process.

THP: THP-liquid.

THPs: THP-solid.

THP¢ THP-total.
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TS: total solids.

UFLC: ultrafast liquid chromatography.
URI: ultraviolet absorbance ratio index.
UVA 254: ultraviolet absorbance at 254 nm.
VFA: volatile fatty acids.

VS: volatile solids.

WAS: waste activated sludge.

WWTP: wastewater treatment plant.
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Table A2.1. Culture medium for BMP, mSMA, and SMA tests.

Constituent Concentration in the medium | Unit
Substrates 19 gCOD/L
Inoculum 28.5 gVS/L
Substrate (only for m\SMA and SMA)
CH3COONa 2 gCOD/L
Buffer
NaHCO3 1,000 mg/L
Macronutrients
NH4CI 1,020 mg/L
CaCl2-2H20 48 mg/L
MgSO4-7H20 54 mg/L
Micronutrients
FeCls-4H.0 1.2 mg/L
CoClz-6H.0 1.2 mg/L
MnClz-4H.0 0.3 mg/L
CuCl2-2H.0 18 ug/L
Na2SeOs3-5H20 60 Mg/l
NiClz-6H.0 30 pg/L
EDTA 0.6 mg/L
HCI 36% 0.6 pL/L
ZnCl; 30 pg/L
HBO3 30 pa/L
(NH4)sMo0702-4H.0 54 pg/L
Resazurin 0.3 mg/L
Yeast extract 1.2 mg/L
Table A2.2. Volumes and concentrations used to prepare the BMP tests.
Constituent THP, THPs THP; WAS Blank
Reaction Volume (mL) 300 300 300 300 300
ISR (gVS/gCOD) 15 15 15 15 15
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Inoculum concentration (raw

measured)(gVS/L) 72.3 72.3 72.3 72.3 72.3
Substrates concentration (raw measured) No
(gCOD/L) 75 238 172 212 substrate
Final substrate concentration in the

medium (gVS/L) 19 19 19 19 19

Volume of a constituent to be added per | Volume | Volume | Volume | Volume | Volume
bottle

No
Substrate volume (mL) 76.0 23.9 33.1 26.9 substrate
Inoculum volume (mL) 118.2 118.2 118.2 118.2 118.2
Carbonate Buffer (100 g/L) volume (mL) | 3.0 3.0 3.0 3.0 3.0
Macronutrients volume (mL) 1.8 1.8 1.8 1.8 1.8
Micronutrients volume (mL) 0.2 0.2 0.2 0.2 0.2
Demineralised water volume (mL) 100.8 152.9 143.7 149.9 176.8

Abbreviations:
: o o -Characterisation: Total ammoniacal nitrogen and
THPI: Thermal hydrolysis process liquid at beginning of AD

THPIHAD: Thermal hydrolysis process liquid after AD organics.

THPs: Thermal hydrolysis process solid at the beginning of AD -MOdIfled SMA to assess acute lnhlbltlon

THPs+AD: Thermal hydrolysis process solid after AD

THPt: Thermal hydrolysis process total at the beginning of AD

THPt+AD: Thermal hydrolysis process total after AD

WAS: Waste activated sludge at the beginning of AD

WAS+AD:  Waste activated sludge after AD THPI+AD

Blank: Digestate + culture medium at the beginning of AD (digestate THPs+AD
from a plant not using THP) THPt+AD

Blank+AD:  Digestate + culture medium before AD (digestate from a plant not WAS+AD
using THP). Blank+AD

fractionation
process (centrifugation) | THPs fraction

Thermal Laboratory THPI fraction
WAS sample hydrolysis THPt sample

BMP test

Figure A2.1. Scheme of the samples (in yellow) and the laboratory fractionation of the samples
used in our present study.
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Figure A2.2. COD balance considering the tCOD measured within the analysed samples and

the COD produced as CH4 in the BMP tests.
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THPI+AD

THPs+AD

THPt+AD

Figure 2.A3. FEEM samples used to calculate the NFRI shown in Figure 2-d.
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Abstract

Nutrient treatment in reject water after anaerobic digestion (AD) avoids an extra burden in the
main waste-water treatment system upon returning this flow, and also prevents spontaneous
precipitation. In addition, the use of thermal hydrolysis process (THP) increases total
ammoniacal nitrogen (TAN) concentrations during AD and thus in the reject water too.
However, the effect of THP on POs*-P production release during AD has not been fully
addressed in literature, particularly in the case of waste-activated sludge (WAS) used in
enhanced biological phosphorous removal (EBPR). EBPR-WAS contains phosphate-
accumulating organisms (PAOs), which store polyphosphate and release it as PO+*-P during
THP and/or AD. In our present study we researched the kinetic release of nutrients during AD
in lab-scale samples at different THP temperatures and also in full-scale THP-treated samples.
WAS lab-scale THP conducted at 120°C 160°C, and 200°C for 30 minutes; while full-scale
samples of WAS and THP-WAS were obtained from Hengelo, WWTP, The Netherlands. The
results showed that THP temperature increments increased TAN and PO4>-P release (before
AD) due to deamination and dephosphorylation. The soluble concentration of nutrients
behaved differently in the case of TAN and PO4>-P. TAN revealed an increasing concentration
with AD time, while the POs*-P concentration increased during the first days, followed by a
concentration decrease with time. TAN and PO4*-P release were weakly correlated. The full-
scale samples showed that the concentration of PO.*-P decreased at the end of AD,
concurrently with the concentration of THP solubilised Ca?*, Mg?* and Fe?***, which likely
precipitated with POs*-P. These results were confirmed by an equilibrium model which
showed that THP increased the saturation indexes of multivalent cations-PO4>-P precipitates.
Overall, the results showed that THP increases the release of nutrients and cations, but the

Kinetic is governed by precipitation reactions over digestion time.
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3.1. Introduction

Anaerobic digestion (AD) is a common process used in wastewater treatment plants (WWTPs)
to stabilise primary and secondary sludges (Appels et al., 2008), and to produce biogas, which
can be used as a source of energy (Holm-Nielsen et al., 2009; van Lier et al., 2001). During
AD, organically bound N and P is transformed into soluble total ammoniacal nitrogen (TAN)
and POs*-P. Moreover, when waste activated sludge (WAS) of an enhanced biological
phosphate removal (EBPR) plant is digested, cell internally stored poly-phosphate will also be
released under anaerobic conditions, as well as due to decay: WAS from installations using
EBPR contain up to 12% of P on a dry basis, in contrast to the 1%-3% found in conventional
WAS (Van Loosdrecht et al., 1997). As a consequence of this nutrients solubilisation during
AD, an important extent of the soluble nutrients present in the AD-digestate reach the liquid
fraction (reject water) after digestate’s dewatering. Preferably, the nutrients in the reject water
are removed before this stream is returned to the secondary treatment or to the headworks.
Nutrients can be removed by several methods such as nitrification/denitrification or partial
nitritation/anammox for TAN removal (Baeten et al., 2019; Figdore et al., 2018; Joss et al.,
2009; Lackner et al., 2014; Ochs et al., 2023); and precipitation with Mg?* (struvite), Fe?*
(vivianite) or Ca?* (hydroxyapatite) for simultaneous PO.> and the corresponding TAN
removal (Abel-Denee et al., 2018; Abma et al., 2010; Cichy et al., 2019; Ghosh et al., 2019;
Monballiu et al., 2018).

Thermal hydrolysis process (THP) is the most commonly used full-scale pre-treatment for AD.
THP has proven to increase AD biogas production, dewaterability, and decrease the pathogens
in anaerobic digestate (Barber, 2016b). Several THP commercial processes are available in the
market with different operational parameters and configurations. However, most of the THP
technologies expose WAS to elevated temperatures (140-160°C) for around 20-30 minutes
(Dwyer et al., 2008). The use of THP changes both, the physical and chemical structure of
WAS: physically, THP denatures proteins and disrupts the cell's structures solubilising the
cytoplasmic content. Chemically, THP causes protein deamination, lipids peroxidation and
sugars dehydration (Barber, 2016a; Bougrier et al., 2007; Brunner, 2009; Devos et al., 2023,;
Farhoosh, 2022; Pavez-Jara et al., 2023; Wilson and Novak, 2009). Also, the elevated
temperatures reached during THP promote Maillard and caramelisation reactions (Devos et al.,
2021). Despite the advantages of THP it has also been reported that the process increases the
concentration of recalcitrant compounds and nutrients in the AD digestates (Ortega-Martinez

etal., 2021). The elevated nutrient concentrations may cause spontaneous precipitation during
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AD, causing operational problems, and could increase the cost of downstream treatments
(Krishnamoorthy et al., 2021).

Precipitation occurs when the concentration of a solute exceeds the saturation concentration in
the equilibrium. Mathematically it is considered that precipitation occurs when the
concentration of the reagents of certain specific compounds exceed the saturation index (SI)
(Rahman et al., 2014). Sl is shown in Equation 3.1 where IAP represents the ion activity
product of the species involved in a particular reaction and Ksp is the product solubility, which

depends on the thermodynamic characteristic of the precipitate formed.

SI= logi?—:: (3.1),

During AD, PO4>-P, TAN, and/or other cations can react and form precipitates (Barat et al.,
2009; Kecskésova et al., 2020b; Marti et al., 2008; Musvoto et al., 2000). Most literature related
to elevated nutrient concentrations due to THP focus on TAN release. However, the influence
of THP on POs*-P release and precipitation during AD has not been well addressed. In our
present work, we assessed the effect of THP on the release of nutrients during AD and the
possible precipitation of TAN and PO4*-P with metal ions in the AD broth. Also, simulations

were conducted to assess the precipitate formed during AD.
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3.2. Materials and methods
3.2.1. Laboratory and full-scale THP of WAS.

To measure the influence of THP on nutrients release and precipitation during AD, two
experiments were conducted: a preliminary screening increasing THP temperature and a
secondary experiment using full-scale samples. In the preliminary screening biochemical
methane potentials (BMPs) were conducted using non-pre-treated WAS and laboratory THP-
treated WAS at 120, 160 and 200 °C for 30 minutes (BMP1). The THP pre-treatment was
conducted in a laboratory autoclave model Parr-series 4570 HP/HT (Parr Instrument Company,
USA), and the steam explosion was reached by rapidly releasing the autoclave pressure at the
end of the reaction time. The samples of the preliminary experiments were named after the
temperature at which the laboratory pre-treatment was conducted, as follows: i) WAS; for non-
treated WAS; ii) THP120, to THP-treated WAS at 120 °C and 30 minutes; iii) THP160, to
THP-treated WAS at 160 °C and 30 minutes, and; iv) THP200, to THP-treated WAS at 200 °C
and 30 minutes. The subscript “1” stands for lab-conducted THP. WAS; samples were collected
from the municipal WWTP, Harnaschpolder operated by Delfluent Services, Den Hoorn, The
Netherlands. In the second experiment, samples from full-scale WAS (WASs) and THP-WAS
(THP-WASy) from a CAMBI® system were sampled and another BMP was conducted
(BMP2). The full-scale CAMBI® installation treated exclusively secondary sludge from the
WWTP in Hengelo, The Netherlands, and surrounding smaller WWTPs. Both WASs contained
PAOs since both plants used EBPR in the secondary treatment besides
nitrification/denitrification for N-removal. WAS samples were stored at 4°C before analysis to
prevent degradation. The THP-treated samples were stored at room temperature to minimise
phosphate precipitation that may occur if stored at 4°C.

3.2.2. BMP tests using THP pre-treated sludge

As mentioned in the previous section, two BMP tests were conducted to measure the release
of nutrients during AD (BMP1 and BMP2). During BMP1 the release of TAN and PO4* P
over time were measured. During the BMP2, samples of the mixed broths were taken only on
the initial and final days, and nutrients and soluble cations were measured. A summary of the
conditions in which the BMPs were measured is shown in Table 3.1. Both BMP tests were
carried out in 500 mL bottles with a reaction volume of 300 mL using an AMPTS Il system
(Bioprocess Control, Sweden) at 35°C, taking into account the recommendations raised by

Holliger et al. (2016). In the Blank samples, the substrate was replaced by demineralized water;
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the culture medium and inoculum remained in the same concentrations as in the bottles
containing substrates. The cumulative CH4 production was expressed in mL of normalised CH4
(N-CHzat 273.15 K and 1 atm) produced per gram of volatile solids (VS) in the substrates. The
percentage of biodegradability of the analysed substrates was assessed considering that 100%
corresponded to 350 NmL-CHa/g COD.

The inocula to perform both BMP tests were sampled from the digestate produced at the
municipal WWTP Harnaschpolder, operated by Delfluent Services (Den Hoorn, The
Netherlands). The AD reactors from which the inoculum was sampled treat a mixture of WAS
and primary sludge without any pre-treatment, at a hydraulic retention time of 21-24 days and
an operational temperature of 35°C. After sampled, the inocula were incubated at 35°C for
seven days to consume the remaining non-digested organic matter from the full-scale
installation. The inoculum for the second BMP was pre-concentrated 1.7 times, centrifuging
10 min at 3,500 rpm in a centrifuge model Heraeus Labofuge 400 (Thermo Fisher Scientific,
USA) to reach the required VS concentration in the test. Positive controls using
microcrystalline cellulose (Sigma-Aldrich, USA), were conducted to ensure the inoculum was

active and renders the stoichiometric CHa.

Table 3.1. Experimental conditions and culture medium for BMPs.

Constituent Concentration in the medium | Unit
Substrates 19 (BMP1) and 7 (BMP2) g COD/L
Inoculum 28.5 (BMP2) and 14 (BMP2) g VS/L
Buffer

NaHCOs3 | 1,000 | mg/L
Macronutrients

NH4CI 1,020 (267mgTAN/L) mg/L
CaCl2-2H20 48 mg/L
MgSO4-7H20 54 mg/L
Micronutrients

FeCls-4H20 1.2 mg/L
CoCl2:6H20 1.2 mg/L
MnCl2-4H.0 0.3 mg/L
CuCl2-2H20 18 ug/L
Na2SeO3-5H20 60 ug/L
NiCl2-6H20 30 ug/L
EDTA 0.6 mg/L
HCI 36% 0.6 pL/L
ZnCl; 30 ug/L
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HBO3 30 ug/L
(NH4)6sM0702-4H20 | 54 ug/L
Resazurin 0.3 mg/L
Yeast extract 1.2 mg/L

3.2.3. Chemical analysis

Total solids (TS) and VS were assessed according to Standard Methods for the examination of
water and wastewater (Association and Association, 1995). Soluble and total chemical oxygen
demand (sCOD and tCOD, respectively), TAN and POs*-P, were measured in triplicate using
the kits LCK 114 (the same for sCOD and tCOD), APC 303 and LCK 350 brand Hach Lange
(Hach, USA). To measure soluble parameters such as sSCOD, TAN, and PO4>-P, the samples
were filtered through 0.45 um syringe filters model CHROMAFIL Xtra PES-45/25 (Macherey-
Nagel, Germany).

3.2.4. Analysis of soluble cations

Soluble cations were measured in the soluble phase at the beginning and end of the BMP using
inductively coupled plasma mass spectrometry (ICP-MS), (PlasmaQuant MS, Analytik Jena
AG, Germany). The metals measured were Na*, Ca?*, K*, Mg?*, Cu*?*, Fe?"3* and AI®*. The
samples for ICP-MS analysis, were prepared by acidifying 9.9 mL of samples using 0.1 mL of
69% HNO3 (CAS No.: 7697-37-2, CARL ROTH ROTIPURAN ®, Germany). The parameters
used in ICP-MS to perform metals analysis are shown in Table 2. Although ICP-MS measures
the total concentration of the analysed isotopes, the concentrations of the different cations are
expressed with their oxidation state, except Fe and Cu, which are expressed as Fe*?*3 and

Cu**2 since their oxidation state cannot be determined with ICP-MS.

Table 3.2. Parameters used to determine cations using ICP-MS

Parameter

RF power 1.30 [kW]
Measurement mode | Fe in Ho mode, other elements in no gas mode
Acquisition time ~2 minutes
Solution uptake 4 mL

Cell gas flow

Plasma flow 9 L/min
Auxiliary flow: 1.40 L/min
Pump rate 10 RPM
Stabilization delay | 45 s
Calibration solutions
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IV-STOCK-35 and IV-STOCK-28 (Inorganic Ventures, The USA)
SRM 1640a - Trace Elements in Natural Water (NIST, The USA)

3.2.5. Speciation simulation using PHREEQC

A speciation simulation on PHREEQC version 3 (U.S. Geological Survey, USA) was
conducted for the full-scale samples in BMP2, before performing the BMPs to assess the
potential for spontaneous precipitation. TAN and PO4*-P were considered in the precipitation
reaction, however, the soluble organic matter was not considered in the simulation.
MINTEQ.DAT database was used and the struvite reaction (MgNHsPO4-6H,0 = Mg?* + POs*
+ NHs" + 6H20) with log_k -13.15 and delta_h 23.62 kcal as thermodynamic constants was
added to the model since it was not present in the database (Bhuiyan et al., 2007). The input
data for the simulation are shown in Table 3.3. The simulations were run with the average value
of the parameters measured in the sludge samples characterisation and ICP-MS measurements.
Saturation indexes (SIs) were used to compare the samples, in which a positive index means

that the minerals would precipitate.

Table 3.3. Input data for speciation simulation with PHREEQC.

Measurement THP-WAS; | WAS; | Blank
Temperature [°C ] 35 35 35
Pressure [atm] 1 1 1
pH 7.4 7.4 7.4
Alkalinity as [mg/L] of HCO5 added 726.5 726.5 | 726.5
PO4* [mg/L] 230 177 | 151
NH,* [mg-N/L] 1,315 1,247 | 1,149
Na+ [mg/L] 421.9 413.1 | 400.49
Ca?* [mg/L] 24.7 196 | 175
K* [mg/L] 381.5 3704 | 313.3
Mg?* [mg/L] 3.3 0.9 0.9
Cu** [mg/L] 0.0 0.1 0.0
Fe?* *[mg/L] 6.5 3.4 4.0
AR [mg/L] 0.0 0.1 0.0

* Considering that ICP-MS does not allow to measure the cations oxidation states, the lower

oxidation state was chosen to resemble anaerobic conditions.
3.2.6. Analysis of results

The specific degree of solubilisation (SDOS) describes the solubilisation of TAN and PO4*-P

of (i-th compound) per mass of VS in the initial substrate, and it is defined in equation (3.2)
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(Pavez-Jara et al., 2023). SDOS was analysed at the beginning and end of the BMP2 (full-scale
samples) using the soluble concentration of nutrients and cations measured. For assessing this
parameter, the soluble concentration of specific compounds in the Blank sample (no substrate
added) was subtracted from the soluble concentration, and this was divided by the VS
concentration of the initial substrate in the bottle. The results are expressed in the mass of the

i-th compound solubilised per mass of VS in the initial substrate.

i-SDOS= S i Blank (3.2),
le

Where:

i-SDOS = Specific degree of solubilisation of the i-th parameter (nutrients and cations).
C; = Soluble concentration of the i-th parameter in the j-th sample.

Ci, Biank = Soluble concentration of the i-th parameter Blank sample.

IC; = VS concentration (homogenous) of the i-th substrate in the j-th sample, before AD.
i=PO4*-P and TAN.

j=THP-WAS: and WAS:.

Single-factor ANOVA with a confidence level of 95% was used to evaluate the significance of
differences between the different samples. Also, mean difference tests with the same level of

significance as ANOVA were used when comparing two samples’ averages.
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3.3. Results and discussion
3.3.1. Organic matter solubilisation and CH4 production during lab-scale BMP.

Figure 3.1-a shows sCOD concentration during the BMP1 tests, form the figure it can be
observed that all samples decreased sCOD concentration during AD, as expected form the
degradation of organics. Furthermore, an increased THP temperature also increased the sCOD
solubilisation, as previously reported in the literature (Appels et al., 2010; Bougrier et al., 2008;
Haug et al., 1978; Li and Noike, 1992; Valo et al., 2004). It is important to stress that the
increment of SCOD at the initial day of THP200, was more noticeable more pronounced than
in the samples of THP160 and THP120. The increment in SCOD on the initial day in THP200,
was likely due to temperature-induced carbohydrates degradation or dehydration, which is
reported to happen around 200 °C (Pineda-Gdmez et al., 2014; Shogren, 1992; Wilson and
Novak, 2009). A sharp decrease in SCOD THP200 after day 10 may have been caused by the
sudden start of VFA conversion, which delayed CH4 production. A reason for delayed CH4
production could be a possible toxicity of the high temperature-produced melanoidins or TAN
on methanogens, during BMP1 lag phase (Capson-Tojo et al., 2020; Seyedi et al., 2021; Zhou
et al., 2015). Also, the sample THP200; showed significantly higher recalcitrant sSCOD (sCOD
at the day 30), which in full-scale AD processes will remain in the reject water. Figure 3.1-b
shows the cumulative CH4 production in the measured samples during the 30 days AD. The
endogenous CH4 production of the inoculum (Blanki) was not subtracted to evidence kinetic
CHa production directly; therefore, to assess the BMP directly the blank sample must be
subtracted according to the indications raised by Holliger et al. (2016). The BMP values
reached 135 * 22, 143 £ 13, 156 £36 and 154 + 16 N-mL CH4/g COD for WAS, THP120,
THP160, and THP200; showing that the higher THP temperature and COD solubilisation did
not significantly increase the BMP1. COD solubilisation and anaerobic biodegradability are
correlated in THP at reduced temperatures (Appels et al., 2010; Pinnekamp, 1988; Stuckey and
McCarty, 1984), which was not the case for THP200;, where the additional solubilised COD
did not seem to increase the biodegradability. Additionally, THP200, showed a lag phase of
around 10 days, which indicated that the THP conditions caused the formation of inhibitory
compounds for methanogenesis. Consequently, in the case of THP200, the decrease in sSCOD
observed in the day 12 (Figure 3.1-a) corresponded to an increase in the CH4 production rate
(Figure 3.1-b), which indicated the anaerobic conversion of organics .
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Figure 3.1. a) Cumulative CHs production during BMP1 test; b) sCOD in the measured
samples during BMP1.

3.3.2. Nutrients release during lab-scale BMP

Figure 3.2-a and Figure 3.2-b show TAN and POs*-P concentrations measured throughout the
BMP1 tests in WAS, and THP-treated WAS; at 120°C, 160°C and 200°C. Figure 3.2-a shows
that the increased temperature during the pre-treatment increased the initial TAN
concentrations of the BMP1 test. The increased initial TAN concentrations in the THP-treated
substrates corresponded to the TAN released likely by deamination of the organic N present in
the substrates. Proteins deamination due to THP, including its temperature dependence, has
been reported in literature (Pavez-Jara et al., 2023; Wilson and Novak, 2009).

TAN concentration at the end of the BMP tests reached 1.5, 1.7, 1.7, and 1.9 g TAN/L, for
WAS,, THP120;,, THP160, and THP200, respectively. Furthermore, the positive slopes in a
linear data fitting during the BMP1 (Figure 3.2-a) showed that TAN increased during the BMP
test. Figure 3.2-a also shows that in the case of THP200,, TAN concentration increased during
the first 10 days, and decreased afterwards likely due to precipitation of TAN-P-based minerals.
The moment of the change in the TAN trend matched the end of the lag phase of CHa
production. The CH4 production, and corresponding VFA consumption, likely increased the
pH in the sample bottles. It has been previously reported that increased pH favours the
precipitation of several minerals such as struvite (Saidou et al., 2009; Tansel et al., 2018).
Precipitation can also be observed from the parallel decrease in PO4>-P concentration (Figure
3.2-b). Furthermore, the increasing TAN concentration during the lag phase of CH4 production,
may be an indication that the toxic compounds created during (high-temperature) THP affect
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greatly the methanogenesis rather than hydrolysis or fermentation reactions, causing

deammonification.

Figure 3.2-b shows PO4*-P concentration over time in the analysed samples. Also these
measurements show increased POs*-P solubilisation at higher pre-treatment temperatures.
Based on initial POs*-P concentrations shown in Figure 3.2-b the harsh conditions exerted by
THP likely caused dephosphorylation of organics present in the WAS. High-temperature-
induced dephosphorylation has already been observed in other proteinaceous solutions (Belec
and Jenness, 1962; Grewal et al., 2018; van Boekel, 1999). During the BMP1 tests, PO4>-P
concentrations increased rapidly in the initial days followed by a sudden reduction, and
fluctuating values throughout the BMP test. Averaging the concentrations during each assay
showed an increase with the temperature; 338, 501, 511, 562 and 631 mg PO4*-P/L in the case
of Blank;, WAS;, THP120,, THP160, and THP200,, respectively. PO4s*-P concentration
fluctuations indicate the complex interactions between the release and precipitation of PO4*-P
in the bulk liquid. PO4>-P precipitation will be influenced by pH and available cations that may
precipitate at current conditions; varying cations availability and changing pH could explain
the non-steady behaviour of PO+*-P. In all tests, the final PO+*-P concentrations were higher
than the concentration at the beginning of the tests. It is interesting to stress that THP200,
exhibited a significantly higher POs>-P concentration compared to the other THP treated

samples after incubation.

Figure 3.2-c shows TAN concentrations versus PO4+*-P concentrations during the BMP tests.
Figure 3.2-c shows a weak correlations between the concentrations of TAN and PO4*-P during
AD in all the samples analysed. The weak correlation in nutrients concentrations showed that
the solubilisation/release and precipitation of nutrients did not occurred at the same time during
AD. Therefore, the concentrations of the final nutrients were likely more related to secondary

reactions such as precipitation with species in solution than digestion time.
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Figure 3.2. a) Release of PO4>—P over time, during the BMP-1; b) Release of TAN over time,
during the BMP1; c) correlation between TAN and PO4*-P during BMP-1.

3.3.3. PO4*-P precipitation with soluble cations during AD.

To assess the possible precipitation of PO4* -P-based minerals during AD, additional tests were
performed using THP and WAS: sampled from a full-scale installation using THP. Figure 3.3-
a shows PO4*-P concentrations and PO4>-P-SDOS at the beginning and end of the BMP2 tests
performed with full-scale WAS;, THP-WAS; and Blank: samples. POs*-P-SDOS was chosen
to remove the influence of the inoculum in the analysis and have a tool to compare results
between different substrates. As shown in Figure 3.3-a, before AD, WAS; contained less PO4*
-P compared to THP-WASs sludge, which is in line with the earlier results (Figure 3.2-b). The
higher concentrations of POs* -P in THP-WAS: samples showed that the full-scale pre-
treatment by itself releases the PO4s*-P present in the solid phase of WAS;, likely via
temperature-induced dephosphorylation. POs*-P release during THP is related to the release
of biomass’ cytoplasmic content into the bulk liquid during exposure to high temperature and
pressure and steam explosion, as mentioned by Barber (2016b). Furthermore, an important
extent of the released PO4*-P found in WAS: and THP-WAS; samples could originate from
poly-P, released by phosphate accumulating organisms (PAOs). Under AD conditions the
PAOs release PO4>-P, consuming the VFA, which are common intermediates during the AD

process and have likely been present (Mavinic et al., 1998; Mino et al., 1998).
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In Figure 3.3-a, the sampling points after AD (+AD) show that WASs significantly increased
its PO4>-P-SDOS by 150 % during the AD process (from 1.4 mg PO4*-P /g VS to 3.5 mg PO4>
-P /g VS). PO4>-P release during AD was likely caused by a combination of WAS: degradation
and release of PO4*-P by PAOs. Conversely, after AD, THP-WAS: samples decreased their
PO,*-P-SDOS by 9.7% (from 4.2 to 3.8 mg PO+*-P /g VS). The decrease of POs*-P -SDOS
after AD indicated that PO+*-P could have precipitated in minerals such as calcite, vivianite,
struvite or other phosphate-based-cation precipitates, which commonly occur during AD
(Bolzonella et al., 2012; Kecskésova et al., 2020a; Li et al., 2019).

110



Increased solubilisation of multivalent cations decreases soluble orthophosphate concentration during anaerobic digestion of thermally

hydrolysed bio-P waste-activated sludge

[SA 5/8w] SOAS-EN

2.9

%
]
.

[SA 3/8w] SOAs-

_Hm\/ W\WE“_ mOQerNEDO

IS
o
=
S

- 0.005
- 0.004
- 0.002
- 0.001

I

[SA 3/5w] SOAS- IV

T
<
<
o

[1/eN Sw] ;eN

T T
=3 =3
o o~
(a0} p—

[SA 8/8w] SOAS- d-<"0d

[SA 3/5w] SOAS-.¢8D

o -+ (o]
-

< < (=]

W_ [TmD Sw] ;0D

[SA 5/8w] SOAS-+:3N

— .Dm
= S <

> O g o

= g S S

@ [ [ (e} S
av+huerg
Hueig
av+svm
'SYm

........................ AvV+SVMm-dHI
'SYM-dHL

o B ®m @ o

— S (=) =1

=3 (e}

[SA 5/5w] SOAS-+¢+2d
@ 5 3z 2
(== < [« T

av-+Huerg
Huerg
av+svm
'Svm
AV+SYM-dHI

'SYM-dH.L

T
(= =4 fe=)
-+

T
wy < Gy < (32} (o)} - (=]

=3 < el <
0 — o~ ol o —_— —
.,W,_ Td swl 4-¢"od 5] [1RD3w] 2D [3] (1AW sw]. SN

T
vy v o) o

~ o~
m [1Rd4 5w] ,¢.2d

Figure 3.3. Concentration and SDOS before and after BMP2 digestion of a) PO4>-P; b) Soluble

d) Soluble K*; e) Soluble Mg?*; f) Soluble Cu*?*; g) Soluble Fe?**; h)
in the analysed samples.

Na*; c) Soluble Ca?*;

Soluble AR,

111



Chapter 3

Uncontrolled precipitation of PO.*-P-based materials and the subsequent pipe-
clogging/scaling are common phenomena in AD processes, associated mainly with struvite
(MgNH3PO4-6H20) formation (Maqueda et al., 1994; Williams, 1999). Nonetheless, other
minerals can precipitate alongside struvite. Besides Mg?* and TAN, POs*-P can react with
several other polyvalent cations, such as Ca?* and Fe?*®*. The precipitates produced depend on
the oversaturation of reactants (PO,>-P, metal cations or TAN), pH, and ion strength of the
bulk liquid (Cheng et al., 2015; Crutchik and Garrido, 2011; Drenkova-Tuhtan et al., 2016;
Van Wazer and Callis, 1958). Figures 3.3-b, c, d, e, f, g and h show the concentrations and
SDOS of different cations that are likely to precipitate with PO4>-P under AD conditions. All
measured elements except for AI** were present in the culture medium of the BMP test, and
thus a background concentration of these elements was always measured. As shown in Figure
3.3, the SDOSs before AD of Na*, Ca?*, K*, Mg?* and Fe?*”** were higher in WAS-THPs
samples compared to WAS;:. The increased concentration of soluble cations before AD
indicates that THP by itself increased their solubilisation, likely due to the disruption of WAS¢
cells’ cytoplasm during the steam explosion. Figure 3.3 also shows that the cations Ca?*, Mg?*
and Fe?*** decreased their SDOS after the BMP tests in THP-WAS and WAS: samples. Ca?*
and Mg?* are known to precipitate with PO4*-P, and/or TAN and form different minerals such
as hydroxyapatite, amorphous Ca-P, and struvite among others (Battistoni et al., 1997; Cunha
et al., 2018; Schott et al., 2022; Tervahauta et al., 2014).

In the case of WASt samples, Fe2**-SDOS increased after AD, which could be attributed to
substrate degradation and further release of structural Fe?*/3* (Jefferson et al., 2001; Wood and
Tchobanoglous, 1975). The negative Fe?***-SDOS observed in WAS¢ samples before AD

shows that some Fe?*** likely precipitated or was bound to WASs before AD.

In the case of Na* and K* (monovalent cations), the mean differences analysis before and after
the AD did not show statistical differences, with P-values equal to 0.769 and 0.895in the case
of Na", and 0.4439 and 0.2916 in the case of K" for WASs and THP-WAS: samples,
respectively. These results suggest that Na™ and K* as monovalent cations interacted to a lower

extent with the ions in solution to form precipitates.

In the case of Cu*’?* and THP-WAS; the statistical analysis of its SDOS showed no differences
before and after the BMP2 in with a P-value = 0.079 in a mean difference analysis. Cu*?* is
likely reduced during AD (form Cu?* to Cu*) and it probably behaved as a monovalent cation.
Conversely, Cu*’?* -SDOS decreased drastically in WAS samples before and after AD. In this
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context, it is important to stress that the Cu™<* concentration before AD was noticeably higher
in the case of WAS compared to THP-WASt. The mechanisms probably involve uptake and
interaction with the EPS matrix of WAS during AD (Fermoso et al., 2009; Zhang et al., 2014).
The lower Cu*?* solubilisation before AD in THP-WAS: samples compared to WASt was may
have also been a consequence of the interaction of Cu*/?* with the particulate organic matter
formed during THP (Legros et al., 2017). Furthermore, AI**-SDOS showed no statistical
differences in the samples analysed with P-value= 0.152 and 0.121 for THP-WASt and WAS;,
respectively. The low concentrations of AI** found in the soluble phase, likely obeyed to the
high affinity capacity of this cation with humic substances and negatively charged particles

(Dempsey et al., 1984; Elkins and Nelson, 2002), which most likely formed flocs.
3.3.4. Modelling of potential P-based precipitates

In order to assess the precipitation of the studied cations with the PO4*>-P present, a
precipitation model was computed using PhreeqC. The saturation indexes (Sls) of the PO4*-P-
based species are shown in Figure 3.4. The simulation was conducted for the situation at the
beginning of BMP2, since it is expected that the equilibrium precipitation reactions are faster
than the biochemical degradation reactions occurring during AD (Bouropoulos and
Koutsoukos, 2000; Le Corre et al., 2007). According to Figure 3.4, Sls of all PO4*-P-based
species were negative, meaning that these are not oversaturated and will remain in solution at
least at the initial conditions of the BMP2. Na* and K* did not interact with PO4s*-P;
nonetheless, they could have precipitated with other cations forming non-P-based minerals
which are shown in the supplementary material. The general trend showed increased Sls in
THP-WAS: samples compared to WASs (closer to zero), confirming that THP increases the
conditions for precipitation of POs*-P-based minerals. It is important to stress that the data
were measured only at the beginning of AD, thus it is expected that more PO4>-P and cations
are released due to degradation processes during AD and thus might increase the Sls.
Furthermore, the increased TAN concentration in the THP-treated samples (as shown in Figure
3.1), moves the equilibrium towards the products stimulating precipitation of TAN-based
minerals, such as struvite. Also, elevated TAN concentrations may increase the pH within the

anaerobic digesters, which might increase even more the Sls during AD
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3.4. Concussions

The pre-treatment conditions during THP of WAS caused temperature-induced
dephosphorylation and deamination of nutrients, leading to direct release of POs*-P and TAN.

Direct nutrients release increased with the increased THP temperature.

Concentrations of nutrients during AD, particularly POs*-P, are more influenced by
precipitation reactions than AD reaction time. THP temperature increments increased final

nutrients concentrations, which can reach reject water in full-scale.

In full-scale THP-WAS samples, AD reduced POs*-P-SDOS as well as polyvalent cations’
SDOS, evidencing that polyvalent cation likely precipitated to form PO4*-P-cations or PO4*-
P-TAN-cations minerals. Since THP increases the solubilisation of polyvalent cation and TAN,

it increases the proclivity to have spontaneous precipitation during AD.
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3.5. List of abbreviations
AD: anaerobic digestion.
BMP: biochemical methane potential.
EBPR: enhanced biological phosphorous removal.
ICP-MS: inductively coupled plasma mass spectrometry.
PAOQ: phosphate-accumulating organisms.
PAOs: phosphate accumulating organisms.
sCOD: soluble chemical oxygen demand.
SDOS: specific degree of solubilisation.
Sls: saturation indexes.
TAN: total ammoniacal nitrogen.
tCOD: total chemical oxygen demand.
THP: thermal hydrolysis process
TS: total solids.
VFA: volatile fatty acids.
VS: volatile solids.
WAS: waste activated sludge.

WWTPs: wastewater treatment plants.
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Chapter 4

Abstract

Thermal hydrolysis process (THP) is a widely used pre-treatment method in the anaerobic
digestion (AD) of waste municipal sewage sludge. A post AD dewatering step of the digestate
produces a liquid stream called reject water. THP increases the concentration of humic
substances (HSs) and nutrients in the produced reject water. Struvite precipitation is a widely
used technique to remove and (potentially) recover PO4* -P and the corresponding amount of
total ammoniacal nitrogen from reject water. The chemical characteristics of the THP-produced
HSs influence reaction yields and morphology of struvite. In our current study, struvite batch
precipitation experiments were conducted at different pHs, and different concentrations of HSs,
consisting of either melanoidins or humic acids. Our results showed that at pH 6.5 struvite
precipitation was severely retarded. However, increased concentrations of melanoidins at pH
6.5 enhanced struvite precipitation. Batch experiments conducted at pH 7.25 and 8 with
increased melanoidins concentrations showed PO4>-P precipitation yields over 86%. Humic
acids negatively impacted struvite precipitation at all analysed pH values, presumably because
of Mg?* complexation. Morphological analysis showed that the presence of both HSs affected
Feret diameters, aspect ratio, and cleavage pattern of struvite. Also, HSs rendered coloured
crystals. Overall, our results showed that struvite precipitation is affected by HSs intrinsic

characteristics, affecting yield, morphology, and colour of the formed precipitates.
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4.1. Introduction

Pre-treatment technologies for waste municipal sewage sludge prior to anaerobic digestion
(AD) in wastewater treatment plants (WWTPs) are implemented to enhance energy efficiency,
reduce costs and residues, and sanitize AD digestates (Appels et al., 2011; Carrere et al., 2010).
The thermal hydrolysis process (THP) is widely used in full-scale AD pre-treatments
installations (Sahu et al., 2022), using different configurations such as SUSTEC®
(Netherlands), CAMBI® (CAMBI, Norway), Lysotherm® (Eliquo Technologies, Germany),
Exelys™, and Bio Thelis™ (Veolia, France). In all mentioned THP technologies, primary
sludge, waste activated sludge, or a combination of both are exposed to elevated temperatures
(160-180°C) for a defined period of time to enhance the anaerobic digestibility and digestate
dewaterability, to reduce pathogen concentrations, and to shorten the AD solids retention time
(Barber, 2016; Gahlot et al., 2022). Nonetheless, the use of high temperatures during THP
alters the chemical composition of the sludge matrixes, producing a particular type of humic
substances (HSs) known as melanoidins via the Maillard reaction (Dwyer et al., 2008).
Melanoidins are coloured compounds, consisting of polymerised aromatic groups, and result
from a series of reactions between reducing sugars and amino groups present in proteins (Bork
et al., 2022; Ellis, 1959). The Maillard reaction already occurs at room temperature, but is
pronounced at higher temperatures (Wang et al., 2011) such as those occurring during THP.
Melanoidins can be classified based on their pH-dependent solubility as a result of their
variable isoelectric point in the same way as HSs (Migo et al., 1993). The pH-dependent
solubility of melanoidins allows us to classify them, like HSs, as fulvic acids, humic acids, and
humins (Taguchi and Sampei, 1986). In addition, melanoidins behave as polydentate ligands,
complexing cations in solution, due to the presence of negatively charged ketone and hydroxyl
groups in their structure (Gomyo and Horikoshi, 1976; Rufian-Henares and de la Cueva, 2009).
Also, under AD conditions melanoidins may behave as recalcitrant substances, in the same
manner as the rest of HSs (Azman et al., 2017; Ortega-Martinez et al., 2021). The AD
recalcitrance and partially soluble character of melanoidins might lead to problems in the AD-
downstream processes, particularly during the treatment of reject water after digestate-
dewatering (Ngo et al., 2021; Zhang et al., 2018).

During AD, nutrients are usually released from degraded substrates, thus the reject water
contains elevated concentrations of total ammoniacal nitrogen (TAN) and PO4>-P. In various
WWTPs, TAN and PO.%-P are removed before the reject water is recirculated to the WWTPs’

headworks. In The Netherlands, several full-scale WWTPs apply struvite precipitation and
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subsequent partial nitritation/anammox (PN/A) to remove POs*-P and TAN (Abma et al.,
2010; Marti et al., 2010; Taddeo et al., 2018; Vlaeminck et al., 2012).

Struvite precipitation is a chemical process in which Mg?* reacts with POs*-P, water, and TAN
to form a mineral, which precipitates, and can be separated from the liquid solution via
sedimentation. The struvite stoichiometric reaction is shown in Equation 4.1 (Le Corre et al.,
2009). Struvite precipitation is a two-step process until an equilibrium is reached: nucleation
and crystal growth (Nielsen, 1969). Nucleation is a first-order phase transition in which small
embryos of a new solid phase are created in a large volume of the previous unstable phase (De
Yoreo and Vekilov, 2003). Crystals growth is the step in which molecules aggregate to the
previously created nuclei. The crystal growth step can also be accompanied by agglomeration,

in which, small crystals merge to create bigger aggregates (Galbraith et al., 2014).

Mg?" + NHj + H, PO} + 6H,0 < MgNH,PO,-6H,0 + nH' n=[1, 2, 3] (4.1),

The struvite precipitation process is pH dependent and requires strict control of the reactants,
to ensure that the added amount of Mg?* reacts with the POs*-P in solution. However, when it
comes to struvite precipitation in reject water, TAN is generally not monitored since it is
commonly in excess compared to PO4>-P. The more-than-stoichiometric TAN concentration
in reject water shifts the equilibrium towards the products formation, thereby enhancing
precipitation (Equation 4.1). The struvite precipitation process is currently commercially
available at full-scale with brand names, such as Airprex® (Centrisys-CNP, USA),
PHOSPAQ™ (Paques, Netherlands) and Pearl® (Ostara, Canada). The application of the
struvite precipitation process in wastewater treatment provides a triple benefit: 1) it removes
PO+>-P and TAN from reject water, reducing the nutrient load in the mainstream treatment; 2)
it reduces maintenance in the reject water pipelines and sludge dewatering equipment due to
undesired precipitation and clogging; and 3) it produces a renewable slow-release fertiliser (de-
Bashan and Bashan, 2004). The use of struvite as fertilizer relies on its low solubility in water,
which allows for a slow nutrient release, while it prevents leaching into underground water
bodies (Minch and Barr, 2001).

The THP-AD recalcitrant HSs affect the struvite precipitation processes (Munir et al., 2017),
although the exact mechanisms are yet not fully understood. Chemical properties inherent to
the HSs, such as pH-dependent solubility and complexation properties, may interfere with the

precipitation process and may affect the struvite characteristics. To the knowledge of the
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authors the literature addresses HSs as a set of compounds with similar characteristics and not
considering the singularities among them. In our present work, we investigated the influence
of HSs as melanoidins and humic acids on the struvite crystallisation process, evaluating the
effects on the yields of nutrients precipitated, and the morphology of the crystals produced.
The results were used to build a conceptual model which considers the influence of specific

characteristics of HSs on the struvite precipitation process.
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4.2. Materials and methods
4.2.1. Analytical measurements

The ultraviolet absorbance at 254 nm (UVA 254) and colour were measured using a UV-Vis
spectrophotometer (Genesys 10S, Thermo Scientific, USA) in quartz and plastic cuvettes of 1
cm path length, respectively. Colour was measured at 475 nm using a 500 mg Pt-Co/L colour
reference solution (Certipur® Merck, Germany). UVA 254 and colour measurements were
expressed in 1/cm and mg Pt-Co/L, respectively. The concentrations of PO4>-P, TAN, total
organic carbon (TOC), and Mg?* were determined using Hach Lange kits (Hach, Germany:
LCK 350, LCK 303, LCK 386, and LCK 326, respectively). The spectrophotometer model
DR3900 (Hach, Germany) was used to read the kits. Specific ultraviolet absorbance (SUVA)
was calculated as the ratio of UVA 254 in 1/m to the concentration of TOC in mg/L (Edzwald
and Van Benschoten 1990). Each sample was measured in triplicate, error bars are used to

indicate the standard deviation of the measurements.

To evaluate the level of significance between the differences of the samples, single-factor
ANOVA plus Tukey's HSD at 95% confidence were used. Additionally, a two-tailed single
sample t-test at 95% confidence was used to compare experimental results with stoichiometric

values.
4.2.2. Struvite precipitation tests

Struvite crystallisation tests were performed in triplicate using a 0.5 L Jar test device (VELP
Scientifica, Italy), at a mixing speed of 160 rpm for one hour at 20+1°C, following the
procedure described by Li et al. (2019). The pH was measured online and manually controlled
by adding 5 M NaOH. The volume of added NaOH was considered negligible, as it was less
than 1% of the total reaction volume. The term HSs refers to the melanoidins and humic acids
used in our present study. The experimental design is shown in Table 4.1, where the samples
were named after the concentration and type of HSs present, including: i) No-HSs, absence of
HSs; i)MEL-1, melanoidins 1 g TOC/L; iii) MEL-2, melanoidins 2 g TOC/L; iv) HA-1, humic
acid 1 g TOC/L; i) HA-2, humic acid 2 g TOC/L. Table 4.2 shows humic acid and melanoidins
stock solutions’ preparation and characterisation. The reagents’ concentrations in the
crystallisation tests were 15mM, 66.45mM and 15mM for Mg?*, TAN and PO*-P,
respectively. The nutrients and HSs concentrations were chosen to resemble typical values of

reject water from WWTPs that aim for biological nutrient removal (BNR), having phosphate
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accumulating organisms in the waste activated sludge (Bergmans et al., 2014; De Vrieze et al.,
2016; Gupta et al., 2015; Li et al., 2023; Pastor et al., 2008; Pavez-Jara et al., 2023). The
reagents were added as NaH2PO4-H,O (CAS: 10049-21-5, Sigma-Aldrich, Germany), NH4Cl
(CAS: 12125-02-9, Merck, Germany) and MgCl> (CAS: 7786-30-3, Sigma-Aldrich,
Germany). After the crystallisation experiments, POs*-P and TAN were measured in the
solution, and in the crystals formed. The soluble concentrations were measured directly using
the Hach-Lange kits described in section 2.1. The nutrients in the crystals were measured by
dissolving 0.1 g of the precipitated solids in 5 mL of 1M HNOz (Merck, Germany)
(Warmadewanthi and Liu, 2009), and then diluting the solution 100 times in demineralised

water before measuring with the respective Kits.

Table 4.1. Experimental design of crystallisation tests at different pH and HSs concentrations.

Run pH | Melanoidins concentration g Humic acid concentration g
(Triplicate) TOC/L TOC/L
1 6.50 | 0 0

2 7250 0

3 8.00 |0 0

4 6.50 | 1 0

5 7251 0

6 8.00 |1 0

7 6.50 | 2 0

8 7.25|2 0

9 8.00 |2 0

10 6.50 | 0 1

11 725|0 1

12 8.00 |0 1

13 6.50 | 0 2

14 72510 2

15 8.00 |0 2

4.2.3. Solubility analysis of solubility of HSs at different pHs

HSs can be characterised based on their humic acid fraction (HAF) and fulvic acid fraction
(FAF), which were measured as described by Klavins et al. (1999), using the method described
by Zahmatkesh et al. (2016). The commercial humic acid used in our present study was
obtained from humic acid sodium salt (CAS: 1415-93-6, Sigma-Aldrich, Germany), and a stock
solution of melanoidins was prepared according to Dwyer et al. (2008). A characterisation of
the stock solutions is shown in Table 4.2. HAF and FAF in HSs, were measured by decreasing

the pH to 2 using 5 M HCI, followed by separation of the precipitate using a Microspin 12
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centrifuge (Biosan, Latvia) at 14,000 rpm (11,500 rcf) for 20 min. TOC was measured in both
the original samples and the supernatant after acidification and centrifugation. In addition,
solubility tests were performed at pH levels of 6.5, 7.25, and 8, corresponding to the pH levels
used in the crystallization experiments. The precipitated fraction was separated using the
aforementioned methodology. Duplicate experiments were conducted, and the results are

presented as the percentage of TOC that is soluble and particulate at the experiment pHs.

Table 4.2. Characterisation of the stock solutions of HSs used in the experiments.

HSs stock UVA 254 | Colour (g | TOC (g | Preparation method
solutions (1/cm) Pt-Co/L) | TOC/L
Melanoidins 605+£33 | 239+£33 |24+2 Autoclaving glucose 0.25 M, glycine
0.25 M, and NaHCO3 0.5 M at
121°C for 3 hours.

Humic acid 297 £17 |183x11 |3.6+0.2 | Suspending 20 g/L of humic acid
sodium salt in demineralised water.

4.2.4. Microscopy and particle size distribution analysis (PSD)

Struvite samples produced during the crystallization experiments were filtered through a 1.2
pum filter and dried to a constant weight in a vacuum desiccator at 20 = 1°C and -600 mbar.
Digital Microscope (Keyence VHX-5000, Belgium) and an environmental scanning electron
microscope (ESEM) model QUANTA FEG 650 (FEI, USA) were used to capture images of
the produced struvite at different magnifications. The software of the digital microscope was
utilized to measure the particle size distribution (PSD) of the crystals in the images, including
the minimum and maximum Feret diameters. The aspect ratio was determined as the ratio of
the maximum to minimum Feret diameters of each crystal. An aspect ratio of 1 means that the
maximum and minimum Feret diameters are equal (perfect circle/sphere), and larger aspect
ratios indicate elongated shapes. The results were plotted as "box and whisker" plots, with the
boxes indicating the quartiles and the whiskers indicating the maximum and minimum values.
The median and average were represented by a horizontal line in the middle and an "X",
respectively. Particles with a zero value for one of the Feret diameters in the images were

excluded from the analysis and considered experimental errors.
4.2.5. Shear rate-induced breakage in struvite crystals

To investigate the effect of humic acid and melanoidins on struvite breakage, crystallization

experiments were performed under specific shear rates. A modular compact rheometer model
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MRC 302 (Anton Paar GmbH, Austria) was used to conduct the experiments. Struvite
crystallization tests were carried out in a measuring cup C-CC27/SS/AIR (Anton Paar GmbH,
Austria) using a concentric cylinder CC27 (Anton Paar GmbH, Austria) at 20°C. The volume
of the 5M NaOH solution, which was required to maintain the pH at 7.25 at the end of the
reaction, was determined through preliminary experiments. The humic acid and melanoidins
concentrations used in the experiments were the same as those in the struvite crystallization
experiments described in section 2.2. The chosen shear rates for the experiments were 1-10-
100-1000 1/s. The precipitates were analysed by measuring the minimum and maximum Feret

diameters, and the aspect ratio was calculated using the method described in section 2.4.
4.2.6. Complexation of reagents with HSs

Solutions of 15 mM of Mg?* and PO4*-P with 0, 1 and 2 g TOC/L (No-HSs, MEL-1, MEL-2,
HA-1 and HA-2) were prepared and filtered in triplicate using nominal pore 1 kDa
ultrafiltration membranes (Ultracel® regenerated cellulose, Merck Millipore, Germany) in a
50 mL AMICON® stirred cell (Merck Millipore, Germany). During filtration, 10 mL of
permeate were collected and colour, UVA 254 and Mg?* or POs*-P (depending on the assay)
were measured. The results were expressed as the percentage of the fraction of ions of Mg?* or
PO+*-P in the permeate over the initial concentration in the entire solution. The fraction that
passed the ultrafiltration membrane over the initial concentration was called Mg?* or PO4>-P
fraction in the permeate (Mg?* -FP or POs*-P-FP, respectively).
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4.3. Results and discussion
4.3.1. Characterisation of HSs solubility and results of complexation assays

The solubility of HSs and their complexes varies with the pH of the solution or suspension in
which they are present (Garcia-Mina, 2006; Tipping and Ohnstad, 1984). Table 4.3 shows a
solubility characterisation of the melanoidins and humic acid stock solutions used in our
experiments. As shown in Table 4.3, melanoidins were completely soluble at all the pH values
studied. Additionally, the melanoidins’ structure contained 97% FAF, which is soluble at any
pH (Klavins et al., 1999). On the other hand, the humic acid stock solution was less soluble
than the melanoidin solution, and its solubility slightly decreased at lower pH values used in
the experiments. As anticipated for humic acid, the FAF only amounted to 6.4% (soluble
fraction at pH 2). SUVA results showed that the humic acids had a roughly three times higher
degree of aromaticity than the melanoidins. In their study on natural freshwater, Kikuchi et al.
(2017) found a positive correlation between SUVA and metal complexation in the case of Fe
and Cu. Therefore, it is reasonable to expect that humic acid complexes metals to a greater

extent than melanoidins.

Table 4.3. Solubility and aromaticity characterisation of the HSs used in our present study at
the studied pHs.

Characteristic Melanoidins stock Humic acid stock
Solubility at pH 6.5 Soluble: 100£2% TOC | 87 +1 % TOC
Solubility at pH 7.25 Soluble: 100£2% TOC | 89 +2 % TOC
Solubility at pH 8 Soluble: 100£1% TOC | 91+2 % TOC
Characterisation as HSs at pH 2 based on | FAF: 97 £2 % TOC FAF: 64 £ 03 %
Klavins et al. (1999) HAF:3.420.1% TOC | TOC

HAF: 94+ 4% TOC
SUVA (L/m/mg TOC) 25+0.2 8.0+0.6

4.3.2. Complexation of HSs with Mg?* and PO4*-P

The complexation of cations with HSs depends on the presence and density of cation binding
sites present in HSs moieties, which are mainly associated with hydroxyl, and carboxylic
groups (Stevenson, 1994). Figure 4.1 shows the results of Mg?* and PO4*-P complexation

assays performed at 1 and 2 g TOC/L of HSs. TAN was not tested because it was present in
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excess in the synthetic reject water. Expectedly, the complexation of PO4>-P was not affected
by the presence of melanoidins or humic acid at all pH levels studied, attributable to the
negative charges of melanoidins, humic acid, and PO4>-P repelling each other (Migo et al.,
1997). However, PO4*-P can form binary complexes with HSs in the presence of multivalent
cations such as Ca?* (Audette et al., 2020). Multivalent cation-mediated complexation was not
tested in our study, but it is expected to occur in full-scale struvite precipitation installations,
as AD reject water contains multiple multivalent cations (Ezebuiro and Korner, 2017).
Furthermore, in the assays without HSs only 92% of PO4>-P passed through the ultrafiltration
membranes, while in the samples containing HSs, more than 95% of the PO4*-P reached the
permeate. The observed differences were significant in all cases as shown by statistic tests
(shown in the appendix, Table A4.1). The lower PO4* -P concentration in the permeate likely
can be attributed to the repulsion of the negatively charged regenerated cellulose ultrafiltration
membrane (Weber et al., 2013) and the POs*-P anions. Nonetheless, and despite the abundant
presence of negatively charged groups related to the melanoidins and humic acids in the
solution, the available Na* ions present in HSs solutions may have partly neutralised the
negative POs*-P charges, allowing membranes passage.

Conversely to POs*-P, Mg?* was strongly complexed by HSs at all studied pH values (Figure
4.1-b). Mg?* complexation increased with the increased TOC concentration in both
melanoidins and humic acid solutions. HSs-cation complexation varies with the specific
characteristics of the HSs present (Morales et al., 2005; Plavsic¢ et al., 2006; Rufian-Henares
and de la Cueva, 2009). Enhanced Mg?* complexation may be associated with HSs aromaticity
and the humic or fulvic acid character of the HSs used in our present study. Mantoura et al.
(1978) found that in general, fulvic acids complexed cations to a lower extent compared to
humic acids. In our present study, the FAF in the purchased humic acid was substantially lower
than in the experimentally produced melanoidins solution (Table 4.3). Additionally, the SUVA
in humic acid was around three times higher than the SUVA of melanoidins (Table 4.3),
suggesting higher aromaticity and complexing capacity in humic acid. The complexation of
Mg?* with HSs was not affected by pH, and the p-values in a single-factor ANOVA at 95%
confidence, comparing all used concentrations, were not statistically different, i.e., 0.51, 0.67,
0.99, 0.83, and 0.78 in the case of No-HSs, MEL-1, MEL-2, HA-1, and HA-2, respectively.
This indifference to pH contradicts other studies that have found a clear correlation between
pH and HSs complexation capacity (Bosire et al., 2016; Yan et al., 2015). However, our

researched pH range of 6.5 — 8.0 was quite narrow and far from the theoretical neutralisation
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pH of HSs, which is around pH 3.0-4.5 (Karim et al., 2013). The complexation of Mg?* in
reject water is of considerable importance for practice, since it would lower the degree of
supersaturation of the struvite precipitation reaction (Equation 4.1 and Equation 4.2,

respectively), and thus could hinder struvite formation.

Colour and UVA 254 were analysed to quantify the fraction of HSs that passed through a 1kDa
ultrafiltration membrane (shown in appendix Table A4.2 and A3). Around 15 % of the colour
and 38% of UVA 254 passed through the 1 kDa membrane in the case of MEL-1 and MEL-2,
and 1% and 3% passed it in the case of HA-1 and HA-2, respectively. The lower fraction of
colour and UVA 254 of humic acids in the 1kDa permeate compared to melanoidins at the

same concentrations, evidenced that the humic acid in the solution had higher MW.
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Figure 4.1. Complexation experiments using PO4s>-P and Mg?* with an incremental
concentration of melanoidins and humic acid; a) PO4*-P fractions; b) Mg?* fractions. “TC”

represents total concentration and “FP” represents the fraction in the permeates.

4.3.3. Nutrients mass balances
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Figure 4.2 shows the levels of precipitated (P-) and soluble (S-) nutrients at the studied pH
values and incremental concentrations of HSs. Our results indicated that an increase in pH led
to an enhancement in struvite precipitation; molar ratios indeed confirmed the presence of
struvite (Mg2+:NH4*:POs*=1; appendix Figure A4.1). The enhanced struvite formation at pH
7.25 and 8 is attributed to the higher degree of supersaturation induced by the elevated pH. For

struvite, the degree of supersaturation (Q) is defined in Equation 4.2.

Qi/ ar” [Mg*'] ay [NH;] a3 [PO3 ] (4.2),

Ksp

Where ay, az, and as represent the activity coefficients of Mg?*, NH4* and PO4* and “[]” their
molar concentrations, respectively; Ksp is the thermodynamic solubility product, which may
vary between 4.37-107%* to 3.89-1071° depending on the method used for its determination
(Bhuiyan et al., 2007). Our results showed that variations in pH affected the speciation of
reagents, which in turn affects Q and the amount of produced struvite. Considering the
speciation of the reagents in solution, Desmidt et al. (2013) found that the optimum range for
struvite precipitation is at pH 8-10; which is consistent with the lower precipitate yields at pH
6.5 found in our study. Barber (2016) stated that the THP-AD-reject water tends to have a slight
alkalic pH due to the elevated concentration of TAN, which may increase €2, promoting

uncontrolled struvite precipitation.

We also examined the effect of HSs on struvite precipitation. The presence of melanoidins at
pH 7.25 and 8 did not significantly alter the fraction of TAN and PO.>-P in the precipitates.
However, at pH 6.5 the incremental melanoidins concentrations resulted in a higher percentage
of POs*-P in the precipitates, from 43% (No HSs) to 53 % and 55% in the case of MEL-1 and
MEL-2. The ANOVA test at 95% confidence showed significant differences at pH 6.5 in the
samples No-HSs, Mel-1 and Mel-2 samples (p-value= 0.0039), and Tukey HSD- test showed
that the PO,*-P measurements in MEL-1 and MEL-2 were equal (p-value=0.53) and
significantly higher than No-HSs (p-value= 0.013 and p-value=0.004, respectively). At pH 6.5,
MEL-1 and MEL-2 promoted struvite formation, presumably due to the addition of nucleation
centres (seeding material), resulting from the partial solubility of melanoidins at lower pH
values. Despite the high solubility of melanoidins (shown in Table 4.2) the impurities formed
at decreased pH may act as seeding material and promote nucleation and further precipitation
(Ariyanto et al., 2014; Battistoni et al., 2005; Le Corre et al., 2007; Mehta and Batstone, 2013).
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Likely, the formed impurities had a colloidal nature and thus remained in suspension during

sample centrifugation for assessing the solubility.

In contrast to melanoidins, humic acid hindered struvite precipitation (Figure 4.2) particularly
at pH 6.5, in which only 6 % (HA-1) and 17 % (HA-2) of the PO4*-P precipitated, compared
to 43% in No-HSs. Also at pH 7.25 and 8, the presence of humic acid reduced precipitation;
however, this effect was much less than at the lowest pH tested. Previous studies also have
reported inhibitory effects of humic substances on struvite precipitation. For instance, Zhou et
al. (2015) found inhibition in struvite formation caused by 40 mg/L HSs, using HSs containing
> 90% fulvic acid. Furthermore, Wei et al. (2019) also found that humic acid caused inhibition
of struvite nucleation and moderately hindered crystals growth; the study suggests that Mg?*
complexation in the humic acid matrix might have caused the inhibition. Complexation of HSs
and Mg?" has already been reported in literature (Bosire et al., 2016; Zhao et al., 2016).
Moreover, the experiments in our present work strongly suggested that HSs and particularly

the humic acid — Mg?* complexes, hindered struvite precipitation.

Finally, we assessed the mass balance of nutrients in each experiment and found that the
discrepancy between supernatant plus precipitate was within 10% of the initial nutrient mass
(mean difference t-test at 95% of confidence showed in Table A4.1 of appendix). Also, asingle-
factor ANOVA analysis at 95% of confidence, showed that all summed masses deviated
slightly (p-values of 1.52-10-4 and 3.28-10-9 in the case of PO,*-P and TAN, respectively).
The small differences are attributed to the heterogeneity of suspended samples and the
interference of the PO4*-P measurement with humic substances. TAN mass was found to be
slightly higher than the expected value, possibly due to deamination of glycine in the
melanoidins stock solution under high-temperature conditions. Deamination of proteins caused
by exposure to high temperatures has been described before. Wilson and Novak (2009) found
ammonia production in thermal hydrolysis with bovine serum albumin already at 130°C, which

increased with the reaction temperature.
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Figure 4.2. Nutrients mass balances at different concentrations of melanoidins and humic acids
at different pH values. a) POs*-P mass; b) TAN mass. “P” represents the nutrient mass in the
precipitates, and “S” is the mass in the supernatants; the red-dashed lines represent the

stoichiometric mass of nutrients.
4.3.4. PSD and morphology of the produced crystals

The PSD and morphology of the produced crystals in the presence of melanoidins at different
pH values are presented in Figure 4.3. Crystals produced in presence of humic acid, could not
be analysed, since humic acid precipitates clogged the filters, while the attached non-soluble
humic particles influenced the crystal size (additional material, Figure A4.2). Crystallization
experiments showed that in the absence of HSs (No-HSs), the size average and variability of
crystals decreased with an increased pH. Minimum Feret diameters in No-HSs averaged 53 +
36 um, 50 £ 27 um and 39 + 18 um at pH 6.5, 7.25 and 8 respectively; and maximum Feret
diameters averaged 105 * 68 um, 94 = 53 um and 88 + 43 um at the same pH values,
respectively. Increased pH resulted in smaller crystals, even though the mass balance showed
a higher degree of TAN and PO4*-P crystallisation under these conditions (Figure 4.1).
Supersaturation is described to be positively correlated with nucleation (Mehta and Batstone,
2013), and it defines the size of crystals (Shaddel et al., 2019). In our present study, elevated
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pH induced elevated supersaturation indexes, which led to the formation of more nuclei
producing more and smaller crystals. Shaddel et al. (2019) described similar behaviour at pH
7.5,8.5and 9.5.

Furthermore, MEL-1 and MEL-2 solutions rendered smaller crystals compared to No-HSs, at
all analysed pH values. However, the decrease in size with increasing pH was not consistent,
and the largest crystals among MEL-1 were formed at pH 7.25, with average minimum and
maximum Feret diameters of 39 um and 61 um, respectively. MEL-2 rendered decreased Feret
diameters and higher size variability with increasing pH. The observed smaller Feret diameter
of the formed crystals in presence of melanoidins, could jeopardize the separation of crystals
and reject water in full scale struvite reactors. A low crystal diameter might lead to the need of
different settling velocities in completely stirred systems or fluidised bed systems (Vasa and
Pothanamkandathil Chacko, 2021). Also, small diameters are not efficient for secondary
nucleation, which, according to Cayey and Estrin (Cayey and Estrin, 1967), only occurs with

particles bigger than 220 um, due to their greater contact probabilities (Mullin, 2001).

Crystal morphology was expressed by its aspect ratio (Figure 4.3-c). The presence of
melanoidins decreased the averaged aspect ratio regardless of the melanoidins concentration,
compared with the No-HSs assays. The pH did not show a clear influence on the aspect ratio,
except in MEL-2 where the crystals became less elongated with increased pH. Figure 4.4 shows
pictures of the crystals formed under the different conditions studied. No-HSs samples returned
semi-transparent crystals with elongated blade-like shapes. These elongated shapes are in line
with the observed aspect ratio data (Figure 4.3-c). On the other hand, the addition of
melanoidins, rendered more square-like shaped crystals with a distinctive brownish colour
(Figure 4.4), indicating the presence of melanoidins either at the surface or incorporated
throughout the crystals, following the hypotheses of Zhou et al. (2015) and Abel-Denee et al.
(2018). After nucleation, crystals-growth may occur following 2 processes, i) growing atom by
atom, and ii) by aggregation of smaller crystals into bigger ones (Galbraith et al., 2014).
Melanoidins adsorbed on the struvite crystals during the growth process can be expected to
interfere with both growth processes. This phenomenon was illustrated by the microscopic
observations (Figure 4.4); the presence of melanoidins led to brownish crystals. The same
processes are proposed for other HSs, albeit, due to their lower solubility, the effects might be
more pronounced. HSs might either act as a “glue” to aggregate the smaller particles into bigger
ones (Figure 4.6), or as a solid particle that hinders the aggregation process, decreasing the

crystal size as described by Wei et al. (2019). The struvite growth process in presence of HSs
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is likely driven by the nature of the HSs and the crystals shear stress-induced breakage during

the crystallisation process.

Figure 4.5 shows a magnification of the crystals formed under the different applied conditions.
In case of No-HSs, optic and ESEM microscopy showed that the increased pH caused so called
“dendrites” formation in the crystal structure (Kobayashi, 1993; Lee, 2017). Dendrites are
hierarchical structures, which grow far from the plane front in preferential direction, like a tree.
Dendrites formation was observed in samples without HSs at elevated pH, likely due to the
increased supersaturation index that produced more nuclei, from which the crystals grew from
multiple sites (Glicksman and Lupulescu, 2004). Conversely, in the samples with melanoidins,
optic microscopy showed homogenous pigmentation in struvite crystals, likely due to the high
melanoidins’ solubility (Figure 4.5). In additional material, Figure A4.2 shows humic acid
precipitates using optical microscopy and ESEM. Humic acid formed a compact cake on the
filters when the crystals were separated from the supernatant. The cake was characterised by a
compact rigid structure and the cake particles differed distinctly from the crystals formed in
the solution. ESEM revealed that the compact and rigid cake was likely formed due to adhesive
forces between humic acid and the formed crystals. Optical microscopy clearly revealed the
brown-coloured crystals and the tight interaction of particulate-humic material in the struvite
crystals (Additional material, Figure 4.A2). The presence of HSs led to smaller-sized struvite
crystals, but results could not reveal whether HSs hindered the crystals' growth or increased

the crystals weakness, inducing breakage of the struvite formed.
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precipitates could not be determined.
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Figure 4.4. Struvite pictures in presence of melanoidins at different pH conditions.
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Figure 4.5. Optic microscopy and ESEM pictures of specific crystals formed in the presence
of melanoidins at different pH conditions.

4.3.5. Shear rate-induced breakage of the struvite produced.

Experiments at increasing shear rate were conducted to further research the stability of the
formed crystals. We assumed that the stability is inverse to the susceptibility of struvite crystals

to break (breakage), which can be a combination of abrasion and cleavage. The breakage of
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formed crystals was indirectly measured by conducting struvite crystallization experiments in
the presence of melanoidins and humic acid at various shear rates ranging from 1, 10, 100, to
1000 1/s. The experiments were performed at pH 7.25. HA-2 was not analysed, because the
produced precipitate remained adhered to the filters and yielded a low quantity. Figures 4.6-a
and b show the minimum and maximum Feret diameters of the formed struvite crystals at the
different shear rates and HSs concentrations. The results showed that in the case of No-HSs,
increased shear rate prevented the crystals to grow. No-HSs samples showed drastically
reduced minimum and maximum Feret diameters, i.e., from 91 + 108 um to 8 £ 6 um and 227
+ 207 to 22 £ 12 um, respectively, with increased shear stress during crystal formation, from 1
to 1000 1/s. Also, the occurrence of big crystals (represented in Figure 4.6 by upper whiskers)
decreased, characterised by decreasing minimum and maximum Feret diameters from 742 to
13 um and 1159 to 24 um, at 1 and 1000 1/s, respectively. The aspect ratio of the crystals was

not affected by the shear rate and crystal morphology remained mildly elongated.

Melanoidins prevented breakage of the crystals, and possibly led to aggregation of particles
that might have been broken without melanoidin addition. The minimum and maximum Feret
diameters increased with the melanoidins concentration, particularly at 10 1/s, and decreased
with shear rate. However, the size reduction induced by the increased shear stress was less
prominent in MEL-1 and MEL-2 than in No-HSs, referring to both maximum and minimum
Feret diameters. Melanoidins also decreased the aspect ratio at increased concentration,
possibly due to breakage of needle-shaped particles and subsequent aggregation in non-
preferential directions.

HA-1 showed the smallest particle size among the studied HSs samples. These small particles
were probably a mixture of struvite and humic acid, as shown in Additional material Figure
A4.2. However, HA-1 did not show a clear trend regarding the size of maximum and minimum
Feret diameters at shear rates of 10 and 100 1/s, while larger particles were formed at shear
rates of 1 and 1000 1/s. The aspect ratio in HA-1 samples hardly changed with shear rate;
nevertheless, the low values indicated the presence of rounded particles.

143



Chapter 4

1000 1 Slope=-0.31 E Slope=-0.08 i Slope=-0.01 i Slope=-0.01
g5 OB | i LipeE %
= © E i i |
S o[ R THET s E@%
i - : i |
D | 1 ;
1000 - Slopg=-0.31 1 Slppe=-0.13 1 ope=-0.06 ! Slope=0.01
_ ! Ten i
=2 100 A Lo gy %I '%l T
i ! : :
X D : i H DG -
SE 104 s e %Eﬂ %
= I | :
® ! i |
]6 T T T
_ ! JiopeF-0.26 | Slope=-0.35 ! Slope=-0.03
Al 8 - K. : :
2 ! i E
E; 1 1 1
= h 4 : : :
3 J l 3 XX |
& | e
C) 1 1 .- 1 1
I 1 | 1
No-HSs ’ MEL-1 | MEL-2 | HA-1
01 1]1/s] O] 10[1/s] 1 100[1/s] 1 1000[1/s]

Figure 4.6. Particle size distribution of struvite crystals in shear rate breakage tests at different
HSs concentrations. a) Minimum Feret diameter (logarithmic scale); b) Maximum Feret
diameter (logarithmic scale); c) Aspect ratio. The dotted lines represent a linear data fitting

between the measured average values and the logarithm of the shear rate.

The observed results clearly showed that HSs addition increased the stability of the struvite
crystals and rendered particles with a smaller aspect ratio. Compared to samples without HSs,
the resulting particles with melanoidin addition had larger Feret diameters, whereas they were
smaller with HAs addition. These results suggest that there are differences in the adhesive
forces of melanoidins and HAs on struvite crystals causing different degrees of breakage. Such

forces are most likely size and shape-dependent, as described by Carvill (1993).
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In the struvite-HSs interaction, two types of interactive forces play a prominent role. The
struvite-struvite interactive forces have been described previously by Fromberg et al. (2020) as
Van der Waals/electrostatic forces that are dependent on the distance between the crystals, as
stated in the DLVO theory. In addition, the HSs-struvite forces are attributable to either
adsorption as described by Zhang et al. (2016) and Wei et al. (2019), or to DLVO-related
forces, causing adsorption of the particulate/colloidal organic matter on, or in, the crystals. The
latter is more apparent for humic acid containing a particulate fraction of 11% (at pH 7.25),
while melanoidins were fully soluble (Table 4.2). DLVO forces can be described by measuring
zeta potential of the analysed suspensions, which is determined by the composition and ionic
strength of the solution (Bhattacharjee, 2016; Fromberg et al., 2020; Zhang et al., 2023). HSs
have a negative zeta potential, however, Rodrigues et al. (2009) found that the presence of
Mg?* was able to elevate the zeta potential of HSs solutions at pH 4, 7, and 9 and created
molecular aggregates. Besides, struvite zeta potential is predominantly negative and tends to
decrease with increasing pH and Mg?* concentration (Bouropoulos and Koutsoukos, 2000;
Fromberg et al., 2020). Considering that the zeta potentials of struvite and HSs are both
negative, cations in solution (Mg®" and NH4"), likely facilitated the formation of HSs-
embedded crystals. Figure 4.7 shows a schematic representation of the observed struvite crystal

growth phenomena in the (non-) presence of HSs.
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Figure 4.7. Comparison between struvite crystal growth and breakage in the presence of
melanoidins and humic acid (light brown coloured), and absence of HSs (grey coloured). The
scheme indicates crystal growth, aggregation and breakage or growth hindering, HSs-crystal
adsorption and intercalation, as well as the role of DLVO and adhesive forces. Shear forces are
represented as the divergence of velocity (Vv).
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4.3.6. Implications of THP-formed HSs on full-scale PO4*-P removal.

The formation of HSs during THP through the Maillard reaction generates HSs with a wide
range of molecular weights and solubilities (Dwyer et al., 2008; Liu et al., 2012), capable of
forming complexes with cations in solution. Melanoidins present in the THP-reject water may
complex Mg?*, increasing the amount of Mg?* salts required to achieve the desired Mg?*/POs>
-P molar ratio. Therefore, part of the PO4*-P might not be removed due to Mg?*-HSs chelation,
or more Mg?* salts may be needed to reach the desired concentration. Additionally, the
colloidal or particulate fraction produced during THP may reach the struvite crystallisation
reactors (Barber, 2016; Zhang et al., 2018), leading to intercalation in the struvite crystals,
affecting their sizes and settling times. HSs-intercalated struvite may compromise adoption of
struvite as a fertiliser, because of the non-conventional colour of the crystals. Moreover, the
adsorbed and/or embedded HSs on, or in, the struvite crystal might contain other cations, such
as heavy metals (Bianchi et al., 2008; Jansen et al., 1996; Yip et al., 2010), which might also
compromise its use as fertiliser. The environmental implications of HSs and heavy metals in
struvite is a subject of interest for further research. Furthermore, another observed consequence
of THP pre-treatment is an increase in TAN concentration in anaerobic digesters (Jolis, 2008;
Ochs et al., 2021). The increase in TAN concentration during AD also increases the reactors’
pH; this increase is commonly moderate since the anaerobic process occurs in a pH range
suitable for the microorganisms to grow (pH 7-8). The elevated TAN concentrations and the
THP-induced pH increase might benefit struvite precipitation, since they both increase the

supersaturation index and promote crystallisation.
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4.4. Conclusions
Our present study led to the following conclusions:

e Melanoidins moderately, and humic acid strongly complexed Mg?*. The complexing
capacity of HSs is related to the HSs origin, particularly the soluble fraction of HSs,
and its aromaticity.

e Humic acid strongly hindered struvite formation, likely due to Mg?* complexation. The
struvite crystallisation inhibition was higher at pH 6.5 compared to pH 7.25 and 8.

e Melanoidins presence decreased the maximum and minimum Feret diameters and the
aspect ratio of the formed struvite crystal. In addition, melanoidins enhanced the
stability of struvite crystals towards breakage at elevated shear rates, particularly when
exceeding 10 1/s. Conversely, humic acid did not affect the struvite crystal stability
towards abrasion or breakage and reduced the Feret diameters and aspect ratio.

e Adsorption of HSs on, or in, the produced struvite resulted in an evident change in

colour.
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4.1. List of abbreviations
AD: anaerobic digestion.
ESEM: environmental scanning electron microscope.
FAF: fulvic acid fraction.

HA-1: experiments in presence of humic substances as humic acids in a concentration of 1 g/L

of total organic carbon.

HA-2: experiments in presence of humic substances as humic acids in a concentration of 2 g/L

of total organic carbon.
HAF: humic acid fraction.
HSs: humic substances.

MEL-1: experiments in presence of humic substances as melanoidins in a concentration of 1

g/L of total organic carbon.

MEL-2: experiments in presence of humic substances as melanoidins in a concentration of 2

g/L of total organic carbon.

No-HSs: experiments without the presence of humic substances.
PN/A: partial nitritation/anammox.

PSD: particle size distribution.

SUVA: specific ultraviolet absorbance.

TAN: total ammoniacal nitrogen.

THP: thermal hydrolysis process.

TOC: total organic carbon.

UVA 254: ultraviolet absorbance at 254 nm.

WWTPs: wastewater treatment plants.
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Figure A4.2: Optic microscopy and ESEM pictures of crystals formed in the presence of humic
acid.
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Table A4.1. p-values in two-tailed t-tests comparing the mass balances of the PO4>-P and TAN
with their theoretical concentrations. The values with a star represent the p-value > a=0.05,
meaning that the values fit the mass balance.

Sample | pH
 Sample |

PO,*-Ptotal TAN Total

No-HSs | pH 6.5 | 0.007 0.235*
pH 7.25 | 0.011 0.017
pH 8 0.002 0.094*
MEL-1 |pH 6.5 | 0.090* 0.274*
pH 7.25 | 0.170* 0.010
pH 8 0.008 0.014
MEL-2 |pH6.5 |0.117* 0.005
pH 7.25 | 0.004 0.006
pH 8 0.028 0.053*
HA-1 pH 6.5 | 0.294* 0.483*
pH 7.25 | 0.329* 0.122*
pH 8 0.063* 0.035
HA-2 pH6.5 |0.077* 0.626*
pH 7.25 | 0.081* 0.120*
pH 8 0.056* 0.225*

Table A4.2. Colour and UVA 254 in complexation assays of POs>-P.

Colour initial mg Pt-Co/L

UVA 254 permeate 1/cm

Assay pH | No-HSs | MEL-1 MEL-2 HA-1 HA-2

pH 6.5 0 10,439+ 95 | 20,587 +190 | 49,874 + 1140 | 101,064 + 1316
pH7.25 |0 10,165 + 435 | 20,148 £ 251 | 51,848 £ 1316 | 101,064 + 1011
pH 8 0 9,726 £ 251 | 19,270 + 251 | 52,507 £ 658 | 102,380 + 3949
Colour per Pt-Co/L

Assay pH | No-HSs | MEL-1 MEL-2 HA-1 HA-2

pH 6.5 0 2,211 +380 | 2,774 +24 621 + 24 868 + 24
pH7.25 |0 2,046 £190 |2,829+71 539 + 63 1060 + 71

pH 8 0 2,156 £ 343 | 2,829 +41 553 + 24 1156 + 24
Assay pH | No-HSs | MEL-1 MEL-2 HA-1 HA-2

pH 6.5 0 26.1+£0.2 51.5+£0.6 825+0.2 164.1+£2.0
pH7.25 |0 25.1+£0.2 50.5+£0.9 84.1+£0.2 1649+15

pH 8 0 25.2+0.2 50.3+0.5 80.3+1.0 167.5+0.6
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Assay pH | No-HSs | MEL-1 MEL-2 HA-1 HA-2

pH 6.5 0 10.0+0.2 19.2+0.1 2.70 £ 0.03 48+0.1
pH7.25 |0 10.1+0.2 19.7+0.1 2.81 +0.03 5.10+0.04
pH 8 0 9.8+0.2 19.70+0.01 |2.7+£0.1 51+0.1

Table A4.3. Colour and UVA 254 in complexation assays of Mg?*.

Colour initial mg PT-Co/L

Assay pH No-HSSMEL-1 MEL-2 HA-1 HA-2

pH 6.5 0 10,145 + 884 19,911 + 187 63,697 + 1316 137,048 + 3313

pH7.25 O 9,874 + 117 20,344 + 187 64,135 + 760 133,976 + 4560
H8 0 10,213 + 117 20,452 * 649 63,697 + 2373 133,537 + 3313

Assay pH No-HSSMEL-1 MEL-2 HA-1 HA-2
pH65 0 1,650 + 47 3,463 + 124 256 + 24 400 £ 12
pH7.25 D0 1,731 + 62 3,598 + 124 221 +21 400 + 43
pH 8 0 1,664 + 35 3,625 + 124 290 + 31 434 + 43
Assay pH |No-HSsMEL-1 MEL-2 HA-1 HA-2
pH65 252+ 0.4 51.5+0.9 61.1+1.0 1285+£1.0
pH7.25 [ 248+ 0.4 51.2+1.2 63.5+0.2 130.1+14
pH 8 0 26.2 £ 0.5 51.3+1.6 65.5+ 1.8 133.3+0.6
UVA 254 permeate 1/cm

Assay pH [No-HSSMEL-1 MEL-2 HA-1 HA-2
pH65 [0 9.4+0.1 20.0+0.4 1.635 + 0.004 2.980 £ 0.008
pH7.25 0 0.4+0.1 20.3+0.4 1.711 + 0.002 2.8+0.1
pH 8 0 9.3+0.1 19.9+0.6 1.946 + 0.002 29+0.1
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Chapter 5

Abstract

Thermal hydrolysis process (THP) is a well-established anaerobic digestion (AD) pre-
treatment technology. Despite the THP benefits the pre-treatment increases the concentrations
of nutrients and melanoidins in the digestate reject water after dewatering. The increased
concentrations of nutrients and melanoidins formed during THP-AD can impact downstream
processes, such as struvite precipitation and partial nitritation/anammox (PN/A). In our present
work, six full-scale PN/A influents and effluents were sampled in The Netherlands (4 with THP
and 2 without THP). Full-scale samples were characterised and the stoichiometric O>
consumption and melanoidins chelated to trace elements were analysed. The results showed
that THP increased the concentration of total ammoniacal nitrogen (TAN), chemical oxygen
demand (COD), total organic carbon (TOC), UVA 254 and colour, which are indicators of
melanoidins occurrence. THP furthermore decreased the stoichiometric NO3™-N production
from the PN/A reaction in effluents. The disparity between stoichiometric and measured NOz
-N in the THP-using plants was explained by the proliferation of denitrifiers. Moreover,
denitrification improved the N removal efficiency due to the consumption of the
stoichiometrically-produced NOs™ -N. Also, the stoichiometric O> consumption increased in
the plants using THP, reaching up to 56% of the O used for partial oxidation of TAN. Trace
elements analysis revealed that the plants with elevated concentrations of melanoidins in the
effluent showed a high percentage of chelated multivalent cations, particularly transition metals
such as Fe. Kendall correlation coefficient analysis showed that the chelation of multivalent
cations was correlated mainly with colour occurrence in the reject waters. Overall, the results
indicated that in PN/A systems using THP-AD increased O, consumption and trace elements

availability should be considered during the process design.
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5.1. Introduction

Anaerobic digestion (AD) is a well-established technology to diminish the amount of excess
sludge from wastewater treatment plants (WWTPSs) and to recover biochemical energy as
biogas (Appels et al., 2008). During AD of primary and secondary sludges, hydrolysis of
particulate matter determines the overall conversion rate of the process, and is thus considered
the “rate-limiting step”(Appels et al., 2008; Pavlostathis and Giraldo-Gomez, 1991; Tiehm et
al., 2001). Hydrolysis acceleration has been reached at both lab-scale and full-scale by the
application of pre-treatments on the AD substrates (Appels et al., 2008; Hendriks and Zeeman,
2009). Thermal hydrolysis process (THP) is the most widespread pre-treatment for AD; it has
become commercially available in Norway in the 1990s, and has since expanded to the rest of
the world (Devos et al., 2023; Kor-Bicakci and Eskicioglu, 2019; @deby et al., 1996). During
THP, the AD substrates’ temperature is increased to 140-170 °C for around 20-30 min,
followed by a sudden decrease in pressure (and temperature), which causes cell disruption and
cytoplasmic content release (Ringoot et al., 2012). The use of THP-AD has demonstrated
advantages such as reduced pathogens concentrations in AD effluents, increased anaerobic
biodegradability, and improved mixing and dewaterability of the AD-digestates (Barber,
2016). Despite the evident advantages of THP, it has been observed that this pre-treatment
increases nutrient concentrations and leads to the formation of recalcitrant compounds (Dwyer
et al., 2008b).

THP-AD systems are characterised by increased total ammoniacal nitrogen (TAN)
concentrations as a consequence of increased solubilisation and biodegradability of proteins
(Bougrier et al., 2008; Li and Noike, 1992). The increased nutrients solubilisation in THP-AD
can lead to negative effects in the AD process, such as free ammonia nitrogen (FAN) inhibition
and spontaneous struvite precipitation (Barber, 2016; Yuan et al., 2012). Additionally, elevated
nutrients concentrations can affect AD downstream processes as follows: 1) Increased Mg?*
requirements in struvite precipitation due to increased PO4% concentrations, which may
increase PO.* recovery, and 2) Increased O, requirements to convert elevated TAN
concentrations into N2 in mainstream conventional nitrification-denitrification processes or a
partial nitritation-anammox (PN/A) process in the reject water line. Furthermore, Zhang et al.
(2020b) observed that PO4* increased along with the THP pre-treatment temperature and with
reaction times shorter than 30 minutes. PO4> release can be attributed to the disintegration of
phosphate-accumulating organisms (PAOs) present in waste activated sludge (WAS) from

WWTPs using enhanced biological phosphorous removal (Coats et al., 2011; Qiu et al., 2019).
161



Chapter 5

Also, the presence of living PAOs during AD can lead to increased PO4% concentrations as a
result of their VFA uptake accompanied by PO4* release (Flores-Alsina et al., 2016; Wang et
al., 2016). However, PO4> solubility in the AD reactors’ digestates depends on the cationic
load among other factors (e.g. pH and reagent concentrations), which determine the
precipitation of P-based minerals (Flores-Alsina et al., 2016). In increasing numbers of full-
scale installations, soluble PO4* in AD reject water is removed using the struvite precipitation
process, in which Mg?* is added at mildly elevated pH. However, during struvite precipitation
other P-based minerals can co-precipitate with different metals such as AI**, Ca?*, and Fe?*3*
(Becker et al., 2019; Fischer et al., 2011).

In addition to the increased nutrients concentrations, THP leads to the formation of
melanoidins, which are coloured polymers from the Maillard reaction (Dwyer et al., 2008b;
Penaud et al., 2000). Melanoidins are formed when carbohydrates and proteins are exposed to
high temperatures, leading to polymerisation reactions and thus increased molecular weight
and a higher degree of aromaticity (Hodge, 1953; Wang et al., 2011). Like humic substances
(HSs) and irrespective their anthropogenic origin, melanoidins can be classified as fulvic acids,
humic acids and humins, depending on their pH-dependent solubility (L. Malcolm, 1990;
McDonald et al., 2004; Migo et al., 1993). Melanoidins furthermore behave as polydentate
ligands, chelating ions in solution in the same way as conventional HSs. The complexing effect
of HSs has been widely used in agriculture to chelate nutrients, and promote their slow release
(El-sayed et al., 2017; Morales et al., 2005). As a result of the complex chemical composition
of THP-formed melanoidins, part of these compounds cannot be anaerobically biodegraded,

and reach the AD downstream processes.

After THP-AD, the reject water contains an elevated concentration of nutrients, which is
increasingly removed prior conveying the reject water to the headworks of the WWTP to
safeguard its proper functioning. A common option to remove TAN in reject waters is the PN/A
process, which is less expensive compared to the traditional nitrification/denitrification process
in the WWTP’s mainstream. Compared to nitrification/denitrification, PN/A requires 50-60 %
less O> consumption and it does not require any organic matter as electron donor for the
ultimate denitrification step (Fux and Siegrist, 2004). The PN/A process was discovered and
further developed in the 1990s and has been growing thenceforth to reach over a hundred full-
scale plants operating in 2014 (Lackner et al., 2014). As the name suggests, PN/A reactors
work in a dynamic equilibrium between two main microbial populations: 1) aerobic ammonium

oxidising organisms (AOO) and 2) anoxic ammonium oxidisers (anammox) (Gilbert et al.,
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2013; Lotti et al., 2014a). In a simplified way, AOO use O to convert NH4* into NO2’, and
anammox microorganisms oxidise NH4" using NO2™ to produce Nz. After the N2 concentration
reaches saturation in the liquid, N2 is stripped to the gas phase (Baeten et al., 2019; Strous et
al., 1998; Van Hulle et al., 2010). Since modern PN/A systems comprise only one single-step
reactor, AOO and anammox microorganisms coexist in a delicate equilibrium, conducting their
metabolic reactions in parallel (Lackner et al., 2014). Moreover, PN/A reactors treating reject
waters from the AD process, make beneficial use of the high TAN concentrations, high
temperature (30-35°C), and low organics concentrations (Joss et al., 2009). However, THP
modifies the properties of reject water and the subsequent PN/A process’ influent. Furthermore,
organics formed during THP-AD can cause diffusional limitation on the AOO, hindering the
PN/A process (Zhang et al., 2018b). Also, the THP-formed organic matter in reject water may
imbalance the microbial populations in PN/A, leading to the growth of heterotrophs (Wang et
al., 2020). In addition, the heterotrophic degradation of THP-produced melanoidins using O2
might lead to elevated O uptake rates in the PN/A reactors. Furthermore, the melanoidin's-
mediated cations complexation may cause a scarcity of available trace elements, which might
hinder the growth of the PN/A microbial populations.

In our present work, we researched the observed performance differences between PN/A
reactors treating reject waters from anaerobic digesters fed with THP pre-treated sludge versus
and digesters fed with non-pre-treated sludge. To better understand the impact of THP pre-
treatment on the PN/A process, the biomass, nutrients, organics, and soluble cations were
characterised and compared between the PN/A reactors treating either THP-treated sludge
reject water or reject water without pre-treatment. In addition, stoichiometric calculations were
performed to assess the aerobic/anoxic biodegradability of the (semi)recalcitrant organics
produced during THP (melanoidins), using different final electron acceptors. The latter,
permits analysis of whether denitrification occurred as a possible N-removal pathway. Finally,
trace elements complexation assays were conducted to investigate trace metals availability and

the possible occurrence of microbial growth factors limitations in the full-scale PN/A reactors.
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5.2. Methodology

5.2.1. Sampling campaign in full-scale PN/A reactors

Influent and effluent from side stream PN/A processes treating AD-reject water were sampled
in six WWTPs, all located in the Netherlands. The PN/A effluent samples included
homogenous samples containing liquid broth and biomass. Only one sample was taken, and

the measured values correspond to that sampling moment. The locations and some process

characteristics of the studied WWTPs are shown in Table 5.1. After the sampling, the biomass

and reject waters were stored separately at 4°C for further analysis.

Table 5.1. Characteristics of the WWTPs sampled in our study.

Sluisjesdijk Olburgen | Tilburg Hengelo | Apeldoorn | Amersfoo
(SLU) (OLB) (TIL) (HEN) (APE) rt (AME)
THP | No THP No THP | CAMBI® | CAMBI® | TURBOTE |LYSOTE
syste C ® | RM®
m (if SUSTEC ELIQUO
appli WATER
es) &
ENERGY
BV
PN/A | Two steps | CANNO | ANAMM | NAS- DEMON ® | DEMON
syste | SHARON/ANA [ N® OX® ONE ® ®
m MMOX ® COLSEN
Influ | Municipal AD | Combined | Municipal | Municipal | Municipal Municipal
ent reject water | anaerobic | AD reject | AD reject | AD  reject | AD reject
origi | sampled after | ally water water water water
n struvite treated sampled sampled sampled sampled
precipitation. potato after after after struvite | after
starch struvite struvite precipitatio | struvite
wastewate | precipitati | precipitati | n. precipitati
r + | on. on. on.
municipal
AD reject
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water
sampled
after
struvite
precipitati

on.

5.2.2. Chemical analysis

True colour was determined in 0.45 um filtered samples, using filters CHROMAFIL Xtra PES-
45/25 (Macherey-Nagel, Germany). The absorbance was measured at 475 nm using a
Platinum-Cobalt colour standard solution (Hazen 500, Certipur® Merck, Germany) with a
concentration of 500 mg Pt-Co/L, in a Genesys 10S UV-Vis spectrophotometer (Thermo
Scientific, USA), using 1 cm pathway plastic cuvettes. UVA 254 was measured in filtered
samples in the same spectrophotometer as true colour at 254 nm using 1 cm pathway quartz
cuvettes. The results are expressed in mg Pt-Co/L and 1/cm in the case of T. colour and UVA
254, respectively. Specific ultraviolet absorbance (SUVA) was calculated as the quotient

among UVA 254 in metres, and total organic carbon (TOC) in mg/L.

Total and volatile solids (TS and VS, respectively) were measured according to Standard
methods for the examination of water and wastewater (Rice et al., 2012), when measuring TS
and VS in granular biomass, the samples were first crushed to homogenise them. Chemical
oxygen demand (COD), TOC, ortho and total phosphate (POs*-P and TP, respectively), TAN,
NO2-N, NOs-N, and total-N (TN) were measured with the Hach Lange kits LCK114,
LCK386, LCK350, APC303, LCK342, LCK340 and LCK338, respectively (Hach, USA).
Electroconductivity (EC) was measured with a probe LF 413T IDS (Xylem, Germany).
Volatile fatty acids (VFA) were measured using gas chromatography coupled with a flame
ionisation detector (FID-GC) (Shimadzu GC 14B, Japan) following the description of (Ceron-
Chafla et al., 2020). The samples were measured in triplicate, and the error bars’ length in the

results represents two times the standard deviation among the measurements.
5.2.3. Metals concentration measurements in the analysed PN/A reactors

The soluble concentrations of B, Na, Mg, Al, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, Mo and Cd in the
studied samples were measured using ICP-MS (PlasmaQuant MS, Analytik Jena AG,
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Germany). The samples for ICP-MS analysis were prepared acidifying 9.9 mL of 0.22um
filtered samples using 0.1 mL of HNOz 69% (CAS No.: 7697-37-2, CARL ROTH
ROTIPURAN ®, Germany). The parameters used in the ICP-MS device are shown in
additional information. ICP-MS measures the total concentration of the analysed isotopes, thus
the concentrations of the measured cations are expressed without their oxidation state, although

they are likely ionised in solution.
5.2.4. Melanoidins-metals complexation assays using ultrafiltration

Bioavailability of trace elements is a complicated parameter to measure. However, we assumed
that the non-bound metals were more bioavailable than the complexed ones. To measure the
complexation of multiple metals with melanoidins at the same time, the full-scale samples were
fractioned using crossflow ultrafiltration membranes to reject the high molecular weight
compounds that behave as multidentate ligands. The membranes used to conduct the
fractionation were a nominal 0.5 um glass fibre filter Advantec GC-50 (Frisenette, Denmark)
and a 1 kDa Ultracel® regenerated cellulose membrane (Merck Millipore, USA). The
fractionation was conducted using an Amicon ® stirred cell Model 8010 (Merck Millipore,
USA) at 21 + 2 °C using Ar gas at 2.8 bar to induce the trans-membrane pressure, and 600 rpm
stirring speed to minimise the cake/gel layer formation. After the micro- and ultra-filtrations,
the samples were characterised, measuring COD, TOC, Colour, UVA 254 (supplementary
material Figure A5.1) and metals concentrations in both fractions. Metals in the analysed
samples were measured using ICP-MS. The results are expressed as concentration, and as the
quotient of the concentration of each cation in the 1kDa permeate over the concentration in the

0.5 pum permeate.
5.2.5. Biomass specific substrates conversion rates

To measure the microbial activity in the analysed PN/A reactors, we measured specific
ammonium oxidising activity (SAOA), specific anammox activity (SAA) and specific
denitrifying activity (SDA) in batch tests. The culture media used to measure the microbial
activities are shown in supplementary information. In all the specific activity measurements,
flocs and granules were taken as homogeneously as possible from the samples to resemble the
full-scale conditions. Furthermore, to avoid possible inhibition from the melanoidins/substrate
still present in the sample broths, the PN/A biomass was rinsed before performing the activity
tests. The rinsing was performed using the same culture medium in which the respective

activity was measured without adding the respective substrates. The biomass was rinsed three
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times doubling the samples’ volume, followed by soft centrifugation at 3,500 rpm for 10
minutes, in a centrifuge model Heraeus Labofuge 400 (Thermo Fisher Scientific, USA). Since
the analysed samples contained granular biomass, the solids concentration could not be
determined beforehand, and was estimated based on previous tests before conducting the
activity measurement. After each activity measurement was completed, the biomass used was
crushed and the actual VS concentration was measured and used to calculate the activity value
in gN/gVS/day.

SAOA was measured respirometrically at 35 + 1°C in a 120 mL stirred and sealed reaction
chamber, connected to a dissolved oxygen (DO) probe model FDO® 925 (WTW, Germany)
(additional material, Figure A5.1). Initially, the vessel containing the culture medium without
substrate was magnetically stirred keeping the upper valve open (valve 1 in Figure A5.1,
additional material) to allow air exchange and reach DO saturation. After DO reached the
saturation concentration, the previously rinsed PN/A biomass was added to the reaction
chamber, which was filled with the culture medium without substrate, and the upper valve was
closed. A 20X concentrated TAN solution was added to the culture medium through the lower
valve (valve 2 in Figure A5.1, additional material) to start the reaction. The reaction was
stopped when the DO concentration reached 3 mg O2/L, and the maximum slope of the DO
depletion curve was transformed stoichiometrically to N consumed per day, per VS, and was

used as the activity indicator.

SAA and SDA were determined manometrically using an Oxytop® IS system (WTW,
Germany) in triplicate, measuring the overpressure generated by the N2 produced as a result of
the anammox and/or denitrification reactions. SAA and SDA were determined using sealed
bottles with 200 mL of reaction volume and around 130 mL of headspace. The exact volume
of each bottle was determined in advance. In the same way as in all the activity measurements,
the biomass was washed with their respective culture medium without substrate to remove the
residual reject water that might interfere with the measurements. Before starting the
measurements, the culture medium without substrate and the biomass were flushed for 1 minute
with Ar gas, and the samples were placed on a stirring plate and warmed until they reached
35°C in a temperature-controlled incubator. After the constant temperature was reached, the
inner pressure was equalised to atmospheric, and the concentrated substrate(s) were added with
a syringe. The moles of N2 produced were calculated using the ideal gas law, Henry’s constant
at 35 °C (for dissolved N2) and a correction factor from Antoine’s law at 35°C, which considers

that 5.54 % of the total pressure in the headspace corresponds to water vapour. After the

167



Chapter 5

specific activity was completed, the headspace gas composition was measured, and the biomass
was crushed to take homogenous samples for VS measurement. The specific activity
measurement was considered as the maximum slope of the N2 production curve over the mass

of biomass (VS) and time.
5.2.6. Stoichiometric calculations

Stoichiometric NOs™-N productions in the reactors analysed were calculated according to
Equation 5.3, based on the anammox conversion reaction reported by Lotti et al. (2014b).

Partial nitritation:

NH,  +1.50, & NO, +H,0+2 H" (5.1)
Anammox:

NH, + 1.146 NO, ™+ 0.071 HCO;+0.057 H" <> 0.071 CH; 740 3;Ny,+0.161 NO;™ + 0.986
N, +2.002 H,0 (5.2)

Partial nitritation and anammox:
NH, "+0.801 O,+ 0.033 HCO5+0.027 H' < 0.033 CH; 740031 Np>+ 0.075 NO;™ + 0.459
N, +0.933 H,O (5.3)

Equation 5.4 shows the theoretical NO*-N that should be found in the PN/A reactors effluents,
based on TAN concentrations and the stoichiometric calculations shown in Equation 5.3.

gNO, N

theoretical 0.075 ¢ TAN (TANinﬂuent - TANefﬂuent) (54)

NO; -N
If it is assumed that the overall volume in the influent and effluent are equal, the NO3z-N
produced can be calculated as the difference between the concentration in the effluent and the
influent, as shown in Equation 5.5.

NO;-N =(NO;"-N -NO;-N (5.5)

produced effluent inﬂuent)

To calculate the required amount of electrons to denitrify NOs™-N to N2, Equation 5.6 was used.
In the case of TIL and HEN the NO3z™-N concentration in the effluent was slightly lower than
in the influent thus the variation in those cases was considered equal to zero to avoid negative
values.

Denitrification:
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NO;+5¢ +6H" < 0.5N,+3H,0 (5.6)

From Equation 5.6 the organic matter (COD) that can be oxidised using NOs™-N as final

electron acceptor was calculated, and it is shown in Equation 5.7.

P~ 2857 £
NO;-N

~ NOy-N (5.7)

produced

To quantify the (extra)oxygen consumptions in the analysed reactors, the indexes shown in
Equations 5.8, 5.9 and 5.10 were calculated. Equation 5.8 shows The NO3z™-N used to oxidise
organic matter present in the PN/A reactors via denitrification, expressed as COD according to
Equation 5.7. Equation 5.9 shows the O used to oxidise organic matter present in the PN/A

reactors. Finally, Equation 5.10 shows the Oz used to partially oxidise TAN.

- g 02 g 02 _ _
NO; _NOX-OM( L ) =2.857 gNO3™-N (NO3 'Ntheoretical - NO; _Nproduced) (5.8)
g0y -
020M ( ) ( CODinfiyent- CODefﬂuent) -NO; _NOX-OM (59)
g0 ) i
OzTAN ( L2) 1.831 (TANinﬂuent- TANefﬂuent) +3.43 (N02 _Nefﬂuent - N02 _Ninﬂuent)

(5.10)

5.2.7. Data analysis

The Kendall rank correlation coefficient was used to find the correlation between specific
measured parameters. This non-parametric index is recommended for small datasets such as
the one in our present study, which was only seven points (Field, 2013). The plotted points
only correspond to the correlation coefficients that were significantly different to zero at 95%
of confidence.

Principal component analysis (PCA) was computed as a dimensionality reduction method
when analysing the trace element concentrations of the analysed WWTPs. To reduce the
influence of the naturally different concentrations of the different metals, each set of measured
metal concentration was z-scored (average=0 and standard deviation=1) before the PCA
analysis. The PCA was conducted with the function PCA in MATLAB R2019a, and the results

are shown in biplots.
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5.3. Results and discussion
5.3.1. PN/A streams chemical characterisation

Table 5.2 shows the (bio)chemical characterisation of the PN/A influent and effluent of the
studied WWTPs. Measurements were grouped into descriptors of organic matter (COD, TOC,
T. colour and UVA 254), nutrients (PO4*-P, TP, TAN, NO2-N, NOs-N , and TN), and
conversion capacities (SAOA, SAA and SDA). As shown in Table 5.2, the WWTP in which
THP was implemented (TIL, AME, APE and HEN) showed higher values of COD and TOC
in the influents compared with the plants not using THP. Furthermore, the PN/A effluents
showed a reduction in the concentration of COD and TOC compared to the influents. The
reduction in COD and TOC contents was likely caused by the partial oxidation of the organics
in the influents by a heterotrophic consortium of microorganisms, which used the organic
matter as carbon and energy sources. In addition, UVA 254 and T. colour followed COD and
TOC trends indicating that part of the degraded organics during PN/A corresponded to aromatic
and coloured compounds, such as melanoidins. The negligible VFA concentrations in both
influent and effluent of the PN/A confirmed that the organic matter in the PN/A reactors did
not comprise these AD-intermediates. The occurrence of melanoidins was likely caused by
THP before AD as reported by various studies (Barber, 2016; Dwyer et al., 2008b; Zhang et
al., 2020a).

Non-VFA COD concentrations remained very high in the sludge reject water, indicating that
the melanoidins in the PN/A influents were recalcitrant under anaerobic conditions. However,
results from our present study clearly indicated that melanoidins were partly biodegradable
when exposed to aerobic/anoxic conditions in the PN/A reactors. Apparently, the presence of
O and/or oxygenated nitrogen compounds like NO3z™ and NO-" as the final electron acceptor is
of importance to achieve oxidation of these organic compounds. The increased reduction-
oxidation (redox) potential under aerobic/anoxic conditions renders a higher potential energy
to be harvested by the microorganisms compared to the use of solely organics as final electron
acceptors under anaerobic conditions (Aghababaie et al., 2015). Moreover, SUVA increased in
the effluents of the PN/A reactors compared to the influents except for the OLB full scale
reactor, indicating that effluent organics were characterised by higher aromaticity compared to
the influents. The higher aromaticity in the effluents can be explained by microbial preferential

consumption of the less aromatic compounds in the influents. Moreover, electrical conductivity
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decreased in the effluent of all the analysed full-scale plants due to total N removal during the

PN/A process.

In contrast to TAN and total N concentrations, PO4*>-P and TP concentrations did not show
clear removal trends in the analysed full-scale plants. In fact, PO4s*-P and TP showed highly
variable concentrations in the studied influents and effluents, ranging from only 2.9 mg P/L
(PO4*>-P in OLB's influent) to 175 mg P/L (TP in APE's effluent). Besides, POs*-P and TP
concentrations in the effluents varied independently from the influents’ concentrations,
increasing in the samples from SLU-S, SLU-A, AME, APE, and OLB. The variable PO;*-P
concentrations in influent and effluent might be attributed to the presence and activity of PAOs
in PN/A reactors. PAOs consume organics (mainly VFA) and release PO4>-P under anaerobic
conditions, which may. have occurred when aeration ceased in the PN/A reactors. In contrast,
PAOs accumulate PO+*-P under oxic/anoxic conditions, decreasing the PO4>-P concentration
in the reactor broth (Satoh et al., 1992; van Loosdrecht et al., 1997). To the best of our
knowledge, the possible occurrence of simultaneous N and P removal in full-scale PN/A
reactors is thus far not reported and needs further research. However, some studies have
successfully applied simultaneous P and N removal in lab-scale (Ma et al., 2020; Xu et al.,
2019; Zhang et al., 2018a). In addition, the PO,>-P /TP ratio increased in the effluent of all
studied PN/A plants except for HEN, where the concentrations of POs*-P and TP decreased
distinctly in the effluent. The change in the PO4>-P /TP ratio might be related to melanoidins
oxidation with subsequent POs*-P release. The difference between soluble POs*-P and TP
concentrations likely corresponded to either POs*-P complexed to the HSs using cations for
the chemical binding (Gerke, 1992), or the accumulation of organic-P from microbial
metabolites/ debris. Additionally, TAN was the predominant N species in the studied PN/A
plants’ influents, which can be expected treating sludge reject water of the preceding AD
process (Table 5.1). TAN removal efficiencies were exceeding 70% and NO>-N was almost
not present in all the PN/A effluents of the analysed plants, except for SLU-S. It should be
noted that SLU consists of a two-step anammox process where a Sharon reactor is followed by
the anammaox reactor. Therefore, in SLU-S, NO2-N and NOs™-N increased in the effluent due
to TAN oxidation in the Sharon reactor (van Kempen et al., 2001). Also, TN concentrations
varied following TAN concentrations, since TN was comprised to a large extent by TAN.
Furthermore, NO3™ occurred in the reactors’ effluents as a reaction product, as expected from
PN/A stoichiometric conversion (Lotti et al., 2014b). The difference between the sum of TAN,

NO2-N, NO3z™-N concentrations and the TN concentrations likely corresponded to the soluble
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organic N fraction, which was a very small fraction. Soluble organic-N in PN/A influents and
effluent likely corresponded to N that formed part of the melanoidins structure (Dwyer et al.,
2008a; Zhang et al., 2020a).

SAOA, SAA and SDA were assessed to reveal the presence and abundance of the different N
converting bacteria and their potential contribution to overall N conversion in the studied PN/A
plants. As was expected, SLU-A and SLU-S presented the highest SAOA and SAA (Table 5.2),
since the biomass in the two-step anammox process is largely dominated by one specific type
of microorganisms in each reactor. Although denitrification is not pursued in PN/A systems,
Table 5.2 shows that all the analysed plants showed SDA, which was around 25% of the SAA
(except for OLB). Remarkably, SLU-A showed the highest SDA, evidencing the occurrence
of denitrifiers in the SLU-A reactor; denitrifiers in SLU-A possibly converted NO3™ into Na,
using organics from microbial decay as electron donor. SAOA was considerably higher
compared to SAA in the full-scale plants not using THP. The relatively low SAOA in THP-fed
PN/A plants is likely indicative of AOO inhibition caused by the melanoidins and colloidal
material present in THP-reject water (Valenzuela-Heredia et al., 2022; Zhang et al., 2018b).
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Table 5.2. Specific conversion rates related to SAOA, SAA, and SDA in the mixed liquor, and characterisation of the soluble chemical parameters

measured in the studied WWTPs.

Microbial activity | SLU-S and SLU-A * OLB TIL HEN APE AME

SAOA (g N/g|3.9+£1.2(SLU-S) 2.4+0.7 02+0.1 09+0.5 0.39+£0.02 1.10+0.50

VS/day)

SAA (g N/g|1.43+0.07 (SLU-A) 0.91 £ 0.07 0.56 + 0.04 0.89 £ 0.07 0.89 £ 0.04 0.57 £0.08

V/S/day)

SDA (g N/g|0.4+£0.1(SLU-A) 0.12 £0.03 0.14 £0.07 0.23+0.02 0.220£0.013 | 0.13+0.02

V/S/day)

Soluble Influent | SHARO | ANAMM | Influe | Efflu | Influe | Efflu | Influe | Efflu | Influe | Efflu | Influe | Efflu

parameters N OX nt ent nt ent nt ent nt ent nt ent

Effluent | Effluent

COD (mgCOD/L) |470+£17 |530+3 |314+2 108 +|71+£5 (3,151 | 821 + 3,527 |1,874 |1,709 |811 =|1,602 | 1,168
2 +5 42 +20 |£15 [+31 |2 +18 | %6

TOC (mg C/L) 130+5 150+8 | 1073 73+4|67.8+|2020 (296 +|1203 |685 +|528 +|267 +|506 £+ |361 +

0.3 +20 |7 +24 |12 3 5 11 10
True colour (mg|236+2 307+9 |281+14 |701 +|63 +|2563 [1,261 |5,381 |4,891 |1,284 | 1,400 | 2,260 | 2,563
Pt-Co/L) 2 24 +91 |+82 |+55 [0 +67 |+52 |+157 | +£99
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UVA 254 (1/cm) | 1075 +|229 +|1617 +|0.261 [0.212 |132+ |51 +|226+|17.41 |558+|494+|841+|8.04+
0.001 0.04 0.006 + * 0.2 0.2 0.2 +£0.04 |0.05 |0.01 |0.05 |0.07
0.002 | 0.005
SUVA (m-L/mg|083 +|152 +|151 +£/036+|0313 [066+|172+|188+|254+|106+|185+ 166|223+
C) 0.03 0.09 0.04 002 |+ 001 |0.07 |0.04 |0.05 |0.01 |004 |0.04 |0.06
0.008
VFA (mg COD/L) |[17+16 | Not Not Not |[Not |28+7[6+11[70 +[61+2[296 +|16+8 |Not | Not
detected | detected | detect | detect 23 1 detect | detect
ed ed ed ed
PO (mg POs*-|21.9+02|279 +|283+0.2|294+ 184+ 1026 |57+2|107 +|23+1 (3340 [172 +|29.7+|51+6
P/L) (97%) 0.2 (87%) 0.07 |02 +0.9 |(85%) |3 (79%) | £0.03 | 1 0.5 (97%)
(% of total P) (91%) (99%) | (99%) | (78%) (91%) (91%) | (99%) | (92%)
TP mg (P/L) 227+03 (309 +|323+0.2|29 +£|1861 |131 +|66+2 |117 +|29+2 [36.7+|175 +|323+|52+3
0.3 0.7 +0.09 | 3 2 0.6 2 0.5
TAN (mg N/L) 1,190 £ |590+20 [55+2 243 £|21.9+|1970 [101 £ 2,400 | 199 +|1,663 | 204 +| 1,910 |580 +
119 19 2 +134 |8 +40 |3 +20 |0 +10 |22
NO2-N (mg N/L) | Not 664 £7 | Not 9.76 £ | 1.213 | Not Not Not Not Not Not 0.126 |57+2
detected detected |0.05 |# detect | detect | detect | detect | detect | detect | +
0.006 |ed ed ed ed ed ed 0.005
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NO3z™-N (mg N/L) | Not 185+22 | 73.2+03 |25 +|23.2+|10.17 |40 +|170+|14.1+ | Not Not 6.3 +£|184+
detected 0.2 0.4 +£0.05|0.1 0.4 0.2 detect | detect | 0.2 3
ed ed
TN (mg N/L) 1,399 (1222 +|136+1 281 £ 55+1 2048 | 134 +£| 2,553 | 280 +£|1,548 | 244 +|2,205 | 751 +
13 33 17 +140 |5 +42 |4 +33 |23 +32 |32
EC (mS/cm) 1045 *|6.79 *|1.746 6.35+ 484+ 1350 (2851494 | 361+|13.70 |6.20+ | 1354 | 587
0.03 0.01 +0.03 0.02 +0.07|0.01 |+£0.07|0.02 |+0.07|0.03 |+£0.07]0.03

* SLU-S and SLU-A represent Sluisjesdijk Sharon and Anammox reactors, respectively.
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5.3.2. Stoichiometry of the PN/A reaction and Oz consumption

Following the PN/A reaction’s stoichiometry 7.5% of TAN-N (molar base) is converted to
NOz™-Nas an end-product (Lotti et al., 2014b). Consequently, a lower-than-stoichiometric NO3
-N concentration in the PN/A effluents indicates NOs reduction. Denitrification and
dissimilatory nitrate reduction to ammonia (DNRA) are recognised as the main mechanisms to
reduce NOs". Since DNRA only occurs under strict reducing conditions (Pandey et al., 2020),
we considered denitrification as the main pathway for NOs™-N reduction in our present study.
Moreover, SDA was observed in all the studied full-scale PN/A reactors (Table 5.2). The
denitrification pathway is enhanced in zones of lower DO, or moderate oxidation-reduction
potentials (Rambags et al., 2019), such as the inner part of granules, or in flocs if the aeration
is stopped. The latter is prevalent in reactors with intermittent-aeration systems. Figure 5.1-a
shows a comparison between the stoichiometric NOs™-N production based on TAN conversion
and the difference between the effluent and influent NOz™-N measured values in mg N/L of
each full-scale reactor. The stoichiometric NO3z™-N production was in line with the difference
in TAN concentrations in influent and effluent (TAN conversion), which were distinctly higher
in the plants using THP, as has been previously reported (Barber, 2016) and shown in Table
5.2. Also, the NO3™-N produced in the PN/A step was close to zero in three out of four of the
plants using THP, showing that denitrification consumed all the NO3-N generated in PN/A.
Conversely, the plants not using THP (SLU and OLB) presented NO3-N concentrations close
to the stoichiometric production. The proximity between the stoichiometric and measured NO3"
-N values indicated less prominence of denitrification in these full scale PN/A plants. Although
considerable SDA values were assessed, the near absence of denitrification was likely due to
lack of electron donors such as biodegradable organics. Increased denitrification may increase
N2O formation and thus greenhouse gas emissions, as widely discussed in the literature
(Gulhan et al., 2023; Kong et al., 2016; Ma et al., 2017; Massara et al., 2017; Ni and Yuan,
2015). Furthermore, the plants using THP removed more N than stoichiometrically possible
via PN/A, indicating that organic matter in the influent was used as electron donor for
denitrification. Partially biodegradable organics from THP may have a positive impact on the
deammonification process, reducing the N-load to the mainstream nitrification-denitrification
process of the WWTP.

The most important control parameter in PN/A systems is DO. Aeration must be controlled
carefully to one hand, provide sufficient O to partially oxidise TAN and, on the other hand, to

avoid Oz inhibition of the anammox microorganisms (Morales et al., 2015; Seuntjens et al.,
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2018). The stoichiometric O, demands to oxidise TAN in the influents were calculated and are
shown in Figure 5.1-b. In the same way as NOs™-N production, the O, demand followed TAN
conversion in the influents, and was distinctly higher in the plants using THP due to the
elevated TAN concentrations present in the influents. In addition to the required amount of O>
to convert the TAN into NO2-N, an additional amount of O2 was used to oxidise the organics
in the influents (numbers in brackets). The oxidation of organic compounds was likely
performed using a combination of O2, NO2-N and NO3z™-N as final electron acceptors, as
explained previously. From Figure 5.1-b, it can be observed that the additional Oz demand can
reach up to 56 % in the case of TIL, being distinctly higher in the plants using THP. The
additional O, demand increased the energy requirement of the PN/A reactors, which is
primarily dependent on the influent TAN concentration (Deng et al., 2021). It should be noted
that AD-reject water is commonly recirculated to the mainstream treatment process for further
treatment. This means that in the absence of PN/A, the additional O, demand would be
otherwise spent in the secondary treatment. However, our results clearly showed that the O2
demand to mineralise COD (as organics) must also be considered in the process design, even
though PN/A systems are commonly designed to only consider the O> needed to partially
oxidise TAN. The additional Oz consumption might also affect the required O, supply rate,
giving additional restrictions to the aeration systems to reach the DO setpoints in the reactors.
To verify the influence of THP on the O, consumption rate, the Oz supply and consumption
rates must be tested in full-scale reactors and the aeration adapted accordingly.
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Figure 5.1. a) Stoichiometric versus measured NO3z™-N production in the studied plants. The
numbers in brackets represent the percentage of NO3z-Nmeasured OVer the stoichiometrically
produced NOz—N; b) Electron acceptors per litre of reactor used to oxidise the TAN and
organics in the studied PN/A systems as shown in Equations 5.8, 5.9 and 5.10. The numbers in

brackets represent the O used to oxidise organics, over O used to oxidise TAN.
5.3.3. PN/A streams trace elements characterisation and complexation assays

Most prevalent cations concentrations were measured in the soluble fraction of the influents
and effluents of the studied PN/A reactors using ICP-MS. The cations concentrations are shown
in Figure 5.2 (full data set available in additional information). It is important to stress that the
concentrations of the measured cations differed in all the analysed plants, attributable to the
very different treatments applied (Table 5.1) and the use of specific chemicals in treatment
steps prior to PN/A. In some WWTPs, cations were added i) to control process variables such
as pH (Na* as NaOH); ii) to coagulate/precipitate (in)organic matter (Fe** as FeCls); iii) as
reagents in previous processes such as Mg?* in struvite precipitation (Abma et al., 2010;
Driessen et al., 2020; Oosterhuis et al., 2014).
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Figure 5.2. Cations characterisation in the PN/A step of the studied WWTPs. The units in the

vertical axis are mg/L and the scale is logarithmic.

PCA was conducted as a dimensionality reduction technique to understand the behaviour of

the cations present in the influents and effluents of the PN/A reactors analysed (Figure 5.3).
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The variability explained in the two plotted components was 75.8 [%] in the case of the
influents and 67.6 [%] in the case of the effluents. Among the influents samples (Figure 5.3-a)
the data from AME and HEN were the most closely related with 0.04 [RAD] of angle difference
among the vectors, followed by TIL with 0.32 [RAD] of difference with HEN. Besides, B, All,
Cu, Zn and Ca were clustered in the two plotted components, while the transition metals Fe,
Co Ni and Mo were clustered only in the negative part of the first component. Figure 5.3-b
shows that SLU-S, SLU-A and OLB behaved similarly, which do not use THP as pre-treatment.
Also, HEN and TIL showed similar behaviour. The metals distribution was scattered within

the biplot, not showing a clear trend among the metals groups.
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Figure 5.3. PCA of the cations analysed in PN/A reactors of the studied plants. Cations are
clustered and indicated with different colours: blue= monovalent; red= divalent; black:
trivalent (metalloids); multivalent (transition metals).

5.3.4. Membrane separation of trace elements in PN/A effluents

HSs and melanoidins behave as multidentate ligands (Mantoura et al., 1978; Tipping, 2002).
The metal complexing capacity of these organic compounds can eventually limit the
bioavailability of trace elements and hinder microbial growth (anabolism) or substrate
conversion capacities (catabolism). Complexation of cations is expected since melanoidins
tend to have a negative charge at neutral pH due to the de dissociation of carboxylic and
phenolic groups (Bekedam et al., 2008; Migo et al., 1993).
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In the plants using THP a maximum of 17% of colour passed the ultrafiltration membrane,
which was the case for the APE sample (additional material). The concentrations of trace
elements showed a similar pattern as the THP effluent results shown in Figure 5.2. The
observed high similarity in results was likely caused by the used membranes in the filtration
processes having a similar pore size, viz. the dead-end filtration membrane had a pore size of
0.45 um (data in Figure 5.2) and the crossflow filtration membrane had a pore size of 0.5 um
(Figure 5.4).

Figure 5.4 shows the cation fractions that were filtered using a 0.5 um pore size membrane and
subsequently passed the 1kDa ultrafiltration membrane. A low value in the 1kDa-filtered
fraction implies that the specific cation is to a great extent complexed to the melanoidins
present in the broth of PN/A reactors. Results in Figure 5.4 show that Al was strongly
complexed by the melanoidins in the broth, since Al was nearly absent in the 1 kDa permeate.
Furthermore, Al was not found at all in three of the 0.5 um filtered effluents (Fig. 5, black
bars), likely because it formed part of the solids and colloidal matrix and was thus rejected by
the 0,5 um membrane. The binding capacity of Al with organics is widely reported in various
concentrations and pHs (Tipping et al., 1988). Next to Al, Fe was the second element in place
regarding the degree of complexation with melanoidins, showing an average of only 19% of
the Fe fraction that passed the 1kDa membrane (Figure 5.4). Notably, compared to the THP
equipped full-scale plants, larger Fe fractions in the 1 kDa permeates were measured in the
plants not using THP, reaching 36%, 22% and 54% in the case of SLU-S, SLU-A and OLB,
respectively. In all the plants using THP as pre-treatment and which were characterised by
relatively high concentrations of organic matter (Table 5.2), the observed Fe complexation was
considerable. The fractions that passed the 1 kDa membrane reached only 1%, 8%, 8%, and
2% in the case of TIL, AME, APE, and HEN, respectively (Figure 5.4). We, therefore,
hypothesize that the effects of THP on Fe concentration in the 1kDa permeates was indicative
for the complexation of this metal with the THP-created melanoidins. Fe commonly occurs in
biological systems in oxidation states Fe?* and Fe®*, and the specific oxidation state mainly
depends on the redox conditions (Pehkonen, 1995). After AD, Fe is expected to occur in reject
waters in the reduced form (Fe?*). However, during struvite precipitation, which is commonly
performed in airlift reactors, and in limitedly aerated PN/A reactors, Fe?* is likely oxidised to
Fe3*. The Fe3* ion strongly binds HSs, forming stable bonds with multidentate ligands, such as
HSs and melanoidins (Srivastva, 2020). Fe is an important metal in the anammox heme

proteins, which constitute up to 30% of the protein content and gives these microorganisms
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their distinctive reddish colour (Ferousi et al., 2017; Kartal et al., 2012). In addition, Fe is
involved in NH4* oxidation, being part of the ammonium-monooxygenase metalloenzyme.
Ammonium-monooxygenase catalyses the conversion of NH4* to hydroxylamine (Gilch et al.,
2009).

Also, Mn and Co were strongly complexed with melanoidins, and less than 50% of these metals
passed through the 1 kDa membrane. Co is an essential nutrient for microbial growth involved
in the N-cycle (Nicholas et al., 1964). Co has also shown positive effects on the anammox
conversion capacity when dosed as a trace element (Li et al., 2020). Furthermore, Ni can be
found in metalloproteins produced by some AOOQO, such as urease (Koper et al., 2004).
However, Ni can be toxic if present in high concentrations, with 1C50 values of 6.0 mg Ni/L

in solution (Kalkan Aktan et al., 2018) that were never reached in our present study.

The cations' complexation stability depends on many factors such as oxidation state, atomic
radius and nature of the ligands; however, they follow the Irving—Williams series for divalent
cations (Mn < Fe < Co < Ni < Cu > Zn) (Irving and Williams, 1953). The complexation of
specific trace elements that play a role in enzymatic cofactors may hinder both, microbial

catabolism, and anabolism in PN/A biomass from full-scale installations using THP.
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Figure 5.4. The fraction of the 0.5 um filtered supernatant that passed the 1 kDa membrane.
The black bars represent the absence of a specific cation in the 0.5 um filtered supernatant.
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5.3.5. Correlation analysis of cation complexation and organic matter in the
PN/A reactors

A correlation analysis was performed among the fraction of metals that passed the 1kDa
membrane (non-complexed) and the melanoidins indicators such as COD, TOC, COL, and
UVA254 in the 0.5 um fraction of PN/A. The Kendal correlation coefficient (t) was calculated;
this coefficient is employed for non-parametric correlations in small datasets, which was only
seven data points in this case (Field, 2013). Also, a two-tailed ANOVA analysis at 95% of
confidence was performed to analyse the correlation significance. Figure 5.5 shows significant
correlations at 95% of confidence of t between the parameters, COD, TOC, COL, and
UVA254, in the 0.5 um fraction, and the fraction of cations that passed the 1 kDa
membrane.Figure 5.5. Significant correlation at 95% of confidence of Kendall correlation
coefficient (1) between the concentration of COD, TOC, COL, and UVA254 in the 0.5 um
fraction, and the fraction of cations that passed through the 1 kDa membrane. A negative
correlation coefficient means that the cation was more HSs-complexed and hence, less
bioavailable. Figure 5.5 shows that the largest negative correlation was found between Fe and
colour (1=0.90). This highly negative correlation showed that the increased concentration of
colour in the broth of PN/A reactors produced a higher extent of complexed Fe. Also, colour
presented a negative correlation coefficient with Mn, Ni, and Zn (t=0.81), which indicated a
high complexation of these metals with HSs that caused colour occurrence. Furthermore, UVA
254 presented a significantly negative correlation coefficient with Ni and Zn, and TOC with
Fe and Zn. Overall, colour in the PN/A effluents showed a significant negative correlation
coefficient with the chelation of six multivalent cations (Ca, Mn, Fe, Ni, Zn and Mo). These
results showed that the complexation of cations in the effluents of PN/A reactors was correlated
with the melanoidins occurrence. Our present study proved that the complexation of cations
with multidentate ligands occurred, which eventually may cause problems in full-scale PN/A
reactors. However, current results did not prove any biomass growth/conversion-rate limitation
as a consequence of trace elements scarcity. To identify the trace elements that indeed limit
bioconversion, further research is needed in the field of trace elements availability in biological

systems with high concentrations of polydentate ligands.

183



Chapter 5

0.8
0.6
K
Ca 104
Mn
10.2
Fe
Co 1o
Ni
Cu +-0.2
Zn
-0.4
Mo
Cd -0.6
COD
TOC 0. 08
cOoL -0.71 -0.81 »0.90--0.81-—0.81 -0.71 0.81 1.00
-1
UVA254 0.71 0.71 1.00 []NaN
VO P & 2?0 D AN OO RN
QS O@QC)%O’\/@QOO&QQOA@?
N)

Figure 5.5. Significant correlation at 95% of confidence of Kendall correlation coefficient (1)
between the concentration of COD, TOC, COL, and UVA254 in the 0.5 um fraction, and the

fraction of cations that passed through the 1 kDa membrane.
5.3.6. Significance of the results for full-scale installations using THP.

The increased TAN and melanoidin concentrations associated with AD-THP, demand
optimized operational parameters and control strategies. In full-scale PN/A reactors that are
not designed for elevated concentrations of organics and TAN, some modifications are
required. DO control systems need to be adjusted to the elevated O, consumption rate, due to
the degradation of biodegradable organics. Fulfilling the increased O2 requirements could be
reached by extending the aeration periods in intermittent aeration systems, or installing
additional aeration systems. Also, the TAN conversion capacity likely needs to be increased,
which can be attained by increasing the concentration of AOO in the reactors or extending the
retention time in the reactors. Increase in AOO concentration may be reached by improving

the liquid solids separation techniques as used in DEMON® systems (lzadi et al., 2021).

Elevated denitrification capacity in PN/A systems has the potential to enhance the N-removal

efficiency from the reject waters. However, it also raises concerns regarding increased
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greenhouse gas emissions, such as N2O. Further studies are needed to understand N2O

emissions from the treatment of reject water from AD-THP-based systems.

Transition metals-melanoidins complexation was discussed as a side-effect of the use of reject
water from a THP-AD system. Trace metals complexation might cause trace elements
limitation in the PN/A microbial populations. Future research is needed to explore the effects
of specific trace metal limitations and its implications for microbial PN/A populations. Full-
scale mitigation strategies, such as trace elements addition to PN/A systems, may help to
alleviate metals limitation in the case of PN/A systems working with high concentrations of

melanoidins.
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5.4. Conclusions

The analysis of the studied PN/A systems allowed us to draw the following conclusions:

186

The use of THP as AD pre-treatment technique, increased COD, TOC, T. colour and
UVA 254 in influents of PN/A systems, evidencing an increase in the concentrations
of melanoidins in full-scale PN/A systems. The melanoidins in the PN/A influents were
not fully recalcitrant under the aerobic/anoxic conditions, and were partly degraded
during the PN/A step.

The use of AD-THP increased the O requirements in the PN/A reactors, which resulted
in increased aeration requirements in full-scale installations. The additional O2 was
used to oxidise the elevated concentrations of TAN and non-recalcitrant melanoidins in
PN/A influents.

In WWTPs using AD-THP, NOs™-N concentrations in PN/A effluents were lower than
the stoichiometric values, attributable to the occurrence of heterotrophic denitrification.
Denitrifying microorganisms using the organic matter in the reject waters as electron
donors, increased the N-removal efficiency in PN/A systems treating AD-THP reject
waters.

The presence of melanoidins in the effluents of PN/A reactors increased the fraction of
chelated Fe and other transition metals. The complexation of transition metals in PN/A
effluents is mainly correlated with the presence and intensity of colour. The
complexation of transition metals might cause trace metals limitation in the microbial

populations of the PN/A systems.
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5.5. List of abbreviations
AD: anaerobic digestion.
AME: Amersfoort.
AOO: aerobic ammonium oxidising organisms.
APE: Apeldoorn.
COD: chemical oxygen demand.
DNRA: dissimilatory nitrate reduction to ammonia.
DO: dissolved oxygen.
EC: electroconductivity.

FAN: free ammonia nitrogen.

FID-GC: flame ionisation detector gas chromatography.

HEN: Hengelo.

HSs: humic substances.

OLB: Olburgen.

PCA: principal component analysis.
PN/A: partial nitritation/anammox.
SAA: specific anammox activity.
SAOA: specific ammonium oxidising activity.
SDA: specific denitrifying activity.
SLU: Sluisjesdijk.

SUVA: specific ultraviolet absorbance.
T. colour: True colour.

TAN: total ammoniacal nitrogen.
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THP: thermal hydrolysis process.
TIL: Tilburg.

TN: total nitrogen.

TOC: total organic carbon.

TP: Total phosphorous.

TS: Total solids.

UVA 254: ultraviolet absorbance at 254 nm.
VFA: volatile fatty acids.

VS: volatile solids.

WAS: waste activated sludge.
WWTPs: wastewater treatment plants.

T: Kendal correlation coefficient.
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5.7. Appendix chapter 5
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Figure A5.1. Scheme of the respirometric system to measure SAOA.
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Figure A5.2: Melanoidins indicators in effluents of PN/A reactors in the membrane filtration
experiments: a) concentrations in 0.5 um (solid colour) and 1 kDa membranes (dotted bars).

The vertical number is dimensionless; b) Fraction of the melanoidins indicator that passed the

1kDa fraction over 0.5 um fraction.

Table A5.2. Parameters used to determine cationic isotopes using ICP-MS.
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Parameter
RF power 1.30 [kW]
Measurement mode | Fe in H2 mode, other elements in no gas mode
Acquisition time ~2 minutes
Solution uptake 4 mL
Cell gas flow
Plasma flow 9 L/min
Auxiliary flow: 1.40 L/min
Pump rate 10 RPM
Stabilization delay | 45s

Calibration solutions

IV-STOCK-35 and 1V-STOCK-28 (Inorganic Ventures, The USA)
SRM 1640a - Trace Elements in Natural Water (NIST, The USA)

Table A5.3. Composition of the culture media of SAOA, SAA and SDA.

SAOA was adapted from Campos et al. (1999), Sanchez et al. (2001) and
(Rongsayamanont et al., 2010)

Substrate Concentration  in  the | Concentration in stock (20X)
medium

NH4CI 306 mg/L (80 mg N/L) 6.113 g/L (1.6 g N/L)

Mineral medium | Concentration  in  the | Concentration in stock (100X)
medium

KH2PO4 250 mg/L 25 g/L

MgSO4 60 mg/L 6 g/L

NaCl 1000 mg/L 100 g/L

Mineral medium |1 Concentration  in  the | Concentration in stock (10X)
medium

NaHCO3 5¢g/L 50 g/L

Trace elements solution | Concentration  in  the | Concentration in stock (1000X)
medium

FeSO4-7H20 2.7 mg/L 2.7 g/L

MnCl2-4H.0 0.1 mg/L 100 mg/L

195




Chapter 5

CoCl2-6H20 0.024 mg/L 24 mg/L
NiCl2-6H20 0.024 mg/L 24 mg/L
CuCl2-2H.0 0.017 mg/L 17 mg/L
ZnCl; 0.068 mg/L 68 mg/L
NazMoO4 0.024 mg/L 24 mg/L
SAA adapted from Graaf et al. (1996)

Substrates Concentration  in  the | Concentration in stock (100X)
medium

(NH4)2S04 377mg/L (80 mg N/L) 37.7g/L

NaNO; 394mg/L (80 mg N/L) 39.4 g/L

Mineral medium | Concentration  in  the | Concentration in stock (100X)
medium

KHCO3 500 mg/L 50 g/L

KH2PO4 27.2 mg/L 2.72 g/L

Mineral medium |1 Concentration  in  the | Concentration in stock (100X)
medium

MgSO4-7H20 300 mg/L 30 g/L

Mineral medium Il1 Concentration in  the | Concentration in stock (100X)
medium

CaCl2-2H20 180 mg/L 18 g/L

Trace elements solution | | Concentration  in  the | Concentration in stock (1000X)
medium

EDTA 5 mg/L 5¢g/L

FeSO4 5 mg/L 5¢g/L

Trace elements solution Il | Concentration  in  the | Concentration in stock (1000X)
medium

EDTA 15 mg/L 15 g/L

ZnS04-7H20 0.43 mg/L 0.43 g/L

CoCl2-6H20 0.24 mg/L 0.24 g/L

MnClz-4H.0 0.99 mg/L 0.99 g/L

CuS0O4-5H20 0.25 mg/L 0.25 g/L

NaMoOgs-2H20 0.22 mg/L 0.22 g/L

NiCl2-6H2.0 0.19 mg/L 0.19g/L
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NaSeO4-10H20

0.21 mg/L

0.21 g/L

H3BO4

0.014 mg/L

0.014 g/L

SDA adapted from Rustria

netal. (1997)

Substrates Concentration  in  the | Concentration in stock (100X)
medium

NaCH2COOH-3H:0 637.8 mg/L (300 mg | 63.78 g/L (30 g CODIL)
CODIL)

NaNOs3

182.13 mg NaNOs/L (30
mg N/L)

18.213 g NaNO3/L (3 g N/L)

Mineral medium Concentration  in  the | Concentration in stock (100X)
medium

Peptone 50 mg/L 59/L

Yeast extract 50 mg/L 59/L

NH4CI 38 mg/L 3.80/L

MgSOs-7H20 600 mg/L 60 g/L

CaCl2-2H20 70 mg/L 7g/L

EDTA 100 mg/L 10 g/L

KH2PO4 50 mg/L 59/L

K2HPO4 90 mg/L 9¢g/L

Trace elements solution | Concentration  in  the | Concentration in stock (500X)
medium

FeClz-6H20 3 mg/L 15¢9/L

HBO3 0.3 mg/L 150 mg/L

CUSO4-5H20 0.06 mg/L 30 mg/L

Kl 0.06 mg/L 30 mg/L

MnCl2-4H-0 0.24 mg/L 120 mg/L

NazMo00O4-2H20 0.12 mg/L 60 mg/L

ZnS04-7H,0 0.24 mg/L 120 mg/L

CoCl2-6H20 0.3 mg/L 150 mg/L

197



Chapter 5

Table A5.4. Cations characterisation in the PN/A step of the studied WWTPs.

SLU-S and SLU-A oLB TIL HEN APE AME
Cation
i ANAMM
concentration SHARON Influe | Efflue | Influ | Efflu | Influ | Efflu Influ | Efflu
Influent OX Influent Effluent
Effluent nt nt ent ent ent ent ent ent
Effluent
B (ug/L) 5,858 + |147+32 |42+2 216 +| 206 + | 577 | 223 |772 |387 |6,237 +(6,219+95 |434 | 373.
51 1 4 +6 +5 +93 | +1 74 +3 2 +
0.8
Na (ug /L) 109,821 +| 89,861 +|89,089 +|7954 |7793 | 127, | 127, | 132, | 222, | 471,870 + | 478,507 + | 178, | 170,
4,309 1331 1,251 8 +|6 +|010 |883 |546 |246 | 7,000 19,923 795 | 318
1,391 | 1,330 |+ + + + + +
601 | 412 |3,08 | 4,94 161 | 3,25
1 7 9 1
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Mg (ung/L) 9,910 19,567 +|20,052 +|159,6 |1851 |211 |10,7 |1,94 |645 |25357 *|123,117 +|28,3 | 7,94
2,383 136 884 83 |5 |3 £|5 +£[9+9 |12 +|2437 2,749 74 + |7 %
3,361 | 2,449 | 89 450 580 358 | 2,36
4
Al (ug/L) 945  +| Not Not Not |[Not [198 [121 |44 +|125 [232+7 | Not 58 + | 44 +
1637 detected | detected | detect | detect | £9 |£11 |9 +21 detected 4 12
ed ed
K (ug/L) 133,869 + | 125,561 + | 130,196 + | 1,026, | 1,049, | 342, | 179, | 285, | 281, | 405,597 + | 409,091 + | 283, | 286,
6,482 1,038 1,281 034 +|392 +|126 |513 |386 |734 |6,899 6,463 845 | 114
8,779 | 12,02 | + * * * * *
7 1,54 | 191 |9,08 |2,04 2,13 | 3,07
3 1 0 7 1 0
Ca (ug/L) 59,168 +|93,435 +|94,326 +|42,32 |38,09 [39,4 |484 |33,7 |73,0 [60599 + 54615 +|339 |229
17,742 611 1,100 2 |3 £|27 £|23 £|39 |13 +|467 3,058 71 £]82 +
2,456 | 2,168 | 1,29 | 3,22 [669 | 1,40 150 | 1,48
5 4 8 8 1
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Mn (ug/L) 72 +92 115+ 2 1024 +|82+2|822+|50+|744 |17 +|75 +|16+1 303+08 | 7.8+ |13 +
0.6 1.0 0.7 +0.8 |11 1 0.2 2

Fe (ug/L) 3,690 +|320+26 |223+5 210 £+ |87 +|209 |4,37 |11,1 |18,9 |2,067 +|1,795+42 |3,47 | 1,68
4,370 31 27 2 +14 +/00 +|42 +|11 1 +|2 =+

80 76 1,11 | 457 57 67

3
Co (ug/L) 10+1 97+03 [81+04 | Not 08 +(26.2 | 145 |279 |325 [309+03(49+2 28.9 | 39.6
detect | 0.2 +03|+07|+£08|+05 +08|+0.7
ed

Ni (ug/L) 31+7 139+0.1|139+03 |27 +|36 +[108. |60 +|132 |100 |65+1 725+09 | 985 | 105.
0.1 0.5 5 +|2 +3 +5 +09|1 =+

1.7 0.4
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Cu (ug/L) 131+76 | 125+ 2 109+ 2 Not Not Not |39+|136 |4+1|86+1 88+5 15 +| 97 +
detect | detect | dete | 0.6 +0.3 1 1
ed ed cted
Zn (ug/L) 1519 +|162+3 1393 +|1+1 |5+5 |55 +|108 |45 +|36.1 [513+2 890 +247 |19 +| 187
214 0.7 2 +19 |2 +0.1 3 +1
Mo (ug/L) 17.7+06 | 11.8+04 | 1166 =+ |252+|375+|527 |13 +|24 +|303 |6.93 +(1040 + /119 |164
0.07 0.2 0.8 +08 |2 2 +8 0.04 0.05 +0.2|+01
Cd (ug/L) 6.4+03 |0.08 + | 0.06 +/10.03+|001+|Not |0.00 |Not | Not |6.24 +6.23+0.05| 0.01 | 0.08
0.02 0.02 0.03 0.01 dete |4 <+ |dete |dete |0.02 + +
cted | 0.00 | cted | cted 0.01 | 0.03
3
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Chapter 6

In this thesis, the effects of thermal hydrolysis process (THP) pre-treatment on waste activated
sludge (WAS) were examined including the consequences for downstream anaerobic digestion
of WAS and the treatment of digestate reject water. In this research, WAS characteristics before
and after THP pre-treatment were assessed, following the topical introduction in Chapter 1.
The effects of the physicochemical WAS transformations are discussed in the course of the
subsequent research chapters (Chapters 2-5). Predominantly, the physical transformations
involve the release and solubilisation of organics (Chapter 2 and Chapter 3), a change in
particle size, and a reduction in viscosity during THP (Barber, 2016b; Bougrier et al., 2006;
Dwyer et al., 2008b; Feng et al., 2015; Feng et al., 2014; Higgins et al., 2017; Laurent et al.,
2011; Ngo et al., 2021; Ngo et al., 2023; Sapkaite et al., 2017). Additionally, the chemical
reactions occurring during THP include the solubilisation of organically bound cations and
nutrients (Chapter 3), as well as melanoidins formation (Chapter 2, Chapter 3, and Chapter
5) (Barber, 2016a; Cao et al., 2023; Jin et al., 2023; Laurent et al., 2011; Park and Kim, 2015).
In this Chapter, the research findings from this thesis are summarised, and the main conclusions
are drawn. Also, future research directions are proposed based on the obtained results.

6.1. Side reactions during THP of WAS

Maillard and caramelisation reactions are the most relevant chemical side reactions during THP
of WAS that may constrain the downstream processing of both sludge and reject waters. During
the Maillard and caramelisation reactions the formation of (semi)recalcitrant organics occurs,
which may interfere with chemical and biochemical conversions during anaerobic digestion
(AD) and in the downstream processes. Caramelisation reactions occur at higher temperatures
than the Maillard reaction and can be easily avoided by decreasing THP temperature (Dwyer et
al., 2008b; Wilson and Novak, 2009). Notably, the Maillard reactions occur even at room
temperature (Benzing-Purdie et al., 1985; van Boekel, 2001), thus, its occurrence during THP
of WAS s practically unavoidable. However, as well as the caramelisation reaction, the
Maillard reaction is temperature dependent and the formation of melanoidins can be reduced
by decreasing the THP temperature. Also, the soluble concentration of the Maillard reaction
products may be reduced decreasing the pH, or by the addition of polyvalent cations which may
mitigate their negative effects in biochemical conversions (Liang et al., 2009; Migo et al.,
1993).

6.2. AD (semi-)recalcitrant melanoidins formation and total ammoniacal nitrogen
(TAN) release during THP
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Chapter 2 focused on the effects of THP of WAS on AD, and the (enhanced) release and uptake
of TAN, melanoidins and organics. Also, the possible inhibition of acetotrophic methanogenic
consortia in the presence of THP was explored. Results in Chapter 2 showed that THP
enhanced the solubilisation of WAS, while the concentration of aromatic compounds
(melanoidins) increased as forecasted in Chapter 1, creating partially AD-digestible organics.
The biodegradable fraction of the melanoidins corresponded to low molecular weight
compounds, associated to the protein-like fraction of humic substances. The biodegradability
of low molecular weight aromatic compounds has been previously studied, and despite the
possible inhibitory effects of these compounds on the AD process, they are biodegradable,
which is particularly true for the sugar dehydration products (Monlau et al., 2014). The possible
inhibitory effects of these low molecular weight aromatic compounds might be overcome by
acclimatising the growing biomass, e.g., by applying long biomass retention times. A similar
strategy was followed by others, acclimatising the anaerobic sludge to phenolic compounds in
anaerobic membrane bioreactors (Barrios-Martinez et al., 2006; Garcia Rea et al., 2022).
Chapter 2 also showed that the produced melanoidins did not cause acute inhibition on
acetotrophic methanogens. However, the THP enhanced TAN release and led to increased TAN
concentrations, strongly inhibiting the acetotrophic methanogenic consortia. The possible
change in methanogenic populations, due to the THP-increased concentrations of melanoidins
or TAN, was not explored in this thesis. Previous research about the influence of elevated TAN
concentration on methanogenic populations suggests that the hydrogenotrophic pathway might
be enhanced at the expense of direct acetoclastic methanogenesis (Tian et al., 2018; Wang et
al., 2015; Wang et al., 2022).

Considering that THP aims to increase the hydrolysed WAS fraction, as well as the hydrolysis
rate during AD, it is important that the products of the side reactions during THP do not impact
the hydrolysis rate. It is widely known from the literature that humic substances (such as
melanoidins) may hinder hydrolysis during AD (Fernandes et al., 2015; Huang et al., 2021; Yap
et al., 2018). The actual mechanisms how humic substances hinder hydrolysis is not fully clear.
Fernandes et al. (2015) hypothesised that hydrolytic enzymes bind to specific moieties of humic
substances. As above mentioned, THP produces humic substances in the form of melanoidins,
and despite their increased concentrations, THP is reported to increase the hydrolysis rate,
allowing shorter retention times during AD (Barber, 2016a). Considering the unavoidable
production of melanoidins during THP, and the observed evident increase in WAS digestion
when THP is applied as pre-treatment, the formed melanoidins apparently, do not exert a
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distinct inhibitory effect. Further research is required to find the optimum operational
parameters that increase the concentration of digestible products, without compromising the
enzymatic hydrolytic capacity. Also, more research is needed to elucidate the role of
monovalent and multivalent cations, which are solubilised during THP, on both the hydrolysis
rate and extent of hydrolysis. Literature results suggest that the multivalent cations play and
important role in mitigating the negative effects of humic substances on the hydrolysis rate
(Azman et al., 2015).

6.3. Release and precipitation of nutrients during THP and AD

The during THP solubilised inorganics play an important role in both, the complexation with
organics, and precipitation reactions. Precipitation reactions are particularly relevant, when
WAS originating from enhances biological phosphorous removal (EBPR) is digested rendering
elevated concentrations of POs*-P during AD (Van Loosdrecht et al., 1997). Chapter 3
discussed the role of temperature-induced dephosphorylation and deamination during THP of
EBPR WAS, leading to solubilisation of POs*-P and TAN. This, non-AD-mediated nutrients
release, increased with increasing THP temperature. Results showed that TAN and PO4*-P
concentrations during AD were not correlated. TAN increase was associated to the degradation
of organics, while POs*-P concentrations were governed by precipitation with multivalent
cations. Based on these results it could be inferred that increased THP temperatures (160-
200°C) would render a higher degree of nutrients solubilisation, compared to THP at 140-
160°C. The solubilised nutrients could be partially removed by precipitation reactions before
AD. The latter approach might be an effective strategy to minimise the negative effects of
solubilised inorganics during AD and downstream processes, such as, non-controlled
precipitation, incrustation or TAN inhibition (Chapter 2). In this regard, POs*-P removal is
particularly of importance, considering that during AD, POs>-P may precipitate with
multivalent cations in solution (Chapter 3), potentially leading to uncontrolled precipitation
and thus incrustation (Langerak et al., 1999; Soler-Cabezas et al., 2018). Uncontrolled
precipitation resulting from THP may lead to increased maintenance during AD. Uncontrolled
precipitation is also expected during the THP processes that use large contact areas, such as

Lysotherm ®, which would distinctly increase maintenance costs.

6.4. Effects of different humic substances released during THP on struvite

precipitation
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Research in Chapter 4 explored the effects of synthetic humic acids and melanoidins on
struvite precipitation, being implemented as a technology for controlled removal of TAN and
PO.>-P from reject water. Results in Chapter 4 showed that melanoidins moderately
complexed Mg?*, whereas humic acids formed strong complexes with Mg?*. The ability of the
tested humic substances to form these complexes was found to be related to the origin of the
humic substances (HSs), particularly the fraction of particulate/colloidal HSs and their
aromaticity. It is known that melanoidins and humic acids, despite having a different origin, are
classified in the same manner and do have the same properties (Cosovi¢ et al., 2010; Ikan et al.,
1990). A possible explanation for the differences in complexation between humic acids and
melanoidins could be attributed to a reduced number of hydroxyl and ketone/carboxyl groups,
due to dehydration reactions, which produce part of the Maillard reaction intermediates
(Klavins et al., 1999). The reduced number of hydroxyl and ketone/carboxyl functional groups
in melanoidins may result in less active sites that can complex the multivalent cations in
solution. More research is needed to better understand the chemical differences between
naturally formed humic acids and melanoidins, as well as the complexation of these with

different cations.

The differences in effects between melanoidins and humic acids were evident from the results
since humic acids hindered struvite precipitation to a higher extent and yielded less precipitates
compared to melanoidins. Also, humic acid was not fully soluble under the tested pH
conditions, which also might have hindered struvite crystal growth, especially at low pH values,
when humic acid is less soluble. The pH played a crucial role during struvite precipitation,
inhibiting struvite crystallization at pH 6.5, compared to pH 7.25 and 8. In relation to full-scale
process operation, struvite precipitation should be performed at about neutral pH, having the
least chemical (alkaline) addition. The complexation of Mg?* and the hindrance of struvite
formation in presence of humic acids and melanoidins, may force operators to increase the

Mg?*/PO4*-P ratio, as well as the medium pH, which could result in increased process costs.

Furthermore, the presence of melanoidins showed a noticeable impact on the struvite crystals
morphology. Melanoidins reduced both the maximum and minimum Feret diameters and the
aspect ratio of the formed struvite crystals. This decrease in crystal size may force technology
providers to redesign the precipitation and/or settling unit if THP-AD is used. Additionally,
melanoidins enhanced the stability of struvite crystals, making them more resistant to breakage

at higher shear rates, especially when exceeding 10 1/s. In contrast, humic acid did not
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substantially affect the stability or abrasion of struvite crystals and even led to a decrease in

Feret diameters and aspect ratio.

Furthermore, the microscopic analysis described in Chapter 4 showed that the presence of HSs
coloured the produced struvite. This change in colour may have unknown consequences if the
product is used as a fertiliser. In The Netherlands, struvite is not used as a fertiliser and there is
hardly a market for it, due to the wide availability of alternative and/or chemical low cost
fertilisers (Timmerman and Hoving, 2016). However, outside The Netherlands, struvite
precipitation and recovery, could be a viable alternative to cope with P-based fertiliser’s scarcity
(Gonzalez et al., 2021; Minch and Barr, 2001; Muys et al., 2021; Vries et al., 2016). The
multivalent cations chelating properties of THP-produced melanoidins may also increase the
concentration of heavy metals in struvite, and thus in the soil, if the struvite from a THP-AD
installations is used. More research is needed to understand the possible chelation of heavy
metals. However, it is expected that solubilised heavy metals, which are multivalent cations,

might be incorporated in struvite when THP is used as pretreatment.
6.5. Effects of the increased TAN concentrations and melanoidins on the PN/A process

In Chapter 5 experiments are discussed researching the influence of THP on the partial
nitritation and anammox (PN/A) process on digestate reject water. The reject water samples
were obtained from full-scale operating installations. In line with the results found in Chapters
2 and Chapter 3, the application of THP as pre-treatment increased the concentrations of TAN
and melanoidins in the full-scale reject water stream. Increased melanoidins concentrations
were concomitantly observed with increased TAN, chemical oxygen demand (COD), total
organic carbon (TOC), true colour (T. colour) and ultraviolet absorbance at 254 nm (UVA 254)
in influents of the PN/A reactors. Values of these parameters were distinctly lower in the PN/A
effluents. All these parameters indicated the presence of melanoidins, and can be used in full-
scale installations to quantify melanoidins occurrence. This is particularly true for the
spectrophotometric methods, which are easy to use and implement at full-scale sites. The
soluble melanoidins in the PN/A influents were partially oxidised during the PN/A step. The
partial heterotrophic oxidation of the THP-produced melanoidins increased the Oz requirements
during the PN/A step. Additional O2 was also required for the increased partial nitrification
capacity, to oxidise the elevated TAN concentrations. The additional O that is needed to
oxidise melanoidins must be considered when designing a PN/A process, otherwise, it may

cause conversion rate limitations in ammonium oxidation. The operational costs of additional
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0> to oxidise the elevated TAN and organics (biodegradable melanoidins) during the PN/A step
must be taken into account when using THP, since it comprises an important part of the
operational costs (Volcke et al., 2005), which is proportional to the oxygen uptake rate
(Humbird et al., 2017).

Furthermore, in the wastewater treatment plants (WWTPs) using THP, NOs-N concentrations
in PN/A effluents were lower than the stoichiometric values, attributable to the occurrence of
denitrification, which increased the N-removal efficiency. However, increased denitrification
during PN/A could concomitantly increase atmospheric N2O emissions, contributing to
greenhouse gas emissions (Domingo-Félez et al., 2014; Kampschreur et al., 2009). N.O
emissions during nitrification/ denitrification and PN/A processes are currently being studied
(e.g. Mampaey et al. (2019)). The possible role of THP-produced organics in N2O production
is yet not known and needs to be researched. If THP pre-treatment indeed increases N.O
emissions, it is important to adequately amend operational strategies to minimise them,

reducing environmentally negative effects.

Moreover, the presence of melanoidins in the effluents of PN/A reactors increased the fraction
of chelated Fe?***and other transition metals. Transition metals work as trace elements for both
the anabolism and catabolism of PN/A biomass (Ferousi et al., 2017; Gilch et al., 2009; Kartal
etal., 2012; Koper et al., 2004; Nicholas et al., 1964), and their scarcity could have detrimental
effects on the process. If trace elements limitation of PN/A biomass would indeed occur, further
research is needed to assess which metals are limiting, and whether it affects anabolism and/or

catabolism of the (de)nitrifying biomass and/or anammox.
6.6. Effect on the WWTPs final effluent quality

In addition to the effects of the THP-side reactions mentioned above, the production of
melanoidins can impact the final effluent that is discharged to the receiving water body. Firstly,
there is an aesthetic effect because the coloured character of the melanoidins. Also, to the best
knowledge of the authors, thus far, there are no long-term toxicity experiments being conducted
on the impact of THP-produced melanoidins on the receiving water bodies, and the possible
accumulation of these. Additionally, elevated melanoidins concentrations may increase the
concentration of (semi) recalcitrant N and P which is simultaneously discharged to the receiving
water body (Dwyer et al., 2008a; He et al., 2011; Li and Brett, 2013; Zhang et al., 2020).
Discharge of nutrients-containing melanoidins may hamper reaching the more stringent

nutrients discharge criteria. More research is needed to elucidate the fate of the
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anthropogenically generated humic substances during THP in the environment, and the

discharge of nutrients and ions that these contain.
6.7. Overall conclusions

e The chapters in this thesis showed that THP processes enhanced solubilization of
digestible organics from WAS, leading to an overall increase in the anaerobic
digestibility. In addition, elevated TAN concentration were observed, as well as the
formation of melanoidins. The presence of melanoidins during AD did not exert any
toxicity to, or inhibition of, the methanogenic biomass. Conversely, elevated TAN
concentrations led to acetotrophic methanogenesis inhibition.

e AD-THP of WAS coming from EBPR systems resulted in the release of POs*-P and
TAN, influencing nutrient concentrations during anaerobic digestion. Elevated THP
temperatures increased final nutrient concentrations, in the digestate which slightly
increased the saturation indexes (Sls) of minerals that can precipitate during AD. The
use of THP elevated SIs mainly due to elevated nutrients concentration.

e HA over melanoidins exhibited higher degrees of complexation with Mg?*, negatively
affecting the struvite precipitation and crystallisation process. While HA strongly
hindered the formation of struvite crystals, both melanoidins and HA altered the crystal
characteristics including its colour, but enhanced the crystal stability against breakage.

e AD-THP increased COD, TOC, T. colour, and UVA 254 in PN/A influents, which
indicate the presence of AD-recalcitrant melanoidins. Increased concentrations of
melanoidins and TAN increased O requirements in full-scale PN/A reactors. The
mineralisation of biodegradable organics in the PN/A influents due to denitrification
may increase the release of greenhouse gasses. Furthermore, melanoidins in PN/A
influents increased chelation of transition metals, potentially causing trace metal
limitations on the PN/A biomass.

6.8. Recommendations

e Insights from this current research may lead to cost-effective optimization of THP-AD
processes beyond biogas production at full-scale. Traditionally, THP operational
parameters have focused on maximizing CHs production for energy recovery. However,
as results indicate, a more integrated approach is needed, also incorporating operation
and maintenance costs associated with sludge handling and reject water treatment in the

WWTP. Such approach must also consider i) elevated TAN concentrations in AD and
210



Outlook and perspectives.

reject water, ii) oxidation of organics formed during THP in the PN/A step, and iii)
potential trace element supplementation due to chelation of transition metals with
melanoidins.

In full-scale applications, increased maintenance due to AD uncontrolled precipitation
needs to be considered, while assessing the feasibility of THP projects, along with
resulting changes in excess sludge dewaterability and polymer consumption during
dewatering processes. Furthermore, while considering PO4*-P recovery via struvite
precipitation, THP implementation results in elevated Mg?* requirements. Moreover,
changes in crystal morphology and colour must be considered.

On a scientific level, assessing changes in AD microbial populations, due to increased
concentrations of melanoidins and TAN, would be an interesting follow-up research
line. Particularly relevant is the impact on methanogens, where acetotrophic and
hydrogenotrophic populations may respond differently to toxicants. Research should
also explore the trade-off between THP-induced hydrolysis and melanoidins formation.
The latter may hinder microbial hydrolysis during THP-AD. Additionally, the role of
THP-solubilized and released cations in subsequent treatment processes requires
consideration.

It is recommended to conduct scientific research on struvite precipitation, exploring the
mechanisms influencing crystal formation and crystal growth, in the presence of
different HSs. Strategies that facilitate crystal growth and stabilize crystal structures
should be developed to enhance operational efficiency. Furthermore, if struvite recovery
is indeed feasible, the fate of heavy metals and emerging contaminants in the formed
crystals should be investigated in all details.

With regard to PN/A systems, which are impacted by THP-AD, future research should
focus on developing strategies to optimize aeration for partially oxidising TAN and the
biodegradable organic compounds, while preventing greenhouse gas emissions (N20)
related to denitrification. Furthermore, fundamental research should consider the impact
of (possible) trace elements limitation, due to the chelation of melanoidins and transition
metals. Regarding the latter research, the primary focus should be to elucidate which
element(s) cause(s) possible limitation, while identifying the affected metabolic

processes.
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6.9. List of abbreviations

AD: anaerobic digestion.

COD: chemical oxygen demand.

EBPR: enhanced biological phosphorous removal.
HSs: humic substances.

PN/A: partial nitritation and anammox.

Sl: saturation index.
T. colour: true colour.

TAN: total ammoniacal nitrogen.

THP: thermal hydrolysis process.

TOC: total organic carbon.

UVA 254: ultraviolet absorbance at 254 nm.
WAS: waste activated sludge.

WWTPs: wastewater treatment plants.
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