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INTRODUCTION AND AIM OF THE THESIS

This thesis explores the development of a hypothetical biorefinery designed to valorize tannery
sludge, a very abundant and challenging toxic waste characterized by a high chromium content, with
an estimated production of 1 million tonnes globally every year (EU leather industry, 2020), of which
around 25.5 kilotonnes only in Italy (UNIC, 2023). This waste is currently landfilled due to its toxic
nature, posing significant disposal issues and environmental risks. While its toxicity has historically
limited the investigation of potential uses, this research paves the way for new valorization
possibilities by focusing on integrating multiple technologies within a biorefinery to optimize
resource recovery, reduce landfilled waste volume, and mitigate environmental impacts.

Biorefinery concepts were initially established to transform biomass, mainly from agriculture,
forestry, and the food sector, into fuels and high-value bioproducts, aiming to lessen dependence on
fossil fuels. Recently, biorefinery research has expanded to focus on biological sludge streams,
especially sewage sludge, which provides a consistent and reliable feedstock from wastewater
treatment facilities (Cecconet & Capodaglio, 2022). Biorefineries utilizing sewage sludge have
investigated various conversion methods, including anaerobic digestion and thermochemical and
biochemical extractions of valuable substances like volatile fatty acids (VFAs),
polyhydroxyalkanoates (PHAs), and enzymes. Nevertheless, other types of industrial sludges, such
as tannery sludge, remain largely unexamined, despite their regular generation and substantial organic
content. Within this framework, the current study introduces an innovative biorefinery approach
focused on tannery sludge, thereby broadening the application of circular bioeconomy strategies to
an underutilized waste stream with great potential for valorisation.

As outlined in Figure 1, the process begins with the pretreatment of tannery sludge, which facilitates
its further utilization. Pretreatment is not essential, but it significantly improves the biological
valorization process, as the sludge's complex and recalcitrant nature requires initial processing to
enhance the hydrolysis step and, consequently, the whole process’s efficiency. This work evaluated
various pretreatment methods, each aimed at improving substrate accessibility, accelerating microbial
activity, and ultimately boosting the yield of valuable by-products while also considering cost-
effectiveness.

After pretreatment, the first step involves anaerobic fermentation, which covers only the initial stages
of anaerobic digestion, aiming to produce VFAs rather than biogas, which will be the focus of the
next step. VFAs are valuable due to their high value and versatility across various sectors; they can

be utilized in several industries and serve as precursors for biofuels, bioplastics, and other industrial
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products. Along with the VFAs and solid residue, this process also produces biogas that consists
mainly of CO: and a smaller percentage of methane. After this initial step, the process is divided into
two distinct streams: (1) a liquid fraction rich in VFAs, to be directed towards VFA extraction, and
(2) a solid-rich fraction.

The solid-rich fraction undergoes a second pretreatment before being processed in an anaerobic
digestion (AD) unit. Here, the sludge is further degraded, producing biogas with a high methane
content (CHa4) and carbon dioxide (CO:). The methane can be captured and used either to generate
energy, supporting the biorefinery's energy demands, or sold as renewable energy, creating an
additional revenue stream and reducing reliance on fossil fuels. Additionally, the anaerobic digestion
step further minimizes the sludge's total solids (TS) content, leading to an overall reduction of up to
50-60% compared to the current scenario, which is essential for minimizing landfill disposal.

The biorefinery does not end with the treatment of the sludge itself, incorporating an innovative
approach to manage one of the process's primary byproducts, CO-, produced during the fermentation
and digestion phases. Instead of releasing this greenhouse gas into the atmosphere, the CO: is
redirected into a bioelectrochemical system (BES) integrated with the purple non-sulfur bacterium
(PNSB) Rhodopseudomonas palustris. This system uses CO2 to grow biomass, which is subsequently
harvested as single-cell proteins (SCP). SCP, an emerging alternative protein source, have the
potential to serve as a sustainable feed additive for livestock and aquaculture, according to the added-
value compounds of this bacterium (carotenoids, bacteriochlorophylls, among others). This approach
can offer environmental advantages compared to conventional protein sources (soybean meal as an
example) related mainly to land and resource use. Notably, the BES operates in a low-cost setup
without requiring external organic carbon sources or light, further enhancing the sustainability of the
process. The final residual sludge is dried and prepared for disposal.

A preliminary techno-economic assessment of the proposed biorefinery concept, indicates promising
feasibility, as will be further discussed throughout this thesis. The integrated process not only reduces
sludge sent to landfill by over 50%, thus lowering its environmental burden and landfill requirement,
but also generates valuable products that can generate revenue. Economically, the system reduces
overall sludge disposal costs and, through VFA valorisation, achieves an estimated annual saving of
approximately 2.67 million € compared to the current landfilling scenario. While these findings derive
from a preliminary evaluation and more aspects need to be considered for a full techno-economic
assessment, they suggest that this proposed scenario could represent a sustainable and cost-effective

alternative for sludge management in the tannery sector.
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Figure 1: The presented hypothetical biorefinery.

This thesis is structured in 7 chapters, which follow the different steps of this hypothetical biorefinery,
starting from the substrate itself. The chapters explore in detail the different biotechnologies involved
and the steps taken to maximize process efficiency. Out of these chapters, one is dedicated to the
investigation of the microbial community found in the semi-continuous reactors, which was analyzed
thanks to the cooperation with the water research institute of the CNR (CNR-IRSA).

Overall, this research focuses on two main objectives. The first and foremost is to evaluate the
feasibility of anaerobic fermentation (AF) and anaerobic digestion on tannery sludge, a substrate that
is abundant, highly recalcitrant, and has received very limited attention in the scientific literature. The
second objective is to demonstrate the feasibility of this proposed biorefinery setup to valorize tannery
sludge into valuable by-products, such as VFAs, methane, and SCP. By integrating various
biotechnological processes, this system seeks to achieve substantial waste reduction while generating
products with economic and environmental value. This approach aims not only to contribute to more
sustainable waste management practices but also to create opportunities for further innovations in the

valorization of this hazardous industrial waste.
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CHAPTER 1: The substrate

The selected substrate for this research is tannery sludge, one of the main and most challenging waste
streams in the tanning industry, a sector with a critical role in the global economy. In 2022, the leather
goods market was valued at over two hundred thousand billion dollars, with further growth expected
on a global scale (Bielak et al., 2023). Leather is a unique, durable, and flexible material derived from
the processing of animal hides and skins, typically a byproduct of the food industry (Dixit et al.,
2015). However, the tanning industry is known for its negative environmental impact, primarily due
to its significant water demand, high volumes of solid, liquid, and gaseous waste, and the use of
various hazardous chemicals that pose risks to humans, ecosystems, and the environment (e.g.,
hexavalent chromium). Moreover, the sustainability of this industry is also affected by a significant
contribution to deforestation and greenhouse gas emissions associated with intensive animal farming.
The Italian Tanners’ Association (UNIC, 2022) estimated that for one square meter of leather, more
than one hundred litres of water and two kilograms of chemicals are consumed. In particular, many
of the leather manufacturing procedures are defined as ‘wet processes’, requiring water. Water is
necessary for different purposes: it acts as a solvent for the hide-chemical reactions, softens the skin,
and removes the residual chemicals. Overall, according to the type of tanning technology and the
desired final product, one ton of raw hide consumes approximately 15 to 50 m? of water, about 500
kg of chemical products, and about 9.3 to 42 GJ of energy. The outputs of the tanning process include
from 200 to 250 kg of finished leather, 15-50 m® of wastewater, 450 to 730 kg of untanned, tanned,
and finished solid waste, between 1 and 10 kg of organic solvent emissions, and about 500 kg of
sludge with a solid fraction of almost 40% (Black et al., 2013). For simplicity, the waste residues of
the leather manufacturing process can be grouped into three categories: wastewater, gaseous
emission, and solid waste, which includes sludge. An estimation of the volume production and

composition of leather industry waste is represented in Figure 1.1.
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Figure 1.1: Typical inputs and outputs of a tanning process.

Overall, several residues are produced by the tanning industry, but this research focuses on tannery
sludge due to its abundance and high organic content, which makes it a promising substrate for AD.
Tanning sludge is primarily generated from the treatment of the wastewater generated during the
tanning process, in particular from primary and secondary sedimentation tanks following physical-
chemical and biological wastewater treatments, respectively. The primary sludge mainly consists of
a portion of settleable suspended solids that can be easily degraded, such as collagen and proteins,
alongside another fraction of solids that are difficult to degrade, including fibres and some non-
degradable inorganic materials like metal salts and carbonates. Secondary sludge includes both the
settleable solids lost during primary sedimentation and the substances produced from biological
treatments, including biomass residues, dissolved and suspended biodegradable matter, and non-
biodegradable matter attached to the biomass.

Traditional tannery sludge treatments primarily aim to reduce volume, organic matter content, and
the number of disease-causing microorganisms. Figure 1.2 presents mainstream technologies and
mechanisms for managing tannery sludge. Primary, secondary, and tertiary sludge from the respective
wastewater treatment stages are first mixed in a homogenization tank to ensure uniform particle size
and distribution of chemical composition. The thickening process aims to reduce the sludge volume
by lowering water content through physical treatments such as settling, flotation, or centrifugation.
Conditioning can be chemical, involving the dosing of inorganic coagulants and/or organic
flocculants, or thermal, where the sludge is heated under controlled conditions. This process aims to
increase both the particle sedimentation rate and the permeability of the sludge. The stabilisation

process aims to reduce the odour and putrescence of the sludge caused by the organisms’ decays and
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to decrease the level of pathogenic organisms. It can be achieved either chemically, for example, with
lime, or biologically with anaerobic treatments. The final conventional step of the sludge treatments
in a common effluent treatment plant (CETP) is the dewatering process. The dehydration of tanning
sludge aims to minimize the volume and weight of the sludge by partial separation of the liquid
component. This process can be carried out mechanically by filtration or centrifugation, thermally,
or in very limited cases, using natural methods like drying beds. The resulting product has a semi-
solid consistency and can reach 90% solid content. At the end of the tannery sludge management
process, the recovered liquid is recycled within the plant, and the sludge is disposed of in landfills

according to the regulations.
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Figure 1.2: Example of tanning sludge treatment in CETP.

Overall, the chemical and physical properties of tannery sludge are affected by the technologies used
in treatment plants and primarily by the nature of the tanning process, making it quite variable. The
composition of the dry sludge used in this study was the following: 830 + 14 g TS/kg total solids, 590
+ 4 g VS/kg volatile solids, a chemical oxygen demand (COD) of 793 + 18 g COD/kg TS, total
phosphorous and nitrogen (as TKN) of 7.9 + 0.4 g P/kg TS and 32.8 = 0.9 g N/kg TS, respectively,
and total chromium content of 19155 = 310 mg Cr/kg TS. It is estimated that about 90% of global
leather industries use trivalent chromium sulphate as a tanning agent due to its greater effect on the

mechanical properties of the final product (Guo et al., 2022). However, only around 70% of the
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chromium added during leather processing actually reacts with the skins, while the rest is discharged
and remains in the wastewater effluent (Mannucci et al., 2010; Gottardo et al., 2023). Primary
physicochemical treatments can effectively remove the trivalent chromium dissolved in the effluent.
Consequently, primary tannery sludge is typically rich in precipitated chromium mixed with inorganic
and organic compounds, making it a hazardous waste; the concentration of trivalent chromium has
been measured at approximately 2.5% (w/w) (Moktadir et al., 2023) and around 500 mg/kg (Moktadir
and Rahman, 2022). The risks associated with such high levels of Cr (III) include high toxicity,
potential accumulation in plants, soil, freshwater, and the food chain. This toxicity is also linked to
the potential oxidation from trivalent to hexavalent chromium species (Cr VI), a well-known
hazardous chemical. Besides the chromium content, tannery sludge is also rich in other hazardous
materials that include sulphides, metals like Calcium (Ca), Magnesium (Mg), Nickel (Ni), Zinc (Zn),
Iron (Fe), and pathogens.

Overall, the amount and the chemical composition of the tanning sludge depend on different
variables, such as the tanning technologies used, the type of processed leather (bovine, ovine, etc.),
and the wastewater and sludge management applied in treatment plants. As for wastewater
contamination, hazardous organic matter and heavy metals, particularly chromium, are among the
primary concerns in sludge management (Wystalska and Sobik-Szottysek, 2019). Globally, tannery
sludge is currently landfilled due to its limited treatment options and legislation requirements.

The challenges of a sustainable management of tannery sludge involve multiple levels. Its
environmental and socio-sanitary impacts are linked to the presence of hazardous chemicals, the
production of unpleasant odours, and the issue of high organic matter content discarded in landfills
(Moktadir et al., 2020). From an economic perspective, the dewatering and disposal of tannery sludge
account for nearly 40% of the total costs of wastewater treatment plants in Italy (Polizzi et al., 2018),
which will likely rise soon due to the lack of new landfill sites. Overall, there is a clear need for
innovative valorisation techniques to minimize the great environmental and economic impacts

associated with this abundant waste.
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CHAPTER 2: Anaerobic Bio-processes

Many efforts have been made toward the sustainable valorization of tannery sludge; however, most
of the proposed technologies remain at the laboratory scale (Tuci et al., 2022). Among the various
options explored, anaerobic digestion emerges as a very promising treatment method for wastewater
(WW) and sludge. This process not only allows to produce value-added products, such as VFAs and
biogas, but also helps mitigate the environmental impacts of this waste by reducing its volume,
thereby offering a sustainable solution for waste management and renewable energy production
(Mannucci et al., 2010; Mpofu et al., 2021). Furthermore, the fermentation products, including VFAs,
can serve as a carbon source for further biotechnological applications, such as biopolymer production,

biological nutrient recovery, and chain elongation processes (Vidal-Antich et al., 2021).
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Figure 2.1: The main steps of AF (within the red box) and AD, which includes the whole process.

2.1 Anaerobic digestion (AD) in the recent literature review: general concepts

AD is a well-established technology for the treatment of various organic wastes, including municipal,
agricultural, and industrial residues (Valentino et al., 2021; De Baere & Mattheeuws, 2013). This
process offers several key benefits, such as stabilizing organic waste, reducing total solids, and
recovering valuable bio-based products. AD is conducted by a complex community of anaerobic
bacteria and archaea that, in the absence of oxygen, break down complex organic matter into simpler,

value-added products like VFAs, hydrogen, and methane (Li et al., 2011). The AD process consists
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of four primary stages, as shown in Figure 2.1: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis, with the first three collectively referred to as anaerobic fermentation (Meegoda et
al., 2018). The first stage of the fermentation process is hydrolysis, during which hydrolytic bacteria
secrete extracellular enzymes (e.g., amylases, lipases, or proteases) that convert polysaccharides into
monosaccharides, proteins into amino acids, and fats into polyols and fatty acids (Worwag &
Kwarciak-Koztowska, 2019). This phase is often the rate-limiting step, especially when working with
more complex substrates that have intricate floc structures and rigid cell walls; in these cases,
pretreatments are crucial to enhance the efficiency of this phase and, consequently, the entire process
(Xiao et al., 2021). In the second acidogenesis stage, acidogenic bacteria convert the hydrolyzed
products into VFAs and other reduced molecules (e.g., alcohols; Meegoda et al., 2018). This phase is
relatively robust, as the bacteria involved, including Clostridium, Escherichia, and Pseudomonas, are
less sensitive to changes in pH or temperature (Worwag & Kwarciak-Koztowska, 2019).

Then acetogenesis takes place, where acetogenic bacteria from the Syntrophobacter and
Syntrophomonas genera convert VFAs and other intermediates into acetic acid, hydrogen, and carbon
dioxide (Gerardi, 2003). The process is completed with the stage of methanogenesis when obligate
anaerobes of the Methanobacterum, Methanococcus, and Methanogenium genera utilize the acetic
acid, hydrogen, and CO> to produce methane and additional CO: (Srisowmeya et al., 2020).
Methanogenesis typically occurs under different optimal conditions than the preceding stages, which
is why some authors advocate for separating the acidogenic and methanogenic phases into two-stage
systems (Micolucci et al., 2020; Valentino et al., 2021). This approach allows for the establishment
of operational conditions that minimize the initial lag phase and promote microbiota specialization in
each reactor, enabling the attainment of the desired products at every stage (Srisowmeya et al., 2020).
Despite the potential of AD for resource recovery and waste reduction, implementing this technology
for complex waste streams like tannery sludge can pose challenges. Factors including high protein
content, the presence of chromium and other toxic substances, the formation of sludge granules, and
a slow degradation rate can hinder the hydrolysis phase and complicate downstream processing
(Mannucci et al.,, 2010). However, implementing targeted and effective pretreatments has the
potential to mitigate these obstacles, enhancing process efficiency and overall feasibility.

In the following sections, key parameters influencing the efficiency and outcomes of AD will be
explored, including temperature, pH, and pretreatment methods. Selecting these parameters is crucial

for optimizing the process and maximizing the valuable bio-products obtained.
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2.1.1 pH

The pH is one of the most important factors that significantly influence the efficiency of hydrolysis
and acidification (Fang et al., 2020). Acidogenic microorganisms, responsible for producing VFAs,
thrive within specific pH ranges, typically between 5.0 and 11.0, depending on the substrate used
(Lee et al., 2014). Acidic conditions (pH below 3) and alkaline conditions (pH above 12) are lethal
for most of these microorganisms (Liu et al., 2012), making it essential to control pH within an
appropriate range. The optimal pH for VFA production varies depending on the type of substrate. For
example, in wastewater digestion, acidic to neutral pH values are preferred, while alkaline conditions
are favored for sludge (Lee et al., 2014). Maintaining alkaline conditions also helps inhibit
methanogenesis, preventing VFAs from being converted into methane and thus promoting their
accumulation (Lee et al., 2014). However, as VFAs accumulate, they can lower the pH, which needs
to be balanced to maintain process stability. Additionally, Liu and colleagues (2012) observed that
hydrolysis of sludge improves in alkaline conditions due to the ionization of carboxyl groups in
carbohydrates and proteins, which enhances their breakdown.

Several studies have investigated the relationship between pH and VFA production. Garcia-Aguirre
and colleagues (2017) found that the highest VFA yield (8.3 g COD/L) from municipal solid waste
was achieved under alkaline conditions at mesophilic temperatures. Similarly, Cheah et al. (2019)
noted that increasing the pH from 6.0 to 7.0 in food waste digestion enhanced VFA production,
especially propionic and valeric acids. Valentino et al. (2021) further confirmed that slightly higher
pH values (around 6.6) in food waste digestion resulted in greater VFA concentrations compared to
lower pH levels (5.0-5.5).

The pH has also been shown to impact the composition of the VFAs produced. For instance, Wu et
al. (2023) reported that alkaline pH conditions promoted the production of acetic and propionic acids
when sludge was used as the substrate. However, when food waste was the substrate, the primary
fermentation products were butyric and acetic acids. Overall, the pH significantly influences both the

yield and composition of VFAs, with slightly alkaline conditions being ideal for working with sludge.

2.1.2 Temperature

Temperature directly impacts the growth of microorganisms, enzymatic activity, and the hydrolysis
of organic matter into soluble substances (Zhou et al., 2018). As the temperature rises, these biological
processes generally become more active, with faster hydrolysis and acidification (Rubal et al., 2012).
For instance, Hao and Wang (2015) observed a tenfold increase in VFA production under

thermophilic conditions compared to mesophilic conditions. However, there are contrasting results
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regarding thermophilic efficiency. While thermophilic conditions can enhance hydrolysis, it does not
always ensure higher VFA yields. In some cases, mesophilic conditions may be more favorable for
VFA production, as illustrated by Worwag and Kwarciak-Koztowska (2019), where sludge
fermentation at 55°C produced 40% fewer VFAs compared to 37°C. This demonstrates that although
thermophilic digestion is faster, it may not always be the most productive option in terms of VFA
yield. Moreover, this increased productivity comes with trade-offs, as microorganisms in
thermophilic conditions (50—60 °C) are less resilient to environmental changes, which may affect the
stability of the process (Kim et al., 2006). Valentino et al. (2021) studied the production of VFAs and
biogas from a mixture of the organic fraction of municipal solid waste and waste-activated sludge
under mesophilic (37 °C) and thermophilic (55 °C) conditions. The results showed similar VFA
production under both conditions; however, while thermophilic conditions yielded higher VFA
levels, the process was less stable due to frequent fluctuations, which made it more difficult to control.
Soomro et al. (2020) investigated a broader temperature range (25-52 °C) using different substrate
types, including mixed waste, food waste, and paper fractions. The highest VFA yield (21.5 g COD/L)
was obtained at 42 °C for mixed waste, while food waste yielded the best results at 37 °C (15.1 g
COD/L) and paper waste at 52 °C (10.2 g COD/L). These findings suggest that the optimal
temperature for VFA production depends heavily on the specific properties of the substrate, including
its composition and complexity.

Research highlights that temperature not only affects the VFA yield, but also the composition of
VFAs produced. Jiang et al. (2013) found that butyrate predominated at 55 °C, while acetate and
propionate were the main products at 35 °C when food waste was used as the substrate.

From an energy perspective, mesophilic conditions are more cost-effective as they require less energy
input. Thus, while higher temperatures can enhance hydrolysis rates and boost VFA production, the
associated energy costs and process instability must be carefully considered.

Furthermore, temperature can influence the choice of the organic loading rate (OLR) and the
hydraulic retention time (HRT), key parameters for tests with larger volumes. Namely, higher
temperatures are typically linked to faster biological processes, which can consequently be associated
with higher OLRs and shorter HRTs. However, while an increase in OLR can enhance VFA
production by providing more substrate, an excessively high OLR can compromise reactor stability,
for example, due to rapid decreases in pH resulting from increased VFA production (Vazquez-
Fernandez et al., 2022). A high HRT value can positively influence VFA production since a longer
HRT provides microorganisms with more time to react with the waste (Lee et al., 2014). However,

it's important to note that an excessively prolonged HRT may lead to stagnant VFA production (Lee
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et al., 2014). Additionally, reactors with a higher HRT would require a proportionally larger volume

to treat the same amount of waste compared to those with shorter HRTs, resulting in increased costs.

2.1.3 Total Solids

Anaerobic digestion is typically categorized into wet digestion (TS < 15%) and dry digestion (TS >
15%) (Karthikeyan et al., 2013). Wet digestion promotes better homogeneity and provides
microorganisms with improved access to the substrate, while also diluting inhibitory products
(Pommier et al., 2007). Motte et al. (2013) observed a 30% decrease in conversion efficiency when
transitioning from wet (10% TS) to dry conditions (33% TS). Conversely, a high TS content allows
for the use of a smaller reactor, reducing initial costs and energy consumption (Motte et al., 2013),
while also releasing more nutrients and allowing bacteria to generate more VFAs (Liu et al., 2018a).
Nonetheless, high TS concentrations can also hinder the process by reducing mass transfer, lowering
settling rates, and increasing the substrate's viscosity, which negatively impacts microbial activity
and metabolic pathways (Battista et al., 2018). Overall, as explained by Liu et al. (2018b), VFA
production increases in tandem with the increasing TS content up to a certain level, after which a
higher TS content inhibits further degradation, resulting in a lower conversion efficiency. Therefore,
there is an optimal TS range for efficient VFA production, beyond which the advantages are
outweighed by process inefficiencies caused by increased viscosity and reduced microbial activity.
This threshold depends on the rheology and mass transfer of the system (Liu et al., 2018a). In
continuous systems, the quantity of substrate expressed in terms of chemical oxygen demand (COD),
total solids, or volatile solids fed into the fermenter per day per unit of working volume is referred to
as the OLR (Varghese et al., 2022). A higher OLR means a greater rate of organic matter being
introduced into the system, which can lead to increased production rates of VFAs; however, high
OLRs may cause similar issues to those associated with high TS content. Furthermore, balancing

OLR with other parameters such as HRT, temperature, and pH is crucial.

2.1.4 Pretreatments

Hydrolysis in AD represents the main rate-limiting step of the whole process; therefore, enhancing
this step is crucial for complex substrates like tannery sludge, which has a high concentration of
proteins and organic macromolecules (Zhai et al., 2020). Pretreatments can be mechanical, chemical,
thermal, or enzymatic, and aim to break down organic substances, thereby increasing the soluble
COD and making the organic substances available to microorganisms (Liu et al., 2017). Mechanical

pretreatments, such as grinding and ultrasonic disintegration, are commonly used to break down large
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organic particles into smaller, more readily degradable pieces. This mechanical breakdown increases
the surface area available for microbial activity, thus speeding up the hydrolysis phase (Zhou et al.,
2018).

Thermal pretreatment, which involves heating sludge to temperatures between 60 °C and 180 °C, is
an effective method for enhancing the solubilization of organic compounds. Climent et al. (2007)
demonstrated that thermal treatment could release a significant amount of organic material from
sludge, with the most substantial solubilization occurring after a 60-minute treatment at 90 °C.
However, the efficiency of thermal pretreatment tends to decrease at lower temperatures. Chemical
pretreatments, which use acids, alkalis, or oxidizing agents such as hydrogen peroxide and ozone, are
also commonly applied to degrade complex organic matter. These chemical agents facilitate the
breakdown of proteins, lipids, and other recalcitrant materials into more soluble compounds,
enhancing the overall biodegradability of the substrate. For example, acid and alkali treatments have
been found to be particularly effective for the solubilization of lignocellulosic materials, which are
common in organic waste streams (Lee et al., 2014). Therefore, the choice of the pretreatment method
should rely on a thorough evaluation of both the operational objectives and the economic feasibility
of the chosen technology. In large-scale operations, where energy and operational costs are significant
concerns, lower-energy options or a combination of methods may offer the best balance between
performance and sustainability.

In this thesis, the investigated pretreatments were of the thermal and chemical types, which yielded
promising results in the literature. Namely, one explored pretreatment combines microwave
irradiation with hydrogen peroxide (MW-H>0), which has been shown to increase soluble chemical
oxygen demand (CODsorL) by more than 30 times (Xiao et al.,, 2012). Microwaves accelerate
hydrolysis by rapidly and uniformly heating sludge, making it more energy-efficient than
conventional thermal methods. Hydrogen peroxide is a mild oxidant that produces reactive radicals
(OHe), destroying cellular structures and simplifying complex organic matter into more soluble
substances (Eskicioglu et al., 2008). However, excessive dosages of H>O> can inhibit microbial
activity, making dosage optimization critical. The other chosen pretreatment is a simpler thermal
pretreatment, aiming to assess whether the same efficiency can be achieved with a more

straightforward process, thus reducing costs.
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2.2 The Products of AF: Volatile Fatty Acids (VFAs)

Among the products of AD and AF, namely hydrogen, biogas, and VFAs, the latter are the main focus
of this research. VFAs are a class of linear aliphatic mono-carboxylate compounds that are
categorized based on the length of their aliphatic carbon tails, which give them unique chemical
properties. While VFAs is a broader term, this thesis will also refer to them as short-chain fatty acids
(SCFAs) to specify those with carbon chains ranging from two to five carbon atoms, namely, acetic
acid (C2), propionic acid (Cs), butyric acid (Ca), and valeric acid (Cs), which are the primary focus in
the context of AF. However, medium-chain fatty acids (MCFAs), which contain between six and
twelve carbon atoms, such as caproic acid (Cs), can also be produced in smaller quantities.
Chemically, VFAs are part of the carboxylic acid family, which is defined by the presence of a
carboxyl group (-COOH), where a carbon atom is double-bonded to an oxygen atom and single-
bonded to a hydroxyl group. This functional group makes VFAs polar compounds with strong
hydrophilic properties. Despite their high boiling points, VFAs can be separated from aqueous
solutions through steam distillation due to their volatility, as the combined vapor pressures of water
and the acids allow co-evaporation at temperatures below their individual boiling points (Worwag &
Kwarciak-Kozlowska, 2019). VFAs have many applications across a variety of industries. In the
chemical sector, they serve as essential building blocks and precursors for chemicals such as esters,
ketones, aldehydes, and alcohols (Valentino et al., 2021). They are also utilized in the food, textile,
pharmaceutical, and bioenergy sectors. For instance, they are employed as preservatives and flavoring
agents in food production, serve as intermediates in the synthesis of pharmaceuticals, and act as
feedstock in the production of biofuels (Baumann & Westermann, 2016). They also have applications
in the production of polyhydroxyalkanoates (PHAs), a biodegradable plastic synthesized and
accumulated by some microorganisms as carbon and energy reserves usually under nutrient-limited
conditions (Tan et al., 2014). The use of VFAs in the production of PHAs has attracted considerable
interest because of the increasing demand for sustainable, biodegradable plastics. PHAs have
thermoplastic properties similar to traditional plastics, but in contrast to petrochemical-based plastics,
they are fully biodegradable.

The market demand for VFAs is continuously growing, driven by their wide range of applications.
Currently, VFAs are mainly synthesized chemically, either from non-renewable fossil fuels such as
crude oil (Volker et al., 2014) or through the fermentation of pure sugars like glucose and xylose (Zhu
& Yang, 2004). While these processes allow high yields and low by-products, they present
sustainability challenges. Fossil fuel-based production methods contribute to greenhouse gas

emissions and climate change, while sugar fermentation raises ethical concerns regarding the use of
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food crops for chemical synthesis (Zigova et al., 1999). In addition, the market price of VFAs tends
to rise with the number of carbon atoms in the molecule, with longer-chain fatty acids being more
valuable due to their wider industrial applications (Zhou et al., 2018; Ramos-Suarez et al., 2021).

Thus, the increasing demand for sustainable alternatives has led to a growing interest in producing
VFAs through biological processes like AF. This approach offers a valuable alternative to fossil-
based technology by utilizing organic waste materials and reducing the environmental impact of the

production.

2.3 The application of AD on tannery sludge

While anaerobic digestion has been widely applied to various organic waste streams, its application
to tannery sludge is very limited and presents challenges and opportunities. Anaerobic digestion has
been proven to be an eco-friendly technology able to deal with tannery wastes by reducing their
volume, preventing and reducing pollution, and recovering biogas as a source of renewable energy.
To date, some studies have been conducted on the treatment of tannery wastewater (Achouri et al.,
2021) and tannery solid waste (Polizzi et al., 2018), but relatively less effort has been made toward
the application of this technology on tannery sludge. This specific sludge is rich in refractory
compounds, which can hinder microbial activity, particularly during the hydrolysis phase. In
particular, the nature and amount of the different compounds that can be found in tannery sludge are
difficult to identify, both because the composition can vary widely according to the tanning process
employed, and because the specific formulations of some chemicals used (such as dyes) are often
patented. Therefore, effective implementation of AD for this substrate requires careful selection and
optimization of key parameters, with a specific attention to pretreatments to improve this rate-limiting
step.

While the literature provides several examples of studies with similar substrates, the limited research
on tannery sludge makes it crucial to try and explore different working conditions to make the process

both feasible and efficient.
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CHAPTER 3: Explorative AF batch tests

This chapter examines the first step of this research aiming to evaluate the potential for VFA
production from tannery sludge, as this substrate is sparsely investigated in the literature and,
therefore, limited information is available regarding its viability for anaerobic fermentation. For this
purpose, batch tests were conducted to determine the productivity and optimal conditions for
maximum VFA production, focusing on various parameters, including TS content, temperature, and
pretreatments.

This initial work lays the foundation for all the subsequent research conducted in this thesis.

This chapter reports a published paper in the journal Processes (MDPI) titled “Microwave-Hydrogen
Peroxide Assisted Anaerobic Treatment as an Effective Method for Short-Chain Fatty Acids
Production from Tannery Sludge” (https://doi.org/10.3390/pr10112167) written by Giulia Adele

Tuci, Francesco Valentino, Edoardo Bonato, Paolo Pavan and Marco Gottardo.

Figure 3.1: The bottles used for the batch tests.
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3.1 Introduction

The concepts of Circular Economy and sustainable growth are the main focuses of the European
Union’s 2030 strategy to meet the Paris agreement requirements (ec.europa.eu). The plan is especially
concerned with the improvement of the life cycle of products and the reduction of waste across all
sectors. Consequently, resource recovery from wasted materials has gained great importance,
especially if such materials are renewable and characterized by high organic content.

In this context of waste production, the tannery sector merits remarkable consideration, as Italy is one
of the leading countries in this industry, with a value of production of 3.5 billion euros in 2020
(UNIC, 2020). In 2020 the production of finished leather products in Italy was around 97 million
square meters; also, according to the Italian tannery industry sustainability report of 2020, Italian
tanneries generate an average of 1.65 kg of waste per square meter of leather produced, with 20.8%
of it being sludge. The tanning process is made of different phases both mechanical and chemical and
involves the use of chromium salts as tanning agents (Abreu & Toffoli, 2009; Alibardi & Cossu,
2016a), resulting in wastewaters characterized by high amounts of this compound, as well as organic
and inorganic substances (Basegio et al., 2022; Liu et al., 2019; Mpofu et al., 2020, 2021). The
wastewater produced is commonly treated by centralized industrial wastewater treatment plants,
where the physical-chemical treatments and biological treatments produce the so-called tannery
sludge as a waste product. The management of this sludge is one of the main issues of the tannery
industry, as it is a waste with high environmental impact due to the high presence of chromium and
therefore it must be properly disposed of (Silva et al., 2010; Zhai et al., 2020). This sludge is classified
as a special non-hazardous residue according to Italian legislation (Ronchi decree, 1997), and its
current destination is a second-class type B controlled landfill (D.Lgs. 04/06).

Therefore, at present times, all the sludge from the tannery industry is disposed of in landfills
(Alibardi & Cossu, 2016a), wasting all the high-quality organic material that characterizes this waste
(Pietrelli et al., 2019). Hence, its potential for the exploitation of new valorization routes is still almost
totally unexplored. Previous studies provided some examples of alternative uses of this sludge as a
ceramic pigment (Abreu & Toffoli, 2009) building material (Basegio et al., 2002), biochar
(Skrzypczak et al., 2022), and more, but the main management method remains landfilling.

In terms of biological waste valorization, the anaerobic digestion process is established at full-scale
for the treatment of different kinds of organic waste (Valentino et al., 2021). More recently, within
the options of anaerobic waste treatment, many laboratory and pilot scale studies have shown the high
potential for valuable resource recovery, such as short-chain fatty acids (SCFAs), through acidogenic

fermentation process (Naresh Kumar et al., 2022). SCFAs are products of great commercial interest,
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as they can be further utilized as building blocks for the chemical industry or as precursors of reduced
chemicals and derivatives (Valentino et al., 2021).

Several factors affect the productivity of SCFAs from the acidogenic fermentation of organic waste,
namely the pH, temperature and total solids (TS), as explained in chapter 2. Such factors have
extensively been analyzed in previous studies on different substrates with sometimes contrasting
results, that strongly depend on the specific substrate’s characteristics.

With a specific reference to tannery sludge, the application of the anaerobic fermentation to extract
the SCFAs has not been thoroughly explored yet. To the best authors’ knowledge, there is only one
literature study where tannery sludge utilization is related to SCFA production (Zhai et al., 2020) in
this research, the authors produced biochar from tannery sludge and bamboo, which was then added
to the tannery sludge to improve the production of SCFAs during the anaerobic fermentation.

As underlined by Zhai and colleagues, the tannery sludge is rich in proteins and macromolecular
organic matter, so a mild oxidative treatment was considered a viable option to support the hydrolysis
of the organic compound and improve the SCFAs production performance. Additionally, partial
oxidation is desirable as it reduces the concentration of S species (Horn et al., 2022) which are
abundant in tannery sludge. Hydrogen peroxide (H202) is an oxidizing agent that is similar to oxygen
in effect but is significantly stronger. Hydrogen peroxide can oxidize organic compounds directly or
indirectly through OH free radicals produced by the breakdown of oxygen—oxygen single bond
(Woodard & Curran, 2006). From a literature review, it was found that the use of H>O> combined
with thermal treatment has a higher potential and can be preferred to the simple oxidation, as both
treatments can disrupt the sludge floc structure and cause microbial cell rupture, hence solubilizing
particulate organics (Tyagi et al., 2011; Ambrose et al., 2020).

Moreover, hybrid pretreatments make use of the advantages of the synergism between individual
techniques, while also overcoming the drawbacks of individual treatments (Ambrose et al., 2020).
Microwave (MW) irradiation was chosen for the thermal pretreatment, as it allows for rapid uniform
heating and energy efficiency, while still providing sludge solubilization and the enhancement of the
sludge anaerobic digestion, compared to the more costly traditional heating alternatives (Liu et al.,
2017; Ozon & Erdingler, 2019).

The purpose of this work is to provide a viable alternative to the wasteful disposal of tannery sludge
in landfills and use it instead to produce SCFAs, in line with the EU strategy. A comprehensive
acidogenic fermentation batch tests assay has been developed and discussed in this study, where the
effect of the temperature, pH, total solids (TSs) concentration, and the combined MW-H>0»

pretreatment has been investigated on SCFA production (yield and concentration) and distribution.
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3.2 Materials and methods

3.2.1 Substrate collection and characteristics

The sludge used for the experiments was a mixture of primary and secondary sludge, obtained from
the wastewater treatment plant (WWTP) of Montebello Vicentino (northeast Italy). This WWTP
treats about 10000 m>/d of industrial wastewater produced by 23 tannery plants. Tannery wastewaters
are subjected to primary treatment and sedimentation (accomplished inside both tanneries and
WWTP), and secondary biological treatment (anoxic/aerobic process) used for biochemical oxygen
demand (BOD) and nitrogen removal from the primary clarified effluent.

Regarding the chemical and physical parameters, the tannery sludge showed an average dry matter
content of 830 + 14 g TS/kg (Total Solids) and 590 + 4 g VS/kg (Volatile Solids). The chemical
oxygen demand (COD) was 793 + 18 g COD/kg TS; total phosphorus and nitrogen (as TKN) were
respectively 7.9 £ 0.4 g P/kg TS and 32.8 £ 0.9 g N/kg TS.

3.2.2 Batch tests’ rationale

Batch tests were performed aiming to investigate the effects of different combinations of initial pH,
temperature, combined MW-H>O; treatment, and total solids (TS) concentration on SCFAs
production and distribution from tannery sludge fermentation.

Acidogenic fermentation experiments were conducted under both mesophilic (M, 40 £ 1°C) and
thermophilic (T, 55 + 1°C) environments, starting from a different TS concentration: namely 80 g
TS/L or 8.0% w/w (M8 and T8) and 120 g TS/L or 12% w/w (M12 and T12). Also, a separate series
of tests was performed at 80 g TS/L, with MW-H>O; pretreated sludge (M8-P and T8-P) (Table 3.1).
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Table 3.1: Summary of the operating conditions investigated in the batch tests and the assigned names;

*H,0; at 35% w/w.

Acidogenic Fermentation Batch Test

Operating Conditions

M8 Mi12 MS-P T8 T12 T8-P
Temperature

40 40 40 55 55 55
(°O)
Solids’ content

80 120 80 80 120 80
(g TS/L)
Range of initial pH 5-11 5-11 5-11 5-11 5-11 5-11
MW-H,0, pretreatment
(80-90°C, 600 W, 10

_ no no yes no no yes

min;
0.2 g H:0:*% g TS)

Each test was prepared by diluting the dried sludge with tap water to reach the required TS
concentrations, which have been chosen based on the performances of a gravity sludge thickening.
For each of the conditions, four different initial pH values (5.0, 7.0, 9.0, and 11.0) were tested. Sodium
hydroxide (NaOH) and sulfuric acid (H2SO4) were added to reach the initial pH values. The MW-
H>O; pretreatment was performed based on the strategy proposed by (Ambrose et al., 2020; Liu et
al., 2017, 2018c) with some adaptations. Namely, after sludge dilution and pH adjusting, the bottles
were heated to 80°C with a microwave oven set at 600W for 10 minutes; the treatment was carried
out with intermittent breaks every 1.30 min to avoid water loss by evaporation and to allow manual
mixing of the sludge (Ambrose et al., 2020). After the sludge was allowed to cool to room
temperature, the H>O, was added at the chosen dosage of 0.2 g H2O2/ g TS, using H20: at 35%.

The bottles were left for 40 minutes to rest allowing the H2O: to react and then were heated again

with the MW at 90 °C, to avoid reaching boiling temperature, with the same method described before.

3.2.3 Batch tests’ preparation and monitoring

Each test was performed in duplicate, in 250 mL glass bottles sealed with a cap with a silicon plug.
As anaerobic inoculum, 50 mL of mesophilic anaerobic digestate from a full-scale digester located in
Treviso (northeast Italy) was used (35 g VS/L). Batch fermentation tests were monitored until the
plateau in SCFAs production was reached at around three weeks, during which the sludge was

manually mixed several times a day. Liquid samples (5.0 mL) were collected for SCFAs analysis, pH
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measurements, N-NH4*, P-POs* and soluble COD. Hexavalent Chromium [Cr(VI)] was also
analyzed in the liquid phase at the end of MW-H;0, pretreatment and at the end of each test to
quantify any possible [Cr(VI)] release. All the bottles were never opened as the samplings were
performed through a syringe injected into the plug.

The pH was monitored but not adjusted as the aim of this research is to eventually perform these
fermentations on continuous mode and on larger scale and the constant adjustment of the pH could

not be sustainable in view of process scale-up.

3.2.4 Analytical methods and calculations

Analyses were conducted according to Standard Methods (Apha Awwa, 2005) for the TKN, N-NH4"
total phosphorus, P-PO4*, VS, TS, [Cr(VI)], and COD. SCFAs were determined using an Agilent
6890 N gas chromatograph equipped with a flame ionization detector (FID) (T = 250 °C). Samples
were analyzed through an Agilent J&W DB-FFAP fused silica capillary column (15 m length, 0.53
mm i.D. 0.5 mm film) using hydrogen as carrier. The inlet was working in split mode, with a split
ratio of 20:1. The instrument was programmed with a ramp temperature from 80 °C to 100°C (10
°C/min). Before GC analyses, samples were centrifuged at 4.500 rpm for five minutes and the
supernatant was filtered at 0.2 mm using acetate cellulose syringe filters (Whatman).

Acidogenic fermentation performances were evaluated through the quantification of the SCFAs
concentration, the ratio between the SCFAs and the soluble COD (both on a COD basin), and the
fermentation yield (YF), calculated by the ratio between the produced SCFAs and the initial VS of
the feedstock (VSo). The N-NH4" release (%) in the liquid fraction with respect to the initial TKN
was calculated according to the following equation:

N-NH4" release (%) = [N-NH4 "]/ TKNo.

3.3 Results and discussion

3.3.1 Effect of initial pH on the tannery sludge fermentation

Regardless of the initial value, the pH of each test converged to around 7.0 after approximately 4 days
and then settled. For this reason, no significant influence of the pH on the acidification performances
was observed. This was due to the observed capacity of the tannery sludge to act as a buffer, resulting
in the maintenance of the pH to around 7, even with relatively high concentrations of SCFAs. In fact,
the characteristic of this sludge is the presence of lime, which acts as a pH buffer, due to the release
of OH™ ions from the residual Ca(OH); present in the sludge. Lime is abundantly used in the tannery

process during the “Liming” operation, which consists in the utilization of lime (Ca(OH)>) and NaxS
29



to remove hairs and flesh from the skins and split up the fiber bundles in the raw hides. Moreover,
lime can be used to correct the pH of the wastewater before the primary sedimentation treatment. The
quantification of the alkalinity confirmed the good buffering capacity of the fermented streams
(Tables 3.S1 and 3.S2); based on the whole conducted experimental plan, the alkalinity in the final
effluent was in the range of 2.46-2.89 g CaCOs/L, higher than the values reported in the literature for
other substrates and related to the buffered fermented streams where the pH was controlled by the
digestate recirculation (Valentino et al., 2021).

This characteristic is very noteworthy for future large-scale applications, allowing the process to self-
regulate and continue without external intervention to correct the pH. On the contrary, other
substrates, such as food waste, are very sensitive to high SCFA concentration as it can cause the pH
values to decrease, resulting in toxic conditions for the fermentative bacteria in the reactor (Franke-
Whittle et al., 2014; Zhang et al., 2022). In this paper, the results from all the different pH are reported.
It is more appropriate to refer to the initial pH, which has been set from 5.0 to 11.0. However, the
presence of lime drove the pH around neutrality in less than 5 days (around one-sixth of the total
length of the test). Considering this behavior, a net influence of this parameter on the results has not

been observed.

3.3.2 Production of SCFAs over time

As shown in the graphs (Fig. 3.2 A-B-C) all the tests in mesophilic conditions show similar behavior
of a fast initial SCFAs increase until a plateau in concentration was reached.

The plateau was reached after approximately 10 days, for the series M8, and after approximately 15
days, for the series M 12, proving that, from a qualitative point of view, the initial TSs affected the
acidification process. The applied pretreatment (series M8-P) prolonged the time for the plateau
achievement (15 days, approximately) compared to tests conducted under the same initial TS level
(M8). The required time for the maximum SCFA concentration is a measurement of the total
exploitation potential of this sludge in terms of the organic matter acidification and future

development in the continuous process, by choosing the most appropriate HRT.
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Figure 3.2: SCFAs concentration trends (mgCOD/L) in the mesophilic batch test M8 (A); mesophilic batch

test M12 (B); mesophilic batch test M8-P (C). All three series under initial pH of 5.0, 7.0, 9.0, and 11.0.
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As for the maximum concentration of SCFAs achieved, the series conducted with the pretreated
sludge (M8-P) showed the highest values, ranging between 16.8 and 17.7 g CODscra/L,
demonstrating how the partial oxidation of the organic matter coupled with the microwave treatment,
can substantially boost the acidification performances. In fact, H>O; is a strong oxidizing agent (Eo
=1.78 V) and therefore it can oxidize some organic compounds directly.

For instance, H>O attacks the double bond of an alkene, producing a hydroperoxide; then, the
alcohols and the ketones are produced from the hydroperoxide. In addition, H>O can also produce
OH free radicals by the breakage of the oxygen-oxygen single bond. The free radicals are extremely
reactive; they can attack organic molecules and, therefore, produce another free radical by the chain
reaction mechanisms. In the H,O» pretreatment, the tannery sludge was also subjected to the MW to
support the mechanism cited above. Hence, such a pretreatment was aimed to reduce the molecular
complexity (for example, by breaking the double bonds) of organic compounds and thus support the
following biological process.

In addition, the maximum SCFA concentration depended on the initial TS level, being in the range
0f 9.5-10.25 g CODscra/L and 14.6-15.8 g CODscra/L in the series M8 and M12, respectively. In
practice, the applied pretreatment almost doubled the SCFA production (M8 vs. M8-P); moreover,
the inhibition phenomenon can be excluded since the increase of the TS level in M12 led to an
increase in the SCFA concentration, compared to the M8 series. In fact, the tannery sludge is generally
rich in protein and macromolecular organic matter, whose decomposition leads to the intense
ammonium inhibition for the anaerobic bacteria and a low hydrolysis rate of the organic matter (Zhai
et al., 2020).

As regards the thermophilic series, the behavior of T8 and T12 was analogous to the mesophilic
conditions, even though the SCFAs plateau was reached earlier, in approximately 8 and 12 days for
the T8 and T12, respectively, due to the faster kinetic favored by a higher temperature (Figure 3.3 A,
B); Vidal-Antich et al., 2021). Furthermore, in this case, the initial TS level affected the required time
to fully exploit the acidification process, in terms of the SCFAs production. By using the pretreated
sludge (T8-P series), the SCFAs trend was completely different from the other thermophilic and
mesophilic series (Figure 3.3 C). The T8-P series was characterized by a continuous increase in the
production of SCFAs for the whole duration of the experiment, with only a slight slowdown during
the final days of the experiment. This can be caused by a synergetic effect of a higher operation
temperature (55 °C) and the pre-oxidation of the sludge, as the solubilization of the organic matter is
favored by both, triggering an almost continuous fermentation mechanism. From the point of view of

this waste valorization under a continuous process operation, this condition could be tricky for the
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choice of the right HRT, since a value of more than 20 days may strongly affect the economic

feasibility of the process.
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Figure 3.3: SCFAs concentration trends (mgCOD/L) in the thermophilic batch test T8 (A),; thermophilic
batch test T12 (B); thermophilic batch test T8-P (C). All three series under initial pH of 5.0, 7.0, 9.0, and
11.0.

The thermophilic series T8 and T12 gave a lower peak of SCFAs concentration compared to the
corresponding mesophilic series M8 and M12. The range of maximum SCFAs level was 7.1-7.4 and
13.9-15.3 g CODscra/L for the series T8 and T12, respectively. Furthermore, in this case, the
inhibition phenomenon on the acidogenic culture could be excluded.

Moreover, the thermophilic temperature did not give any benefit, in terms of SCFAs extraction. Given
the different trend observed in T8-P series, compared to T8 and T12, and the highest SCFAs
concentrations obtained (23.7-26.2 g CODscra/L), the synergistic effect of thermophilic temperature
and MW-H,0; pretreatment, substantially improved the organic matter acidification, even though the
required time for such performance could be difficult to transfer for the design of a continuous
fermentation process.

Apart from possible improvement for the T8-P condition, mainly addressed to reach the SCFAs
plateau in a shorter time, mesophilic conditions offered a good compromise for the tannery sludge
acidification process, with the maximum SCFAs concentration between 16.8 and 17.7 g CODscra/L,
achieved approximately, in two weeks of anaerobic condition.

Since the literature is scarcely furnished with data related to SCFAs from tannery sludge, a reasonable
comparison can be assessed with municipal sludge-related experiments. Different authors highlighted
that SCFA concentration can be higher under mesophilic conditions and with a longer retention time,
with an optimal pH for the acidogenic fermentation between 7.0 and 8.0 (Niero et al., 2021; Zhang et
al., 2019a); under the thermophilic condition, the sludge acidogenesis is usually less performing,

showing that the available CODsoL remained not converted into SCFAs. Hydrolysis has also been
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identified as an important step, applied as the hyperthermophilic treatment (70 °C, 24—48 h) for the
solubilization of the organics and the increase of their biodegradability (Niero et al., 2021; Zhang et
al., 2019a); in addition, increasing the initial pH had an overall positive effect on the hydrolysis
(Zhang et al., 2022). In the case of the tannery sludge described here, no considerations can be made
about the pH effect, since the presence of lime, a particular characteristic of this sludge, acted as a
buffer and maintained the pH around 7.0 for the whole duration of the experiments.

The maximal SCFA concentration obtained is comparable or higher than the values reported in the
literature for the municipal sludge (primary, secondary, or mixture), where typical maximum
concentrations range between 6 - 10 g CODscra/L (Niero et al., 2021; Zhang et al., 2019a; Morgan-
Sagastume et al., 2015).

3.3.3 SCFAs/CODsor ratio

The degradation of the organics usually leads to a progressive increase in their solubilization and, in
turn, in the CODsoL level. If this parameter is not sustained by a parallel acidification process, the
SCFAs/CODsoL ratio remains low, while an effective conversion of the organic matter into SCFAs
generally leads to an increase in this ratio (Morgan-Sagastume et al., 2015), highlighting an effective
acidification process.

Hence, in the acidogenic fermentation process, it is important to have a good balance between the
organic matter solubilization and acidification processes. Moreover, the parameter SCFAs/CODsoL
ratio is an important indication of the technical feasibility of the waste fermentation process, as it
indicates the concentration of SCFAs in the fermentation broth and a higher concentration greatly
simplifies the downstream operations to separate the SCFA.

To the best of the authors’ knowledge, the literature does not furnish data on this parameter related
to tannery sludge utilization; hence, this work has started to cover such a gap in the knowledge. Figure
3.4 A shows the SCFAs/CODsoL ratio in the mesophilic series, calculated at the maximum SCFA
concentration achieved (in most cases, at the end of the experiment). All three conditions showed
similar results, with a range of variability of 0.70-74 COD/COD in M8, 0.72-0.75 COD/COD in
M12, and 0.70-0.76 COD/COD in M8-P (average data). Given the standard deviation within such

pretreatment did not have a substantial impact on the SCFAs/COD ratio.
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Figure 3.4: SCFAs/CODysor ratio (COD/COD) of the mesophilic batch series M8, M12, and MS8-P under
initial pH 5.0, 7.0, 9.0, and 11.0 (A); SCFAs/CODysor ratio (COD/COD) of the thermophilic batch series T8,
T12, and T8-P under initial pH 5.0, 7.0, 9.0, and 11.0 (B).
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Figure 3.4 B shows the results for the same parameter, obtained in the thermophilic tests. The T8
series was the only condition showing values below 0.60 COD/COD, within the narrow range of
0.55-0.58 COD/COD and even lower compared to the corresponding M8 series. The T12 showed a
slight increase compared to the T8 series (0.60—0.65 COD/COD), but still lower than the results
obtained in M12. Only in the T8-P series did the SCFAs/CODsoL reach above 0.70 COD/COD, and
comparable to the values obtained in the mesophilic M8-P series (0.71-0.75 COD/COD). Based on
these considerations, it is reasonable to assume that the MW-H>O: pretreatment brought substantial
benefits to the thermophilic acidification of the CODsoL, which remained unconverted in a higher
percentage under both T8 and T12 series. Overall, the mesophilic condition appeared preferable for
the CODsoL conversion into SCFAs, independently from the initial TS level; however, the MW-H20:
pretreatment made the two applied temperature regimes equivalent, in terms of the SCFAs/CODsoL
ratio. Even though these conversion performances can be improved, these results demonstrated that
more than 70% of the organic matter contained in the tannery sludge can be easily converted into
SCFAs. Other carbon sources, such as the organic fraction of municipal solid waste (OFMSW) and/or
different food by-products, are characterized by a high content of putrescible matter; compared to
tannery sludge, these carbon sources can be enriched in SCFAs up to 90% of the soluble COD
(Gottardo et al., 2022). Moreover, the acidogenic fermentation of the municipal sewage sludge is
generally characterized by similar results, compared to this work (0.51-0.69 COD/COD; Presti et al.,
2021), showing discontinuous improvements when the fermentation process is conducted on

thermally hydrolyzed sludge (0.46—0.75 COD/COD; Zhang et al., 2019a; Liu et al., 2018d).
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3.3.4 Fermentation yield (Yr)

The importance of the Yr is related to the quantity of SCFAs potentially recovered from a waste
carbon source, in terms of the mass balance assessment (not seen in this study) in a full-scale scenario.
Hence, the quantification of this parameter is crucial for the further economic evaluation of the unborn

tannery-based biorefinery value chain. Figure 3.5 A, B shows the YF in all of the performed series.
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Figure 3.5: Fermentation yield values (Yr; g CODscra/g VSy) in the mesophilic batch series M8, M12, and
MS8-P (A); fermentation yield values (Yr;, g CODscra/g VSy) in the thermophilic batch series TS, T12, and T§-
P (B).

Under mesophilic conditions, the Yr was not affected by the increase in VSs, being in the range 0.16-
0.17 g CODscra/g VSo in the series M8, and 0.16-0.17 g CODscra/g VSo in the series M12. On the
contrary, the thermophilic series T8 and T12 showed different performances: 0.12 g CODscra/g VSo
and 0.16-0.17 g CODscra/g VSo for T8 and T12 series, respectively. A higher solids concentration
and thermophilic environment (T12) probably boosted the solids solubilization and their conversion
into SCFAs, compared to the less favorable T8 condition, where the initial VS amount was lower.
The Yr of non-pretreated tannery sludge was found to be comparable to or higher than that of
municipal sewage sludge (0.06 g CODscra/g VSo) or primary/sewage sludge mixture (0.11 g
CODscra/g VSo) in mesophilic fermentation (Morgan-Sagastume et al., 2014). However, other
mesophilic investigations on sewage sludge reported higher yields, compared to those reported here
for the non-pretreated tannery sludge (0.21-0.33 g CODscra/g VSo; Morgan-Sagastume et al., 2015).
The chosen pretreatment greatly improved the Yr for both the mesophilic and thermophilic series,
showing a range of 0.28-0.30 g CODscra/g VSo and 0.28-0.31 g CODscra/g VSo, respectively in
MS-P and T8-P. This showed that the combined pretreatment, as well as the H>O, dosage, was

undoubtedly useful to increase the tannery sludge fermentability. Under all of the conditions
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investigated, these numbers represent the optimal SCFA yields, even higher than the yields obtained
in the mesophilic fermentation of the thermally hydrolyzed (TH) municipal sludge (0.22 g CODscra/g
VSo), where the authors stated that the advantage of the TH-sludge in the COD solubilization
overcame its disadvantage of a low biodegradability (Zhang et al., 2019a). Overall, these values are
in line (and even higher) with the yields from other experiments dealing with municipal sewage
sludge, usually considered suitable for fermentation or AD systems, revealing that tannery sludge can
be employed for this process as well with promising results for further continuous trials and future

scale-ups of the technology.

3.3.5 Nutrients’ release and quantification

The ammonium and phosphate concentrations in the liquid fraction were measured to estimate the
nutrient release and their potential recovery. The release of this macro-nutrient was affected only by
the application of the combined MW-H;0O, pretreatment; no effects were quantified by the
temperature, pH, or the initial TS level.

In summary, the nutrients’ release in the mesophilic conditions led to final ammonium and phosphate
concentrations of 781 + 11 (M8), 1181 + 38 (M12), 1605 + 44 (M8-P) mg N-NH4"/L, and 1.16 + 0.04
(M8), 2.00 £ 0.03 (M12), 2.40 + 0.08 (MS8-P) mg P-PO4> /L (average data calculated by considering
the tests at the different initial pH).

Similarly, in the thermophilic tests, the final ammonium and phosphate concentrations were 789 + 19
(T8), 1216 29 (T12), 1586 + 40 (T8-P) mg N-NH4"/L, and 2.3 + 0.2 (T8), 2.7 0.1 (T12), 2.8 £ 0.1
(T8-P) mg P-PO4> /L.

Considering the N-NH4" release, all the tests conducted with non-pretreated sludge allowed for a
release of around 30% of the TKN into the liquid fraction; in particular, the ammonium released in
M8 and M12 were 29.6% and 29.8%, respectively; in the T8 and T12 series, it was equal to 30.0 and
30.9%. These results proved that the maximum release of nitrogen from this substrate was roughly
30%, regardless of the TS content and the temperature applied. M8-P and T8-P proved, once again,
that the MW-H>O» pretreatment can improve this process overall, as the NHs-N release values
reached 61.5% for the M8-P and 73.8% for the T8-P. Definitively lower performances were obtained
for the phosphorous release, which showed values remarkably lower than the ammonium release, and
always below 1.0%, regardless of the TS level, temperature, or the pretreatment application.

Based on these results, the application of a pretreatment must be considered for a series of benefits
which cannot be differently reached. Both the ammonium release (and potential recovery), as well as

the SCFA production, have been positively affected by the MW-H>O, pretreatment and future
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investigations into a continuous reactor, will be also addressed the TS and VS reduction (which in

turn affects the tannery sludge disposal cost).

3.3.6 SCFAs composition

As for the other parameters, independent from the tested conditions (temperature, VS level, MW-
H>0; pretreatment), no difference between the different initial pH, has been observed for the SCFA
spectrum. The following Figures 3.6 and 3.7 represent the average SCFA profile corresponding to
the maximum yield for each series. The mesophilic series M8 and M 12 showed quite similar values
(Figure 3.6), with a dominance of acetic (37—41% CODa¢/CODscra, respectively, in the M8 and M 12
series) and butyric acid (22% CODgu/CODscra, in both series), followed by isovaleric (16—14%
CODi50v/CODscra), propionic (12—13% CODp/CODscra) and a lower amount of isobutyric (8—7%
CODisob/CODscra) and valeric (5-3% CODva/CODscra) acid. The MW-H2O; pretreatment caused
a shift in the composition, towards acetic acid, making up 52% of the total, at the expense of the other
SCFAs, which all decreased in the MS8-P series. Apparently, in addition to the increase in
biodegradability, the MW- H>O; pretreatment moved the metabolic mesophilic fermentation

pathways more forward to the last fermentation products (e.g., acetic acids).

o Acetic » Propionic Isobutyric ® Butyric ~ mIsovaleric m Valeric

Figure 3.6: Composition in terms of CODsor percentage of the SCFAs obtained from the mesophilic batch
series M8 (A), M12 (B), and M8-P (C) as the average of all the initial pH.
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= Acetic Propionic m Isobutyric ® Butyric m [sovaleric

Figure 3.7: Composition in terms of CODsor percentage of the SCFAs obtained from the thermophilic batch
series T8 (A), T12 (B), and TS8-P (C) as the average of all the initial pH.

Moreover, in the thermophilic series, neither the TS nor the pretreatment changed the SCFAs
composition (Fig. 3.7). The dominating acids for T8, T12, and T8-P remained acetic (37, 39, and 40%
CODa/CODscra respectively), and butyric (26, 24 and 24% CODgu/CODscra), followed by
isovaleric (15, 14 and 13% CODisov/CODscra), propionic (15, 15 and 16% CODp,/CODscra) and a
lower amount of isobutyric (7, 8 and 7% CODisob/CODscra). Compared to the mesophilic trials, the
higher temperature applied in T8, T12, and T8-P, annulled the MW-H2O, impact on SCFA
distribution observed in the M8-P series. Noticeably, valeric acid completely disappeared, compared
to the corresponding mesophilic series. This was the only substantial change, caused by the two
applied temperature regimes. Compared to the composition of the sewage sludge fermentation
liquids, the tannery sludge could generate more acetic acid (up to 50% CODac/CODscra) under the
specific condition of the MW-H»O; pretreatment, followed by the mesophilic acidification process.
The SCFAs distribution observed in the other tested conditions was quite similar to those distributions
described in the literature, from batch sewage sludge acidification without pH-control strategy,
thermally and not-thermally pretreated: acetic (30-40% CODac/CODscra) and butyric (20-30%
CODgw/CODscra) acids are generally dominating, with a lower amount of propionic (15-22%
CODp/CODscra), isobutyric, valeric and isovaleric were roughly present between 10-15%
COD/CODscra (Zhang et al., 2019a; Morgan-Sagastume et al., 2014, 2015). Valeric acid was also
reported with a higher percentage under the mesophilic (26-27% CODya/CODscra) and thermophilic
(21-24% CODva/CODscra) sewage sludge fermentation process (Zhang et al., 2019a).
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3.3.7 Perspective of tannery sludge utilization in a new biorefinery value-chain

Due to its high chromium ion content (40—-80 g/kg), tannery sludge is considered hazardous waste
and its management represents a big challenge for the leather industry (Jin et al., 2018). However, the
recent strategies in the European Union are focused to set the transition toward a circular economy to
maintain the value of products/materials/resources for the longest time possible, together with the
objective of waste minimization. The development of a biorefinery represents a method to approach
resource valorization, aiming to use available renewable feedstock to provide high-value marketable
products while minimizing the energy consumption and waste generation. In this sense, the potential
for microbial fermentation and the recovery of SCFAs from tannery sludge has never been
investigated in detail, and this study furnishes a deep evaluation. The two tables (Tables 3.S1 and
3.S2) summarize all the results obtained in this work from the mesophilic and thermophilic
experiments. Within a future and desirable biorefinery scenario for the tannery waste valorization,
apart from the possible improvements of the Y, further efforts must be devoted to continuous
experiments and the scaled-up approach. The results obtained in this study demonstrated the
feasibility to recover a significant amount of SCFAs in the liquid phase, with no risk related to the
Cr(VI) release. The Cr(VI) concentration quantified at the end of the MW-H2O; pretreatment was
below the LOQ of 0.03 mg/L; the same results were obtained at the end of each fermentation
experiment, demonstrating that no Cr(VI) release occurred for the whole tests’ length, under the two
investigated temperatures. Given the high content of the macromolecular organic matters, the
consideration of a multi-purpose biorefinery approach is reasonable and it could allow to recover, not
only bio-based chemicals (such as SCFAs), but also interesting biofuel, such as biohythane (Gottardo
et al.,, 2022). However, in addition to other biorefinery scenarios developed at a pilot or semi-
demonstrative scale on urban and agri-food waste (Righetti et al., 2020; Moretto et al., 2020a), the
chromium issue in the tannery waste biorefinery, must be considered its distribution among the
generated fluxes and fate in the final bio-products, if any. In fact, it is noteworthy that producing
biobased molecules instead of biofuels increases the economic added value, contributing to the

development of a real and effective bioeconomy scenario (Uckun Kiran et al., 2015).
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3.4 Conclusion

This study aimed at evaluating the performance of tannery sludge in an anaerobic fermentation
process to obtain SCFAs, and to assess the most appropriate conditions in terms of the pH, operating
temperature, VS content, and oxidizing and heating pretreatments. The batch test trials revealed that
the combined MW-H>O> pretreatment associated with the mesophilic or thermophilic conditions gave
comparable results, in terms of yield (being 0.28—0.30 and 0.28-0.31 g CODscra/g VS in the
mesophilic and thermophilic series, respectively) and the SCFAs/CODsor ratio (the SCFA amount
counted for more than 70% of the soluble COD). The SCFAs production, over time, showed
maximum values in the range of 16,800-17,700 mg CODscra/L (achieved in approximately two
weeks) and 23,700-26,200 mg CODscra/L (approximately achieved in three weeks) respectively for
the mesophilic and thermophilic trials. Lower performances were related to the absence of the
pretreatment (especially for the Yr) and no substantial effect was found to be linked to the different
initial VS levels.

The performed tests revealed a particular characteristic of tannery sludge, which was its capacity to
act as a buffer, resulting in the maintenance of a neutral pH even with high concentrations of SCFAs,
meaning that the tannery sludge fermentation does not need the use of chemicals for the pH control
and the fermentative bacteria are far from being at risk of becoming inhibited by sudden pH drops.
Overall, this work represents the first and deep evaluation of microbial SCFA production from
tannery sludge and future efforts will be dedicated to the investigation of the pretreatment and
continuous process configuration, as a part of the mandatory action for the maximization of the
resource recovery from this abundant and polluting waste, which is currently wasted completely, with

dangerous environmental consequences and high economic expenses for the producers.
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Supplementary materials (Chapter 3)

Table 3.51: Summary of the main results (average data) obtained in the mesophilic (M8, M12, M8-P) anaerobic fermentation of tannery sludge.

Parameter Unit Series M8 Series M12 Series M8-P
pH50 pH7.0 pH90 pHI11.0 pH50 pH70 pH90 pHI11.0 pH50 pH7.0 pH9.0 pHI11.0

SCFAs g COD/L 9.49 9.35 9.59 10.3 14.7 14.6 15.5 15.8 17.3 16.8 17.1 17.7
SCFAs/CODsor, COD/COD 0.72 0.72 0.74 0.70 0.74 0.72 0.73 0.75 0.75 0.70 0.76 0.73
Yr gCODscra/gVSe  0.16 0.16 0.17 0.17 0.17 0.17 0.18 0.18 0.29 0.28 0.29 0.30
Acetic acid g COD/L 4.73 4.73 4.52 4.23 6.22 6.13 6.78 6.05 9.06 7.95 9.86 8.51
Propionic acid g COD/L 1.33 1.25 1.07 1.21 1.79 2.08 2.18 2.18 1.88 2.00 1.28 1.81
Isobutyric acid g COD/L 0.57 0.88 0.82 0.71 0.99 0.99 1.04 1.14 0.93 1.00 0.99 1.09
Butyric acid g COD/L 1.71 1.38 1.87 2.23 3.59 2.93 3.23 3.40 3.36 3.39 3.09 4.30
Isovaleric acid g COD/L 0.50 0.89 1.00 1.48 1.94 2.02 2.11 2.15 1.83 1.91 1.81 1.81
Valeric acid g COD/L 0.65 0.21 0.33 0.35 0.21 0.5 0.18 0.89 0.25 0.17 0.17 0.21
CODsoL g COD/L 13.1 13.0 12.5 14.7 19.9 20.3 21.3 21.2 23.0 23.8 22.6 24.4
Alkalinity g CaCOs/L 2.50 2.48 2.54 2.50 2.49 2.46 2.46 2.52 2.58 2.63 2.64 2.63
N-NH4" mg/L 770 785 776 795 1132 1204 1167 1221 1620 1610 1638 1550
P-POs*> mg/L 0.93 1.17 0.99 1.56 1.77 2.34 1.88 2.02 2.62 2.55 2.16 2.26
Chromium VI mg/L <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <003 <003 <003 <003 <003 <0.03
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Table 3.52: Summary of the main results (average data) obtained in the thermophilic (T8, T12, T8-P) anaerobic fermentation of tannery sludge.

Parameter Unit Series T8 Series T12 Series T8-P

pH 5.0 pH7.0 pH9.0 pH11.0 pHS5.0 pH 7.0 pH 9.0 pH11.0 pHS5.0 pH 7.0 pH 9.0 pH 11.0
SCFAs g COD/L 7.15 7.19 7.34 7.26 15.35 14.84 13.92 14.97 23.76 26.20 26.09 25.74
SCFAs/CODsor.  COD/COD 0.58 0.57 0.55 0.57 0.64 0.65 0.60 0.62 0.71 0.74 0.73 0.75
Yr gCODscra/gVSo  0.12 0.12 0.12 0.12 0.17 0.17 0.16 0.17 0.28 0.31 0.30 0.29
Acetic acid g COD/L 291 2.80 2.41 2.45 5.90 5.89 5.48 5.74 12.25 10.34 10.86 10.46
Propionic acid g COD/L 1.06 1.09 1.06 1.04 2.02 2.15 2.46 2.02 3.38 4.30 4.01 3.45
Isobutyric acid g COD/L 0.49 0.52 0.60 0.55 1.22 1.14 1.07 1.15 1.34 1.98 2.05 1.59
Butyric acid g COD/L 1.73 1.71 2.01 2.10 3.90 3.48 2.92 3.96 4.23 6.34 5.65 6.97
Isovaleric acid g COD/L 0.95 1.08 1.26 1.13 2.31 2.19 2.00 2.10 2.57 3.26 3.51 3.27
Valeric acid g COD/L - - - - - - - - - - - -
CODsoL g COD/L 12.4 12.6 13.2 12.8 23.8 22.9 23.2 24.0 333 35.2 35.7 342
Alkalinity g CaCOs/L 2.70 2.72 2.72 2.70 2.77 2.74 2.76 2.74 2.89 2.93 2.87 2.86
N-NH," mg/L 880 725 810 741 1268 1284 1218 1131 1432 1569 1665 1679
P-POs*> mg/L 2.2 2.2 2.6 22 2.8 2.8 2.8 2.5 2.6 2.7 2.9 2.8
Chromium VI mg/L <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
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CHAPTER 4: Process upscaling and bio-methanation tests

Once the potential for VFA production from tannery sludge has been confirmed, the next step is
upscaling the fermentation process, which is the focus of this second article. Additionally, this study
includes an assessment of chromium behavior, a mass-energy and economic balance to evaluate the
process's feasibility, and biomethanation tests to assess the potential for biogas production from
tannery sludge.

This chapter is from a published paper in the journal Biochemical Engineering Journal (Elsevier)
titled “Minimizing tannery sludge in landfilling through a mixed microbial culture approach:
Effect of oxidizing pretreatment, temperature and hydraulic retention time on process
performances and chromium fate” (https://doi.org/10.1016/j.bej.2023.109073) written by Giulia

Adele Tuci, Francesco Valentino, Aditi Chitharanjan Parmar, Paolo Pavan, Marco Gottardo.

Figure 4.1: The sCSTR setup.
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4.1 Introduction

The tannery industry has an important role in many countries where it has contributed significantly
to employment and economic expansion (Zhao et al., 2022). However, this industry is still known for
its high environmental impact related to the large water consumption and production of wastewater,
which is characterized by a high content of chemical compounds, such as dyes, chromium salts and
solvents (Zhao et al., 2022). In particular, chromium Cr(III) sulfate is widely used as a tanning agent
as it imparts thermal stability, chemical resistance, and endurance to the finished leather products
(Oruko et al., 2020). Cr(III) can also exist in the effluents in its hexavalent state [Cr(VI)], which is
more toxic, mobile, and soluble (Hashem et al., 2022).

According to the UNIC sustainability report of 2021, Italy’s tannery industry accounts for 23% of the
global value of leather and is regarded as the industry’s global leader (UNIC, 2021). Consequently, a
very significant amount of wastewater, and therefore of sludge is produced, which is disposed of in
second-class type B controlled landfills due to its toxic nature, with significant environmental and
economic impacts, as previously explained.

Nowadays, anaerobic digestion (AD) is the only fully established technology that allows the
production of biogas and fertilizers from organic waste while reducing their mass or solids’ content.
Tannery sludge could be a great candidate for similar microbial technology, however with some
challenges. It has been observed that methanogenesis can be negatively impacted by inhibitors
deriving from the tanning process, such as hydrogen sulfide (H>S), ammonia (NH3), and toxic metals
(Mpofu et al., 2021). Additionally, Achouri et al. (2021) observed that the main limitation in treating
solid-rich tannery effluent with AD was the particularly low hydrolysis rate, probably due to the
presence of high-molecular-weight substances.

One of the most promising methods to increase the rate of the hydrolysis stage is the use of hydrogen
peroxide (H20:) to oxidize the high-molecular-weight compounds (Liu et al., 2018c). This process is
achieved through the oxidizing action of the OH free radicals on the OM, which are formed by the
breakdown of oxygen-oxygen single bonds (Ambrose et al., 2020). As a consequence, the
biodegradability of the OM increases due to the creation of lower-molecular-weight and bioavailable-
to-microorganisms compounds (Liu et al., 2018c). This pretreatment has been previously employed
with promising results due to its effectiveness, low costs, as well as easy availability, conduction, and
harmless by-products generation (Ambrose et al., 2020; Liu et al., 2017).

Considering the no more sustainable disposal of tannery sludge, exclusively destined for a landfill,
this study is aimed at its exploitation for the production of SCFAs, as value-added products and

marketable platform chemicals through anaerobic fermentation (AF) process (Varghese et al., 2022).
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The biogas recovery from any residual flux is necessary for a further reduction of the sludge, and in
turn, for the minimization of the landfilling. In this study, a thorough analysis of tannery sludge as a
substrate for microbial anaerobic processes has been performed. A first assessment of batch
hydrolysis tests was aimed at evaluating the ideal H>O» dosage to promote sludge biodegradability,
quantified by the hydrolysis constant (kh) (Angelidaki et al., 2009). In addition to its effect on the
OM, H»0; has the potential of removing the sulfur species in the sludge (H2S), freeing the elemental
S that could also be eventually recovered (Horn et al., 2021). According to the chosen H>O» dosage,
around of acidification batch tests was then focused on the effect of the temperature (T) on the SCFAs
production, utilizing the pre-oxidized sludge previously obtained. Based on these assessments, two
semi-continuous fermentation tests were performed at 4 and 8 days as hydraulic retention times
(HRT) and at mesophilic T (40 °C) to compare SCFA production (concentration and yield) and
composition. Moreover, Cr fate was discussed through its quantification in the semi-continuous
fermentation effluents. Biochemical methane potential (BMP) batch tests were performed to simulate
the AD on the solid-rich AF residue, to quantify the biogas production and to define the whole tannery
sludge reduction through the final mass-energy balance. The latter was applied on the hypothetical
two-steps anaerobic treatment (AF+AD) to quantify the mass reduction of landfilled sludge and the

potential economic income from the produced SCFAs.

4.2 Materials and methods

4.2.1 Rationale of the approach

The designed flowchart consisted of a) hydrolysis potential assessment of the tannery sludge to
increase its biodegradability; b) AF step for SCFAs production and fermentation yield maximization;
¢) solid/liquid separation, to obtain a SCFAs-rich liquid stream and a solid-rich fraction to be used in
the subsequent AD step; d) AD for the production of biogas from the solid-rich fraction; e) a final
drying step for the quantification of the solids abatement. Real data coming from hydrolysis tests, AF
and AD steps have been discussed together with some assumptions to give a first idea about the
technical and economic viability of the technology value chain through a detailed mass-energy

balance as discussed below.

4.2.2 Substrate’s characteristics and inoculum
A mixture of primary and secondary tannery sludge coming from the wastewater treatment plant
(WWTP) of Montebello Vicentino (northeast Italy) was used as a carbon source. The WWTP treats

different wastewaters produced by more than 20 tannery plants (about 10000 m?/d), both with primary
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treatment (alkaline flocculation) and secondary biological treatment (anoxic/aerobic process). The
tannery sludge was firstly subjected to a dewatering and drying step; its chemical and physical
characteristics were the following: total and volatile solids content of 830 + 14 g TS/kg and 590 + 4
g VS/kg respectively; chemical oxygen demand (COD) 793 + 18 g COD/kg TS; total phosphorus
(TP) and nitrogen (as TKN) were 7.9 + 0.4 g P/kg TS and 32.8 £ 0.9 g N/kg TS, respectively; total
chromium (Cr) was equal to 19155 + 310 mg Cr/ kg TS.

4.2.3 Experimental setup and parameters of the hydrolysis tests

The hydrolysis tests were set up in 250 mL glass bottles sealed with a cap with a silicon plug, with
180 mL working volume, and each test was performed in duplicate. As anaerobic inoculum, 50 mL
of mesophilic anaerobic digestate from a full-scale digester located in Treviso (northeast Italy) was
used (35 g VS/L) and was previously incubated at 40 °C for one week to reach the endogenous
methane production. Similarly, 50 mL of thermophilic inoculum from a parallel laboratory- scale
digester was utilized for the thermophilic (55 °C) experiments. The tests were performed at neutral
pH. Tannery sludge was added following the methodology proposed by Angelidaki et al. (2009); in
particular, the substrate to inoculum (S/I) ratio was set at 0.3 (VS basin) for all the experiments. For
the oxidative pretreatment of the sludge, four different H>O, dosages were chosen: 0.1, 0.2, 0.4, 0.6
g H2O2/g TS (using a H20z solution at 35% w/w (Liu et al., 2017)). Since tannery sludge is rich in
complex and slowly biodegradable substances, it has been treated with H>O> to boost its hydrolysis.
The oxidizing pretreatment was carried out in open bottles (250 mL) maintained under mixing for 2
h. The hydrolysis tests have been also conducted on the untreated tannery sludge (0.0 g H2O»/g TS).
In each test, the biogas production was daily monitored; the data have been elaborated by the model
described elsewhere (Angelidaki et al. 2009) to monitor the sludge’s hydrolysis rate, which was
quantitatively represented by the hydrolysis constant kh (d'!), as explained in Mata-Alvarez et al.
(1990). Namely, this constant represents the absolute value of the slope of the line obtained by
applying a first-order kinetic model to the initial biogas production data, thus reflecting the speed of

substrate hydrolysis.

4.2.4 Experimental setup and parameters of the batch acidogenic fermentation tests
The AF batch tests were conducted at different T, to investigate its effect on SCFAs production.
According to the hydrolysis tests, a single H>O, dosage was chosen for the oxidizing pretreatment

(0.4 g H O2/g TS), which was as previously explained for the hydrolysis tests.

48



A fixed aliquot of dried tannery sludge was used as inoculum to fix a S/I ratio of 8.0 w/w (VS basin)
in 200 mL working volume (Tuci et al., 2022). All the bottles were sealed with a silicon plug-equipped
cap and placed in a different water bath at five different temperatures: 15, 25, 30, 40, and 50 °C. Each
test was conducted in triplicate. The bottles were manually mixed twice a day and a fixed-volume
aliquot (around 10 mL) was regularly sampled to measure pH, CODsor, and SCFAs concentration.
In particular, the SCFAs concentration was monitored until the plateau was reached, as indication of

the maximal SCFAs production in batch.

4.2.5 Semi-continuous acidogenic fermentation

The AF semi-continuous tests, meaning that the reactors were operated on a fill-and-draw basis,
allowing for better operational stability and experiment duration compared to batch tests, were
conducted according to the best performances obtained in the hydrolysis and AF batch tests. The
dosage of 0.4 g H,O2/g TS for the hydrolysis and the T of 40 °C were chosen.

Two parallel semi-continuous stirred tank reactors (sSCSTR) of 1.5 L working volume were inoculated
with tannery sludge, diluted with tap water at 20 g VS/L. The two sCSTR were maintained at the
fixed T with water recirculation into an external thermostatic jacket and stirred with a mechanical
impeller at 100 rpm. A pre-established mesophilic lag phase of one week was chosen for the
inoculum’s acclimation (only stirred); afterwards, both reactors were fed once per day with H>O»
pretreated tannery sludge, and maintained at two different hydraulic retention times (HRT) of 4.0 and
8.0 days (Run 1 and Run 2 respectively). The HRTs were equal to sludge retention time (SRT) since
no settling phase was performed. The two HRTs were chosen based on the observed SCFAs trends
in the AF batch tests; in particular the required times to achieve at least 75% and 90% (roughly) of
the maximum SCFA production were considered. A fixed aliquot (according to the chosen HRT) was
withdrawn for the effluent characterization, in terms of CODsor, SCFAs, N-NH"4, pH, and Cr.
Regarding the SCFAs production, in addition to their concentration, the fermentation yield (YSCCSEE)
and the ratio between the SCFAs concentration and the CODsor (CODscra/ CODsor) were
monitored. Total Cr was analyzed in the liquid phase at the end of the H>O> pretreatment and regularly
in the effluents to quantify any possible Cr release. The pH was naturally maintained neutral by the
sludge itself which has a pH buffer characteristic due to the presence of lime (CaCO3) (Tuci et al.,
2022).

4.2.6 Biochemical methane potential (BMP) tests
The BMP tests were set up in duplicate as indicated in the methodology of the hydrolysis tests.

Similarly, 50 mL of mesophilic anaerobic digestate from the Treviso full-scale digester was used (35
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g VS/L) as inoculum after one week of incubation (40 °C) to reach the endogenous methane
production. The tests were performed at neutral pH, by using the solid-rich fraction of the
fermentation effluent taken from Run 2 as substrate. The S/I ratio was set at 0.3 (VS basin). To
investigate the effect of the oxidizing treatment on biogas production, parallel BMP tests were also
conducted on hydrolyzed solid-rich fraction, which was treated with H>O (0.2 and 0.4 g H2O/g TS)
in open bottles (250 mL), maintained under mixing for 2 h before being inoculated. Biogas production
and CH4 content was daily monitored to quantify the maximum specific gas production (SGP; m*/kg
VS) achievable and the hypothetical HRT to be considered in the scaled-up continuous AD process,

according to the model described elsewhere (Jensen et al., 2011).

4.2.7 Analytical methods

The analyses were carried out according to the Standard Methods for the quantification of total solids
(TS), volatile solids (VS), soluble COD (CODsoL), ammonia, total nitrogen (as TKN), phosphorous
(TP), total Cr and Cr(VI) (Apha Awwa, 2005).

Ammonium ions were measured on filtered samples (0.2 um porosity) using the Nessler
spectrophotometric method (Varian DMS 90 UV-Visible Spectrophotometer; absorbance at the
wavelength of 420 nm). The CODSOL analyses were also carried out on filtered samples (0.2 um
porosity) by using specific kits (Merck-VWR). For TKN and TP, a small aliquot of dried sludge (0.1
g) was firstly subjected to an acidic digestion with in a top-louder microwave (Speedwave XPERT,
Berghof); the following spectrophotometric methods for ammonia and orthophosphate were adopted
for the quantification (Apha Awwa, 2005).

Total Cr analysis was performed on samples previously basified, centrifuged, and filtered with a 0.2
um porosity filters; the quantification was carried out with an inductively coupled plasma-mass
spectrometry (ICP-MS) NexION 350X (Perkin Elmer) coupled with the autosampler seaFAST (ESI).
The Cr(VI) analyses were also performed on filtered samples (0.2 pm porosity) with the direct
spectrophotometric determination Cr(VI) by diphenylcarbazide (Apha Awwa, 2005); the absorption
measurements were carried out at 540 nm wavelength.

The SCFAs were analyzed using an Agilent 6890 N gas chromatograph (GC) equipped with a flame
ionization detector (FID) at a temperature of 250 <C. An Agilent J&W DB-FFAP fused silica capillary
column (DB-FFAP; 15 m length, 0.53 mm ID, 0.5 um film thickness) was utilized as a stationary
phase. Hydrogen was utilized as carrier. The inlet was set in split mode, with a split ratio of 20:1. The

instrument was designed to operate with ramp temperature, from 80 °C to 100 °C, at 10 °C per minute.
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Before GC analysis, each sample was centrifuged for 10 min at 4500 rpm and the supernatant was
filtered through 0.2 um acetate- cellulose filter porosity (Whatman).

CHj4 analyses were performed with the same GC reported above, which was also equipped with HP-
PLOT MOLESIEVETM column (30 m x 0.53 m ID x 25 um film thickness) and with a thermal
conductivity detector (TCD) at 250 °C. The injector was maintained at 120 °C and 70 kPa. Gas
samples (200 pL) were taken with a gas-type syringe; the analyses were conducted at 40 °C (oven

temperature) for 8 min, by using Argon as gas carrier.

4.2.8 Calculation and statistical analysis

The degradation kinetic of the hydrolysis tests was evaluated in terms of the hydrolysis rate (kh; d '),
which was calculated according to the linear regression of the logarithmic equation of generated gas
vs time, according to the first order kinetic model described elsewhere (Angelidaki et al., 2009).

In the acidogenic fermentation batch tests, the acidification performances were evaluated by the ratio
between the SCFAs and the CODsor, and the fermentation yield (YS2IS"), which was calculated
considering the produced SCFAs over time (“t”) and VSo as the initial VS concentration in the batch

tests:

(1) YSakh = [CODscrali/VSo

In the sSCSTR experiments, the ratio between the SCFAs and the COD , as well as the fermentation
yield (YSeea) and rate (qS2ra), ammonia release, and SCFAs volumetric productivity (PSgrat) were

also quantified according to the following equations:

(2) YSaan = [CODscpale/VSo;

(3) q$3TR = [CODgcpalt/(VSy X HRT);
(4) N-NH4" release (%) = [N-NH4 "]/ TKNo;
(5) PSErA = [CODgcpali/HRT.

In the calculations of yield (2) and rate (3) the VSo is used as a reference because it represents the
total amount of biodegradable organic matter available in the substrate , thus allowing the

quantification of SCFA production in relation to the actual fermentable fraction of the substrate.
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The BMP tests were assessed with regards to the SGP (m’piogas’kg VS), which was analyzed as a
function of the modeled HRT to be adopted in the AD process, according to the methodology
described in Jensen et al. (2011). Namely, the SGP was modeled using equation 6:

d= 1t
1+ d~1xt

(6) SGP(t) = SGP * (

)

Where SGPoo represents the maximum specific gas production obtainable from the substrate, and
d! the kinetic coefficient obtained from the linearization of early-stage biogas data. This parameter
was also used to estimate the digestion efficiency at each HRT, expressed as the percentage of
theoretical potential (SGPo) achieved.

The parameters characterizing the performances of AF batch and semicontinuous reactors were
reported as mean values (with standard deviation). The #-test, the analysis of variance (ANOVA) and
Tukey HSD post hoc tests were conducted to detect the results’ significance. Shapiro—Wilk test was
carried out to see if the data were normally distributed; Bartlett test and F-test were used to determine
the homoscedasticity between the several data groups. All the statistical analyses were performed
with R open-source program (The R Foundation for Statistical Computing, version 4.0.3).

The parameters for the mass and energy balance were set considering a production of 37000 tons/year
of tannery sludge, which was the total amount from the two tannery WWTPs (Medio Chiampo S.p.a.
and Acque del Chiampo S.p.a.). Reference parameters and boundary conditions are given in a
previous work (Valentino et al., 2019), and are reported in Table 4.4. For the economic feasibility
assessment, the disposal cost of the dried sludge was assumed to be 250 €/ton. The electrical energy
required (0.237 €/kWh) to recover SCFAs from fermentation broth was considered 0.8 kWh/m?, with
an efficiency of 70% and the average SCFA selling price of 2000 €/ton (Tharani et al., 2021). For tap
water and H,0», a price of 0.55 €/m? and 0.30 €/kg were respectively considered.

4.3 Results and discussion

4.3.1 Hydrolysis tests

The hydrolysis rate, represented by the kh, is a pivotal information about the substrate
biodegradability and its utilization as SCFA source. This parameter was analyzed for four different
dosages of H>O» (Fig. 4.2). Only one example described the benefit of using H>O» on tannery sludge
for the production of SCFAs (Tuci et al., 2022); however, the adopted pretreatment was combined

with microwave application, and it foresaw a single H20> dosage (0.2 g H202/g TS). In addition, no
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investigation on the sludge biodegradability and kh data was performed. Given the poor literature
information, a wider range of H>O; has been explored here, together with a quantitative evaluation of
the kh values.

For the mesophilic conditions (40 °C), the kh of the untreated tannery sludge was 0.177 + 0.04 d°!;
for the pretreated oxidized sludge, the kh values were 0.189 + 0.03, 0.187 + 0.03, 0.197 + 0.04, and
0.196 + 0.03 d™! at increasing H>O, dosage respectively. Compared to untreated sludge, a remarkable
improvement in the tannery sludge biodegradability was obtained at the dosage of 0.4 g H,O»/g TS.
This appeared the ideal condition in a perspective of reagents and cost-saving approach, considering
the comparable result obtained at the highest H>O» dosage.

In the thermophilic tests (55 °C), the kh values did not show a significative increase: they were equal
to 0.182 + 0.04 d! (no pre-treatment), 0.189 + 0.04 d! (0.1 g H2O, /g TS), 0.197 £ 0.04 d' (0.2 g
H>02/g TS), 0.206 + 0.04 d (0.4 and 0.6 g H202/g TS). According to the kh data, the increase of the
performances appeared relatively limited, and potentially not favorable for a cost-saving approach.
However, the data from the thermophilic conditions also confirmed the dosage of 0.4 g H>O2/g TS as
the best option and it was chosen in the following batch AF tests. In addition, since a clear indication
from the optimal T was not reached in terms of hydrolysis rate, the following batch AF tests were
conducted under a wider T range.

The kh values obtained here were higher than mesophilic kh values related to primary or secondary
municipal sludge (0.110 — 0.170 d™!), indicating the good biodegradability of tannery sludge also
without any pretreatment (Abubakar et al., 2017). Other organic sources not linked to the activities
of the water utilities also showed similar kh values: 0.250 d™', 0.095 d!, and 0.121 d*' for kitchen
waste, paper, and garden waste, respectively (Trzcinski et al., 2012). Generally, all the kh values were
evaluated in perspective of biogas production during the established AD process; to the best authors’
knowledge, this is the first work where the quantification of the kh was performed as additional

information for the AF process.
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Figure 4.2: Hydrolysis rate (kh) of tannery sludge at different H,O; dosages and temperature.

4.3.2 Production of SCFASs in the batch tests
The following Fig. 4.3 a shows the trend of the total SCFAs concentration over time in batch AF.
Independently from the adopted T, the production of the SCFAs started from the first day, without
any lag-phase period or inhibition phenomena. At the lowest T (15 °C), the SCFAs trend showed the
lowest initial kinetic, according to the SCFAs profile in the first 4 days. A remarkable improvement
in the initial kinetics and in the SCFAs concentration was observed at higher T. The series with
intermediate T (25 and 30 °C) were characterized by similar performances: the SCFAs concentration
heavily increased over the first 4-5 days, with a modest increase occurring after that. The series
conducted with higher T (40 and 50 °C) showed a comparable trend, even though the SCFAs
concentration reached values above 14.0 g CODscra/ L. This fact indicated that the chosen H>O»
dosage, together with T > 30 °C boosted the acidification of the OM, which would otherwise remain
only scarcely hydrolyzed. In fact, since the waste produced by the leather industry (proteins, oils,
dyes, hair, lime, tannins, etc.) is commonly conveyed to centralized WWTP (Rossi et al., 2023), the
final sludge is quite rich in proteins. This can limit the SCFAs production if the OM is not efficiently
hydrolyzed or properly balanced by carbohydrates or starch-based by-products addition (Strazzera et
al., 2021). Given the increase of the CODsor, generally caused by an hydrolysis step, it becomes
crucial to measure the effectiveness of the acidification process through a comparison between the
SCFAs and CODsoL values (Varghese et al., 2022).
As depicted in Figure 4.3 b, both the SCFAs/COD ratio and yield (Y3iS") had the same trend as a
function of the T. The low T did not ensure an effective acidification performance since almost 50%
of the solubilized COD remained unconverted. The final SCFAs concentration was 9.5 £ 0.3 g
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COD/L. The conversion yield was also the lowest achieved (0.16 £ 0.01 g CODscra/g VSo). Higher
T improved both parameters: the SCFAs/CODsoL ratio was equal to 0.61 + 0.04, 0.63 +0.04, 0.73 +
0.04, 0.72 = 0.04 COD/COD at 25, 30, 40 and 50 °C respectively (ANOVA test, Tukey HSD post
hoc test, o= 0.05); the Y22 increased up to 0.22 + 0.02 and 0.23 £ 0.02 g CODscra/g VSo at 20 and
30 °C, and up to 0.28 = 0.03 g CODscra/g VSo at 40 and 50 °C (ANOVA test, Tukey HSD post hoc
test, a = 0.05). In practice, the series with the highest T were similar in terms of acidification
performances; hence, the T value of 40 °C was chosen as the preferred one for the following semi-
continuous process in a perspective of a cost and energy-saving approach. Both SCFAs/COD ratio
and YS3X" can be considered satisfactory and in line with values obtained in previous studies
conducted with raw and thermally pretreated sewage sludge, a comparable substrate produced in
water utility sector: 0.44 — 0.82 COD/COD and 0.15 — 0.29 g CODscra /g VSo for SCFAs/CODsoL
ratio and Yggﬁgh, respectively (Gottardo et al., 2022; Lorini et al., 2022). In addition, sewage sludge
fermentation liquids are generally characterized by lower SCFA concentration (up to 11 g COD/L;
Lorini et al., 2022) compared to the values obtained in this study (roughly up to 16 g COD/L). This
was probably due to the presence of a certain amount of primary treatment derived tannery sludge,
more putrescible and fermentable compared to the sludge coming from the biological wastewater

treatment.
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Figure 4.3: Evolution of produced SCFAs in the batch acidogenic fermentation tests (a); trend of the YO%S"

and SCFA/COD ratio at different temperatures (b).

4.3.3 Production of SCFAs in the semi-continuous CSTR

Based on the results from the AF batch tests, the two HRTs of 4 and 8 days were selected for the
mesophilic semi-continuous fermentation tests. The HRT values were chosen according to the trend
of SCFAs concentration observed in the AF batch tests (paragraph 4.3.2). The two reactors were both
characterized by a short acclimation time to reach a steady-state production of SCFAs, namely around
8-9 days in Run 1 (HRT 4 days) and 13 days in Run 2 (HRT 8 days) (Fig. 4.4 a-b). Afterward, the
production was maintained stable for the whole duration of the experiment, probably favored by the
stability of the pH. The latter was naturally maintained between 6.5 and 7.5, confirming the already
observed characteristic of tannery sludge to act as a pH buffer (Tuci et al., 2022). Once the steady
state was reached, the CODsor were 18.24+ 0.2 g/LL and 21.8 0.5 g/L in Run 1 and Run 2 respectively

(t-test, a = 0.05). The difference between these two values was quite contained and, even if higher
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HRT allowed for higher OM solubilization, the oxidizing pre-treatment already had the most impact
on the CODsoL values.

The process conducted at higher HRT (Run 2) was characterized by higher SCFAs average values
(16.0£ 1 g CODscra/L) compared to Run 1 (12.8 £ 0.6 g CODscra/L) (#-test, a = 0.05), both referring
to the pseudo-steady state, but the SCFAs/CODsoL ratio were both satisfying (~0.70 COD/COD),
demonstrating the effectiveness of the oxidizing pretreatment to favor the acidification in a
semicontinuous process.

Although Run 2 performed better in terms of SCFAs concentration than Run 1, its rate and
productivity were lower than values in Run 1. This fact agreed with the culture adaptation at lower
HRTs, which typically exert selective pressure on the kinetically faster microorganisms that can
survive at high-rate processes (Gottardo et al., 2022). The specific fermentation rate, in the pseudo-
steady state, in Run 1 was 63.1 + 0.6 mg CODscra/(g VS d), roughly 50% higher than rate in Run 2
(40 £ 1 mg CODscra/(g VS d)); similarly, the SCFAs productivity was 2.58 + 0.12 and 1.63 + 0.12
g CODscra/(L d) in Run 1 and Run 2 respectively (#-test, o = 0.05). On the contrary, the fermentation
yield (YSSER) showed the opposite behavior: 0.32 + 0.01 vs 0.25 + 0.01 g CODscra/g VSo in Run 2
and Run 1, respectively (z-test, o = 0.05).
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Figure 4.4: Trends of the CODsor and SCFAs concentrations at 4.0 days (a) and 8.0 days (b) as HRT.

Lower HRT favored the selection of microorganisms’ consortia with a high rate but a lower efficiency
in the conversion of OM, which required a longer time for efficient conversion into SCFAs. Given
the importance of the Ysaps its implication in the mass-balance assessment and in the SCFA overall
economy of the approach, higher HRT has to be considered in the value chain in order to minimize
the amount of unconverted OM. On the other hand, high HRT means high reactor’s volume, which
in turn affects the energy balance (discussed below). The literature furnished very limited information
about the exploitation of tannery sludge as SCFA source. A forerunner article evaluated the combined
microwave-H>O; pretreatment on SCFA production only in batch tests (Tuci et al., 2022). The authors
reported a maximum SCFA concentration of 26 g CODscra/L but the long time required was

unsustainable for the technology implementation in a continuous mode. Compared to sewage sludge

58



(also produced within WWTPs), tannery sludge appeared a more profitable source in terms of SCFA
production, being partially derived from primary treatments and, in turn, consisting of a more
fermentable OM (Ali et al., 2021). A largely adopted practice consisting of the thermal hydrolysis
gave lower performances in terms of SCFAs production and OM conversion compared to the tannery
sludge: Castro-Fernandez et al. (2023) obtained 8.0 = 0.9 g CODscra/L from acidified thermally
pretreated sewage sludge, with a yield of 0.26 g CODscra/g VSo; Zhang et al. (2019) obtained 7.57
and 9.63 g CODscra/L in the acidification process of raw and thermally pretreated sewage sludge
respectively, with a conversion yield in the range 0.15-0.22 g CODscra/g VSo in mesophilic

YSOER in the range 7.3

conditions. Two recent works reported a range of SCFAs concentration and
8.4 g CODscra/L and 0.30-0.38 g CODscra/g VSo respectively, after thermophilic AF of thermally
treated sewage sludge (Gottardo et al., 2022; Lorini et al., 2022). Due to the utilization of raw sewage
sludge (no pretreatment), Presti et al. (2021) obtained a low SCFAs concentration (< 3.0 g
CODscra/L) and a yield of 0.38 g CODscra/g VSSo (volatile suspended solids). This yield was

exclusively calculated on the VSS, and it was certainly lower than fermentation yields obtained with

pretreated municipal and tannery sludge.

4.3.4 SCFAs composition

The composition of the SCFAs in the effluent remained relatively constant once it reached the steady
phase and it was comparable for both HRTs. A remarkable dominance of acetic acid was obtained,
probably favored by the utilization of a pretreated sludge, accounting for approximately 62.1 + 0.6%
and 67 = 1% (COD basis) of the total SCFAs in Run 1 and Run 2 respectively. Propionic acid was
next, accounting for 19.7 £ 0.4% (Run 1) and 13.2 £+ 0.6% (Run 2); butyric acid was less than 10%
in both runs. The other acids were present in lower amounts. The low amount of butyric acid was not
surprising as protein-rich substrates like tannery sludge, usually produce less of this acid compared
with carbohydrate-rich substrates (Alibardi & Cossu, 2016b). Given that acetic and propionic acids
covered 80% of the total CODscra (roughly), the SCFAs spectrum was not heavily fragmented,
facilitating the downstream processes necessary to concentrate and/or separate the SCFAs in the
fermentation broth (Aktij et al., 2020). The downstream steps are necessary to improve the
marketability of the SCFAs, at least for applications that require purified products such as
pharmaceuticals’ manufacturing, plasticizers, production of esters or conversion into fine chemicals
(Atasoy et al., 2018). Even though many options have been reviewed (among others extraction and
distillation, adsorption, membrane-based technologies), this aspect still needs more investigation and

efforts to improve the cost-effectiveness of the technologies.
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4.3.5 Fate of the chromium in the semi-continuous process

The presence of Cr was evaluated in the liquid fraction of the oxidized tannery sludge, which was
then utilized as carbon source for the two sSCSTR. The Cr was partially released after the oxidative
pre-treatment, having a concentration of 119 + 11 mg/L (total Cr); no Cr (VI) was observed, indicating
that the H2O: pretreatment was not sufficient to oxidize the released Cr or the Cr initially associated
to the sludge. Apart from the stringent regulation on potable waters and the related Cr limit (0.05
mg/L for total Cr; EU Directive 2020/2184), this value (119 mg/L) is rather higher than the maximum
discharge limit to the aquatic environment in Europe, which is equal to 5 mg/L for total Cr
(Vaiopoulou & Gikas, 2020).

The trend of the Cr is depicted in Figure 4.5, for both investigated HRTs. The peak of the maximum
Cr concentration was found at different times (4 and 8 days), according to the adopted HRT. However,
after the period of one HRT was covered, the Cr concentration started to progressively decrease until
its disappearance in the liquid effluent. This occurred approximately after 20 and 40 days of operation
in Run 1 and Run 2 respectively (roughly 5 HRTs in both runs). The literature reported that OM (both
colloidal and soluble) can play a significant role in the distribution of Cr, especially in its most
common state of Cr(Ill) (Hao et al., 2022). The leather industry is one of the most important
contributors of OM-Cr(III) complexes, usually utilized to obtain the required color, strength or
softness of the leather. The OM-Cr(III) structures are usually characterized by high complexation
affinity and stability over a wide pH range (Wang et al., 2018). On the other hand, these complexes
can be not completely fixed, entering the wastewater, and remaining in the final sludge. Given the
presence of Cr in the liquid phase of H,O,-treated tannery sludge, the maximum Cr concentration
should have been equal to that of oxidized sludge (119 mg/L) in both reactors if no removal
phenomena had occurred. The observed decrease in Cr concentration can be explained hypothesizing
a two-steps mechanism: (i) the anaerobic consortium was responsible for the OM degradation (and
its conversion into SCFAs) and the destruction of the OM-Cr(IIl) complexes; (i) the free Cr was
presumably removed via precipitation as Cr(OH)3, due to the neutral pH of the fermentation broth
and the lime presence (source of OH") in the tannery sludge. In support of this interpretation, the
Pourbaix diagram shows how Cr is present in the form of hydroxides for pH greater than 3.5 and, in
addition, negative redox potential (typical for anaerobic processes) causes the formation of Cr(OH)3
as the most frequent precipitate under neutral pH (Shaker & Albishri, 2014). Independently from the
fermentation rate of the two consortia, a complete Cr removal was obtained approximately in 5 HRTs.
Before this time, a post-treatment on the fermentation broth could be eventually necessary to remove

the Cr and to utilize the SCFA-rich stream for the targeted applications. The Cr removal from
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industrial wastewater is mainly based on chemical, physic, or combined approach such as chemical
precipitation, adsorption, Fenton and Fenton-like oxidation, advanced oxidation processes, and
electro-coagulation with post-oxidation (Hao et al., 2022).

These results were useful for supporting two important outcomes: a) the utilization of tannery sludge
fermentation liquid did not any have environmental-safety issues related to the Cr initially present in
the sludge (at least under the tested conditions); b) the produced SCFAs did not act as organic ligands
(in the form of OM-Cr(III)) and they did not contribute to the Cr presence in the liquid phase. Hence,
even though SCFAs can have an important role in governing the Cr mobility in the environment,
showing a certain potential for complexation with Cr (Duan et al., 2013), the investigated working

conditions allowed to valorize the tannery sludge without concerns about the Cr speciation and fate.
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Figure 4.5: Trends of the Cr and pH in the two semi-continuous reactors at different HRT.

4.3.6 BMP tests of the solid-rich pre-fermented tannery sludge

The BMP tests were implemented to assess the potential biogas production from the solid-rich pre-
fermented fraction. The importance of this step is related to the possibility of further reducing the
sludge’s mass and to recover energy from the residue part coming from the AF step. In vision of a
full-scale process, the energy generation should be at least sufficient to sustain the thermal energy
requirement of AF and AD steps, both conducted at controlled T. The cumulative biogas production
and the modeled Specific Gas Production (SGP) of each mesophilic BMP test are reported in Figure
4.6 a-b. The volumetric biogas production was 0.21 + 0.01, 0.36 + 0.02, and 0.40 = 0.02 mL after 30
days in the tests conducted with 0.0, 0.2, and 0.4 g H>O2/g TS as dosage, respectively. The data

showed again a positive effect of the oxidizing treatment and a progressive increase in the
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performance with the increasing H>O> dosage. The best performance was obtained at the highest H>O»
dosage, which gave a maximum SGP of 0.52 m*/kg VS (in 30 days). To the best authors’ knowledge,
the literature does not furnish data about the biogas production potential of treated or untreated
tannery sludge (given its landfilling as the only disposal practice) and the H>O» utilization has never
been discussed as a potential pretreatment agent to improve sludge biodegradability and biogas
production. A recent study described how biogas production can be increased when waste from the
leather industry (shavings and sludge) is mixed with other sources (agricultural waste) due to the
improved nutrient balance (Simioni et al., 2022). Leather shavings were also subjected to mesophilic
anaerobic digestion with tannery sludge (Agustini et al., 2018), showing a remarkable benefit in
biogas production when tanning agents were present (chromium among others).

The modeled SGP provided some noteworthy information. With 20 days as HRT, the untreated solid-
rich fraction was characterized by an SGP of 0.25 m*/kg VS. Considering the same HRT, the dosage
of 0.2 and 0.4 g H>O»/g TS increased the SGP up to 0.43 and 0.48 m>/kg VS respectively, doubling
the biogas production compared to the solid-rich fraction utilized without the post hydrolysis. The
obtained SGP corresponded to 80% (roughly) of the maximum biogas achievable; if HRT > 20 d had
been chosen, this percentage would be increased due to the prolonged biodegradation of the OM,
concomitant with alkalinity and biogas production (Liu et al., 2018a). On the other hand, higher HRTs
brings to the increase of reactor’s volume and associated costs. The choice of the HRT is a matter of
compromise between the biogas potentially obtainable and the volumetric limitation to be established
through a detailed mass-energy balance, such as the one in paragraph 4.3.7. The CH4 content was
approximately similar in all the text (independently from the H>O, dosage), being in the range 51-56
% v/v in the whole length of the BMP tests. These results are in line with the available literature SGP
values and CH4 content of tannery sludge (up to 0.20 m*/kg VS and 50-60 % v/v respectively), which
was not subjected to any pretreatment step (Akyol et al., 2015). Not pretreated secondary tannery
sludge (with lower biodegradability compared to primary sludge) exhibited a biogas production in
the range 0.11— 0.22 m3/kg VS (~55% CHa v/v) (Mpofu et al., 2020). Compared to sludge utilization,
mixture of tannery and slaughterhouse wastewater produced more biogas (0.23-0.36 m’/kg VS as

SGP) but with considerably lower CH4 level (2045 % v/v) (Mpofu et al., 2021).
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Figure 4.6: Evolution of produced biogas (a) and theoretical SGP values (b) modelled in the three

experiments at different H;O; dosages under mesophilic conditions.

4.3.7 Mass-energy balance and economic consideration

The mass-energy balance was performed starting from a production of 37,000 ton/y of tannery sludge;
according to its features reported in paragraph 4.2.2, the TS and VS flow rates are 99,065 kg TS/d
and 70,419 kg VS/d (currently disposed of in landfills). The design choices used for the presented

calculations are summarized in Table 4.1.

Table 4.1: Summary of the design choices made and the motivations behind them.

Design choice

Motivation

H,0» dosage of 0.4 g/g TS
HRT=8d
T=37°C

Better performance between tested dosages
Better acidification yield

Good performance with lower energy consumption
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In the proposed approach (Figure 4.7), this sludge is firstly subjected to a pre-hydrolysis step where
water tap water (1,308,089 kg/d) and H>O> (39,625 kg/d; at 0.4 g H>O2/kg TS) are added, while also
being heated to 37 °C, which is the T maintained for the subsequent AF process.

After the oxidizing pretreatment, the sludge flow rate is 1,467,070 kg/d (roughly at 7% w/v of solids’
content), entering a CSTR with a volume of 11,737 m* (HRT 8 d). In this stage, the VS flow rate is
reduced to 58,236 kg VS/d, due to a small aliquot of generated gas (SGP 0.1m3/kg VS; Micolucci et
al., 2020). The resulting SCFAs-rich effluent (8.00 ton SCFAs/d, due to the P&gasof 1.63 g COD /(L
d); Run 2, Table 4.2) is then treated through a solid/liquid separation unit, obtaining two streams: the
liquid fraction (1,142,392 L/d; employed to extract the SCFAs), and the solid-rich residue (roughly
at 25% w/v of TS content). The latter has to be diluted and treated (post-hydrolysis at 0.4 g H2O2/kg
TS dosage) before entering the AD step. The flow rate of this residue is 324,678 kg/d, which becomes
1,088,150 L/d after dilution (~7% w/v TS content). The volume and the operating conditions of the
CSTR anaerobic digester are established according to the BMP results (SGP 0.48 m*/kg VS; Volume
21,763 m?, HRT 20 days, 37 °C). The consequent amount of produced biogas is 26,115 m?/d,
corresponding to a VS content of 29,368 kg/d (based on the average composition of 55%— 45% v/v
of CH4-COs respectively). The residual digestate was also subjected to another liquid/solid separation
before being dried up to a TS content of 83% w/v (approximately similar to the initial value). Overall,
the final amount of dried sludge to be disposed of in the landfill is 56,996 kg/d, corresponding to less
than 50% of the tannery sludge in input.

In the energy balance, the option of employing the biogas in a boiler was chosen as the final drying
step (290,906 MJ/d); the utilization of a combined heat and power unit (CHP) to valorize the AD-
derived biogas does not allow to obtain a positive thermal balance. Since the boiler has an efficiency
of 90%, the production of 540,875 MJ/d of thermal energy has been estimated. The required thermal
energy for the whole process is around 498,694 MJ/d, according to the chosen mesophilic conditions
for the AF and AD (energy and cost-saving approach), and the final drying unit. Hence, the thermal
balance was characterized by a net energy production of 42,181 MJ/d, completely covering the needs
of the process without additional costs. It is noteworthy that almost 60% of the required thermal
energy is necessary for the final drying step.

In terms of the economic feasibility of the whole value chain, the current disposal cost (37,000 tons/y
in landfilling) sustained by the tannery industries is around 9,250,000 €/y. With the implementation
of this flowchart, the main costs would be represented by the utilization of the H>O (6,704,702 €/y),
tap water (347,666 €/y), and electricity (67,117 €/y), while the disposal costs would drop to 4,417,162
€/y. The profit instead would derive from the sale of the SCFAs which would be around 4,957,982
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€/y, in other words an economic saving of 2,671,335 €/y compared to the current scenario. Table 4.3
summarizes all the energy and economic-related items discussed above. In addition to the economic
factors, this process has different environmental benefits in terms of greenhouse gases (GHG)
emissions. In particular, fossil fuel energy is totally excluded since CHy is produced from the sludge
itself and there is no additional CO> production from external C-source; also, unintentionally CH4

release (from old landfills) is surely reduced due to the obtained sludge reduction.
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Figure 4.7: Mass balance of the whole value chain in perspective of tannery sludge utilization.

Table 4.2: Summary of the effluent’s characteristics and reactors’ performances under batch and semi-

continuous acidogenic fermentation conditions.

Batch (0.4 g H202/g TS) sCSTR (0.4 g H:02g
Parameter Unit TS; 40°C)
T (°C) HRT (days)
15 25 30 40 50 4.0 8.0
CODsoL g/L 179+£02 206+03 204=+07 223+ 22.7+ 182+0.2 21.8+0.5
0.5 0.1
CODscra g/L 9.5+03 132+04 135+0.5 164+ 163+ 127+0.1 16.0 £0.3
0.7 0.3
CODscra/CODsor.  g/g 0.53+03 0.64£05 06604 073+ 0.72 + 0.69 + 0.73 £0.01
0.2 0.1 0.01
Acetic acid g COD/L 42+0.1 5.8+0.6 6.1+0.5 7.8+ 7.7+03 793+ 10.66 +
0.3 0.11 0.21
Propionic acid g COD/L 1.6+0.3 22+03 2.1+£0.4 27+ 32+02 251+ 2.11 £0.09
0.2 0.06
Butyric acid g COD/L 1.9+0.5 2.8+0.3 29+0.1 3.0+ 2703 154+ 1.25+0.03
0.3 0.05
Valeric acid g COD/L 1.0£0.3 1.6+0.6 1.6+0.2 1.8+ 1.7+£04 021+ 0.15+0.01
0.4 0.01
Isovaleric acid g COD/L 09+03 0.8+0.2 0.7+0.3 1.1+ 1.0+£02 0.36= 1.47 +£0.03
0.2 0.03
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g CODscra/(L
d)
mgN-NHs"/g
TKN

0.16 +
0.01

022+
0.03

023+
0.01

0.28 +
0.03

0.28 - -

0.02

- 63.1£0.6 40*1

- 0.25+ 0.32£0.01
0.01

- 258+ 1.63 +£0.03
0.02

- 42+1% 53+£2%

Table 4.3: Energy and economy-related items in the new scenario of tannery sludge valorization.

Parameter Unit New scenario Current scenario
Tannery sludge production ton/y 37,000 37,000
SCFAs production ton/y 2,879 -
CH,4 production® m?/y 5,170,890 -
Required Energy Acidogenic Fermentation MJ/d 119,449 -
Anaerobic Digestion MJ/d 88,340 -
Drying MJ/d 290,906 -
Produced Energy MJ/d 540,875 -
Cost** Disposal €ly 4,417,162 9,250,000
Tap Water €ly 347,666 -
HO; €ly 6,704,702 -
Electrical Energy €ly 67,117 -
Revenue €ly 4,957,982 -

*from SGP 0.48 m*/(kg VS) and CH4 content of 55% v/v.

**The electrical energy is related to the SCFAs extraction and recovery; the disposal is related to the tannery

sludge.
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Table 4.4: Reference parameters and boundary conditions for energy balance.

Parameter Unit Value

Boundary Conditions

Operative temperature anaerobic processes °C 40
Water temperature °C 20
Air temperature °C 20
Ground temperature °C 25

Heat Transfer Coefficient

Outer concrete reactor wall W/(m? °C) 0.7
Inner concrete reactor wall W/(m? °C) 1.2
Floor W/(m? °C) 2.85

4.4 Conclusions

A first-of-kind approach for the tannery sludge valorization and related outcomes has been proposed
in this study. Tannery sludge was effectively utilized as a renewable carbon source to produce SCFAs
as added-value products along with biogas. Hydrolysis and AF batch tests highlighted the optimal
dosage of H2O> (0.4 g H2O2/g TS) for pre-treatment and T (40 °C) for acidification. The following
mesophilic experiments conducted in the SCSTR at an HRT of 8 days allowed to obtain a SCFA-rich
stream at a content of 16.0 g CODscra/L, dominated by acetic acid (67% COD basin), and
corresponding to an acidification yield of 0.32 g CODscra/g VSo. Environmental or toxicity issues
concerning the Cr presence in the fermentation broth were not significant, since Cr was not transferred
from the sludge to the liquid matrix, despite its partial release in the oxidizing pretreatment.

Given the quantified biogas production (0.48 m*/kg VS) from the solid-rich residue, separated after
the AF step, the proposed multi-steps process has the potential to strongly reduce the tannery sludge
of more than 50% without the need of external fossil fuel sources for the energy requirements. As a
consequence, the landfilling, currently the only disposal practice, can be significantly downsized with
a yearly economic saving higher than 2,600,000 € for the tannery industries and associated water
utilities, compared to the existing state. Even though a new direction for tannery sludge management
has been indicated in this study, a margin of improvement is still possible, especially on the hydrolysis
step (needed amount of the oxidizing agent and associated cost), and on the acidification yield
(roughly 30% of the VS has been converted into SCFAs). Different pretreatment (including thermal)
or even H,O2-combined ones addressed to increase the VS solubilization and to decrease the H>O»
dosage should be deeply investigated along with other reactor’s configuration, such as decoupling

HRT and SRT to increase the SCFAs yield and productivity.
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CHAPTER 5: AF process enhancement with zeolite addition

One further step has been to enhance the efficiency of the AF process, both through changes in the
process itself and by incorporating other materials. In particular, this chapter focuses on the response
of the AF process when zeolites, a highly promising material that is well known for its absorption
capabilities for heavy metals, are added.

This chapter is from the published paper in the journal Environmental Research (Elsevier) titled
“Tannery sludge valorization through zeolite-assisted anaerobic process for short-chain fatty acids

(SCFASs) production” (https://doi.org/10.1016/j.envres.2023.118046) written by Giulia Adele Tuci,

Francesco Valentino, Paolo Pavan, Marco Gottardo.

Figure 5.1: Zeolites. A: clinoptilolite, B: pulverized clinoptilolite, C: chabazite.

5.1 Introduction

Tanning is the process that transforms raw hides into leather. The aim is to create a product that is
resistant to microbial degradation, thermal stress, and humidity using a sequence of mechanical and
chemical processes (Alibardi & Cossu, 2016a). This practice in most cases worldwide (90%) employs
trivalent chromium sulfate (Cr(IIl)) as a tanning agent, due to its higher effectiveness at increasing
the mechanical strength of the final product (Abreu & Toffoli, 2009), impacting, on the other hand,
on the toxicity of the resulting waste. The wastewater from tanneries is collected and then treated in

wastewater treatment plants (WWTP), leaving tannery sludge as the main resulting waste. This sludge
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is characterized by the presence of Chromium as well as various chemical compounds such as
sulfides, organic pollutants, several metals, and pathogenic microorganisms (Zhao et al., 2022), and
consequently the Italian legislation (UNIC, 2021) requires it to be disposed of in second-class type B
controlled landfill (D. Lgs. 04/06) exclusively. Therefore, new valorization routes to exploit its
potential are still almost unexplored.

Landfilling however is a very environmentally impactful practice, consequently, different ways to
reduce the impact and volume of this waste need to be investigated.

Anaerobic digestion (AD) is a well-established method to produce biogas from organic waste through
four stages (hydrolysis, acidogenesis, acetogenesis, and methanogenesis). In the initial stages before
methanation, the process is referred to as anaerobic fermentation, employed to produce other added-
value products, such as short-chain fatty acids (SCFAs), while maintaining a common objective with
anaerobic digestion: the generation of high-value products and the reduction of final waste volume.
This microbial technology proves particularly appealing for managing tannery sludge, an ideal
candidate due to its abundance and significant environmental impact (Tuci et al., 2023). The reduction
of tannery sludge volume is consequently highly attractive, making anaerobic digestion and
fermentation valuable solutions for addressing both environmental concerns and waste disposal costs.
The first stage, the hydrolysis of the organic matter, is key as it directly affects the efficiency of the
following steps. With solid-rich waste, such as tannery sludge, due to high-molecular-weight
substances, hydrolysis faces limitations that can lead to reduced acidification yield and an excessively
fragmented SCFA composition (Achouri et al., 2021; Zhang et al., 2019a).

Consequently, to increase the solubilization of the organic matter a mild thermal pretreatment was
chosen due to the positive effects on similar substrates (Zhen et al., 2017) and its increased
effectiveness on proteins (Li & Noike, 1992), which are prevalent in this sludge. Moreover, the use
of thermal pretreatment instead of external chemical agents was selected as a potential method to
reduce costs and promote eco-friendliness when considering the scale-up of this technology.
Tannery sludge contains both high levels of ammonia (32.8 £ 0.9 g N/kg TS), (Tuci et al., 2023) and
Cr (19155 £ 310 mg Cr/kg TS), which can be inhibitory to the anaerobic digestion process, as they
can disrupt microbial activity, leading to reduced efficiency and process instability (Montalvo et al.,
2020). To mitigate this issue zeolites have been selected due to their ability to absorb these
compounds (Montalvo et al., 2012), thus helping mitigate these issues and promoting a more
favorable environment for anaerobic microorganisms, which can ultimately lead to increased process

efficiency.
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Zeolites are crystalline aluminosilicates and hydrates that possess tiny molecular-sized pores allowing
molecules of a specific size to pass through. They are primarily composed of elements such as
aluminum (Al), oxygen (O), and various metals like titanium (Ti), tin (Sn), zinc (Zn), and others
(Montalvo et al., 2020), and their structure consists of a repetition of SiO and AlO tetrahedra bonded
together by shared oxygens (Kesraoui-Ouki et al., 1994).

This material is of great interest not only due to its non-toxicity but also to its easy availability, low
cost, and excellent physical and chemical properties (Rodriguez-Iznaga et al., 2022). Zeolites are
characterized by two main aspects, namely their ability to absorb and lose water and other particles
of the appropriate dimension, and their ion exchange property (Montalvo et al., 2012). In particular,
the ability of zeolites to effectively absorb Cr3* and NH"4 ions is due to their net negative charge
which allows for a strong affinity for transition metal cations and other positively charged ions
(Barros et al., 2004).

In this research chabazite and clinoptilolite were selected due to their promising absorption properties
for ammonia and heavy metals (Montalvo et al., 2012) and their easy availability.

This study aims to analyze tannery sludge as a substrate for AD, focusing on the combined effect that
these two types of chosen zeolite and the mild thermal pretreatment have on the different fermentation
parameters, namely the ammonia, soluble chemical oxygen demand (CODsor), SCFAs production,
and Cr release in the fermentation broth. The operating parameters for semi-continuous fermentation
tests were determined based on previous tests from this research group (Tuci et al., 2023), including
two hydraulic retention times (HRT; 4-8 days). The fermentation parameters were compared to the

“blank” condition without the addition of zeolite to assess the impact of this material.

5.2 Materials and methods

5.2.1 Substrate’s characteristics and inoculum

The carbon source for this study was a blend of primary and secondary tannery sludge collected from
the wastewater treatment plant (WWTP) located in Montebello Vicentino, in the northeastern region
of Italy, where wastewater originating from over 20 tannery plants is treated. The treatment process
involves both primary treatments, utilizing alkaline flocculation, and secondary biological treatments
through an anoxic/aerobic process. After these steps, the primary and secondary tannery sludge are
mixed and undergo a dewatering and drying procedure before landfilling (Alibardi & Cossu, 2016a).
The resulting dried sludge is characterized by the following chemical and physical characteristics:
830 £ 14 g of total solids (TS)/kg and 590 + 4 g volatile solids (VS)/kg; COD of 793 + 18 g COD/kg
TS; total phosphorus (TP) and total Kjeldahl nitrogen (TKN) are 8 £ 1 g P/kg TS and 32 £ 1 g N/kg
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TS, respectively. The total chromium content is 19155 +310 mg Cr/kg TS, and the protein content is
20 % (w/w), in line with those found in Kuligowski et al. (2023).

5.2.2 Zeolite

The natural zeolites employed in this research were clinoptilolite (CL) and chabazite (CH).

The Clinoptilolite was characterized by a 70%—-80% clinoptilolite content, and water retention of
33.7%. Since 90% of the material had a granulometry >1 mm it was grounded with a mortar and
pestle before usage.

The Chabazite used was made of 64% chabazite, with a water retention of 37.8%, for what concerns
the granulometry, 98% of the tested mineral material measured less than 0.15 mm, and was
consequently used as-is. For the determination of metal content in each mineral matrix, the samples
were initially disintegrated through acid digestion. The digested samples were analyzed using an ICP-
MS NexION 350X (PerkinElmer) coupled with the seaFAST autosampler (ESI). For confirmation,
major elements (Al, Si, Fe, Mg, K, Na, Ca) were analyzed using an ICP-EOS Optima 5300 DV
(PerkinElmer).

The results are presented in Table 5.1. Based on the values presented in the table, it was possible to
determine the Si/Al molar ratio of the tested zeolitic rocks. This ratio is of extreme interest as it
proportionally influences the chemical and physical properties of zeolites (Jiang et al., 2018; Li et al.,
2017). As the Si/Al ratio increases, the zeolite surface becomes more hydrophobic; conversely, as the
ratio decreases, the zeolite surface becomes more hydrophilic (Jiang et al., 2018; Wang et al., 2019).
In general, zeolites can be categorized based on the Si/Al ratio into low-silica zeolites (Si/Al molar
ratio between 1 and 3), medium-silica zeolites (Si/Al molar ratio between 3 and 10), and high-silica
zeolites (Si/Al molar ratio greater than 10) (Csicsery, 1984). Based on the data in Table 5.1 and it
was found that all tested zeolitic materials had a Si/Al molar ratio of approximately 3.3 for Chabazite

and 4.3 for Clinoptilolite.
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Table 5.1: Values in milligrams per gram (mg/g) for the main elements in the respective minerals.

Element (mg/g) Clinoptilolite (CL) Chabazite (CH)
Aluminum 64.5 80.3
Manganese 0.88 1.34

Silicon 294 253

Sodium 13.06 4.35
Magnesium 7.81 6.71

Potassium 13.24 38.86

Calcium 20.21 45.83

Iron 20.04 25.55

5.2.3 Semi-continuous acidogenic fermentation

The chosen dosage of zeolite was 0.26 g/gVS, as it yielded the most SCFAs in Silva et al. (2021) and
the best heavy metal absorption in Zorpas et al. (2002). Moreover, a mild thermal pretreatment was
chosen for the sludge, which was performed by heating diluted tannery sludge and tap water (S/I ratio
of 7.0 w/w VS basis) for 20 h at the temperature of 70 °C while being continuously stirred. This
protocol was adapted from Gottardo et al. (2022). The thermally pretreated sludge was then used as
feedstock for all the semi-continuous tests. Overall, three rounds of two parallel semi- continuous
stirred tank reactors (sCSTR) with a working volume of 1.5 L were inoculated with the tannery sludge
at a concentration of 70 g TS/L after dilution with tap water. The sCSTRs were maintained under
thermophilic conditions (50 + 2 °C) with water recirculation into an external thermostatic jacket.
After a pre-established lag phase of one week, the reactors were fed once per day according to the
chosen HRTs (4.0 and 8.0 days). The working conditions for all runs are summarized in Table 5.2.
In particular, reactors R-Ia and R-Ib were simply fed with thermally pretreated tannery sludge, while
the zeolite-amended runs were fed the same amount of thermally pretreated tannery sludge with the
addition of the two types of zeolite with a concentration of 13 g/L (corresponding to 0.26 g/gVS;
Chabazite for R-Ila and R-IIb, and Clinoptilolite for R-IIla and R-IIIb). A fixed aliquot was
withdrawn daily from the reactors according to the chosen HRT and was used for the effluent
characterization, in terms of CODsor, SCFAs, N-NH"4, pH, and Cr. The pH was maintained around
7 by the sludge itself which has a pH buffer characteristic due to the presence of lime (CaCO3) (Tuci
et al., 2022). The biogas production during the fermentation was measured utilizing a gas counter

attached to the bioreactors (Idea bioprocess SRLS technology).
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Table 5.2: Operating conditions of the six runs of acidogenic fermentation of thermally pretreated tannery

sludge, with dosages of Clinoptilolite (CL) and Chabazite (CH).

CSTR Run HRT (d) OLR (g VS/1 d) CL (mg/l) CH (mg/l)
R-Ia 4 12.6 0 0
R-Ib 8 6.05 0 0
R-IIa 4 12.6 0 13 g/L
R-IIb 8 6.05 0 13 g/L
R-IIIa 4 12.6 13 g/L 0
R-IIIb 8 6.05 13 g/L 0
5.2.4 Analytical methods

The analyses were conducted following the Standard Methods (Apha Awwa, 2012) for quantifying
various parameters, including TS, VS, CODSOL, ammonia, TKN, and both forms of chromium
(Cr(IIT) and Cr (VI)). To ensure accurate measurements, the samples were subjected to centrifugation
and filtered using 0.2 um porosity filters before the ana- lyses, except for TS, VS, and TKN samples.
The concentration of NH'4 was determined using an ion-selective electrode (ISE, HI4101) with a
PTFE membrane permeable to NH3 gas. The quantification of crude protein amounts was performed
according to the TKN and then multiplying the result by the conversion factor of 6.25 (ISO
937:1978(en)). Total Cr quantification was carried out with an inductively coupled

plasma-mass spectrometry (ICP-MS) NexION 350X (PerkinElmer) coupled with the autosampler
seaFAST (ESI). The Cr(VI) analyses were performed with the direct spectrophotometric
determination Cr(VI) by diphenylcarbazide (Apha Awwa, 2012); the absorption measurements were
carried out at 540 nm wavelength.

For the analysis of short-chain fatty acids (SCFAs), an Agilent 6890 N gas chromatograph (GC)
equipped with a flame ionization detector (FID) was employed, maintaining a temperature of 250 °C.
The stationary phase utilized was an Agilent J&W DB-FFAP fused silica capillary column (DB-
FFAP; 15 m length, 0.53 mm ID, 0.5 mm film). Hydrogen was used as the carrier gas with a split
ratio of 20:1, and the inlet was set in split mode. The GC instrument operated using a ramp
temperature, starting from 80 °C to 100 °C, and increasing at a rate of 10 °C per minute. Before GC
analysis, each sample underwent centrifugation at 4500 rpm for 10 min, and the supernatant was
filtered through a 0.2 pm acetate-cellulose filter porosity (Whatman).

The biogas produced during the fermentation was analyzed for the CO; percentage through a portable
infrared gas analyzer GA2000TM (Geotechnical InstrumentsTM).
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5.2.5 Calculation and statistical analysis
In the sCSTR experiments, the acidification performances were evaluated by the following

parameters: the ratio between the SCFAs and the CODsor, the fermentation yield (YSgea) according

to equation (1), and rate (qS2ra) according to equation (2). Ammonia release, which was calculated
according to equation (3), and SCFAs volumetric productivity (P<ra'; Simonetti et al., 2021), as per

equation (4), were also quantified.

(1) YSGEA = [CODscralt/VSo;

(2) 4S¢ka = [CODscrale/(VSy X HRT);
(3) N-NH4" release (%) = [N-NH4"]¢/TKNo;
(4) Psgia = [CODgcrale/HRT.

The analysis of the BMP tests with regards to the specific gas production (SGP) (m>piogas’kg VS), was
assessed as a function of the modeled HRT to be adopted in the AD process, according to the
methodology described in (Angelidaki et al., 2009).

The t-test, the analysis of variance (ANOVA), and Tukey HSD post hoc tests were conducted to
detect the results’ significance. Shapiro—Wilk test was employed to assess if the data were normally
distributed; Bartlett test and F-test were used to determine the homoscedasticity between the data
groups. All the statistical analyses were performed with R open-source program (The R Foundation
for Statistical Computing, version 4.0.3).

The parameters for the mass balance consider a production of 37000 tons/year of tannery sludge, the
total amount generated from the two tannery WWTPs in the considered area (Medio Chiampo S.p.a.
and Acque del Chiampo S.p.a.). Reference parameters and boundary conditions are given in a

previous work (Valentino et al., 2019).

5.3 Results and discussion

5.3.1 Production of SCFAs in the semi-continuous CSTR

Overall, this study involves six experimental runs, wherein each run featured two parallel reactors
with distinct HRTs of 4 (a) and 8 (b) days. The study explored three conditions: no zeolite added (R-
Ia and b), chabazite added (R-Ila and b), and clinoptilolite added (R—III a and b).

The HRT values of 4 and 8 days were chosen according to the trend of SCFA concentration observed

in a previous experiment on this substrate (Tuci et al., 2022), and were also selected bearing in mind
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that high HRTs are linked to larger reactor volumes. Therefore, opting for a lower HRT value has
also been influenced by a cost-effective strategy for potential full-scale deployment.

The acclimation time required to reach a steady SCFA production was quite short and homogeneous
for all the tests, namely 9 and 12 days for R-Ia and R-Ib, respectively, 9 days for both R-IIa and R-
IIb; and 7 and 11 days for R-IIla and R-IIIb, respectively. This is likely due to the fermentative
bacteria already present in the dried sludge and the stability of the pH, which was naturally maintained
between 6.8 and 7.8 in all runs, due to the buffering capacity of tannery sludge (Tuci et al., 2022).
Once the steady state was reached the parameters all remained quite stable, except for the SCFA
composition in some tests.

For what regards the CODsor values were significantly different between R—I and the tests with added
zeolites (R—II and R—III), especially for the higher HRT adopted which led to a higher solubilization
of the organic matter (OM) (Table 5.3). Namely tests R-Ia, R-Ila, and R-IIla showed values of 23.1
+0.4,19.4+0.2, and 20.4 = 0.4 g/L, respectively. According to the doubled HRT, the CODsor in R-
Ib, R-IIb, and R- IlIb was equal to 28.2 + 0.5, 22.1 £ 0.3, and 23.0 = 0.2 g/L, respectively. It is
apparent for both HRTs that the runs with added zeolite showed lower CODsoL values, this is
explained by the already mentioned retention capability of the zeolites, which consequently absorbed
a portion of the soluble OM. The absorption of the OM, and particularly proteins, by the zeolites has
already been observed in the literature (Montalvo et al., 2012; Tang et al., 2023). Moreover, the COD
removal has been observed to be slightly higher for higher particle dimensions, which might explain
why the clinoptilolite, which was pulverized through a mortar, was less effective than chabazite
(Fernandez et al., 2008).

These values also highlight the effectiveness of the mild thermal pretreatment in solubilizing the OM,
as shown in Zhang et al. (2019) where the thermally hydrolyzed sewage sludge had a CODsoL almost
doubled compared to raw sludge.

The HRT had a strong impact on SCFA production, as shown in Fig. 5.2. The average SCFA values
generally increased when higher HRT was adopted, being equal to 16671, 17026, and 14582
mgCOD/L in R-Ia, R- Ila, and R-IIla respectively; by increasing the HRT to 8.0 days, the average
SCFAs values showed a statistically significant increase, reaching values of 20260, 20203, 17110
mgCOD/L in R-Ib, R-IIb and R- IIIb respectively (ANOVA test, Tukey HSD post hoc test, o= 0.05).
The tests without zeolite addition were overall the best for productivity, while especially for the lower
HRT the production in test R—III was significantly lower than the other two runs.

The lower content of SCFAs in the tests with the zeolites might be due to their absorption ability
which has been observed (Nordell et al., 2013; Tang et al., 2023) to also include SCFAs. Namely in
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Nordell et al. (2013) the amount of volatile fatty acids produced from slaughterhouse waste was
reduced by more than 3 times with the addition of zeolites, especially concerning acetic acid.
However, the tests without zeolite addition (R-Ia and b) yielded a higher amount of SCFAs than their
mesophilic equivalents in Tuci et al. (2023), which reached a mean total value of SCFAs of 12761
mgCOD/L for the HRT of 4 days, and 16194 mgCOD/L for the higher HRT, this is likely due to the
higher effectiveness of the thermal pretreatment which allowed for a higher COD solubilization, as
already discussed.

Regarding the CODsoL utilization (% COD/COD), both R—I and R—III had similar SCFAs/CODsoL
ratios (~0.70 COD/COD), showing a satisfying result in line with our previous experiments (Tuci et
al., 2023), and better performing than similar tests on comparable substrates, such as Zhang et al.
(2019) where the thermally pretreated sludge obtained a value of 0.52 COD/COD. Conversely, test
R-II was characterized by a higher ratio of 0.87 COD/COD (R-Ila) and 0.92 COD/COD (R-IIb),
showing a significantly improved acidification efficiency aided by the addition of Chabazite, resulting
in more than 90% of the dissolved COD being converted into SCFAs.

The fermentation yield is a crucial parameter as it is connected to the potential recovery of SCFAs
from the carbon source, particularly concerning the mass balance evaluation, within a real-world
operational setting.

For all tests, the yield was higher for the higher HRTs, while the rate showed the opposite behavior.
This supports the idea that lower HRTs encourage the selection of microorganisms with faster
kinetics, suitable for high-rate processes, but less efficient in the conversion of OM. Moreover, in all
the runs these parameters were quite homogeneous, namely the rate (mgCODscra/(gVSd)) was 83 +
1,84+ 1,and 72 £ 1 for runs R-Ia, R-Ila and R-IIla respectively; and 50.2 + 0.6, 50.0 + 0.4, and 42.0
+ 0.3 for R-Ib, R-IIb, and R-IIIb respectively. The yield (g CODscra/g VSo) was 0.33 + 0.01, 0.34 +
0.01, 0.29 + 0.01 for R-Ia, R- Ila and R-IIIa respectively, and 0.40 £+ 0.01, 0.40 £ 0.01, and 0.34 +
0.01 R-Ib, R-IIb and R-IIIb. Confirming that zeolites did not exert a noticeable influence on acid
production and the related parameters. Overall, while R—I and R—II showed homogeneous yield and
rate values, R—III performed worse for all these parameters, in line with the lower SCFA production.
While the data on tannery sludge’s performance is very scarce in the literature, a comparison with
sewage sludge reveals higher profitability of tannery sludge to produce SCFAs. Zhang et al. (2019)
achieved yields of 0.19 and 0.17 g CODscra/g VSo for thermally pretreated sludge and raw sludge,
respectively. Meanwhile, Gottardo et al. (2022) obtained a yield of 0.22 with an HRT of 4 days using

the same pretreatment method as this study but with sewage sludge as substrate, and an HRT of 6
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days. Castro-Fernandez et al. (2023), obtained 8.0 + 0.9 g CODscra/L from acidified thermally
pretreated sewage sludge, achieving a yield of 0.26 g CODscra/g V So.

Overall, this data confirms that tannery sludge is a promising substrate for SCFA production, while

zeolites did not have a significant impact at the dosage employed in this study.
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Figure 5.2: Trends of the SCFAs and pH in the semi-continuous reactors without zeolite addition (4), with
CH (B), and with CL (C).

5.3.2 SCFAs composition

For what concerns the SCFAs composition in the effluent, a peculiar behavior was observed, as for
tests R-IITa, R-III-b, and R-IIb it remained relatively constant once it reached the steady phase;
however, for the other runs (R-Ia and R-Ib; R-Ila) it changed after 2633 days, in all cases shifting
towards a higher propionic acid production at the expense of acetic acid, clearly delineating the
process into two periods, P1 and P2, characterized by different compositions.

The tests without zeolite addition both showed this shift (Fig. 5.3), namely in test R-Ia, between days
9-30 (P1) the composition was characterized by high proportions of propionic (24%) and acetic
(54%) acids, with relatively low levels of other SCFAs. However, in the later period (days 33-47;
P2), propionic acid substantially increased (40%) at the expense of acetic acid (38%). R-Ib showed a
similar behavior, even if slightly less prominent. In both periods (P1: days 12-23 and P2: days 26—
47), acetic acid remained dominant (from 67 to 51%), but propionic acid increased in the later stage
(from 14 to 25%). Similarly, with the lower HRT, the test with zeolite chabazite (R-Ila) showed a
shift from P1 to P2 around day 30 (Fig. 5.4), again involving propionic and acetic acids shifting from
58 to 33% of acetic and 15-30% of propionic. However, this was not observed when the HRT was
higher, as in R-1Ib propionic accounted for 18% of the total and acetic for 54% for the whole duration
of the test. Differently, both runs with clinoptilolite (Fig. 5.5) showed a more consistent composition
without any shifts. Namely R-IIla with propionic acid making up 29% of the total and acetic 37%,
consistent with the final composition of the other tests; and R-IIIb with similar contributions of the

two acids making up 34% and 36% of the total (for propionic and acetic, respectively). It is worth
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noting that the shifts in SCFA composition were all coupled with a shift in pH between the first and
second periods. Namely, in the runs that showed a change in SCFA composition, the pH shifted
towards higher values, which have been shown to promote propionic acid production from
fermentative processes (Da Ros et al., 2020). The pH values in R-Ia changed from 7.0+0.2 in P1 to
7.5+0.2 in P2, and in R-Ib from 6.9+ 0.0 to 7.4 £ 0.0. Similarly, R-IIa experienced a shift from a pH
of 7.2 £0.2 to 7.8 £ 0.1. In contrast, runs with clinoptilolite maintained a consistent pH value of 7.6
+ 0.1 throughout the entire test duration, and were also characterized by the absence of any shifts in
SCFA composition. This shift in pH and composition is prevalent in the runs without absorbents,
while the configuration of the zeolite-amended reactors, characterized by a hybrid configuration with
suspended-absorbed biomass, could reduce or even prevent this shift. It has been previously observed
that zeolites can act as a pH regulator, probably due to their ion exchange capacity (Castellar et al.,
1998). However, chabazite coupled with a low HRT process did not manage to influence the pH nor
the SCFAs distribution, which remains homologous to the suspended biomass tests (R—I), probably
due to the reduced retention time, while at higher HRTs it does allow for a higher consistency of the
process. Clinoptilolite instead was able to maintain stability throughout the test suggesting that this
zeolite could reduce pH variations in the reactor, thus potentially promoting more consistent SCFA
production over time, which can have positive implications for the downstream processes necessary
to extract the SCFAs from the fermentation broth (Aktij et al., 2020).

Another possible explanation for these variations could be linked to the zeolites’ influence on
microbial activity and fermentation processes. Zeolites might create a favorable environment for
specific microbial communities that produce different SCFAs. Moreover, the adsorption capabilities
of zeolites may impact the accessibility of organic compounds required for microbial fermentation.
However, these hypotheses are mere speculations, and further investigation into the microbial
communities and the interactions with substrates within these reactor systems could provide
important insights into this shift in SCFA composition.

When the test reached the end, propionic and acetic made up more than 60% of the total, proving that
the nature of the substrate has the most significant impact on the degradation products. Moreover, it
has been shown that higher temperature increases the amount of shorter chain acids produced, like

acetic and propionic (Zhang et al., 2019a).
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5.3.3 Effect of zeolite addition on ammonia release

For what concerns the ammonia, the steady periods were characterized by very similar concentrations
between tests R—I and R—II for both HRTs (1127 + 23 mg/L and 1098 + 45 mg/L for HRT 4, and
1078 + 33 mg/L, and 1291 + 45 mg/L for HRT 8, respectively), while R—III reached significantly
higher values of 1478 + 47 mg/L and 1518 + 47 mg/L for R-Illa and R-IIIb, respectively. These
values correspond to an ammonia release percentage of over 60% for test R—III, compared to around

55-45% for the other tests (Table 5.3). These results are comparable with Tang et al. (2023), who
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found similar ammonia concentrations in comparable tests using waste-activated sludge as a substrate
and zeolites. Tang and coauthors explained that zeolite addition seemed to have improved the
solubilization of the organic matter, releasing more ammonia in the liquid fraction.

From these tests, it appears that ammonia was not absorbed by the zeolites, as its concentration
remained homogeneous between all runs. This result is in contrast with the literature where zeolites
proved effective in NH4 " absorption (Montalvo et al., 2012), as in Wang et al. (2015) where the NH4"
content in the test with 10% clinoptilolite was around half of the test without zeolite. This discrepancy
can likely be attributed to the substantial presence of cations in tannery sludge, particularly calcium
ions (Ca"). These calcium ions primarily originate from the liming processes involved in tanning and
from primary wastewater treatments. Additionally, sodium ions (Na") are introduced into the sludge
due to the use of various chemicals during the tanning process (Sawalha et al., 2020). Studies have
shown that sodium ions, in particular, play a significant role in the cation exchange process essential
for the absorption of NH4" by zeolites (Rodriguez-Iznaga et al., 2022), and have been observed to
decrease from the liquid medium after the addition of zeolites (Wang et al., 2015). It has been
hypothesized that these cations, along with chromium (Cr) and OM-Cr(IIl) structures, may interact
with and potentially diminish the capacity for NH4" absorption.

Moreover, clinoptilolite was shown to be less effective than chabazite at absorbing ammonia from a
solution with a similar concentration as this study (Montegut et al., 2016), which is confirmed by the
higher ammonia concentration in R—III. Overall, it can be hypothesized that, while zeolites increased
the solubilization of the organic matter, releasing NH4", only chabazite managed to absorb some of
the released ammonia while clinoptilolite did not, resulting in the observed higher concentration in
R-III.

Overall, it is important to note that the observed concentration of NH4" in this research did not seem

to have any inhibitory effect on the fermentation.

5.3.4 Fate of the chromium in the semi-continuous process

The presence of Cr was analyzed in the liquid fraction, both in the pretreated sludge and in the
reactors, and it is shown in Fig. 5.6.

As expected, the mild thermal pretreatment did not lead to the formation of Chromium (VI), which
was not observed, consequently, the discussed results only regard Cr(III).

This aligns with our previous research, where stronger oxidative conditions similarly did not oxidize

Cr(III) bound to the organic matrix (Tuci et al., 2023).
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Moreover, in the mentioned previous study, a mild oxidizing pretreatment allowed the release of
around 119 + 11 mg/L of Cr, and throughout the mesophilic fermentation, its content in the liquid
fraction reached 0. On the contrary, the mild thermal pretreatment adopted in this study caused the
Cr in the liquid fraction to be almost 3 times higher (335 mg/L). The trend of Cr concentration is
presented in Fig. 5.6. After an initial peak after around 1 HRT, the concentration progressively
decreased for all tests. However, in the tests without zeolite addition (R—I) after around 20 days for
R-Ia, and 35 days for R-Ib, the decreasing trend stopped and the Cr content remained stable with
values around 129 mg/ L for the lower HRT and 123 for the higher, meaning around 60% reduction.
On the other hand, the tests with the zeolite continued decreasing until no Cr was found in the liquid
effluent, namely after 28 days for both tests with HRT of 4 days, and 39 and 42 days for chabazite
and clinoptilolite respectively, in the HRT = 8 d. While the reduction of Cr content in R—I was
probably related to OM- Cr complex degradation and subsequent precipitation as Cr(OH)3, favored
by the neutral pH and the lime presence in the sludge, as explained in Tuci et al. (2023), with such
high concentration these mechanisms could not completely remove it. This highlights the absorption
capacity of both zeolites for Cr, managing to absorb a significant amount of this toxic metal, allowing

for the utilization of the SCFA-rich effluent without further treatment for Cr removal.
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Figure 5.6: Trends of the Cr in the two semi-continuous reactors at HRT = 4 d (4), and at HRT = 8 d (B).

5.3.5 Mass balance assessment

The mass balance was conducted using parameters detailed in Tuci et al. (2023). Namely, it considers
37,000 tons per year of tannery sludge, which is the average production in the cluster of northeast
Italy. The related TS and VS flow rates are 99,065 kg TS/d and 70,419 kg VS/d. To optimize waste
reduction for the minimization of the landfilling practice, the process was split into two phases, as
shown in Fig. 5.7. The first phase involves mild thermal pretreatment (20 h at 70 °C) followed by
anaerobic fermentation in a CSTR at 55 °C to produce SCFAs. In the second phase, the solid-rich
effluent from the first step is conveyed into an anaerobic digestor at 55 °C for biogas production. This
mass balance relied on data from reactor R-IIb, as it yielded the most SCFAs and biogas compared
to the other zeolite-amended tests.

Initially, the sludge flow rate is 119,355 kg/d with 7% w/v solids’ content, to which 183,09 kg/d of
zeolite are added, bringing the TS to 117,374 kgTS/d, processed in an 11,737 m® CSTR with an HRT
of 8 days. After the first phase of acidogenic fermentation, the VS flow rate was reduced to 48,541
kg VS/d, thanks to the generated biogas (SGP of 0.19 m*/kg VS; 99% CO2, 1% not identifiable).
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Additionally, the process resulted in a SCFAs-rich effluent (1,107,233 m?/d) containing 9.69 tons of
SCFAs per day (considering the mean SCFAs production from R-IIb of 20 g COD/L). After a first
solid/liquid separation, the SCFA-rich effluent is separated for acid extraction, while the solid-rich
residue undergoes the second phase of anaerobic digestion. The flow rate entering the anaerobic
digester is now 914,541 m*/d after dilution (approximately 10% w/v TS content). The CSTR
anaerobic digester (18,291 m?) operated with the following conditions: HRT of 20 days, and a
temperature of 55 °C. The SGP of 0.60 m*/kg VSrep was adopted (Figure 5.S1). This phase generates
27,436 m*/d of biogas, equivalent to 28,304 kg VS/ d (considering a composition of 58% CH4 and
42% CO; by volume). The final step of the process involves a necessary step preceding sludge drying
to achieve an 83% w/v TS content, typically performed before landfill disposal. Ultimately, the
amount in TS of dried sludge (with the added zeolites) destined for landfill is 58,247 kg TS/d,
representing a 41% reduction compared to the initial dried tannery sludge input. This reduction is
noteworthy as it would on the one hand reduce the landfilled sludge and consequently the
environmental impact of this waste, and on the other hand provide some added-value products from
a wasted material, in line with the circular economy principles.

However, from an economic perspective it has to be taken into account that the zeolites need to be
purchased for a price that for natural zeolites ranges around 200-500 cent/kg (Europomice SRL).
Consequently, the addition of this material also has an economic impact on the process that for the
proposed scenario would be around 9000 €/d. Consequently, the choice of including zeolites has to
keep this aspect into consideration, whether the priority of the process is to have a liquid fraction free
from Cr or to maximize cost effectiveness, through a specific economic assessment that was not

included in this study.
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Table 5.3: Summary of the effluent’s characteristics and reactors’ performances under semi-continuous acidogenic fermentation conditions. PI1 and P2 refer to the

two phases in the runs R-la, R-1b, and R-Ila, as explained in paragraph 5.3.2.

SCSTR (mild thermal pretreatment; 50°C)

Name
Parameter Unit R-Ia R-Ib R-Ila R-1Ib R-Illa R-11Ib
(HRT=44d, (HRT=284d, (HRT=44d, (HRT=84d, (HRT=44d, (HRT=84d,
no zeolite) no zeolite) CH) CH) CL) CL)

CODg, g/L 23.1+04 282+0.5 19.4+£0.2 22.1+0.3 204+£04 23.0+0.2
CODg(g, g/L 16.7+0.2 20.3+£0.2 17.03£0.17 202+0.2 14.6£0.2 17.0+0.1
CODg(;,/CODg g/g 0.72 £ 0.01 0.72 £0.01 0.87+£0.01 0.92+0.01 0.71 £0.01 0.75+0.01
Acetic acid P1 87+0.2 133+04 10.0 £ 0.1

P2 g COD/L 6.5+03 104+ 03 55104 11.0£0.2 55+0.2 6.23 £0.09
Propionic acid P1 39+0.2 2.8+0.3 2.6+0.1

- g COD/L 68400 51400 s1401 3.5+0.2 4.1+0.1 578 +0.11
Butyric acid P1 2.5+0.2 2.5+0.2 2.5+0.1

- g COD/L 510l 38402 2340l 3.1+0.1 2.8+0.1 3.14+£0.09
Isovaleric acid P1 0.6 +0.1 0.5+0.1 1.1+0.1

P g COD/L 07401 0.640.1 22402 1.1+0.1 1.4+0.1 0.68 £0.03
qscraSTR mg CODscra/(g VS 83+1 50.2+0.6 84 +1 50.0+04 72+1 42.0+0.3

d)

YscraSTR g CODscra/(g VSo) 0.33+0.01 0.40 + 0.01 0.34+0.01 0.40 £+ 0.01 0.29 + 0.01 0.34+0.01
Pscpa®STR g CODscra/(L d) 3.18 £ 0.04 2.00 +0.02 3.14£0.07 1.96 + 0.02 2.65+0.04 1.55+0.01
N-NH," release mgN-NH4"/g TKN 48+ 1% 46+ 1% 47+2 % 55£2% 63+2% 64+£2%




5.4 Conclusions

In this study, the production of SCFAs from thermally pretreated tannery sludge within SCSTRs was
explored, with a focus on the influence of zeolite additions. Notably, the ammonia concentration did
not benefit from zeolite addition, with R—I and R—II being quite homogeneous and R—III showing a
higher ammonia release. Conversely, the soluble Chemical Oxygen Demand (CODsor) values
consistently differed between runs with and without zeolites, with zeolites effectively absorbing
organic matter and contributing to lower CODsoL values. The highest SCFA production was observed
in tests without zeolite addition, particularly with the higher HRT, reaching levels of 16014 mg/L,
corresponding to an acidification yield of 0.4 g CODscra/g VSo. Moreover, the addition of chabazite
allowed for a substantial improvement in acidification efficiency, reaching a SCFA to CODsoL ratio
of 0.92 COD/ COD.

Throughout the experiments, SCFA composition displayed temporal variations, with some tests
shifting towards higher propionic acid production towards the end of the runs. Additionally, zeolites
exhibited a remarkable capacity to absorb chromium from the fermentation broth, achieving complete
removal over time, whereas tests without zeolites only reached a 60% reduction in Cr concentration.
The mass balance of the anaerobic fermentation-digestion reactors revealed that this process could
reduce the mass of the landfilled sludge by 41%, thus reducing the environmental impact while also
obtaining biogas and SCFAs as added-value products.

These findings offer valuable insights for optimizing SCFA production from tannery sludge and
highlight the potential of zeolites in heavy metal removal within waste treatment processes. Further
research is needed to explore the microbial dynamics and substrate interactions, particularly those

influencing the SCFA composition.
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Supplementary materials (Chapter 5)

Biochemical Methane Potential (BMP) test

The BMP tests were set up in 250 mL glass bottles sealed with a cap with a silicon plug, with 180
mL working volume, and each test was performed in duplicate. Namely, 50 mL of thermophilic
anaerobic digestate from the Treviso full-scale digester, with a concentration of 35 g VS/L, was used
as an inoculum after one week of incubation at 50 °C to achieve endogenous methane production.
The solid-rich fraction from the fermentation effluent was employed as substrate. The S/I ratio was
set at 0.3 (VS basin). Daily monitoring of biogas production and CH4 content was performed to
quantify the biogas composition and the maximum specific gas production (SGP; m’kg VS)
achievable and the hypothetical HRT to be considered in the scaled-up continuous AD process,
according to Angelidaki et al., (2009). The biogas produced from the Biochemical Methane Potential
(BMP) tests was quantified by a flow meter (Ritter CompanyTM),

The percentage of CH4 and Ho> in the biogas were determined by a gas chromatograph GC Agilent
Technology 6890 NTM equipped with a column HP-PLOT MOLESIEVETM (30 m x 0.53 m ID x
25 um thickness of the film), using a thermal conductivity detector (TCD) at 250 °C. The injector
was maintained at 120 °C and 70 kPa. Gas samples (200 pL) were taken using a gas-type syringe; the

analyses were conducted at a constant T of 40 °C for 8 min with Argon as gas carrier.
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Figure 5.51: Evolution of produced biogas (a) and theoretical SGP values (b) modeled in the BMP tests at

thermophilic conditions.

As shown in Figure 5.S1, with 20 days as modeled HRT, this residue was characterized by an SGP
of 0.6 m*/kg VSrep, corresponding to 88 % of the maximum SGP achievable. This result was used

for the mass balance assessment.
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CHAPTER 6: Microbial community evolution in the AF bio-processes

All the AF experiments presented on tannery sludge have been carried out without the addition of a
specific inoculum; thus, the microbial community involved in the fermentation was naturally present
in the substrate and was selected throughout the process. The composition of the microbial
community can significantly impact the process, affecting stability and the efficiency of VFA
production. Therefore, analyzing its composition and variations is essential for truly understanding
and optimizing the process.

This additional step was made possible through cooperation with the Water Research Institute,
National Research Council of Italy, CNR-IRSA in Rome, where samples of microorganisms taken
from some of the previously discussed semi-continuous experiments were analyzed and presented in
the article reported in this chapter.

Through an examination of microbial diversity, activity, functional redundancy, and metabolic
potential, this study offers insights into the role of specific microbial consortia in degrading organic
matter and synthesizing VFAs, while dealing with the presence of Cr. These findings pave the way
for targeted strategies that improve process efficiency via microbial selection and process control.
This chapter reports the article currently under review, titled “Microbial-driven valorization of
tannery sludge for fatty acids production: unraveling microbiome activity and functional
redundancy” written by Barbara Tonanzi, Alessio Massimi, Francesco Valentino, Giulia Adele Tuci,

Marco Gottardo, Simona Rossetti, and Simona Crognale.

6.1 Introduction
The leather tanning industry, a pivotal component of the global fashion and footwear sectors, is
inseparably connected to extensive environmental challenges. The generation of substantial quantities
of tannery sludge, a complex matrix of organic matter, toxic inorganic compounds, and
microorganisms, poses a difficult threat to ecosystems due to its high organic load, heavy metal
content, and recalcitrant nature (Abreu & Toffoli, 2009; Ali et al., 2015; Alibardi & Cossu, 2016a).
Due to the high content of organic and inorganic substances, often hazardous to the environment,
these sludges pose a significant challenge for industrial waste management. Traditional waste
management practices, such as landfilling and incineration, while seemingly expedient, intensify
environmental issues by contributing to soil and water pollution, greenhouse gas emissions, and
resource depletion (Alibardi & Cossu, 2016a).
In particular, the Italian leather industry generates a significant amount of tannery sludge as a
byproduct of leather processing. As outlined in the UNIC sustainability report of 2021, Italy's tannery
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sector is a global leader, accounting for 23% of the total global leather value (UNIC, 2021). Italian
legislation, particularly Legislative Decree 152/2006, strictly regulates the disposal of tannery sludge,
requiring companies in the sector to adopt suitable technologies and treatment processes to minimize
environmental impact. To reduce environmental impact and valorize these wastes, recent years have
seen a growing interest in innovative solutions such as anaerobic digestion, co-composting, and
biofuel production (Augustini et al., 2020; Zhai et al., 2020). These technologies allow for the
transformation of tannery sludge into energy resources and useful bio-based materials, thus promoting
a circular economy in the leather sector. In the pursuit of sustainable and circular economy principles,
the valorization of tannery sludge emerges as a requiring imperative (Chojnacka et al., 2021;
Moktadir et al., 2023). By transforming this waste into valuable products, the leather industry can
mitigate its environmental impact while generating economic benefits. Microbial-based technologies
represent a promising alternative for achieving this goal. Employing the metabolic capabilities of
microorganisms, these technologies can effectively degrade complex organic matter, remove
contaminants, and produce high-value products (Ameen, 2023; Angenent et al., 2016; Ashraf et al.,
2018; Reyes-Romero et al., 2021; Saxena et al., 2020).

Fermentation and anaerobic digestion of tannery sludge align with the principles of circular economy.
By transforming this waste into valuable bioproducts, these processes contribute to a more sustainable
and resource-efficient leather industry. The anaerobic fermentation of tannery sludge produces short-
chain fatty acids (SCFAs), which can be further converted into biofuels, bioplastics, or used as a
nutrient source for algae cultivation (Han et al., 2019; Wang & Yin, 2022; Wu et al., 2019). This
approach not only reroutes waste from landfills but also creates a circular pathway that recovers
resources from a previously discarded material, thereby minimizing environmental impact and
promoting economic growth. Pre-treatment of sludge prior to anaerobic process is a critical step to
enhance microbial accessibility and overall process efficiency (Braguglia et al., 2012; Gagliano et al.,
2015; Gallipoli et al., 2014; Gianico et al., 2013; Khadaroo et al., 2019; Tonanzi et al., 2021).
Physical, chemical, and biological pre-treatments can disrupt the complex organic matrix of sludge,
increasing the surface area available for microbial attack and solubilizing recalcitrant organic
compounds (Ariunbaatar et al., 2014; Chang et al., 2020; Gottardo et al., 2022; Wang & Yin, 2022).
For instance, thermal hydrolysis has been shown to be effective in disrupting the sludge structure and
increasing volatile solids solubilization (Gagliano et al., 2015; Gherghel et al., 2019; Gianico et al.,
2015; Jeong et al., 2019). Furthermore, the combination of physical and chemical pre-treatments can
synergistically enhance the performance of anaerobic digestion processes (Khadaroo et al., 2019; Li

et al,, 2023a). Recent improvements in biotechnology have shown the potential of microbial
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communities to address the complexities of tannery sludge. For instance, the application of anaerobic
fermentation technology and oxidative or thermal pretreatment has shown high aptitude in
minimizing landfilling by producing SCFAs, reducing organic matter content and solubilizing toxic
compounds such as chromium, highly abundant in this waste (Abate et al., 2021; Tuci et al., 2024,
2023; Zhai et al., 2020; Zhu et al., 2024). These studies highlighted the potential of microbial-based
approaches to transform tannery sludge from waste into a resource opportunity. Despite the key role
of microorganisms in such process, the taxonomic diversity and functional potentialities of microbial
communities involved in the production of fatty acids from tannery sludge have not been investigated
so far. To effectively enhance biotreatment processes and product recovery from tannery sludge, a
comprehensive characterization of the microbial community and its performance is necessary. For
the first time, this study aims to characterize microbial communities and their evolution during
anaerobic fermentation of tannery sludge in semi-continuous processes to produce SCFAs. The
insights gained will contribute to the development of innovative bioprocesses for a more sustainable

and circular leather industry.

6.2 Materials and methods

6.2.1 Experimental set up

Microbiological analyses were performed on samples coming from SCFAs-producing semi-
continuous reactors described in Tuci et al. (Tuci et al., 2024, 2023) (Table 1). These studies utilized
a mixture of primary and secondary tannery sludge obtained from the Montebello Vicentino
wastewater treatment plant (WWTP) in northeast Italy. The WWTP processes wastewater from over
20 tanneries, employing alkaline flocculation and anoxic/aerobic treatment. Four different semi-
continuous stirred tank reactors (SCSTRs) of 1.5 L working volume were operated to assess anaerobic
fermentation (AF) of tannery sludge subjected to hydrogen peroxide (H202) or thermal pretreatment
(Run Ox and Th, respectively). The reactors were inoculated with tannery sludge, maintained at 40°C
and 50°C, respectively, and daily fed with pre-treated sludge. A hydraulic retention time (HRT) of 4
and 8 days and organic loading rate (OLR) of 12.6 and 6.05 gVS/ Ld were tested in parallel (Table
6.1). Reactor performance was evaluated by monitoring SCFAs production, chemical oxygen demand
(COD), ammonium, pH, and chromium concentration. SCFAs composition, COD, and other
chemical parameters, including fermentation yield (YY), were analysed according to the methods

outlined in Tuci et al. (2023).
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Table 6.1: Operational parameters of anaerobic reactors.

Run HRT (d) OLR (gVS/Ld) Substrate Pretreatment Temperature (°C) Reference

Ox 4 4 12.6 0.4 g H2O2/ g TS 40 Tuci et al. 2023
Ox 8 8 6.05 0.4 g H,O2/ g TS 40 Tuci et al. 2023
Th 4 4 12.6 70°C, 20 hours 50 Tuci et al. 2024
Th 8 8 6.05 70°C, 20 hours 50 Tuci et al. 2024

HRT: hydraulic retention time; TS: total solids; VS.: volatile solids

6.2.2 In situ detection methods (FISH and CARD-FISH)

Biomass samples were collected from the anaerobic reactors and promptly fixed in a formaldehyde-
ethanol solution (2% and 48% vol/vol, respectively) before storage at -20°C. Prior to analysis, the
fixed biomass was disrupted by vortexing with glass beads. FISH and CARD-FISH analyses were
performed using the EUBmix oligonucleotide probe set (equimolar concentrations of EUB338,
EUB338-I1, and EUB338-III) (Matturro et al., 2013; Nielsen et al., 2009; Tonanzi et al., 2018). Probe
details and conditions are reported in probeBase (http://www.microbial-
ecology.net/probebase/). Following hybridization, total cells were detected with DAPI using
Vectashield Mounting Medium (Vector Labs, Italy). Epifluorescence microscopy was used to count
fluorescent cells in at least 10 randomly selected microscopic fields per sample. Mean and standard
deviation values were calculated using Microsoft Excel. The FISH/CARD-FISH ratio for each sample
was determined by dividing the average bacterial abundance estimated by FISH analysis to the one

obtained by CARD-FISH analysis, as previously reported in Tonanzi et al. (2018).

6.2.3 Sample collection and processing for DNA extraction

Several anaerobic samples were collected from each reactor throughout the experimental period. For
DNA extraction, duplicate 2 mL aliquots were centrifuged as reported in Tonanzi et al. (2018), and
the resulting pellets were stored at -20°C. The DNeasy PowerSoil Pro kit (QIAGEN, Antwerp,

Belgium) was used for DNA extraction according to the manufacturer's instructions.

6.2.4 16S rRNA gene amplicon sequencing and data analysis
To characterize the microbial community structure within the reactors, 16S rRNA gene amplicon
sequencing was performed using I[llumina technology as previously described (Crognale et al., 2019).

Briefly, the V1-V3 region of the bacterial 16S rRNA gene was amplified using primers 27F (5'-
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AGAGTTTGATCCTGGCTCAG-3") and 534R (5'-ATTACCGCGGCTGCTGG-3'). Subsequent
sequence data processing and analysis were conducted using QIIME2 (v. 2017.12), including
demultiplexing, DADA2 quality control, and taxonomic assignment of amplicon sequence variants
(ASVs) (Callahan et al., 2016; Quast et al., 2013). A total of 167080 reads were obtained by high-
throughput sequencing of the V1-V3 region of the bacterial 16S rRNA gene, that resolved into 4701
ASVs. The dataset is available through the Sequence Read Archive (SRA) under accession
PRINA1178871.

6.2.5 Statistical analysis

A non-metric multidimensional scaling (NMDS) ordination plot, based on the Bray-Curtis matrix,
was performed in order to graphically synthesize the dissimilarity between samples. Process
parameters and microbial community data were overlaid onto the NMDS plot using a vector-fitting
procedure. Vector length indicated the correlation between NMDS axes and variables, facilitating the
identification of factors driving sample variation. Process data and values of major bacterial
taxa revealed by 16S rRNA gene high-throughput sequencing (only genera >1% of total reads
were considered) were normalized by log(X + 1). Statistical analyses were performed by using PAST

software package (Palacontological STatistics, ver. 4.04) (Hammer et al., 2001).

6.3 Results and discussion

6.3.1 Impact of microbial activity on SCFAs production efficiency

As reported in the previous works of Tuci et al. (2024, 2023), four semi-continuous reactors (Table
6.1) were operated at different HRT (4 and 8 days), sludge pretreatment (oxidative and thermal), OLR
(6.05 and 12.6 gVS/Ld), and temperature (40 e 50°C). Fermentative performance and stability of the
process were monitored via SCFAs production and their profiles. Figure 6.2 shows an NMDS
ordination plot based on Bray-Curtis distances of log-transformed SCFA concentrations, highlighting
clear differentiation between runs conducted using H>O; pretreated sludge in mesophilic conditions
(Ox_4 and Ox_8) and thermal pretreated sludge in thermophilic conditions (Th 4 and Th_8). In
particular samples closer together share more similar characteristics, while arrows indicate the
direction and strength of correlation of each SCFA or parameter with the specific condition. For each
test, a SCFAs/COD ratio of approximately 70% (on a COD basis) was observed, despite the sludge
pretreatment, temperature and OLR difference experimented (Table 6.1). Notably, the SCFAs
profiles obtained from the mesophilic reactors Ox 4 and Ox_8 remained remarkably stable once they

reached steady-state operation, as shown in figure 6.1.
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Figure 6.1: SCFA production over time of the 4 conditions.

Acetic acid was the main SCFA accounting for approximately 62% and 67% of the total SCFAs (on
a COD basis) in runs Ox_4 and Ox_8, respectively. Propionic acid was the second most abundant
SCFA, comprising 13% in Ox_4 and 19.7% in Ox_8, followed by butyric acid constituting less than
10% of the total SCFAs in both reactors (Tuci et al., 2023). In Th systems, the analysis of the SCFAs
profile revealed that acetic acid was the predominant component during the initial 30 and 23 days of
experiments in Th_4 and Th_8, respectively, accounting for approximately 54% and 67% of the total
acids (Tuci et al., 2024).

Propionic acid followed as the second most abundant acid, with a percentage of 24% and 14%,
respectively. In the subsequent phase, a significant increase in propionic acid, equal to approximately
67% and 78.6% compared to the previous data, was observed, at the expense of acetic acid, in both
experiments. This change was correlated with the increase in pH of the system (Da Ros et al., 2020;
Tuci et al., 2024). The fermentation products obtained in the Ox systems exhibited a relatively higher
concentration of acetate and valerate acids in comparison to the Th systems, where butyrate

and propionate were observed at higher proportions (Figure 6.2).
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Figure 6.2: NMDS ordination plots, based on Bray-Curtis distance matrixes of log(X+1) transformed data.

The vector length is proportional to the correlation between the NMDS axes and each parameter.

The acidification performances were evaluated also by the fermentation yield (Y), a ratio between
the produced SCFAs over time, and VS at the initial concentration in the test. Data showed that Y was
higher in Ox_8 with respect to Ox_4 (0.32 £ 0.01 and 0.25 + 0.01 g CODscra/g VS) suggesting that
a higher HRT associated with a lower OLR promoted a higher conversion rate of organic matter in
SCFAs. This evidence was also confirmed by the evaluation of the FISH/CARD-FISH ratio. As
previously reported in Tonanzi et al. (2018), this parameter can be used to evaluate the dynamics of
microorganisms in biological process. In fact, FISH analysis detects physiologically active
microorganisms in complex populations through the detection of cells with high ribosome content
(>103 ribosome per cell), while CARD-FISH analysis can be used to evaluate the total microbial
community including the microbial components with low activity (few ribosomes per cell).

The FISH/CARD-FISH ratio estimated for bacteria over the operation is reported in Figure 6.3, where
values are expressed as: percentage of hybridized cells count to total counts of DAPI-stained cells;

ratio determined by dividing the average bacterial abundance estimated with FISH analysis by that

95



obtained with CARD-FISH analysis; ratio between the produced SCFAs over time and VS at the
initial concentration in the tests. This parameter permits to explicate the fraction of active bacteria
out of total members belonging to this domain. In experiment Ox_4, a FISH/CARD-FISH ratio of
79.6% was observed, while in Ox_8, with a longer HRT, this ratio increased to 89.1% (Figure 6.3).
These findings were statistically correlated with the estimated Y in these processes (p-value < 0.05),
supporting the observed similar trends. A higher Y was observed in runs performed using thermally
pretreated tannery sludge and thermophilic conditions compared to tests Ox 4 and Ox_8 (Figure 6.3).
In particular, with HRT of 8 days (run Th 8) was imposed, the Y value reached 0.4 + 0.01 g
CODscra/g VS. In this case as well, the detected FISH/CARD FISH ratio aligned with the trend of
the Y, reaching a maximum of 95% in the Th 8 test (Figure 6.2). This high ratio corresponded to the
bacterial elevated metabolic activity, which is consistent with the best yields achieved in this study.

The data indicated that higher HRTs correlated with increased biomass activity, leading to improved
conversion of organic matter to SCFAs, despite the lower OLR experienced in run Ox 8 and Th_8.
Additionally, elevated temperatures enhanced bacterial activity, resulting in higher yields (Y),

particularly at longer HRTs.
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Figure 6.3: Bacterial abundance estimated by FISH and CARD-FISH analysis, FISH/CARD-FISH ratio and
fermentation yield (Y).
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6.3.2 Bacterial taxonomic diversity

The bacterial community was analyzed via 16S rRNA gene sequencing in samples collected from all
experiments both at the beginning of the process and at steady state (t0 and tf, respectively). Tannery
sludge was used as inoculum in all runs after one week of acclimatation. Sequencing analyses showed
a massive microbial component attributable to the Firmicutes phylum (96-98% in Ox runs, and 77-
81% in Th runs) at the initial time of all trials (t0, Figure 6.S1). In particular, most of the sequences
belonged to the Clostridiales order. The almost exclusive presence of these microorganisms can be
explained mainly by the nature of the sludge used as inoculum, rich in organic matter and in particular
proteins. Several studies have shown that members of the Clostridiales order were able to utilize
protein and glucose to produce SCFAs (Zhai et al., 2020; Zhang et al., 2019b). Furthermore,
the phylum Firmicutes and in particular the class Clostridia, have been often linked to chromium
contaminated environments (Branco et al., 2005; Yu et al., 2016). Indeed, the tannery sludge used in
this study reported a total chromium (Cr) amount equal to 19.15 £ 0.3 g Cr/kg TS (Tuci et al., 2024,
2023), and this evidence may explain the high presence of this taxon at the beginning of the
operations.

The bacterial composition observed in the runs using H>O»-pretreated sludge at both short (Ox_4)
and long (Ox_8) HRTs during the steady state was similar. Almost all sequences belong to
Actinobacteria (34% and 42%, for Ox_4 and Ox_8, respectively), Bacteroidetes (36% and 37%), and
Firmicutes (28% and 21%), with a small portion (less than 2% in both experiments) attributable to
the Proteobacteria phylum (Figure 6.S1).

Sequences affiliated with genus Proteiniphilum (Bacteroidetes phylum) represented 34 and 35% of
the total reads in Ox_4 and Ox_8§ tests, respectively (Figure 6.4). Proteiniphilum sp. is well known
for its proteolytic metabolism aimed at producing SCFAs such as mainly acetate and propionate
(Hahnke et al., 2016). The selective enrichment of this microorganism during the fermentation
process was primarily influenced by the substrate composition. Its ability to efficiently degrade
recalcitrant COD and rapidly adapt to nitrogen-rich organic matter, like proteins and collagen found
in tannery sludge, facilitated its dominance within the microbial community (Zhu et al., 2024). In
addition to the previously identified microorganisms, the reactors contained other microorganisms
with similar metabolic functions (Dong et al., 2011; Yin et al., 2021). Notably, sequences belonging
to genera Proteiniborus, Proteiniclasticum and Clostridium sensu stricto 13 (Firmicutes, Clostridia)
comprised between about 3 and 5% of the total reads obtained in both sequencing runs (Figure 6.4).
The microbial community selected inside the Ox fermenters also highlighted the presence of genus

Corynebacterium 1 (Actinobacteria), which covered specifically 22% and 16% of the total reads in
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Ox_4 and Ox_8, respectively (Figure 6.4). This microorganism has been extensively studied in
tannery sludge and connected processes, and in particular in relation to its resistance to Cr (Ameen,
2023; Baba et al., 2020; Viti et al., 2003). Moreover, species belonging to Corynebacteriumare
chemoorganotrophs with a fermentative metabolism (Tauch & Sandbote, 2014).

Regarding the experiments conducted under thermophilic conditions with the feed sludge pretreated
at high temperature (Th 4 and Th 8), most of the found sequences belong to the phylum
Coprothermobacteraeota (62% and 51%, for Th_4 and Th_8, respectively), followed by the phylum
Firmicutes (31% and 44%). In these experiments, sequences attributable to Proteobacteria (less than
1%) and to Tenericutes (1% and 3%) were also found (Figure 6.S1). Reads affiliated with genus
Coprothermobacter sp. represented the most sequences obtained in these runs (61.6% and 51% in
Th_4 and 8§, respectively) (Figure 6.4). This microorganism was isolated for the first time in tannery
sludge, and is a fermentative proteolytic bacterium (Gagliano et al., 2015; Kersters et al., 1994; Pavan
et al., 2019). Furthermore, the genus D8A-2 (Firmicutes, Clostridia) was found to comprise between
5.4% and 12.3% of the total sequences in Th 4 and Th_8, respectively (Figure 6.4). This taxon has
been previously reported in thermophilic anaerobic systems characterized by high levels of SCFAs,
where it is thought to play a role in syntrophic interactions, especially in the presence of elevated
ammonia concentrations (Lee et al., 2019; Li et al., 2022a). The prominent presence of Clostridia
D8A- 2 in these systems can once again be attributed to its ability to metabolize proteins. Indeed, the
HRT in Th 8 facilitates the degradation of proteins, leading to a higher production of ammonia
compared to Th_4, which creates a more favorable environment for the growth of this microorganism.
In addition, the Th reactors contained other fermentative bacteria, such as Desulfitibacter (2.3% and
6.9%, respectively) and Desulfotomaculum (4.1 and 6.4% in Th 4 and 8). Certainly,
Desulfotomaculum genus is of particular interest since it is known to employ metals such as Cr as
terminal electron acceptors, and is capable of oxidizing H> while reducing CO; to acetate (Tebo &
Obraztsova, 1998). As reported in previous studies, Desulfitibacter and Desulfotomaculum spp. are
associated with the oxidation of sulfur in anaerobic digestion processes (Nielsen et al., 2006; Tebo &
Obraztsova, 1998). As a consequence, the presence of this type of metabolic activity in the herein
studied systems could also reduce the toxic effects of sulfides and heavy metal (e.g., Cr) on other
microorganisms, as previously demonstrated by Zhu et al. (2024). Moreover, Tepidimicrobium genus
was retrieved in both Th runs (2.4% and 3.4% of the total reads in Th_4 and 8, respectively; Figure
6.4). The presence of this microorganism in processes involving the use of tannery sludge is well

documented (Kong et al., 2019). This taxon had a strong adaptability and is usually observed in high
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organic-containing sewage sludges where it uses both carbohydrates and peptide compounds to

produce acetate, ethanol, butyrate, hydrogen and carbon dioxide (Kong et al., 2019; Niu et al., 2009).

D8A-2 un. —

Desulfotomaculum l
Desulfitibacter i
Proteiniborus

Proteiniclasticum

Clostridium S513

Coprothermobacter
Proteiniphilum

Tepidimicrobium

Corynebacterium 1

0 10 20 30 40 50 60 70

Relative abundance (% of total reads)
Figure 6.4: Box plot showing the relative abundance (% of total reads) of the 10 most abundant bacterial

genera in Ox and Th runs.

To elucidate the connection between the biological data generated from the analysis of the various
reactors and the key process parameters, a vector-fitting procedure was employed on the NMDS
ordination plot based on chemical dissimilarity, where the stress value (i.e., <0.2) suggests an accurate
representation of the dissimilarity among samples, and the relative abundance of the main genera
(>1% in at least one sample) is projected onto the NMDS ordination synthesising the microbiological
dissimilarity (Figure 6.2 and 6.5). As expected, microbial community analysis revealed differences
between the two clusters. The genera Brevibacterium, Clostridium sensu stricto 13, Proteiniborus,
Proteiniphilum and Coriobacteriales unknown (vectors 19, 20, 21, 22 and 23, respectively) were
significantly related to Ox runs. Conversely, Tepidimicrobium, Desulfotomaculum,
Ruminococcaceae unknown, Iziplasmatales, Coprothermobacter and Clostridia DSA-2 (vectors 1, 2,
3, 4, 5 and 6, respectively) were significantly correlated with Th systems (Figure 6.5). The NMDS
analysis confirmed the separation of Ox and Th systems based on their microbial composition and
SCFAs profiles. The distinct microbial communities observed in Ox and Th fermentations mainly
resulted from the different incubation temperatures used in the studied processes. Temperature

significantly influenced microbial growth and activity, affecting enzyme kinetics, membrane fluidity,
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and cellular stability. As expected, higher temperature promoted thermophilic or thermotolerant
microorganisms, while lower temperature favored mesophilic organisms. These temperature-driven
differences can have implications for fermentation, affecting product yields and substrate conversion
rates. While microbial taxa diverged among the different tested reactors due to temperature, the
overall functional outcome remained consistent. Indeed, different microbial communities selected in
Ox and Th tests exhibited the same proteolytic metabolism responsible for the observed SCFAs

production, highlighting the occurrence of redundancy.
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Figure 6.5: NMDS ordination plots, based on Bray-Curtis distance matrixes of log(X+1) transformed data.

The vector length is proportional to the correlation between the NMDS axes and each parameter.

6.4 Conclusions

For the first time in this study, the microbial community activity and composition responsible for the
SCFAs production from pretreated tannery sludge was in-depth explored. Overall, oxidative and
thermal pretreatment of tannery sludge led to high SCFAs production, especially in systems fed with
a low OLR (6.05 gVS/Ld) and operated with a high HRT (8 d). Moreover, the process temperature
emerged as a critical factor in enhancing organic matter conversion to fatty acids. This parameter,
together with the used protein-rich substrate, strongly influenced the selection of specific
microorganisms responsible for the entire process.

In response to the different operating conditions tested, a different core microbiome was selected,

although always composed of proteolytic microorganisms (e.g., Proteiniphilum, Proteiniclasticum,
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Proteiniborus). The presence of taxonomically different bacteria with the same metabolic

potentialities strongly suggested that highly performing SCFAs microbial producers could be

strategically selected to optimize fatty acid production. By exploiting the metabolic capabilities of

these specialized microorganisms, it may be possible to significantly improve the efficiency and yield

of the SCFAs synthesis processes.

Supplementary Materials (Chapter 6)
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CHAPTER 7: CO; capture via dark-bioelectrochemical growth of

Rhodopseudomonas palustris

In the proposed biorefinery scenario, after completing the steps of AF and AD, two key waste streams
are also generated: the residual sludge and the biogenic COs..

The environmental impact of releasing CO: into the atmosphere is well-documented (IPCC, 2023),
and with growing concerns over climate change, the need to mitigate carbon emissions has never
been more urgent. Carbon capture and utilization technologies are gaining attention for their potential
to tackle this issue by converting CO: into valuable products or sequestering it for long-term carbon
storage sinks. This biorefinery model proposes an innovative approach to repurpose CO:, thereby
minimizing waste and maximizing revenue. The next section is focused on the bioelectrochemical
system (BES) designed to convert CO: into a valuable product: single-cell proteins (SCP).

The development of this BES was carried on during my visiting period at the Leibniz Institute for
Natural Product Research and Infection Biology Hans Knoll Institute in Jena, Germany, where I
worked in the bio pilot plant group led by Prof. Dr. Miriam Agler-Rosenbaum.

These BES experiments are discussed in the following paper, which is still a work in progress as these
results still need to be confirmed by additional tests before submission. The working title of this paper
is “Cultivation of Rhodopseudomonas palustris in a bioelectrochemical system in the dark as a

carbon sink”.

i

Figure 7.1: The bioelectrochemical reactors and the inoculum of R. palustris.
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7.1 Introduction

The greenhouse effect and global warming are pressing environmental concerns, with CO» being the
largest contributor, accounting for over 68% of the total greenhouse gas emissions in the atmosphere
(Wang et al., 2024). Various methods exist for carbon sequestration; however, biological methods
offer distinct advantages over physical and chemical ones, such as high safety, low energy
consumption, no secondary pollution (Wang et al., 2024), and the possibility of carbon sequestration
directly from flue gas or other CO»-rich exhaust gases (Spanoghe et al., 2021).

In this context, Rhodopseudomonas palustris, a photosynthetic Gram-negative purple non-sulfur
bacterium (PNSB) from the family Bradyhizobiaceae, emerges as a great candidate for this
technology due to its high adaptability. Namely, this bacterium is able to grow in various conditions,
being able to use light, inorganic, and organic compounds as carbon and energy sources under both
anaerobic and aerobic conditions (Madigan & Jung, 2009). Most important, R. palustris can fix CO>
through the Calvin-Bassham-Benson (CBB) cycle, contributing to cell metabolism (Li et al., 2022b).
In general, PNSB have a wide range of applications, including the treatment of wastewaters and gas
streams, soil remediation, extraction of valuable chemicals, polyhydroxyalkanoates (PHAs)
production, and use as fertilizers (Capson-Tojo et al., 2020).

In particular, PHAs are biodegradable, water-insoluble polymers stored in bacterial cells (Raza et al.,
2018). They are typically accumulated as intracellular carbon storage granules under unfavorable
growth conditions, such as nutrient limitation (Rajvanshi et al., 2023), and are gaining a great deal of
attention for their potential to make bioplastics with mechanical properties comparable to
conventional plastics (Mannina et al., 2020).

Among PHAs, poly(3-hydroxybutyrate) (PHB) is the most well-known, consisting of repeating 3HB
units (Sudesh et al., 2000). However, PHB is brittle and has a low extension to break, significantly
limiting its range of applications (Wallen & Davis, 1972). In contrast, the incorporation of 3-
hydroxyvalerate (3HV) into the polymer structure alters its thermomechanical properties, enhancing
flexibility and reducing brittleness, making it a more versatile and commercially desirable bioplastic
(Braunegg, 2002; Brown et al., 2022), thus making this co-polymer five to six times more expensive
than the PHB homopolymer (Jacquel et al., 2008). Beyond its use as a biopolymer, PHA also has
potential applications in single-cell protein (SCP) production, a protein-rich microbial biomass with
potential as a supplement in animal food due to its high protein, vitamin, and lipid content
(Muhammad Saeed et al., 2016). SCP production requires minimal land and resources, making it an
efficient and environmentally sustainable protein alternative (Pesante et al., 2022). Recent research

focused on employing microorganisms capable of producing PHAs as part of SCP, as the presence
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of PHA in SCP has been shown to promote growth (Rodriguez-Estrada et al., 2021) and boost the
immune system, offering increased resistance to pathogens (Laranja et al., 2014; Suguna et al., 2014).
Moreover, this approach eliminates the need for costly PHA extraction processes while still making
use of this polymer.

R. palustris has been extensively studied and grown in a wide array of conditions; however, in this
research, the use of a bioelectrochemical system (BES) for the growth of this bacterium on CO; as
the only C source was explored. The main positive aspect of this setup is the possibility of direct
conversion of CO: into valuable products using electric energy as the primary energy source. This
eliminates the need for organic carbon inputs, aligning with circular economy principles and reducing
reliance on biomass resources while simultaneously acting as a carbon sink.

Moreover, to reduce even further the resources needed for this process, the BES was set in the dark.
In fact, previous studies have successfully investigated BES setups for this purpose (Soundararajan
et al., 2019; Doud & Angenent, 2014), but they always included light.

Additionally, this study investigates the ability of R. palustris to produce PHA, a pathway known to
be active in R. palustris under light conditions (Ranaivoarisoa et al., 2019; Montiel-Corona &
Buitron, 2022; Cerruti et al., 2020), but not yet studied in the dark, as traditionally, most studies on
R. palustris focus on its phototrophic growth, neglecting its diverse possible lifestyles (Tec-Campos
et al., 2023). However, this approach has significant drawbacks related to the additional energy and
costs associated with the artificial illumination required, the difficulties in delivering the light to all
the biomass equally, and the need for appropriate light and dark cycles (Capson-Tojo et al., 2020;
Cerruti et al., 2020). Some sparse studies have shown that other Rhodopseudomonas species can carry
out chemoautotrophic growth in the dark with CO> fixation by oxidizing H> and reducing O> (Siefert
& Pfennig, 1979). However, these studies relied on H> supplied externally, which presents drawbacks
such as low gas solubility, safety concerns, and increased costs. To overcome these limitations, this
research implements a BES to facilitate the in-sifu formation of Ha, serving as the electron donor.
Additionally, R. palustris has demonstrated the ability to uptake electrons directly from electrodes
(Guzman et al., 2019; Sun et al., 2023), providing a potential extra direct source of energy.
Moreover, in this research, a single-chamber BES was developed for several reasons. Firstly, the
single-chamber design enhances scalability, making the process more suitable for industrial
applications (Jadhav et al., 2022). Secondly, the in-situ production of oxygen from the anode can
further support the growth of R. palustris. This dual approach of maximizing growth and minimizing
resource allocation aligns with the principles of a biorefinery, aiming for efficiency and sustainability

(Harnisch et al., 2024).
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To evaluate the optimal conditions for the growth of R. palustris, two runs of experiments were
conducted. The first run utilized a potentiostatic mode to perform an initial assessment of the BES
and the most appropriate electric current to be employed for maximized biomass growth. Following
this, a galvanostatic mode was employed with the reference electrode present but not connected,
simulating a two-electrode setup, which is characterized by higher simplicity, stability, and easier

scalability.

7.2 Materials and Methods

7.2.1 Culture preparation

Rhodopseudomonas palustris was pre-grown in the dark in 30 mL of RSAH medium (2.50 g L"! Malic
acid, 1 g L! yeast extract, 1.25 g L' (NH4)2SO4, 0.2 g L' MgSO4 x 7H>0, 0.07 g L™! CaCl> x 2H-0,
0.01 g L' Fe(Ill) citrate, 0.02 g L' Nax-EDTA, 0.60 g L' KH,PO4, 0.90 g L' K;HPO4, 1 mL L
trace elements solution and 7.50 mL L' vitamin solution) at 28 °C in a 300 mL shake flask maintained
at 180 rpm.

The pre-culture was used as an inoculum for the reactors, and the amount of inoculum added was

chosen to achieve a final cell density of OD600 = 0.1 in each reactor.

7.2.2 Bioelectrochemical reactors set up

Single-chamber reactors (in triplicates) were implemented in this study to investigate both
potentiostatic and galvanostatic setups. The runs lasted 24 days, but the calculations considered 21
days to account for initial adaptation and fluctuations.

Single chamber 0.75 L glass reactor manufactured by GaBner Glastechnik GmbH were used. The
reactors were filled to 500 mL with the same R8EAH medium without the yeast extract and malic acid,
thus removing the organic carbon sources. To maintain a neutral pH, 1.68 g/L of NaHCO3 were added,
both as a pH buffer and an additional C source.

The reactors received a constant influx of gas, composed of 20% CO2 and 80% Nitrogen, at an
approximate volume flow of 0.1 L min™'. This gas composition was used in order to provide both CO
as a C source, and Nitrogen both as a measure to prevent the formation of an explosive atmosphere
and as a possible source of N, while the percentages were those of the gas mix available. All gas
connections were made with oxygen-tight Tygon® tubing (VWR, Radnor, USA), with attached 0.2
um PTFE vent filters to avoid contamination (Merck, Darmstadt, Germany). The reactors were kept
under constant stirring at 100 rpm, and at a temperature of 28 °C with water recirculation into an

external thermostatic jacket.
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The cathode was made of a “POCO EDM-3" graphite rod with a graphite block (Novotec, Reuver,
Netherlands) glued at the end of it with Leit C carbon-based conductive glue, giving a final surface
of 156 cm?. A Titan MOX (I/MMO) 150x40 mm (Jentner Plating Technology GmbH) was used as
the anode, while the reference electrodes were in-house made Ag/AgClsakci electrodes. The reactors
were operated using a potentiostat (VMP3; BioLogic, Seyssinet-Pariset, France).

All WE potentials reported in this study refer to values against Ag/AgCl reference electrode (ca. +197
mV vs. standard hydrogen electrode SHE).

Chronoamperometry (CA) was applied throughout the operation, supplemented with cyclic
voltammetry (CV) every 48h.

The galvanostatic condition was set imposing an electric current of -6.5 mA. This value was chosen

after analyzing the data of the potentiostatic run.

7.2.3 Analytical methods

The concentrations of organic acids and alcohols in the culture supernatant (centrifugation at 10000
rpm for 3 min) were determined using an UHPLC system (Jasco, Tokio, Japan) equipped with DAD,
RI (Jasco RI-930) and UV (210 nm) detectors. The column Aminex HPX-87H, 300 mm X 7.8 mm, 9
um (Bio-Rad Laboratories, Hercules, USA) was used in combination with the precolumn Kromasil
100 C18, 40 mm x 4 mm, 5 pum (Dr Maisch GmbH, Ammerbuch-Entringen, Germany). The samples
were diluted 1:10 with the mobile phase (0.005 M H>SOs), and 50 uL were used for injection. The

column was maintained at 50°C and an isocratic flow rate of 0.5 mL min™'

was applied. The
autosampler was flushed with bidistilled water.

To measure bacterial growth in suspension, the optical density at 600 nm was determined with a
BioPhotometer (Eppendorf, Hamburg, Germany), and the pH was measured with a pH meter for
small volumes (Mettler Toledo, Columbus, USA).

At the end of each experiment, the biomass in the reactors was collected. The liquid phase was
centrifuged at 10000 rpm at 4°C for 20 min; then the supernatant was analyzed with the UHPLC, and
the centrifuged was dried in an oven set at 100°C. For calculations, the dried biomass was weighted
and approximated to a molecular formula of CsH7NO2 (mw 113 g/mol).

PHA analyses were performed by mixing 5.0 mL of mixed liquor with 1.0 mL of NaClO solution
(5% active Cb) then analysed according to the procedure described in Moretto et al. (2020b). The
PHA was extracted, hydrolysed, and finally esterified to 3-hydroxyacyl methyl esters and quantified
by GC method. The abundance of 3-hydroxybutyric (3HB) and 3-hydroxyvaleric (3HV) monomers

were quantified using P(3HB-co-3HV) Sigma-Aldrich standard polymer (5 wt % 3HV).
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For the analysis of pigments, thin-layer chromatography was performed according to the method
described in Zeb and Murkovic (2010), trying the different extraction methods proposed in the paper.
The spectrophotometric analysis was achieved with a CLARIOSTAR spectrophotometer (BMG
Labtech).

Inorganic and organic carbon were measured by TOC (Total Organic Carbon Analyzer-Analytik Jena,
Germany). The same instrument, with an additional module attached, was used for Total Nitrogen
analysis.

The 5-aminolevulinic acid (ALAS) analysis was performed according to the method described in Yu

et al. (2022).

7.2.4 Calculations
Coulombic efficiencies (CE) were calculated according to the following equation:

Fxnxz

Where F = Faraday constant (96 485 mC meq '); n = moles of product (mmol); z = number of

electrons needed to obtain the reduced product starting from CO> (meg/mmol) and Q = delivered

charge (mC).
Product n = m/mw [mmol] z [meq/mmol]
PHB [COCH2CH(CH3)O]a mpuB/86 mg/mmol 18
PHV [COCH2CH(CH2CH3)O]n  mpnn/118 mg/mmol 24
SCP [CsH7NO:] mscp/113 mg/mmol 20

In which mscp is the amount of biomass produced minus the amount of PHB and PHV inside.

Mgcp = Mpiomass — MpuB — MpHY

The theoretical hydrogen production rate (rmeoH2) was calculated as follows.

. mmol Q(me)
A g 77 _mC meq
F (meq) 2(mmol)d(d)

In which Q are cumulative equivalents of charge delivered, 2 are the electrons needed to produce a
molecule of H», and d are the days passed during the experimental period.
The energetic consumptions for each process were evaluated as follows.
EC(Wh) = 24|AV|i
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In which 24 are the hours in a day (h/d), AV (V) and i (A) represent the average potential difference
and the average electric current registered during the experimental period, respectively.

The costs for energy considered is 0.237 €/kWh, as in Tuci et al. (2023).

For what regards the N utilization, considering the 1.25 g/L of (NH4)2SO4 present in the media and
the molecular formula for SCP of CsH7NO», the percentage of utilized nitrogen is:

Nscp * MW((NH,),S04)

NE (%) = Vrea * [(NH4)2504]

* 100

In which ngcpare the moles of SCP produced, and V,¢q, [(NH,),S0,] and mw(yp,),s0,)are the

volume of the reactor (L), the concentration of ammonium sulfate in the media (mg/L), and the

molecular weight of ammonium sulfate (g/mol), respectively.

7.3 Results and Discussion

7.3.1 Overview of growth and hypothetical pathways

The selected experimental conditions were optimized for temperature and pH, ensuring no additional
stress factors were added, as the primary objective was to determine whether the bacteria could grow
without light, using inorganic carbon and hydrogen as the only energy and carbon sources, in the
presence of oxygen (all the results presented correspond to the mean of the triplicates).

In typical light-exposed conditions, Rhodopseudomonas palustris employs the Calvin cycle to fix
CO:2 and produce biomass through photosynthesis. However, in a BES without light, a previous study
(Sun et al., 2022) has hypothesized that R. palustris may still be able to activate the Calvin cycle
using electrons derived from alternative sources to light.

In this BES, a single-chamber design was used, which allowed for Oz accumulation, produced at the
anode via water oxidation (2 H2O — Oz +4 H" + 4 ¢"). The presence of O: likely boosted growth by
enabling aerobic respiration and enhancing ATP generation.

This energy supported the Calvin cycle and other growth-related processes alongside electron uptake
from H:, thus mimicking a photosynthesis-like mechanism in the dark. It has been previously
demonstrated that R. palustris can grow in the dark (Madigan et al., 1982) and can perform
chemoautotrophy in the dark by fixing CO: in a co-culture (Liu et al., 2021). However, its capability
of growing in a BES in the dark in pure culture with no organic carbon has not been verified before

this study, making this a critical first step in understanding the potential of R. palustris in BESs.
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After establishing bacterial survival and growth, secondary analyses focused on metabolite
production, including a wide array of products typically produced by this microorganism, such as
organic acids, ethanol, ALAS, and PHA. The aim was to assess whether these metabolites, commonly
produced in light-driven systems, could also be synthesized in the BES.

For what regards the key resources provided for bacterial growth, the inorganic carbon was supplied
both by continuous CO: flow and through the growth medium, which contained 1.68 g/L of NaHCO:
as a pH buffer and carbon source. At the same time, O» and H, were produced in situ by the electrodes.
Lastly, the Nitrogen was provided by the growth medium as (NH4)>SO4 and was also present in the
gas influx. The atmospheric nitrogen was provided both as a measure to prevent the formation of an
explosive atmosphere and considering that R. palustris has been shown to fix atmospheric nitrogen

(N2) using specialized nitrogenases (Brown et al., 2022).

7.3.2 Growth under potentiostatic conditions

The first experimental run employed a potentiostatic setup, where the cathode was held at a fixed
potential of -1.1 V vs. REF. This potential was selected to sustain electrolytic hydrogen production
at a rate sufficient for bacterial growth and was calculated based on the Nernst equation, accounting
for possible losses. During this run, CA was used to obtain data about the current and, consequently,
hydrogen production.

Moreover, in this study, both Hz and the cathode were available as potential electron donors, as the
chosen potential was enough to allow for in situ hydrogen production, and R. palustris has been
previously shown to be able to uptake electrons directly from the cathode in different growth
conditions. Thus, to investigate the bacteria's preference for electron uptake, CV (performed between
-1.1 and 0 V) was employed to monitor potential biofilm formation on the electrode surface, which
would indicate direct electron uptake. However, the CV data (Figure 7.3) showed no clear evidence
of significant biofilm formation, leading to the hypothesis that H, rather than direct electron uptake,
was the primary electron source under these growth conditions.

CA data confirmed continuous Hz and O production during the experiment, showing a mean current
of -4.8 £ 0.1 mA, which corresponds to a theoretical H» production (rHz) of 2.1 mmol H»/day.

As shown in Figure 7.2, growth data (measured via OD600) showed a steady increase, with a
maximum mean OD600 of 0.55. A lag phase of two days was observed, suggesting rapid adaptation
of the biomass to the BES conditions. The growth also appears quite consistent throughout the

experiment, with just a slight decrease towards the end of the test, thus never reaching a plateau,
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which would suggest that the conditions and resources for growth were maintained throughout the

test. The dry biomass measured at the end of the experiment was 120 mg.
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Figure 7.2: Growth (as OD600), pH and PHA production of the potentiostatic run.
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Figure 7.3: CV from the beginning (t0) and the end (tf) of the potentiostatic run.

Figure 7.2 also shows PHA production. In the potentiostatic run, being characterized by a less
constant current, the resources for bacterial growth were less consistent, and consequently, the growth
was slowed down, only attaining its maximum OD600 values at the end of the run, thus not reaching
a clear stationary phase before the end of the experiment. Since PHA accumulation typically occurs
during periods characterized by a lack of biomass growth (Mukhopadhyay et al., 2005), it was
unsurprising that only a small amount of PHA was produced by the end of the experiment. The

accumulated PHA reached a modest concentration of 18 mg/L and was composed entirely of 3HB.
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This suggests that the metabolic priority under these conditions was biomass growth rather than
polymer storage.

As previously introduced, PHA is typically stored when growth conditions are unfavorable, usually
due to nutrient depletion. However, in this case, nitrogen analysis highlights that although an initial
decrease in its concentration was recorded (Fig. 7.4), it was never low enough to become a limiting
factor. This was also confirmed by the NE% of 19.2% obtained from this setup. This also would
suggest that no nitrogen fixation was performed by the bacteria.

Moreover, as shown in Figure 7.4, while the TN was expected to decrease in tandem with the biomass
growth, only an initial decrease was observed followed by a rather stable behavior, further
investigations need to be performed to clarify this result.

Figure 7.4 also shows the total organic and inorganic carbon. The TOC is very low, as expected, and
is probably related to some residues of the inoculum growth medium and the presence of dead cell
fragments. In contrast, the TIC remains consistently high throughout the run, both due to the NaHCO3

added to the medium and the continuously fluxed CO».
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Figure 7.4: Total organic carbon, total inorganic carbon and total nitrogen of the potentiostatic run expressed

in mgC/L and mgN/L.

From the rH», the total biomass produced, and the PHA, it was possible to calculate the coulombic
efficiencies (CE) for these products. The CEscp (calculated as final dry weight — PHA weight) was
22.27%, while the CEpua was only 2.14%. Overall, the cumulative CE was then 24.41%.

These results are explained by the very small amount of PHA produced in these runs. Consequently,

the energy in the system was either lost or went into biomass growth.
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The energetic consumption results indicated a very low energy cost of 0.00154 € for the entire
experiment. Given that this should be the maximum contribution to be sustained aside from the basic
growth medium, it highlights the remarkably low expenses linked to running this experimental setup.
Overall, this initial run aimed at understanding the BES with R. palustris and observing the possible
changes in the system, with the intent of shifting to a more stable condition, the galvanostatic setting,

which allows for more consistent current, thus more stable growth conditions.

7.3.3 Growth under galvanostatic conditions

Based on the results from the potentiostatic run, the chosen current for this run was set at -6.5 mA,
corresponding to a theoretical hydrogen production of 2.91 mmol Hz/day.

While the final OD600 reached in this run was similar to that observed under potentiostatic conditions
(OD600 = 0.62), this result was reached around 10 days sooner, likely due to the consistent current
supply, resulting in steadier hydrogen and oxygen production. The dry biomass measured at the end
of the experiment was 130 mg.

Overall, as shown in Figure 7.5, the growth showed a different behavior from the potentiostatic run,
with two distinct phases: the first phase (from days 0 to 13) focused primarily on biomass growth,
with no detectable PHA. However, after day 13, the maximum OD600 was reached, the growth
plateaued, and PHA production began. By the end of the experiment, a more significant amount of

PHA had accumulated, with a concentration of 119 mg/L.
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Figure 7.5: Growth (as OD600), pH, and PHA production of the galvanostatic run.
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Similarly to the other setup, the nitrogen concentration in the medium was likely not the trigger for
PHA production, as its concentration never reached values below 300 mgN/L (as a mean of the
triplicates), as shown in Figure 7.6. Again, this was confirmed by the NE% calculation, which
highlighted that only 12.7% of the total N present in the medium was used for bacterial growth,
suggesting that, like in the potentiostatic run, no nitrogen fixation was performed.

The same unexpected behavior of TN concentration was observed, as there was no significant
decrease throughout the tests. The reason for this behavior requires further investigation, as
previously stated. Moreover, the TOC and TIC results showcase the same trends observed and
discussed for the previous setup.

Overall, these results seem to confirm that N isn’t the limiting factor for growth. Consequently, the
reason why the OD of 0.6 appears to be the upper limit for the growth of R. palustris in this setup
may be related to the challenge of growing on inorganic carbon in the dark, possibly causing the

bacteria to stop growing beyond this limit and instead start accumulating PHA.
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Figure 7.6: Total organic carbon, total inorganic carbon and total nitrogen for the potentiostatic run

expressed in mgC/L and mgN/L.

For what regards the CE for this setup, as expected, the CEscp was much lower than that of the
potentiostatic run, since a more significant energy amount went into PHA production. Namely, the
CEscp was 10.3%, while the CEpua was 10.0%. Overall reaching a cumulative CE of 20.3%,
comparable to the potentiostatic setup, as shown in Figure 7.7. Moreover, it is worth noticing that,

like the potentiostatic run, the energetic cost for this experiment was equal to 0.00182 €.
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Figure 7.7: Visual representation of the respective CEs for the two setups.

A significant aspect of this setup was the composition of the produced PHA, which included not only
3HB but also a substantial proportion of 3HV, amounting to 75 wt%. This is an unusual result, as
typical PHA compositions from PNSB grown with organic carbon sources tend to show lower 3HV
percentages, usually well below 25% (Fradinho et al.; 2019, Dan et al., 2023; Mukhopadhyay et al.,
2005).

This higher proportion of 3HV observed might have different explanations: one reason for this
uncommon behavior could stem from the significant and constant amount of reducing power provided
by this setup, which could encourage the production of 3HV, the more reduced co-polymer.
Moreover, 3HV is typically produced from odd-numbered carbon sources, which might potentially
include COa.

Furthermore, it has been extensively reported in the literature (Corona et al., 2017) that, in PNSB, the
pathways for H> and PHB production compete for electrons and reducing power, which reduces the
efficiency of PHB formation. However, in the setup described in this paper, the continuous production
of Hz by the BES may help overcome this issue, thus enhancing PHB production.

However, further studies are needed to confirm these hypotheses and explore the underlying
mechanisms. Moreover, at this stage, it is difficult to directly compare these results with other studies,
as this experiment is the first to investigate PHA production in this setup. The absence of a model or
data for assessing the impact of these unique conditions on polymer composition highlights the need
for further research in this area.

While both potentiostatic and galvanostatic settings demonstrated successful R. palustris growth in
the dark, the galvanostatic setup showed more predictable hydrogen production and growth rates,

making it a more promising approach for future BES applications.
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7.3.4 Metabolites and pigment production

The liquid fraction from both runs was analyzed to identify key metabolites usually produced by R.
palustris, namely acetic acid, formic acid, fumaric acid, lactic acid, succinic acid, and malic acid.
However, none of these compounds were detected.

The absence of these metabolites could be attributed to the organism’s prioritization of biomass
growth over secondary metabolite production in response to the unique conditions of the BES.
Moreover, ALAS was also analyzed and was not found in any of the samples.

Another parameter of interest was the color of the biomass. Under light-deprived conditions, R.
palustris biomass exhibited a light pink color, much different than its usual bright red. This prompted
an analysis of carotenoid production, as these pigments are light-sensitive, and the dark conditions
might have inhibited their production. The results from thin-layer chromatography did not show the
presence of carotenoids, and this was confirmed by spectrophotometric analysis. As observed in
Figure 7.8, the region of the spectrum where carotenoids typically absorb light (between 348 and 442
nm, Zeb & Murkovic, 2010) showed no peaks.

These results are consistent with previous findings by Madigan and colleagues (1982), who reported
that R. palustris can cease carotenoid production after multiple subcultures in dark conditions.
Carotenoids may also have roles in oxidative stress protection (Li et al., 2023b), but under the
conditions of this experiment, where oxygen production at the anode was limited, this function may

not have been required.
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Figure 7.8: Absorbance spectrum of R. palustris grown in the dark in the BES.
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7.4 Conclusions

In this study, R. palustris was grown on CO; in a BES under dark conditions. The most successful
condition was the galvanostatic setting, which allowed for a maximum growth of 0.62, as OD600,
and the production of PHA of 119 mg/L. No additional metabolites were detected, and the
pigmentation of the bacteria was significantly reduced, as carotenoid production was likely shut
down.

While the growth rate and maximum biomass achieved were modest, it is important to note that these
conditions are significantly different from optimal ones for R. palustris, particularly due to the lack
of light and organic carbon (for heterotrophic metabolism). Nonetheless, the experiment
demonstrated that R. palustris can successfully grow using only inorganic carbon, oxygen, and
hydrogen in the dark while also producing PHA.

Moreover, the PHA produced under galvanostatic conditions was mainly (75%) composed of 3HV,
a very rare occurrence possibly due to the significant reducing power in the reactor, due to the
implemented BES. This could represent a highly innovative technique for obtaining a substantial
amount of 3HV with minimal resource allocation while also acting as a CO; sink.

However, the trigger for PHA production still needs to be identified, as N limitation, which typically
prompts PHA production, did not occur in this setup as N levels remained quite consistent throughout
the whole run for both setups.

Overall, both conditions showed a CE of around 20% indicating that 4 out of 5 electrons were lost,
probably as Hz. The similar CE for both setups, also linked to the similar maximum OD600 reached,
could highlight an upper growth limit for R. palustris in a BES, with yet unknown causes. And would
suggest that, if this upper limit is confirmed, the key to improving the CE could lie in electric current
reduction more than growth optimization.

Future studies should focus on examining the possible underlying mechanisms that may trigger PHA
production. Moreover, this process has the potential to be eventually integrated as a part of a
biorefinery, uptaking CO: directly from bio-processes (anaerobic fermentation and/or anaerobic

digestion) to be used for the production of added-value products.
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FINAL DISCUSSIONS AND FUTURE PESPECTIVES

This thesis investigated the technical feasibility with some economic considerations of a biorefinery
approach for the valorization of tannery sludge, an abundant yet biologically recalcitrant waste
stream. This work aimed to convert this waste into valuable products, including VFAs, methane, and
SCP, by integrating biotechnologies to optimize resource recovery, reduce waste volume, and
mitigate environmental impacts.

An initial literature review highlighted the lack of prior research concerning the application of tannery
sludge for biotechnological purposes, primarily due to its complex composition and high chromium
content. Consequently, the first objective of this study was to assess the feasibility of AD of tannery
sludge.

Despite of the high Cr content (around 3 wt%), the possibility of using tannery sludge as a substrate
for AD was confirmed and the optimal conditions to maximize VFA production, in terms of
temperature and initial solids load, were assessed. Additionally, the efficiency of an H2O.-MW
pretreatment to solubilize organic matter, thereby enhancing the fermentation process, was
quantified. The best overall acidification performance was evaluated in terms of acidification yield
(0.31 g CODvra/g VSo) and a maximum VFA concentration (26 g CODvra/L). The study also
assessed VFA composition, showing that pretreated tannery sludge generally is a source of high
selective VFA spectrum, as acetic acid made up 50% of the total acids produced (CODac/CODvra).
Moreover, the results from this first study highlighted this substrate’s pH buffering capabilities,
allowing the process to remain at neutral pH without the need for external chemical additions, even
with consistent VFA production, thus promoting overall process stability and reducing the costs
associated with external pH correction. This was linked to the high content of CaCO3 added during
the tanning process.

The following study was focused on a more thorough assessment of the optimal H>,O> dosage in the
pretreatment stage. A dosage of 0.4 g H2O2/g TS and mesophilic temperature (40 °C) were the most
suitable conditions to promote sludge biodegradability and VFA production in batch tests. Moreover,
a scale-up of the process was carried out, employing continuously stirred tank reactors with a volume
of 1.5 L to investigate the most appropriate temperature and HRT in such set-up. Among the two
investigated HRTs (4 and 8 days), the highest VFA concentration (16.0 g CODvra/L) and
acidification yield (0.32 g CODvra/g VSo) were obtained at 8.0 days as HRT. Additionally, this study
included an analysis of chromium behavior, revealing that it was initially released (up to 119 mg/L)

into the liquid phase but was completely removed in less than 5 HRTs (probably due to the adsorption
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on the biological flocks), allowing for the utilization of fermentation liquid without environmental
safety concerns.

In addition to VFAs, the process was designed to achieve methane recovery through a subsequent
AD step using the solid-rich residue from AF as substrate. This step enhances the economic and
environmental sustainability of the process, as methane can serve as a renewable energy source, either
to be sold for revenue or to fuel the process itself. This residue showed its potential as a biogas source,
achieving a specific gas production (SGP) of 0.48 m*/kg VS. Finally, the overall performance of the
AF and AD was assessed in terms of waste reduction and environmental benefits. Compared to
conventional disposal methods, the proposed system achieved a significant reduction in total solids
(roughly 50%), minimizing landfill requirements and the associated environmental impacts. A
potential economic benefit close to 2,700,000 €/y compared to the current management practices was
finally evaluated.

An additional step forward was taken with a third article that investigated the performance of AF in
thermophilic conditions in six CSTR runs and a mild thermal pre-treatment. Moreover, two of these
runs incorporated zeolites (chabazite in run I, and clinoptilolite in run III), chosen due to their high
potential in heavy metal removal. Results highlighted zeolites’ impact on chromium concentration
and the SCFA/CODsor ratio. Namely, chromium release in the liquid fraction, due to thermal
pretreatment, reached 335 mg/L, a much higher concentration compared to the previous tests.
Consequently, complete removal proved challenging in the tests without zeolite, while in zeolite-
amended runs, complete removal was achieved, confirming the materials’ heavy metal absorption
capacity. SCFA concentrations reached > 20 g COD/L, with acidification efficiency varying from
0.70 to 0.92 COD/COD, with chabazite addition. These findings underscore zeolites’ potential in
heavy metal absorption and acidification process enhancement, paving the way for applications with
tannery sludge.

To have a more thorough understanding of the process, the microbial community of most of the semi-
continuous tests was analyzed, thanks to the cooperation with the CNR-IRSA. The bacterial
community in pretreated tannery sludge was shaped by its high protein content and chromium
contamination. Initially, Firmicutes (predominantly from the Clostridiales order) dominated across
all runs, likely due to their resilience in environments rich in proteins and heavy metals. However,
upon reaching a steady state, mesophilic conditions (with H2O: pretreatment) favored a shift toward
Actinobacteria, Bacteroidetes, and Firmicutes, with Corynebacterium [ standing out for its
chromium resistance and its well-documented presence in tannery sludge. Among fermentative

bacteria, Proteiniphilum was the most abundant, thanks to its capacity to degrade recalcitrant COD
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and efficiently metabolize nitrogen-rich organic matter such as proteins and collagen, both abundant
in tannery sludge.

Under thermophilic conditions (with thermal pretreatment), the bacterial community was dominated
by Coprothermobacteraeota, a phylum specialized in proteolytic metabolism at high temperatures.
In particular, Coprothermobacter sp. was the most abundant genus in these runs, another well-
documented genus in tannery sludge. The chromium-associated genus Desulfotomaculum was also
detected, known to utilize metals like chromium as terminal electron acceptors, potentially mitigating
its toxic effects on other microorganisms.

Despite taxonomic differences between conditions, all microbial communities exhibited a strong
proteolytic metabolism, indicating functional redundancy and a high degree of adaptation to the
tannery sludge environment.

In addition to sludge valorization, this thesis also explored an innovative approach for biogenic CO:
capture. In particular, CO2 was used as the sole carbon source for the growth of Rhodopseudomonas
palustris in a BES set in a novel dark condition, aiming to obtain microbial biomass and intracellular
PHA. The results from this study show the feasibility of this challenging setup. The most successful
condition was the galvanostatic setting, which allowed for a maximum growth of 0.62, measured as
optical density (OD) at a wavelength of 600 nm, and a production of PHA of 119 mg/L. The PHA
composition in this setting was made of 75% 3HV, generally not observed in the literature with both
chemotrophic and phototrophic biomasses. This result might be explained by the significant amount
of reducing power provided by this setup, which could encourage the production of more 3HV, the
more reduced co-polymer unit. This could represent a highly innovative technique for obtaining a
substantial amount of 3HV with minimal resource allocation while also acting as a CO; sink.

While these results still need to be confirmed and the underlying mechanisms understood, this
experiment demonstrated that R. palustris can successfully grow using only inorganic carbon,
oxygen, and hydrogen in the dark, while also producing PHA. Moreover, this result highlights the
added value of integrating CO- fixation into waste treatment strategies, further closing the resource
loop.

The findings of this research demonstrate that integrating multiple biotechnological processes can
significantly improve the sustainability of tannery sludge management. Compared to landfilling, the
only current disposal method, the proposed system not only reduces waste volume by at least half but
also generates valuable by-products with economic potential, overall diminishing both the
environmental impact of a very polluting industry and the economic strain on the industry itself for

the disposal of such an abundant yet hazardous waste.
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While this thesis presents a comprehensive biorefinery process, the maximum scale of the
experiments described was semi-continuous with reactors of only a few liters. The ultimate goal,
however, is to achieve industrial-scale implementation, which requires further research and
development. The next step would be the implementation of pilot plants to assess whether the same
productivity and parameters can be maintained at a larger scale. Additionally, future research should
focus on process optimization, for example, by exploring other pretreatment methods or additives.
A major challenge that remains is the presence of chromium in the final sludge, which consequently
still requires the sludge’s disposal in landfills. Although chromium removal and recovery strategies
have been proposed in the literature (Pantazopoulou & Zouboulis, 2020; Ma et al., 2017), they still
present several drawbacks mainly concerning chemical investments and the risk of secondary waste
production with hazardous properties. Consequently, implementing a chromium removal technique
within the biorefinery could facilitate an even further reduction of landfilled sludge and a possible
recovery of chromium, thus properly closing the loop around this waste and minimizing its
environmental impact.

From a microbiological perspective, in this thesis an initial step in understanding the microbial
communities involved in tannery sludge bioconversion was presented. Future research should delve
deeper into the functional roles of key microbial species, their interactions, and their resilience to
varying process conditions. Harnessing this knowledge could lead to targeted microbial engineering
or bioaugmentation strategies to further enhance process stability and performance.

Moreover, as BESs were only explored in the final part of my PhD, the investigation in this direction
is still in its early stages, and the results presented in this thesis only make up a very small preliminary
knowledge of the possibilities of this technology combined with Rhodopseudomonas palustris. Future
studies should explore their full capabilities, optimizing operational conditions and assessing their
scalability for real-world applications.

Overall, this study contributes to the broader effort of developing circular economy solutions for
tanning industrial waste streams. By demonstrating that tannery sludge can be successfully converted
into bio-based products, it opens new pathways for sustainable waste management and resource
recovery. Although challenges remain, the results obtained in this work provide a solid foundation
for further advancements in the field. The stakeholders for this proposed biorefinery are mainly
WWTP operators, as they are directly involved in the management and disposal of tannery sludge

and could greatly benefit from more sustainable and cost-effective alternatives.
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