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Abstract

Although waste management worldwide has received increasing attention from global policies
in recent years, less than 10% of waste is currently recovered and reused in the context of the
circular economy. In particular, agro-industrial streams represent a global concern due to the
huge volumes generated and a high number of residues, which produce an environmental and
economic impact on the ecosystem. The use of biotechnological approaches to treat these
streams could allow the production of desirable by-products to be reinjected into the production
cycle through sustainable processes.

Purple phototrophic bacteria (PPB) are a very versatile group of microorganisms that can grow
autotrophically and/or heterotrophically; they can fix CO2 in organic molecules and produce
many compounds desirable for energy, plastics, and agro-food industries. This PhD research
project aims to assess the effectiveness of PPB cultivation for industrial streams valorisation in
the applications of biogas desulfurization and microbial protein production. For these purposes,
the first part of the present work is dedicated to the cultivation of purple sulfur bacteria (PSB) for
biogas streams valorisation, cleaning biogas from sulfur compounds (H2S) and producing
elemental sulfur (S°), used as slow-release fertilizers. The second part of the thesis, instead, sees
the application of purple non-sulfur bacteria (PNSB) on streams rich in organics, such as molasses,
generating biomass with high content of proteins and pigments, useful as supplements in animal
feed.

The assessment of the main metabolic mechanisms involved in the two processes is evaluated at
a laboratory scale using flasks and a photobioreactor, in order to define the consumption of
substrates and the accumulation of products both in the autotrophic (on biogas) and in
heterotrophic grow (on molasses). A multi-step reaction occurred in PSB-enriched inoculum for
biogas cleaning, producing S° as an intermediate and sulfate as the final oxidation product. A
balance of several parameters (pH, feeding, etc.) and cultivation modes (feast, feast/famine) can
lead to the accumulation of S° around 25% of dry weight or to the faster consumption of H,S
(three times higher), generating sulfate. With regards to heterotrophic cultivation, a wide range
of combinations of electron donors/acceptors and PNSB species (pure and isolates, i.e.
specialists) were tested. Growth rates of the specialist growing on carbohydrates were four times
higher than those growing on pure volatile fatty acids (VFAs), which are the conventional
substrates. In terms of nutritional quality for animal feed, protein and pigments content and
productivities were rated comparable to VFAs, which are more expensive than carbohydrates-



rich molasses. Hence, purple phototrophic bacteria grow efficiently under non-axenic conditions,

using enriched or open mixed cultures.
In conclusion, the effectiveness of processes employing PPB for a sustainable valorisation of

several agro-industrial streams has been proved promising, using actual residues, coupling their
treatments with the production of added-value by-products such as slow-release fertilizers and

biomass for aquaculture.



Notation index

AHB: aerobic heterotrophic bacteria

CCS: carbon capture and storage
CCU: carbon capture and utilization
COD: chemical oxygen demand

CSO: complete sulfide oxidation
CSTR: continuous-flow stirred-tank reactor
DAQ: data acquisition system

DF: dark fermentation

DO: dissolved oxygen

EAA: essential amino acid

ES: elemental sulfur

FF: feast and famine

GSB: green sulfur bacteria

HRT: hydraulic retention time

IR: infrared

MCCA: medium chain carboxylic acids
MF: microbial fertilizer

MP: microbial protein

MSBR: membrane sequencing batch reactor



OLR: organic loading rate

OTR: oxygen transfer rate

PAnNMBR: photo-anaerobic membrane bioreactor
PBR: photo-bioreactors

PF: photofermentation

PGPS: plant growth-promoting substances
PHA: polyhydroxyalkanoates

PHB: polyhydroxybutyrate

PNSB: purple non-sulfur bacteria

Poli-P: poli-phosphates

PPB: purple phototrophic bacteria

PSB: purple sulfur bacteria

PSO: partial sulfide oxidation

SBR: sequential batch reactor

SCCA: short chain carboxylic acids

sCOD: soluble chemical oxygen demand
SHF: separate hydrolysis and fermentation
SOB: sulfur-oxidizing bacteria

SOP: standard operation procedure

SRT: sludge retention time

SSF: simultaneous saccharification and fermentation



STR: stirred tank reactors

tCOD: total chemical oxygen demand
TRL: technology readiness level

TSS: total suspended solids

UV: ultraviolet

VFA: volatile fatty acid

VSS: volatile suspended solids

WWTP: wastewater treatment plant



Chapter 1: General introduction

Circular economy and agro-industrial streams

1.1 Towards the circular economy

In the last decades, the Circular Economy (CE) is receiving increasing attention worldwide as a
way to substitute the conventional production and consumption model based on “take-make-
dispose”, promoting the alternative adoption of the “reuse-recovery-recycle” pattern. The linear
model of industrial production generates a large impact on the environment since it aims only at
continuous growth along with cumulative resources consumption. On the other hand, the
circular economy aims to improve the “end-of-life” concept introducing a responsible “design
out” of the waste, where products are designed and optimized for a cycle of disassembly and
reuse, bringing benefits for both the environment and the economy (Macarthur, 2013).

The CE concept started to be investigated by economists and technologists from the early 2000s
and the European Union adopted the first circular economy action plan (CEAP) in 2015, in which
54 concrete actions were established for the first time to cover the whole life cycle of products.
Particularly, waste management was defined from production to consumption, with a related
legislative proposal on the market for secondary raw materials derived from waste (EU CEAP
2015%). It was an ambitious program that arranged the principal measures to stimulate Europe's
transition towards a bio-economy, where pressure on natural and freshwater resources as well
as the ecosystem is minimized. In March 2020, the European Commission implemented the
actions of the first plan, sketching out the prerequisites to boost global competitiveness,
fostering sustainable economic growth and generating new jobs. The new CEAP is one of the
main building blocks of the European Green Deal that has the goals to meet the EU’s 2050 climate
neutrality target (“Zero Pollution Active Plan for Air, Water and Soil”) and to protect biodiversity
(EU CEAP 20202).

Despite these efforts, nowadays only 9% of the global economy is circular and especially the agro-
industrial sector represents a major cause of pollution all over the world since an industrial policy
for a resource-intensive is still adopted (Muscio & Sisto, 2020). As a consequence, both academia
and industries have the responsibility to tackle all the streams of agro-industrial by-products still
hampering the sustainability of the production line, creating new circular value chains.
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1.2 Overview on agro-industrial streams

The agro-industrial activities affect the availability of resources due to the overuse of non-
renewable raw materials and the production of a wide range of residues every year (Sadh et al.,
2018). Hence, the agro-industrial streams are hereby defined as by-products derived from
agricultural-based industries as well as the biofuel-based industries, which also contribute to the
depletion of groundwater and excessive soil loss. Moreover, considering that CO, emissions in
the atmosphere are mainly due to the industrial sector, we can also include the carbon
compounds that increase the effect of greenhouses gases in the count of streams. Some main
agro-industrial streams have been selected in the present work and described in this section, on
the basis of the quantity produced per year and of their commercial values. They are high impact
wastes and can have an enormous potential for use in biotechnological processes.

Crude glycerol
Crude glycerol is one of the most significant biofuel-derived streams, generated from biodiesel

production (approximately 300 000 m3 of crude glycerol per year, in 2015) (Raza et al., 2021). It
appears as a dark and viscous mixture of compounds deriving from the transesterification of
vegetable oils and animal fats (1% generation biofuel) and represents approximately 10% of the
total biodiesel production (i.e. for every m? of biodiesel produced is generated 0.1 m? of glycerol)
(Checa et al., 2020).

Considering the boom of the biodiesel sector (30.8 million m? of biodiesel produced in 2016 with
an increase of around 8% per year) and the large surplus of crude glycerol produced, its
commercial price is continuous dropping on the market (0.08 - 0.18 € per kg, purity of 80%)
(Monteiro et al., 2018) (Raza et al., 2021). However, the bottleneck to employing crude glycerol
as feedstocks both in chemical and biological conversions is the purification step, since it can
contain a variety of contaminants from 20 to 60%, depending on the raw materials as well as on
the efficiency of the catalytic and recovery processes (Schwengber et al., 2016). The composition
can include water, catalysts, free fatty acids, mono-, di- and triacylglycerols, salts and alcohols
(usually methanol, used in the extraction process), which are undesirable compounds for their
poisoning effect on the catalysts used to produce chemicals from crude glycerol (i.g. Cs
compounds for polymer industry through hydrogenation, oxidation, esterification).

Interestingly, glycerol from biodiesel can be used in biological processes as a carbon source for
its high content on organic matter per g of glycerol, corresponding to 1.22 g COD g giycerol, ON
chemical oxygen demand (COD) basis. In particular, it is a suitable feedstock to produce chemicals
via biological conversion i.e. 1,3 — propanediol and citric acid are produced by fermentative
processes of Klebsiella pneumoniae and Yarriwia lipolitica respectivetly, and H, by
Rhodopseudomonas palustris, through photo-fermentation (Yang et al.,, 2012). Additionally,
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glycerol could be used for lipid production in culture of Schizochytrium limacinum and
Cryptococcus curvatus and for PHB production, with Paracoccus denitrificans and Cupriavidus
necator (Yang et al., 2012). In these biotechnological application, the level of methanol as a
contaminant must be lower than 1% (v/v) in the cultivation medium (Peel and Quayle, 1961) to
allow microbial growth. Nevertheless, the level of impurities always strongly decreases the
production rates and yields compared with pure glycerol under the same culture conditions (Yang
et al.,, 2012).

Biogas and digestate
Based on the classification proposed in the present section of this thesis, biogas and digestate

are considered biofuel-based streams, since they are directly generated in biogas production
plants as gas fuel (biogas, biomethane-rich 40-60%) and nutrient-rich liquid (digestate), exiting
from the anaerobic digester after methanogenesis (Jurgutis et al., 2021).

Biogas production is a cleaner, cheaper and more sustainable technology compared to the
previously mentioned glycerol from biodiesel, because it is generated by biological conversion of
a wide range of wastes (as agriculture and livestock/slaughterhouse wastes), instead of chemical
conversion of edible feedstocks (Tabatabaei et al., 2020). Currently, biogas production in Europe
has been encouraged by the renewable energy policies in addition to economic, environmental
and climate benefits, to reach 18 billion m*® of methane in 2015 (EU Report on “Optimal use of
biogas from waste streams™”3), which represents half of the global biogas production. This raw
biogas is mostly destined to heat generation (approx. 50%), while a small portion is upgraded to
high purity biomethane (CHs up to 97%) to be injected into the natural gas grid (1.2 billion m?3)
and used as transport fuel (160 million m3)(Scarlat et al., 2018). Indeed, when biogas is used as
raw material for heating, it can tolerate a variable amount of carbon dioxide (30-40% generated
within the biogas) that however reduce its calorific value from 8000 kcal N m3 of upgraded CHa
(96-97%) to 5000-6000 kcal Nt m3 with the CH4 content of 60% (v/v) (Scarlat et al., 2018). In this
case, biogas results as a low-value product with high unexploited potential and it can be
considered as a stream to be valorised in terms of CO; utilization and recovery of valuable
nutrients deriving from the upgrading step.

Likewise, the successful management of the digestate as one of the major by-products of biogas
production can increase the sustainability of the entire process by conferring it a new dignity as
a “product” rather than “waste” (Peng, 2017). The composition of the digestate varies
significantly in terms of chemical, physical and biological characteristics depending on the origin
of the ingoing substrates and the management of the digestion process (Risberg et al., 2017).
Generally, it contains a low concentration of organic matter and a relatively high proportion of
nitrogen, especially in the form of ammonium. Most of the organics, indeed, are consumed in
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the methanogenic fermentation while nitrogen, phosphorus and other macro- and
microelements, resulting from the hydrolysis of macromolecules into the digester, are still
present in the outgoing effluent.

The value of the digestate is estimated from approximately 3 to 8 € ton™! based on the commercial
fertilizer market price of nitrogen, potassium, phosphorus and microelements (Jurgutis et al.,
2021). Despite these components being useful to generate an effective fertilizer, they can
negatively impact the soil organic matter turnover, promoting eutrophication (Makdi et al.,
2012).

Furthermore, when digestate is treated as waste (without the valorisation of nutrients), a post-
treatment is required to meet restricted regulatory standards for landfills in terms of hygienic
canons, impurities, degree of fermentation, odour and heavy metal content (Peng, 2017). Finally,
as an alternative to digestate disposal was found in its management generating struvite (a slow-
release fertilizer) through precipitation (Lorick et al., 2020), char (for soil amendment), bio-oil
and syngas (fuels at high calorific value) through catalytic processes in an oxygen-free
atmosphere (Neumann et al., 2015).

Carbohydrates
Sugarcane industries are age-old industrial processes and represent one of the most viable

opportunities to valorise by-products in a sustainable contest of circular economy (Eggleston and
Lima, 2015). Many agro-industrial streams are related to sugarcane processing and specifically
per each tonne of sugarcane are produced 300 kg of bagasse, 30 kg of press mud and 40 kg of
molasses (Meghana and Shastri, 2020). Bagasse represents the dry fibrous waste (45 % fibers,
50% water and 5% sugars) generated after crushing sugarcane and it is mostly destined to
produce energy (electricity) (Alves et al., 2015). Press mud and molasses are generated after
clarification and crystallization respectively and they contain an increasing amount of sugars with
a higher industrial value as by-products (Dotaniya et al., 2016). Considering the huge quantities
of sugarcane processed per year (more than 1470 million tonnes in 2017 (Meghana and Shastri,
2020)) and being affected by a relatively low fluctuation in terms of costs and profits (Eggleston
& Lima, 2015), the worldwide trend is to produce alternative and renewable bio-based fuels and
chemicals to these sugar streams. In this contest, molasses is the most suitable feedstock for its
high sugar content equal to 40-60% and its low price compared to glucose syrup and fructose
syrup derived by chemical and enzymatic transformations from corn starch (HFCS, high fructose
corn syrup). Nowadays, molasses is mainly used as raw material in distillery for rectified spirit
(plain undenatured spirit) for use both as industrial alcohols and for human consumption (Nandy
et al., 2002).
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Ethanol

Ethanol is predominantly a bio-based product (bioethanol, 93%) (Moscoviz et al., 2018) deriving
from the fermentation of corn (60%), sugar cane (25%), wheat (3%), molasses (2%), and the rest
from other grains, cassava and sugar beets (1% generation bio-ethanol). Lignocellulosic biomass
has recently been considered as another potential feedstock due to its non-food competing
status and its availability in very large quantities (2"¢ generation bioethanol) (Hoang & Nghiem,
2021), despite in the latter case a pretreatment through thermochemical and enzymatic
hydrolysis is requested prior the yeast-based fermentation (Olofsson et al., 2008).

Bioethanol is used in the food industry, as a solvent and mainly as biofuel (80-85%) due to its
potential to heavily reduce the net emission of carbon dioxide compared to fossil fuels (Mohd
Azhar et al., 2017) (Moscoviz et al., 2018). Global ethanol production has increased more than
six-time from 18 billion liters in 2000 to 110 billion liters in 2019 (Hoang and Nghiem, 2021) to
respond to energy transition policies particularly in Europe, Brazil (27%) and the United States
(59%)(Moscoviz et al., 2018). As a matter of fact, bioethanol cannot be properly defined as a
residual stream of the agro-industrial process but rather as a product with high potential in the
energy market. However, considering its competitive market price of 0.3 — 0.5 € kg™, compared
to other feedstocks (Energy Information Administration?), it can be used as a cost-effective
building block for the sustainable production of higher added-products such as ethylene, diethyl
ether, 1,3-butadiene, ethyl acetate and propylene (Jamil et al., 2020) (Mohsenzadeh et al., 2017)
(Posada et al., 2013).

Methanol and formic acid
Methanol and formic acid are two single-carbon compounds (being alcohol and carboxylic acid,

respectively) that can be obtained by the capture of carbon dioxide from concentrated industrial
emissions to reduce its environmental impact (Pérez-Fortes et al., 2016; Battaglia et al., 2021;
Alvarez et al., 2017). To address the urging challenge of climate change, the concept of Carbon
Capture and Storage (CCS) and Carbon Capture and Utilization (CCU) has been targeted as viable
solutions mitigating the effect of anthropogenic emissions (Pascual-Mufioz et al., 2021) (Bruhn
etal., 2016). Specifically, once CO.is captured (i.g. through amine or alkali-metal hydroxide base),
it can be compressed and stored (CCS) or used to produce products of interest (CCU) such as
methanol and formic acid (or formate salts). These two compounds in particular are promising
as “hydrogen carriers” since can generate H, “on-demand” at low temperatures (less than 100°C)
without requiring energy-intensive desorption and compression steps (Kar et al., 2019). Hence,
employing CH3OH and HCOOH as CO-resources resulted promising in the contest of bio-
economy since they can be used as feedstocks for many applications. Currently, methanol is
employed as a building block to produce chemicals (solvents and intermediates for synthetic
hydrocarbons) in addition to its key role as a convenient energy carrier for hydrogen generation
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(Dalena et al., 2018). On the other hand, formic acid is useful in agriculture, pharmaceutics, food
and textiles sectors for its strong acidic and reducing properties (Rumayor et al., 2018).

1.3 Biotechnological utilization of the agro-industrial streams

In the last 50 years, agriculture has become more productivity-oriented, relying heavily on the
availability of fossil inputs in the form of synthetic nitrogen and phosphorus fertilizers, oil-derived
agrochemicals and fossil fuels (Hamam et al., 2021). At the same time, despite being rich in
bioactive compounds, most of the agro-industrial waste is untreated, underutilized and often
disposed of by burning, dumping or unplanned landfilling. In order to apply the bio-economy
principles to the full chain agro-industrial sector, the European Commission proposed (i) to
produce the agricultural commaodities using a minimal amount of external inputs, (ii) to close the
nutrient loops and reduce the negative discharges to the environment and (iii) to valorise agro-
industrial streams generating added-value by-products (EU CEAP 20202). The valorisation of agro-
industrial streams can be achieved eighter by chemical and biotechnological approaches,
however, the latter has the advantage to be able to treat complex mixtures in mild conditions.
Here some relevant biotechnological processes concerning the aforementioned streams are
reported.

Remarkable examples concern the crude glycerol surplus deriving from biodiesel production.
Indeed, a wide range of research has been focused on its transformation into added-value
products through biological processes. In particular, the production of chemicals such as 1,3-
propanediol and citric acid was investigated with Klebsiella pneumoniae and Yarrowia lipolytica
respectively, through the fermentation of crude glycerol. The products were obtained at high
concentrations (56 g L™ of 1,3-propanediol and 130 g L?), with production rates similar to those
obtained on pure glycerol (Yang et al.,, 2012; Bagnato et al., 2017). Furthermore, other
applications were found in the hydrogen production (employing purple bacteria
Rhodopseudomonas palustris (Sabourin-Provost and Hallenbeck, 2009) and biopolymers
production (polyhydroxyalkanoates, with species of Paracoccus denitrificans and Cupriavidus
necator), obtaining a high-quality polymer with similar proprieties compared by growing on
glucose (Yang et al., 2012). Lastly, the metabolism of the alga Schizochytrium limacinum was
studied to produce docosahexaenoic acid (DHA)-rich algae and lipids, using crude glycerol as a
carbon source (Pyle et al., 2008).

Concerning digestate as an agro-industrial stream from anaerobic digestion, published studies
were mainly focused on its use as a cultivation medium for microalgae (Chlorophyta taxum)
(Monlau et al., 2015). The interest for microalgal cultivation has been essentially driven by the
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need for alternative feedstocks for reducing the impact of first-generation biofuels (i.e. those
produced from edible crops) production on the food commodity market. Experimental findings
suggested that liquid digestates can be used to support algal growth. Nevertheless, it is important
to notice that macro-/ micronutrient adjustment/supplementation and dilution are requested,
especially in terms of nitrogen amount. Indeed, ammonium concentrations in digestates are
usually in a range between 500 and 1500 mg L' NH4*, while algae can tolerate maximum
concentrations of 100 mg L™* NH4* (Scenedesmus spp.) (Park et al., 2010). The general trend sees
a lowering of algal growth rate and inhibition at higher ammonium concentrations (Pulgarin et
al., 2021). Moreover, another limiting factor is the dissolved and suspended materials in
digestates that affect the turbidity of the cultivation medium and hamper the light transmission
needed by photosynthetic microorganisms like microalgae. To avoid this effect, a pre-treatment
(chemical precipitation, filtration, centrifugation or decanting) is mandatory for the process
(Bauer et al., 2021). From all this evidence, and considering that the vast majority of the studies
were carried out under in-door controlled conditions, so far, the opportunity to use digestate as
a microalgae cultivation medium for biofuel production is still a challenge. Indeed, this
application through biological processes is far from being economically feasible also due to the
high costs of production/extraction (Monlau et al., 2015).

In the last decades, hundreds of studies have been published on the valorisation of the sugar-
rich agro-industrial streams by biological processes since carbohydrates are the most palatable
energy source for bacteria, yeast and fungi that grow and produce molecules of interest for
industrial application (Dotaniya et al., 2016; Eggleston and Lima, 2015; Fuess et al., 2021;
Meghana and Shastri, 2020). However, when the agro-industrial stream is constituted by a
complex matrix of macromolecules such as bagasse, molasses, or lignocellulosic waste, pre-
treatment is requested to improve biomass digestibility of organic residues which are usable as
nutrients by many microbes (Pleissner et al., 2016). The predominant strategies are separate
hydrolysis and fermentation (SHF) or simultaneous saccharification and fermentation (SSF), in
which hydrolysis and fermentation are carried out in a single step (Diaz et al., 2018). With the
latter, a single fermenter is needed for the entire biological process, reducing the investment
costs. SSF has been efficiently employed for the production of many chemicals and materials. For
instance, Febrianti et al. reported the bioethanol production from tofu waste using a consortium
of microorganisms of Aspergillus niger and Saccharomyces cerevisiae with higher substrate
efficiency and cell and product yields compared to the SHF process. Particularly, A. niger
performed the hydrolysis of starch into simple sugars and S. cerevisiae that produces bioethanol
from the sugar produced earlier, combining their metabolism in a synergic and cost-effective
process. Furthermore, another application of SSF was found in the production of bio-succinic acid
by Actinobacillus succinogenes from several agro-industrial wastes (Putri et al., 2020). Succinic
acid together with lactic acid and fatty acid-based plasticizer are considered by Pleissner et al.
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environmentally benign materials, potential precursors of chemical reactions (to produce
biopolymers) and food supplements, contributing to the principle of the sustainable use of
biomass in the circular economy model (Muscio and Sisto, 2020).

Also bioethanol resulting from sugar fermentation can be further exploited as raw material for
other industrial applications. In particular, referring to the biological use of ethanol, it should be
mentioned that EtOH is a toxic compound at a high level (i.e. up to 7.5 g L™* for E. Coli), resulting
in a significant reduction of cell growth (Wilbanks and Trinh, 2017). However, at lower
concentrations, ethanol can be assimilated as a carbon source with similar results achieved in
cultivations on glucose and acetate, as demonstrated by Sun et al. In particular, the authors
employed ethanol as an alternative substrate for poly-3-hydroxybutyrate and other acetyl-CoA
derivatives with an engineered E. coli strains, reaching high productivities and vyields.
Furthermore, a large part of additional studies investigated the role of ethanol as an electron
donor for the chain elongation reaction, promoting the production of short and medium fatty
acids (SCCA and MCCA) by mixed microbial communities (Moscoviz et al., 2018). Specifically,
Sarkar et al. explored the influence of EtOH from brewery spent grains as feedstock at different
concentrations, in the acidogenic fermentation process, reaching SCCA production at high
concentration along with bio-H, production.

With regards to the biotechnological applications of C1 compounds derived by CO; capture, few
studies have been found on the utilization of methanol and formic acid for the production of
added products by microbes, since microbial growth may be limited by the toxic effect of CH30H
and HCOOH (Kim et al., 2019)(Cooney and Levine, 1972). However, recent research has
demonstrated the use of formate as a carbon source and generation of end-products by E. Coli
in presence of other substrates (glucose and glycerol; Gevorgyan, 2020) and under sugar-free
conditions (Kim et al., 2019). Additionally, Sakarika et al. proposed the assessment of microbial
protein quality and production by mixed enriched culture growing on formate, comparing results
with the acetate used as benchmark substrate. In this study, the protein content was a function
of maximum growth rate which was 5.3 times higher in the acetate condition. In most cases,
indeed, microorganisms show a lack of a dedicated assimilation pathway of C1 compounds and
their growth is viable as a mechanism of adaptation to the absence of preferred substrates (Kim
et al., 2019). However, some classifications report methylotrophs as a class of microorganisms
able to assimilate one or more C1 compounds (methane, methanol and formic acid) into biomass.
Nevertheless, they are not necessarily mutually exclusive and, in presence of other C sources,
they can use alternative metabolic pathways for the anabolic reactions (Linder, 2019).
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2.

Challenges and opportunities of purple bacteria

2.1 Photosynthetic apparatus of purple bacteria

To understand the effectiveness of employing the agro-industrial streams in a context of
valorisation through biological processes carried out by purple bacteria, one ought to look back
to the principal mechanism to assimilate nutrients and produce energy by this group of
microorganisms, known for their versatility in multiple metabolic pathways.

Hence, purple bacteria have been proposed in the last years as a key potential mechanism for
accumulative biotechnologies (Puyol et al., 2017) and they are classified as phototrophs i.e.
microorganisms that can capture light photons as the energy source to convert into chemical
energy (ATP) and reducing power (NADH), through membrane-bound complexes (Madigan and
Jung, 2016). Historically, phototrophs are grouped into two classes named (i) oxygenic
phototrophs (i.e., cyanobacteria, algae, plants) and (ii) anoxygenic phototrophs (e.g. green
bacteria, purple bacteria and heliobacteria). In the first case, oxygenic photosynthesis involves
the reduction of carbon dioxide to carbohydrates and the oxidation of water to produce
molecular oxygen (Ort and Yocum, 1996). On the other hand, some phototrophs, such as purple
bacteria, perform anoxygenic photosynthesis, which is the first biochemical mechanism to
harness energy from the sun in an anoxic atmosphere. Only a billion years later the oxygenic
phototrophs evolved from the anoxygenic microorganisms, triggering oxygenation of the Earth
and the beginning of multicellular life. However, the general principles of energy transduction
are the same in anoxygenic and oxygenic photosynthesis and involve the primary charge
separation across the photosynthetic membrane which are the site of ATP generation as a result
of the proton motive force generated along with electron translocation through the electron
transport chain (Adessi et al., 2021).

The primary process of photosynthesis is the absorption of photons by light-harvesting
complexes (LHs), that funnel the excitation towards bacteriochlorophylls in the reaction center
(RC) where charge separation occurs (Cogdell et al., 1999) (FIG. 1.1). This energy is used for the
release of an electron, which reduces the quinone Q. Once the quinone is doubly reduced (i.e.,
after a second photon is captured), it picks up protons from the cytoplasmic space and
translocates through the membrane to reach the cytochrome bcl complex. Here electrons are
passed to the cytochrome c2 (Cyt c2) while protons are released in the periplasmic space. Cyt c2
is then able to reduce the oxidized primary electron donors in the RC, thus closing the cycle (Xiche
et al., 2018). The protons accumulated in the periplasm form an electrochemical gradient which
is used by the ATP-synthase to generate ATP.

18



Anoxygenic phototrophs also need reducing power such as NADPH for biosynthetic processes
and carbon dioxide fixation. However, due to their cyclic electron flow, electrons do not move
spontaneously to NADP*. That is why anoxygenic bacteria have a mechanism called “reverse
electron flow” to generate NADPH, through the reversed NADH dehydrogenase reaction (Adessi
etal., 2021). In this process, electrons are taken from the photosynthetic electron transport chain
and pushed to NADP*, using the hydrolysis of adenosine triphosphate or the proton motive force.
The force that drives the direction is the presence or absence of the products; in particular, the
reversed reaction is a way to get rid of the possible excess of the reduced quinone and to furnish
the cell with NADH reducing equivalents (Adessi et al., 2021). Electron donors such as organics,
hydrogen sulfide or elemental sulfur replenish the electrons that were removed from the
photosynthetic system (Madigan and Jung, 2016).
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FIG. 1.1 — Schematic representation of the photosynthetic apparatus of purple bacteria. The reaction center (RC,
orange) is surrounded by the light-harvesting complex (LH, blue). Photons are absorbed by LH and excitation is
transferred to the RC. The electrons are shuttled back by the cytochrome c2 (cyt c2, yellow) from the cytochrome
bcl (cyt c1, light blue) to the RC. The electron transfer across the membrane produces a large proton gradient that
drives the synthesis of ATP from ADP by ATPase. The “reverse electron flow” is indicated by the blue arrows; the red
arrows, instead, indicate the oxidation of NADH and reduction of quinone (green).

Over the past few decades, extensive biochemical and spectroscopic studies of bacterial
photosynthetic systems have revealed the following structural and dynamical principles for
bacterial light-harvesting (Xiche et al., 2018). Specifically, bacterial photosynthetic membranes
contain thousands of pigment molecules (bacteriochlorophylls and carotenoids) that are non-
covalently bound to proteins to form well-organized pigment-protein complexes. Out of all these
pigments, only very few bacteriochlorophylls (BChls) in the primary reaction site, termed the
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photosynthetic RC, directly take part in photochemical reactions. Most BChls attend as light-
harvesting antennae capturing the sunlight and funnelling electronic excitation towards the RC
(Xiche et al., 2018). Peripheral to those, carotenoids are accessory pigments, which have the
double function of absorbing light at lower wavelengths and preventing photo-oxidation
(Madigan and Jung, 2016). The absorption peak of photopigments varies between 300 and 1100
nm, allowing the distribution of coloured phototrophic niches in aquatic environments (Stomp et
al., 2007). As a matter of fact, in stratified lakes, the light spectrum is distributed unevenly, being
influenced by the water depth, the irradiation results filtrated and purple bacteria finding their
niche of differentiation along the light spectrum, reducing competition between species and
acquiring an advantage in term of selectivity.

2.2 Metabolic networks and systematics

Purple phototrophic bacteria (PPB) are photosynthetic gram-negative prokaryotes that share
with oxygenic phototrophic prokaryotes (the cyanobacteria) the ability to conserve energy by
photophosphorylation, which occurs only under anoxic conditions (Madigan and Jung, 2016). The
0O,-free atmosphere is required because pigment synthesis in these organisms is repressed by
molecular oxygen (Kovacs et al., 2003). In the latter case, the anoxygenic photosynthesis in purple
bacteria is inhibited and the ATP is synthesized through aerobic respiration, using a diverse flow
of electrons to accumulate protons in the periplasm and using the electrochemical gradient
formed to generate ATP through ATP-synthase, as in photosynthesis (Adessi et al., 2021).

c (Adessi et al., 2021). However, they can also assimilate a few organics (especially short chain
fatty acids) in a heterotrophic pathway, ever under illuminated conditions. Their growth in a dark
environment (chemotrophy), instead, is not relevant for PSB, since they are in direct competition
with non-phototrophic bacteria as well as with purple non-sulfur bacteria (Madigan and Jung,
2016).

On the other hand, purple non-sulfur bacteria (PNSB) demonstrate a wide range of opportunities
to grow under different conditions and they are typically known for their metabolic versatility. In
particular, PNSB can grow autotrophically (with ferrous iron ions, hydrogen gas or thiosulfate as
electron donor and carbon dioxide as carbon source) and heterotrophically, both in the presence
and in absence of light (i.e photoheterotrophy and chemoheterotrophy) and assimilating
organics as C source (Alloul et al., 2021). As a matter of fact, the chemoheterotrophy performed
by PNSB is an anaerobic fermentation, namely dark fermentation (DF) since it occurs in the
simultaneous absence of energy from light and of external electron acceptors. However, the
complete conversion of organic compounds to H, and CO, by fermentative metabolism is
thermodynamically unfavourable. In this respect, PNSB appear to be more promising since they
can use light energy for activating the release of H, (photofermentation, PF) (Larimer et al., 2004).
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Specifically, PF is anaerobic oxidation in presence of light rather than a fermentative process
because uses protons as electron acceptors and organic carbon as an electron donor. Moreover,
the H, production in PNSB is related to low levels of soluble nitrogen, since occurs as a response
of N; fixation by nitrogenase activity that use ATP from photophosphorylation (produce in light
conditions) to reduce H* into H; (Puyol et al., 2017). From this evidence, PF produces hydrogen
through a mechanism not related to catabolic oxidation reaction of the organic matter and can
reach hydrogen yields higher than DF (Capson-Tojo et al., 2020).

Lastly, in presence of oxygen, purple non-sulfur bacteria can switch naturally their metabolism
from photophosphorylation to aerobic respiration, where the reducing power can derive from
either organic or inorganic compounds (Larimer et al., 2004). In the latter case, the oxygen is the
electron acceptor and the metabolism has called aerobic chemotrophy, using organic (auto-)
either inorganic compounds (hetero-) as electron donor and oxygen as electron acceptor (Adessi
et al., 2021). The level of oxygen tolerate can depend on the PNSB species, in particular, most of
them are able to grow under full oxygen tension, while others are sensitive to oxygen. Pigment
formation stops at high oxygen concentration, yet production is again triggered at low oxygen
concentration (Ghosh et al., 1994). The scheme in FIG. 1.2 shows the remarkable complexity of
the metabolism of purple bacteria.
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FIG. 1.2 — Metabolic complexity of purple phototrophic bacteria in presence/absence of oxygen.

2.3 Potential added-value by-products of purple bacteria
In recent decades, researchers have primarily focused on purple phototrophic bacteria for their

metabolic versatility, using a wide range of organic and inorganic compounds to produce
interesting industrial by-products through simple and cost-effective processes (Capson-Tojo et
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al., 2020). The industrial application of PPB spans from the nutrient recovery from wastewater
(Batstone et al., 2016) to by-products production, stored intracellularly or released from cells
(Fradinho et al., 2021; Sakarika et al., 2020). The present section explores the main opportunities
offered by PPB in biotechnological industrial applications.

One of the biggest research topics on PPB is hydrogen production through photo-fermentation
(PF), where the H» is generated via nitrogen fixation reaction (reaction 1).

N, + 8H* + 8¢~ + 16 ATP - 2NH; + H, + 16 ATP + 16P; (1)

PPB play the role of nitrogen-fixing bacteria in presence of molecular nitrogen and under limiting
concentrations of soluble N (NHs3) through the activity of the enzyme nitrogenase (Nz-ase),
producing one molecule of hydrogen per molecule of nitrogen fixed into ammonia (Ghosh et al.,
2017). However, Nz-ase requires energy from anoxygenic photosynthesis which converts light
energy into chemical energy (Adessi et al., 2021). Hence, PF occurs in presence of light and in
absence of N in the cultivation media. Furthermore, under conditions of N, deficiency,
nitrogenase loses its nitrogen-fixing capacity and catalyses an alternative reaction for H;
production (reaction 2) (Ghosh et al., 2017):

2H* +8e~ + 16 ATP — 4H, + 16 ATP + 16P; (2)

Overall, since the PF process is not directly linked to the oxidation of organics, the average
hydrogen yields obtained by photofermentation (0.25 g COD H, g CODxeq) are significantly higher
than those obtained in DF (0.11 g COD Hzg* CODseq ) (Moscoviz et al., 2018).

Conversely, in an Hz-rich atmosphere, the metabolic flexibility of PPB can also perform the
hydrogen uptake, where the H; acts as an electron donor for microbial growth (Spanoghe et al.,
2021). In this case, the uptake hydrogenase catalyses the splitting to proton and electron and the
subsequent inactivation of H, production (Ghosh et al., 2017). Several studies have been carried
out on the use of genetically modified mutant strains of PNSBs (Rhodobacter sphaeroides
0.U.001 hup’) lacking uptake hydrogenase activity and producing a quantity of H, higher than
20% compared to that produced by the former wild type strain (Wang et al., 2014).

A recent emerging application of PPB is in agriculture both as microbial fertilizers (MFs)
(Spanoghe et al., 2020) and as producers of plant growth-promoting substances (PGPS) (Bunraksa
et al., 2020), which are high-value compounds that improve plant growth. In particular, PPB are
considered MFs when their biomass is directly used with a fertilization function (living or dead
cells), providing benefits due to its nitrogen/phosphorus/potassium (N/P/K) content. N/P/K are
essential supplements for enhancing plant growth and have been found in concentrations of
8.5/2.4/0.5% in biomass dried samples of Rhodobacter spp. (Sakarika et al., 2020). These contents
are promising compared to other organic slow-release fertilizers (i.g. biomass from microalgae)
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especially in terms of phosphorus, which reaches a high concentration in PPB due to its
accumulation as polyphosphates chains (poly-P), stored intracellularly (Coppens et al., 2016;
Fradinho et al., 2021). When PPB biomass is spread as dead microbial biomass, it is decomposed
by autochthonous soil microorganisms, releasing nutrients. Moreover, PPB can be employed as
living cells that support the nutrient availability for plants through nitrogen fixation, forming
soluble N compounds (NH3/NH4*) from N2, which is unavailable to be assimilated by plants
(Sakarika et al., 2020).

On the other hand, PPB have been also studied since they can secrete a high level of 5-
aminolevulinic acid which is a plant growth-promoting substance, involved in photosynthesis
enhancement (synthesis of chlorophylls) and plant development (formation of flowers, roots,
etc.) (Nunkaew et al., 2014) (Bunraksa et al., 2020).

Among the applications of purple bacteria in agriculture, elemental sulfur, produced by oxidation
of hydrogen sulfide in the PPB anoxygenic photosynthesis reaction, is hereby included as a soil
amendment. Indeed, purple sulfur bacteria are well known as microorganisms capable of storing
granules of elemental sulfur within the biomass, when they use H,S as electron donors for the
photophosphorylation under anaerobic conditions. Accumulation of S° has been demonstrated
in Allochromatium spp. (Ghosh and Dam, 2009), in which an excess of sulfide in the environment
can induce S° storage of more than 30% of the dry weight of the cell (Fradinho et al., 2021).
Currently, elemental sulfur (ES) is used in agriculture to respond to the sulfur deficiency in crops
which has become a common issue in many countries, due to the use of synthetic fertilizers
containing a high percentage of nutrients with a lack of S compounds (Bouranis et al., 2019). As
a matter of fact, S deficiency in plants has occurred in the last decades and interest in S fertilizers
has been intensified (Malik et al., 2021). Specifically, ES works as a slow-release fertilizer since it
is insoluble in water and becomes available for plants after oxidation to sulfate by soil
microorganisms. The recent industrial approach proposes the production of ES-enriched fertilizer
with 2% ES (w/w) that significantly increase the yield of durum wheat crops (Bouranis et al.,
2019). Sulfur microbial production is a cost-efficient alternative to respond to the S-deficient
agronomic issues since sulfur can be easily recovered from the bacterial cultivation medium by
gravity precipitation. A similar application was proposed by Janssen et al.,, who used the
metabolic activity of Thiobacillus spp. (an aerobic sulfur-oxidize bacteria) for biogas
desulfurization and ES recovery as a soil fertilizer. However, sulfur production as an added-value
by-product of PPB is an unexplored topic in recent research and further efforts are needed to
boost this application in the agronomic sector.

With regards to other industrial applications of PPB, the biosynthesis of bacterial storage
compounds has been receiving increasing research attention in the last years due to the
capability of PPB to accumulate desirable compounds such as glycogen, poly-P and
polyhydroxyalkanoates (PHAs). In particular, PHA has been studied for a long time as an attractive
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microbial polymer for its physicochemical properties similar to conventional plastics (Fradinho et
al. 2019). PHA commercial production is mainly carried out by pure and mixed culture of aerobic
heterotrophic bacteria using relatively pure substances (VFAs). Despite the advantage to be a
green resource of raw material for the plastic industry, PHA resulted not competitive compared
to petrochemical plastics in terms of costs (1.9-4.4 S kg of PHAs vs. 0.88-1.65 kg™ of
conventional plastics). The bottleneck of the process is mainly the downstream extraction is still
challenging since it involves halogenated compounds and covers approximately 50% of the total
production costs (Capson-Tojo et al., 2020).

However, worldwide policies globally are pushing towards the use of plastics from natural or
microbial sources (i.g. the European Commission directive 2018/0172). In this context, purple
bacteria offer some advantages for PHA production in terms of accumulated PHA content (0.04 -
0.82 g gldry biomass) and for the omission of aeration in the process (Capson-Tojo et al., 2020).
Particularly, PPB can store biopolymers, in form of linear polyesters, as reserve material when
carbon is present in excess and nutrients are limited, to be used for growth at a later stage, when
sufficient nutrients become available (Moscoviz et al., 2018). The PHA production is the strategy
to maintain the redox homeostasis when carbon has overdosed and an excess of reducing power
occurs. The first metabolic mechanism of e dissipation is the microbial growth and carbon
fixation (through the Calvin cycle), however, both are not efficient in limiting conditions (e.g.
under lack of nitrogen, phosphorus, potassium, sulfur) and, hence, PPB can dissipate this excess,
storing PHA for its further utilization.

Finally, PNSB have been widely studied for the accumulation of proteins in form of single-cell
protein or microbial proteins (MPs) (Praveen et al., 2021). Specifically, MP is defined as protein-
rich food deriving from cell growing microorganisms and available for animal feed and even
human food ingredients or supplements (Jones et al., 2020). The increasing interest for purple
bacteria as microbial protein producers is due to their relatively high content in protein content
between 50 and 60% (Alloul et al., 2019; Honda et al., 2006; Hiilsen et al., 2018) and high biomass
yields performed by PPB, compared to aerobic biomass (Hulsen et al., 2016; Puyol et al., 2017).
Indeed, PPB can simultaneously assimilate carbon and nutrients at high efficiency, achieving
biomass yield of 1 g CODbiomass § cobremoved 1. Hence, the total amount of carbon provided is
theoretically fixed in biomass, since the generation of ATP in PPB does not require organic carbon
sources and inorganic donors (Capson-Tojo et al., 2020). Furthermore, depending on the
oxidation state of the substrate supplied, PPB can produce CO;, when the substrate is more
oxidized than biomass (e.g. succinic acid or malic acid) or, conversely, they fix CO,, when the
substrate is more reduced than biomass (e.g. butyric acid). In the latter case, yields can be higher
than 1 g CODpiomass per g of CODremoved, due to the simultaneous assimilation into the biomass of
C from organic compounds and C from carbon dioxide. However, biomass yields also depend on
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cultivation medium conditions such as availability of nutrients and production of by-products (H>,
PHA and poly-P), occurring as electron dissipation pathways in PPB (Fradinho et al., 2021).
Overall, many promising opportunities have been found for the use of purple phototrophic
bacteria in industrial applications with high potential to be intensively employed in several
sectors ranging from energy, plastics and agronomic productions to animal feed and/or human
food (FIG. 1.3).
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FIG. 1.3 - Opportunities for the use of purple phototrophic bacteria in industrial applications.
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3.

Objectives

3.1 Research gaps

Nowadays, the manufacturing model is closely linked to the “take-make-dispose” model,
oriented towards intensive production, generating a large impact on the environment and
cumulative consumption of resources. In the agro-industrial sector, the waste is generated in
big volumes, containing a range of contaminants. Their treatment is mainly focused on the
removal of residual compounds, through chemical-physical techniques for subsequent
disposal. Only seven years ago (2015), the European Commission adopted for the first time
some political actions for proper waste management. More research studies are still required
to look at waste as a resource in the circular economy pattern of “reuse-recovery-recycle”.

Specifically, the agro-industrial streams are high-potential residues, which is why the majority
of European policies have emphasized the need to improve their valorisation by
biotechnological processes. This allows the recovery of nutrients, the recycling of water and
the production of by-products from residual compounds, always present downstream.
Moreover, the use of anaerobic microorganisms meets the interest of industries since avoids
costs for aeration, requested by aerobic ones. From this evidence, anaerobic biological
processes are cost-efficient and it is convenient explore them further for the agro-industrial
streams treatment.

In terms of emerging research on anaerobic biological processes, some studies have been
focusing on the exploitation of purple phototrophic bacteria (PPB) for their potential in
energy, plastics and agro-food applications due to their metabolic flexibility. However, PPB-
related technologies are at their early stage of development and most of the research has
been applied to pure cultures, cultivated on a synthetic medium. Few researches exist
regarding the utilization of not-pure compounds as substrates growing PPB under non-axenic
conditions. Overall, strategies for the cultivation of phototrophic bacteria in a bioreactor are
still challenging in terms of configuration and operation. Hence, the employment of PPB for
the biotechnological valorisation of agro-industrial streams is neglected and required more
research efforts to be fully understood.

26



3.2 Outlines of the thesis

Figure 1.4 depicts an overview of how the thesis intends to use the abovementioned streams
as feedstocks for sustainable cultivation of purple phototrophic bacteria, towards added-
value products production.

In Chapter 2, | propose a technology to clean raw biogas streams from impurities with the
biological activity of purple sulfur bacteria (PSB). The cultivation of PSB-enriched culture will
be performed under illuminated, non-axenic, anaerobic conditions. The selective production

of purple sulfur inoculum will be demonstrated using actual digestate as a cultivation
medium, working as a nitrogen and phosphorus source. This study aimed to test
simultaneously two different streams from a biogas production plant: (i) synthetic raw biogas
and (ii) actual digestate in an integrated process, to grow PSB biomass S°-rich. Both streams
contain carbon in inorganic form (CO: in the biogas and HCOs™ in the digestate); hence, this
technology proposes a fully autotrophic process, in which purple bacteria act the anoxygenic

photosynthesis reaction. The expectation will be to generate PSB biomass from inorganic
carbon and hydrogen sulfide, naturally present in raw biogas, as contaminants to remove.
From this knowledge, small-scale tests will be carried out to elucidate the electron uptakes
mechanisms by PSB-enriched culture based on stoichiometric consumptions of substrates.
The effect of excess and depletion of sulfide on consumption rates and accumulation of
intermediates will be investigated.

Afterwards, Chapter 3 will present the design and development of a bench-scale flat
photobioreactor for integrating gas and liquid streams in a smart gas-lift configuration. Light
transmission and mixing will be considered as principal parameters limiting the phototrophic
growth of the enriched culture of purple sulfur bacteria. This chapter has, therefore, the
objective to demonstrate the effectiveness in increasing productivities by setting an easy
automatic control of operational parameters.

Chapter 4 presents findings resulting from laboratories activities carried out during seven
months at the University of Antwerp (UAntwerp, Belgium), in the research group of Prof. dr.
ir. Siegfried Vlaeminck, under the supervision of Dr. ir. Abbas Alloul. Chapter 4 intends to
explore heterotrophic purple non-sulfur (PNSB) cultivation under illuminated axenic/non-

axenic conditions. More specifically, several agro-industrial streams will be tested for protein
microbial production by PNSB, being rich in organics (high COD). Substrates at different
oxidation states will be combined to examine the most promising in terms of growth rate and
productivities. This chapter has the goal to produce biomass for animal feed. The selectivity
and cost-efficient of the proposed technology will be achieved using PNSB enriched and
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isolated from the environment. Furthermore, PNSB cultivation in open to air conditions will
simulate a raceway reactor, conventionally used for large-scale phototrophic applications.

Finally, Chapter 5 presents a general discussion on biotechnological processes proposed to
valorise agro-industrial streams by purple bacteria. The production of added-value products
simultaneously to the removal of contaminants and/or recovery of nutrients will be
discussed.

Overall, this thesis aspires to treat agro-industrial streams with sustainable biotechnologies
focused on PPB metabolism and generate desirable by-products to reintroduce in the
production cycle in many sectors such as energy, agriculture and animal feed.
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Fig. 1.4 - Overview of the proposed biotechnologies strategies using purple phototrophic bacteria to valorise agro-industrial
streams towards the production of high added-value products. UNIBO and UAntwerp indicate University of Bologna and
University of Antwerp.
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Chapter 2: Purple phototrophic bacteria for
sulfide removal from biogas

Abstract Purple sulfur bacteria (PSB) consume hydrogen sulfide as the electron donor in the
anoxygenic photosynthesis process, which is the first biochemical mechanism to harness energy
from the sun in an anoxic atmosphere. Nowadays, in the framework of biogas production and
upgrading, the biological removal of H.S is receiving increasing attention to avoid potential
problems to engine and human safety, due to its corrosive and toxic proprieties. This study
proposed an integrated scheme for biogas cleaning and upgrading, employing PSB to couple
biogas treatment with digestate valorisation. Preliminary small-scale experiments were
performed by using actual digestate from WWTP and sulfide fed as a sodium salt (Na;S) to enrich
an autotrophic consortium capable to remove sulfide and assimilating nitrogen from digestate as
an N source. Tests were carried out in flasks as freely-suspended cells photobioreactor, operating
under anaerobic non-axenic conditions in the light. Liquid samples were periodically taken to
describe the stoichiometric consumptions trends of PSB-enriched culture. A good correlation
between sulfide consumption and increase in pH (from 7.3 to 8.0) was observed and pH was
selected as a simple parameter to externally control the sulfur metabolism in the microbial
community. The PSB-enriched culture removed completely sulfide (80 mg S?" L'?) at a maximum
rate of 11.3 mg S? L'h. Finally, a feast and famine regime to grow the photoautotrophic
inoculum was tested to avoid the accumulation of intermediates (S°) in the multi-step oxidation
process from sulfide to sulfate (S 2 S° = S04?). Sulfate formation was detected in the famine
phase (absence of $%), where elemental sulfur previously formed was used as the electron donor
to complete the oxidation reaction. The sulfur mass balance showed very close values, supplying
N-NQOs™ as an external electron acceptor to drive the oxidation reaction. This study evinced that
the exploitation of PSB in a mixed cultivation under non-axenic conditions represents an
encouraging strategy to completely remove H,S from biogas, growing on the digestate as a cost-
effective cultivation broth.

CH, 70%, €0, 29 %, H,S 1%

Anaerobic PSB
Methanogenic photo
Fermentation bioreactor
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1. Introduction

1.1 Overview on biogas cleaning and upgrading

The composition of biogas is intrinsically determined by the carbon oxidation-reduction state of
the substrate and by operational conditions of the digestive process (pH, HRT, temperature).
Methane and carbon dioxide are the main constituents, however, biogas also contain significant
guantities of undesirable compounds cogenerated such as nitrogen, hydrogen, carbon monoxide,
water, hydrogen sulfide, ammonia, halogenated hydrocarbons and siloxanes (Abatzoglou and
Boivin, 2009). The composition of biogas recovered from anaerobic degradation of sewage
sludge, livestock manure, or agro-industrial biowastes is CHa (53—70%), CO2 (30-47%), N2 (0-3%),
H,0 (5-10%), 02 (0-1%), H2S (0-1% ppm) and traces of NHs, hydrocarbons and siloxanes (Mufioz
et al.,, 2015).

In order to be used as fuel for generating electricity or heat, biogas must be cleaned or upgraded
to bio-methane (Adnan et al., 2019). The “biogas cleaning” consists of the removal of minor
unwanted components. It is the first step for biogas applications since the contaminant
compounds cause issues in terms of risk of explosions (mixture of Ox/air in presence of CHa),
fouling (deposition of SiO2 and quartz from siloxanes) and corrosion/erosion in compressors, gas
storage tanks and engines due to the reaction of H;S, NH3 and CO; with water forming acids
(Ryckebosch et al., 2011). The second treatment, called “biogas upgrading”, aims to obtain bio-
methane (i.e. of 95-99% CH4 and 1-5% CO;) to increase the low calorific value of the biogas to
meet the specifications of the Wobbe Index, dependent on both the number of calories
generated value and the relative density. (Ryckebosch et al., 2011). The upgrading technique to
select for each biogas treatment plant is considered and selected as first, in order to increase
natural gas quality and reduce economic and ecological issues. The commercial technologies
currently employed for biogas upgrades are shown in Table 1.1. They can be divided into two
categories: (i) sorption processes (physical and chemical scrubbing) and (ii) separation processes
(membrane and cryogenic separations) (Adnan et al., 2019) .
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Techniques Working principle Advantages Disadvantages
- . . * Simple
. Liguid absorbing CO; in . P . ® large amount of water
Physical . ; s High CH4 purity .
counterflow, leaving biogas . ¢ High energy needed
scrubber . * Low operational and .
at high CHs content ) * Required external heat
maintenance cost
e High CHapurit .
. . € <P . v . ® Heat required for
. Chemical solution s More CO;dissolved per unit .
Chemical . regeneration
absorbing CO,, more of volume .
scrubber . . ¢ Corrosion
reactive than CH. s Cheap operation .
e Precipitation of salts
e Fast process
Separation of biogas
components using . . * Low membrane selectivity
¢ Simple operation
Membrane membrane as permeable . . e |ossof CHs
) . ¢ Environmentally friendly . .
separation materials (from slow to fast . e Multiple steps required
o * Low energy consumption
permeation: CHs, Na, Ha5, ¢ Pre-treatment necessary
COz and H;J_O:l
. . . ¢ Low energy demand s
. Boiling point of CO; is gy e High investment
Cryogenic . s No contact between gas and . .
. higher than the CHa, . e High energy for cooling
separation . . chemicals .
allowing the separation o Still under development

* Possibility to remove N,

Table 1.1 - Advantages and disadvantages of the principal biogas upgrading technologies.

H>S removal from biogas

In the framework of agro-industrial by-products through the production of biogas, the removal
of hydrogen sulfide results in great relevance to avoid potential problems to engine and human
safety. The H,S is a colourless, flammable and malodorous (rotten eggs) gas produced from the
degradation of proteins and other sulfur-containing compounds present in the organic feedstock
to the digester. It has been identified as a problematic compound because of its role in corrosion
and toxicity and its emissions are strictly regulated (Syed et al., 2006). Upon inhalation, hydrogen
sulfide reacts with enzymes in the bloodstream and inhibits cellular respiration resulting in
pulmonary paralysis, sudden collapse and death. Continuous exposure to low (15-50 ppm)
concentrations will generally irritate mucous membranes and may also cause headaches,
dizziness and nausea. Higher concentrations (200-300 ppm) may result in respiratory arrest
leading to coma and unconsciousness. Exposures for more than 30 minutes at concentrations
greater than 700 ppm have been fatal (Airgas Datasheet?!). In addition to H,S emissions, the
production of sulfur oxides (SOx) due to H,S combustion can be subject to regulations (moreover,
SO, has a poisoning effect on fuel cell catalysts) (Dumont, 2015). As a result, H,S concentration
in biogas must be reduced to levels where the damage of combustion processes and SOx (SO2,
SO3) emissions are limited.

Therefore, depending on the manufacturer and on the final use of biogas, several concentrations
of H3S as contaminants can be tolerated. Onsite biogas used in boilers for heat generation only
requires H;S removal below 1000 ppm and water removal before combustion. The use of biogas
in internal combustion engines for cogeneration processes (combined heat and power
generation) requires the removal of HS levels below 32-50 mg m3 (23-36 ppm), depending on
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the manufacturer. However, the most stringent quality requirements are encountered in
biomethane for injection into natural gas grids and as a vehicle fuel, which often demands CH4
concentrations 80-96 %, CO2 2-3 %, 0, 0.2—0.5 %, H2S 5 mg m3 (3.6 ppm), NH3 3-20 mg m3 and
siloxanes 5-10 mg m3 (Mufioz et al., 2015).

1.2 State of the art on biogas desulfurization processes

Biogas desulfurization methods can be divided into two generic categories: (i) those involving
physicochemical phenomena (absorption and adsorption) and (ii) those involving biological
processes (Abatzoglou and Boivin, 2009).

Physicochemical techniques

The physical absorption techniques occur when hydrogen sulfide is removed by dissolution in a
solvent. When this removal is favoured by a reactive species, and a chemical reaction takes place,
this process is named physico-chemical absorption. For anaerobic gas streams treatment, the
chemical step involves amines (mono-ethanolamine, diethanolamine and methyl
diethanolamine), forming reversible chemical bonds. Amines are water-soluble and they can
remove H,S through acid/base reaction. In order to regenerate the reactant, the stream is heated
and acidic components are desorbed before moving on to the next step of the process (Zulkefli
et al.,, 2016). Other common chemicals comprehend iron (Fe)-chelated solutions and diluted
NaOH solutions. In the first case, the reversible reaction is due to the chemical affinity of H.S for
metallic cations allowing the oxidation of $?~ to S° (2Fe3*+ H,S—=> 2Fe?* + SO + 2HY), in the second
case, the H,S is captured by aqueous alkaline solutions which rapidly react with diffused H3S,
however this is not extensively used. The low interest is attributed to the high reactivity of CO;
with alkaline solutions, thus this method is much less selective for H;S, and the captured CO;
consumes relatively expensive alkaline reactants (i.e., NaOH or CaO) (Abatzoglou and Boivin,
2009).

Conversely, the physicochemical technique of H,S adsorption is a “dry” process involving a
porous solid material (adsorbent) in contact with gases stream adsorbed (adsorbate). The
principle exploits specific surface properties and chemistry of metal oxides (iron oxide, iron
hydroxide and zinc oxide), reacting with HxS as an “iron sponge” to form iron sulfide or zinc sulfide
(Fe203+ 3 HzS = FezS3+ 3 Hy0). Like all gas-solid adsorption processes, iron-sponge-based H,S
removal is operated in batch mode with separate regeneration, or with a small flow of air in the
gas stream for continuous, at least partial, regeneration (Abatzoglou and Boivin, 2009). Others
adsorption techniques can include adsorption via activated carbon, frequently investigated to be
a cheap adsorbent with high proprieties in terms of surface area and porosity. An improvement
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in adsorption via activated carbon is the addition of cation or caustic compounds (impregnated
activated carbon) to assist as a catalyst in the adsorption process (Zulkefli et al., 2016).

Finally, the employment of membrane technology is intensively studied in recent years due to its
high efficiency of H,S at permeate and high selectivity performances, driving promising
economical possibilities in comparison with conventional methods (Zulkefli et al., 2016).
However, chemical modifications are needed to reduce the chances of plasticization and to
prevent the polymer material from swelling and physical aging under different operating
conditions (Basu et al., 2010).

Biological biogas desulfurization processes

Biological biogas desulfurization processes include H,S consumption by living organisms and its
conversion to less harmful forms. Biological removal is based on the activities of phototrophic or
chemotrophic sulfur-oxidizing bacteria (SOB) (Pokorna and Zabranska, 2015). SOB can obtain
energy for their metabolism from light (phototrophs) or directly from oxidizing reactions
(chemotrophs) (Syed et al., 2006). In the latter case, oxygen or nitrate/nitrites play the role of
electron acceptor in the oxidation reaction to perform a “partial sulfide oxidation” (PSO, from
sulfide = to elemental sulfur) or “complete sulfide oxidation” (CSO, from sulfur = to sulfate) (Li
et al., 2020). The mass transfer from the gas phase to an aqueous phase, and the presence of
oxygen, can determine PSO and/or CSO: under oxygen-limiting conditions, H,S oxidation leads to
a deposit of elemental sulfur (S°) which can be recovered by conventional settling. With excess
amounts of oxygen, H,S oxidation produces sulfuric acid (H2S04) which contributes to acidifying
the environment of the microorganisms.

The metabolic pathway of chemotrophs SOB is applied in a commercial technology (THIOPAQ by
Paques B.V.), where bacteria oxidize H,S in a micro-aerated tank after absorption in a separate
column (Janssen et al., 2001). The entire process is composed of (i) a scrubber section where the
H.S - containing gas is contacted with a slightly alkaline scrubbing solution (pH 8-8.5) and (ii) a
bioreactor section where the biological oxidation is driven by Thiobacillus bacteria (Graph 2.1).
Equation (a) describes the consumption of hydroxide absorbing H,S gas flowing in a counter-
current mode and equation (b) the consumption of hydrogen bisulfide, previously formed, by
biological oxidation employing SOB.

H,S + OH™ - HS™ + H,0 (a)
HSj, + %02 > SO+ OH- (b)
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Graph 2.1: Thiopaq® process diagram for the treatment of H,S from gas streams.

The formation of elemental sulfur is preferred since the effluent can be re-used as a washing
liquid for H.S absorption. Compared to conventional caustic soda scrubbing processes, this leads
to a reduction of soda consumption by over 95%. The air discharged from the bioreactor does
not contain any H,S and can be discharged directly into the atmosphere. No chelating compounds
are needed, and only limited use of caustic soda is required, which means the operating costs are
very low (Gémez and Cantero, 2007).

Among phototrophs, green sulfur bacteria (GSB) were studied for odour control purposes. GSB
were investigated in different configurations (CSTR, continuously stirred tank, fixed-film,
suspended growth) with biomass specific removal rate not previously compared (Syed et al.,
2006). Recent studies have been explored a successful removal of hydrogen sulfide employing
purple phototrophic bacteria (PPB) in simultaneous treatment of piggery wastewater and
upgrading of biogas (Marin et al., 2019) and providing digester centrate as nitrogen and
phosphorus sources (Egger et al., 2020). Purple sulfur bacteria (PSB) is a class of purple
phototrophic bacteria, mainly photoautotrophs (photo-: light, auto-: CO;), and capable to
perform anoxygenic photosynthesis in anaerobic conditions. Likely to others SOB, PSB perform a
partial oxidation (PSO) storing sulfur produced in the form of spherical particles within the cells
and a complete oxidation (CSO) releasing sulfates from the cells (Madigan and Jung, 2016).
Compared to green sulfur bacteria, the PSB absorb the IR light producing the accumulation of
appreciable pigments (bacteriochlorophyll and carotenoids). The potential advantages include
the employment of lower energy inputs (IR instead of the visible spectrum of light) and the
possibility to increase the selectivity of PSB rather than microalgae (Egger et al., 2020).
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2. Objectives

Knowledge gaps

Much information is available on the desulfurization processes that guide the hydrogen sulfide
removal as mentioned above; among these, the physicochemical techniques have been studied
in detail and there are currently mature technologies in the framework of biogas cleaning. They
have the advantage to require low investment and maintenance costs and high removal
efficiency (>99 %). On the other hand, these processes perform the valorisation of neither sulfur
nor carbon from biogas, which constitutes by-products to dispose of (sulfur on ab/adsorbent
matrix) or released in the atmosphere (carbon dioxide).

Conversely, the biological biogas desulfurization processes started to be a reasonable alternative
since microorganisms can eliminate the H,S content from raw biogas with high efficiency and
recover elemental sulfur. Nowadays, only the Thiopaq® approach has been considered a robust
technique to employ bacteria for biogas cleaning at a commercial scale, avoiding the employment
of extra chemicals. Nevertheless, the Thiobacillus bacteria, used in this process, require oxygen
to perform the redox reaction. Thus, the air is flowed into the bioreactor, producing a dangerous
CHa4/0; mixture and also introducing nitrogen as a contaminant into the treated gas (Skerman et
al., 2018).

Alternatively, based on different metabolism, purple phototrophic bacteria can be targeted as
anaerobic substitutes to Thiobacillus bacteria, using hydrogen sulfide and carbon dioxide present
in biogas to perform the anoxygenic photosynthesis reaction, in presence of light (Vainshtein et
al., 1994). Despite they are promising microorganisms for biogas cleaning/upgrading
applications, only limited studies have recently been published on this topic (Egger et al., 2020;
Marin et al., 2019) and neither describes a full integration of the largely used physicochemical
process with the new biological approach. The main novelty of this thesis is the proposal of a
process in which both the gas (biogas) and liquid (digestate) streams from the anaerobic digestor
are employed in a fully anaerobic process where biogas is upgraded (methane), sulfur is
recovered (S°), carbon dioxide is partially fixed in biomass as well as nitrogen and phosphorus
coming from digestate. The whole process can be, in principle, assimilated in a biorefinery where
allinlet and outlet currents are used in a perspective to close the cycle with reuse and valorisation
of all by-products.

Moreover, it has been detected a gap in the knowledge about the mechanism that governs the
accumulation of intermediates and also the quantification of biomass in terms of by-product
accumulated (especially the sulfur compounds) has not been explained in published papers.
Aim

The present Chapter aims to assess a biological integrated process for hydrogen sulfide removal,
coupling it with digestate valorisation, in the framework of biogas upgrading. This would allow
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to (i) completely reduce the H,S content and partially decrease the CO,, present in biogas, in
order to upgrade it to biomethane and (ii) reduce the N and P content even present in the
digestate as substrates growing microorganisms. In particular, the proposed process is an
integration of the conventional technique of biogas upgrading through absorption in a water
scrubber (Table 1.1 in the section 1.1).

At the commercial scale, the simplicity and reliability of the water scrubber have made this
technique the preferred choice for biogas upgrades in many applications (Bauer et al., 2013). A
water scrubber is a physical technique that allows the separation of CO; and CHa, using water as
an adsorbent. This is feasible because carbon dioxide has a solubility in water of approximately
two orders of magnitude higher than methane (2.9%10% mg L™t and 22 mg L}, respectively at 25
°C) (Yalkowskyet al., 2016). Graph 2.2 shows a schematic illustration of a water scrubber. The
column is usually equipped with random packing to give a huge specific surface for gas-liquid
contact. Moreover, to increase CO; removal from raw biogas and dissolve it in the water column,
normally a pressure of 6-10 bar is applied. The pressurized biogas is injected into the bottom of
the absorption column and water is flowed to the top of the column. The gas-liquid counter flow
allows to minimize the energy consumption as well as the methane loss. As a result, the water
contains as much carbon dioxide as possible and as little methane as possible. The simplified
process scheme of a biogas upgrading unit (Graph 2.2) also includes a desorption column, where
water is brought into contact with air that volatilizes the dissolved CO;. Additionally, a prior step
for H,S removal (i.g. “iron sponges”) can be included when the H2S concentration in raw biogas
is higher than 300 cm3m™3( ~ 200 ppm), in order to reduce the increased water volume required
to absorb CO; and H3S simultaneously (Bauer et al., 2013; Ryckebosch et al., 2011).

This Chapter aims to integrate the latter commercial technique of biogas upgrade through water
scrubber with a biotechnological process to valorise the recovered by-products as previously
mentioned. In particular, Graph 2.3 proposes (i) to replace the physicochemical desulfurization
processes with a photobioreactor to completely remove H,S and (ii) to valorise the digestate,
employing its nitrogen and phosphorus content to grow biomass.
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Graph 2.2: Conventional water scrubber for upgrading biogas into bio-methane. Biogas is desulfurized (required in H;S-rich
biogas) and subsequently upgraded through adsorption-desorption columns, where dissolved CO; is desorbed by the airflow and
released into the atmosphere.
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In this scheme, the raw biogas exiting from the digester is directly injected into the scrubber,
where the CO; and H3S concentrations decrease during flow-through water and the gas becomes
more and more concentrated with methane. The scrubber operated at the high efficiency of CO;
and H,S removal and the upgraded biogas leaves the column at the top (CH4> 97%). Thus, it made
available the substrates (sulfur and carbon compounds) in a soluble form (5S> /HCOs™-rich stream
at the bottom of the column) in order to be assimilated by microorganisms in the
photobioreactor, in presence of light. In the proposed approach, the high quantity of water
requested to remove CO; and H,S from biogas was supplied by the digestate exiting from the
digester (anaerobic methanogenic fermentation in the graphs). It is fed into the photobioreactor
and reused as washing water in the scrubber. In this contest, the most cost-efficient technique
to save water is its recirculation. Lastly, the entire scheme is provided by a settler section in the
downstream of the photobioreactor to recover by gravimetry the S° rich-biomass produced by
biological activities.

The reaction occurring into the photobioreactor is the anoxygenic photosynthesis operated by
purple sulfur bacteria in presence of light. Purple sulfur bacteria are photoautotrophic
microorganisms i.e. they are capable to synthesize their food and biomass from inorganic
substances (auto-) using light as an energy source (photo-), following the equation (c).

light
10.2 §%~ + 5 HCO; + NHj + 0.08 HyPOy + 24.5 H* —— C<H,0,NPy 45 + 10.2 S° +
13.3 H,0 (c)

The integration of the conventional technique of Graph 2.2 with a biological section proposed in
Graph 2.3 is technically feasible since the water scrubber is a mature technology with low
investment costs and very low amounts of consumables required. Thus, the integration proposed
is a reasonable alternative to implementing a reliable process already present in the actual biogas
upgrading plants. The main advantages of adding a biotechnological process are to reduce the
environmental impact of H.S and the partial fixation of inorganic carbon from raw biogas in
organic carbon of biomass indicated as CsH702NPo g in the equation (c).

With regards to others nutrients requested by microbial growth, the inlet feeding stream from
the digester (digestate) works as a suitable nutrient source (NH4* and H,PO4 in equation c).
Overall, the biological process of desulfurization allows viable to assess an integrated process for
hydrogen sulfide removal, coupling with digestate valorisation, in the framework of biogas
production.
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3. Materials and Methods

3.1 PSB-enriched biomass

The purple sulfur bacteria (PSB) cultures were enriched growing on bicarbonate as sole electron
acceptor and sulfide as electron donor, following the stoichiometric reaction described in
previous section. The PSB enrichment was performed in 1 L Pyrex bottles with screw caps with a
working volume of 0.6 Lat 29.0 + 1.5 °C under a nitrogen atmosphere. The cultivation started by
inoculating 150 mL of aerobic activated sludge from Hera WWTP (Impianto di Corticella, Bologna,
Italy) at 5.38 + 0.83 g TSS L. The final volume of 0.6 L was reached by adding 160.6 mL of actual
digestate (section 3.2), 9.6 mL of concentrated sulfide solution (20.3 g Na>S 60-64% scales per
liter) and 36.6 mL a concentrated solution of KH2PO4 (7.2 g of KH2PO4 per liter) to reach the
concentrations based on “Pfenning Medium I” for a pure strain of Allochromatium vinosum
(DMSZ medium 28). Finally, the concentrations of HCO3", N-NH4*, P-PO4*, S> were respectively
of 1100, 224, 160 and 80 mg L%, where bicarbonate, ammonium and portion of phosphorus were
supplied with actual digestate. Indeed, digestate was selected as an effective source of nutrients
without micronutrients and vitamins addition, in the perspective of operating in an upscaling
process where the addition of extra elements means supplementary costs.

A second flask was prepared as mentioned before and with the addition of 9.7 mL of
concentrated solution 100 g KNOs L (226 mg N-NOs L) to investigate the utilization of nitrate
as the electron acceptor in the oxidation reaction of PSB-enriched culture.

Lastly, the pH of the broths was adjusted to 7.3 by the addition of 1 M Na;COs or 2 M H,S04
according Malik (1983) and the enrichment flasks were placed on a shaker at 150 rpm under 24
h light by a halogen 500 W lamp (OSRAM, Italy) at a light intensity 50 W m-2 (Pasco scientific
sensor, Elitalia, Milano). To prevent the competition of microalgae and green sulfur bacteria, the
bottles were covered with UV-VIS absorbing foil (ND 1.2 299, Transformation Tubes, UK) (Image
2.1).

3.2 Digestate as culture media

Fresh digestate collected from Hera WWTP (Impianto di Corticella, Bologna, Italy) was filtrated
with a rotary filter at 0.2 um and stored at 4°C before use. The analysed composition of Hera
digestate was: 3984 mg + 350 mg HCO3™ L-1; 828 + 17 mg N-NH4* L'}; 203 + 14 mg P-PO,> L%; 1084
+37mg TN L%; 86 +3 mg Cl- L. The digestate was diluted 3.7 times with distilled water to lower
the risk of microbial inhibition due to the high level of ammonia (Marin et al., 2019). The selected
conditions were maintained in the SBR regime, providing sulfide from Na3S stock solution. All
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medium was replaced when the bicarbonate concentration fell below the 10 % HCOs" initial
concentration. A centrifugation step was needed to efficiently recover the biomass (10000 RPM,
10 min, 10 °C).

3.3 Stochiometric definition experiments

The PSB-enriched biomass was pre-cultivated as described in section 3.1 using digestate as the
source of nutrients (section 3.2) and providing sulfide, phosphate and nitrate (if requested) from
synthetic solutions to reach the final concentrations described above. The pre-cultivation media
were always the same as the experimental ones used in corresponding tests, to allow the
adaptation of the microbial community and the stabilization of the bacterial consortium. In the
sets of experiments of FIG. 2.1, FIG. 2.3 and FIG. 2.4 the biomass growth was considered constant
in the experimental time (4.57 £0.71 g TSS L'%). In the last series of experiments, described in FIG.
2.5, instead, the initial biomass was 2.52 £ 0.42 g TSS L'! and an increase in biomass was achieved
due to a longer experimental time (430 h) and different growing conditions applied (FF).
Moreover, in these tests, the sampling time was forced by a working time of 8 h per day and
continuous microbial activities of 24 h under illuminated conditions. Besides, a maximum of three
sampling points were collected per day (every 2 or 3 hours), allowing to determine significant
variation in concentration of soluble compounds. Regarding tests carried out for consecutive
weeks, the PSB-enriched biomass was left in a buffer phosphate solution (0.5 g P-PO4* L) during
the weekend not-working hours (approximately 64 hours) without any substrates supplying to
minimize consumption in the oxidation reactions studied in this work. The inocula were
continuously illuminated avoiding a long lag phase of adaptation at the beginning of each
experiment.

Image 2.1 — Experimental set-up.
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3.4 Analytical Procedures

Samples were taken under a nitrogen atmosphere to monitor the substrates consumption and
the production of the products in the liquid phase. Total suspended solids (TSS) were determined
by modifying standard methods (Greenberg et al., 1992) to avoid loss of biomass in enriched
cultures. In particular, the pellet after centrifuge (10000 rpm, 10 °C, 10 min) was directly dried at
70° Cfor 48 h.

HCO5/S* analysis

A standard operation procedure (SOP) based on a rapid, simple and accurate method for
determining HCO37/S%* concentration in the broth was tested and validated by employing gas-
chromatography. The sulfide and bicarbonate concentrations in the liquid phase were acidified
with an excess of acid to allow the development of species in the gas phase according to the
reaction (d).

_ _ Hcl
HCOB (aq) + Sz - COZ (gas) + HZS(gas) (d)

(aq)

The acidification was performed in a rubber screw 11.5 mL-glass vial tightened with metal ferrule
to prevent gas exit, washed by air content with continuous N; flow for 10 min (Image 2.2). 5 mL
of liquid sample was injected in the vial through the rubber and a syringe equipped with a needle
was used to remove the 5 mL of N2 displaced by the same amount of liquid. The acidification was
performed by adding 0.5 mL of HCl 3 M and no appreciable overpressure was observed. Before
UGC analysis, the vial temperature was equilibrated at 25°C for 15 min (water bath, Julabo). The
correlation between dissolved H,S and CO; and H3S and CO; in the gas phase was described in
Appendix 1 e 2.

Image 2.2 — Picture 11.5 mL-glass vial tightened with metal ferrule where the acidification prior gas analysis was performed.
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The gas composition in terms of CO2 (gas) and H2S(gas) was measured using uGC analysis (3000 A —
Agilent Technologies, Milano, Italy) under the following conditions: injector temperature 90 °C;
column temperature 60 °C; sampling time 20 s; injection time 50 ms; column pressure 25 psi; run
time is 120 s and the carrier gas was nitrogen. The instrument was previously calibrated by using
a synthetic gas mixture (SIAD, Budrio, Italy) composed of CO, (29.5%), H»S (0.5%) and CH4 (70%),
used as raw biogas (Marin et al. 2019).

PO/ and SO+ analysis

The concentration of SO4> produced and PO43 consumed was determined through HPLC (1260
Infinity, Agilent Technologies, Milano, Italia S.p.A), coupled with a RID detector and a Hi-Plex H
column (7.7 x 300 mm) as previously described by Martinez et al 2016. Briefly, it was operated at
65°C, using H2SO4 (0.005M) as the mobile phase (0.6 mL/min). The liquid samples were
centrifuged (14000 rpm, 25 °C, 10 min), the supernatant was separated, diluted within H,SO4
0.05 M and stripped with a wet-nitrogen flow for 15 min before analysis. The acidification of
samples with a concentrated solution of H,SO4 was needed to volatilize sulfide compounds,
content in aqueous solution, as H,S gaseous (according to the reaction in the previous section)
and to prevent the corrosion of metals in the system. Finally, the samples were filtrated (0.45 um
cellulose acetate) and injected into an eluent stream presenting an H,SO4 concentration of 0.005
M in deionized water with an injection volume of 10 pL at the flow rate of 0.6 mL min™t. The SO4*
concentration was calculated as described in Appendix 3, discriminating SO4? of dilution solvent
to SO4% produced by microbial activity.

NH4* and CI analysis

NH4* and ClI" concentrations were determined using two combined ion-selective electrodes (ISE)
(Crison), while a conventional laboratory probe (XS POLYMER PLAST S7) was used for measuring
pH as using the same procedure reported elsewhere (Notarfrancesco et al., 2021).

N analysis

A modified protocol from (Greenberg et al., 1992) was used to determine Total Nitrogen (TN)
using the oxidation reaction with K;S,0s in alkalinity conditions. The digestion solution contained
(per liter) 20 g of K25,0s and 3 g of NaOH. A volume of 1.5 mL of NaOH/ K;S,0s was added to 3
mL of sample volume, previously centrifuged, to determine the concentration of TN by the
measure of oxidized N (N-NOs’). The incubation was performed at 110°C for 30 minutes in a
cuvette termoblock. After cooling down to room temperature, 0.3 mL of borate buffer (61.8 g
H3BOs and 8 g NaOH per liter) were added to stabilize the samples and the absorbance at 220 nm
and 275 nm was read with UV-VIS spectrophotometer (Cary 100 Scan, Varian), employing quartz
cuvettes.
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The value considered for the interpolation with calibration curve is (x-2y) where x is the
absorbance at 220 nm and y is the absorbance at 275 nm. Optimal conditions are met whenever
the difference between the two wavelengths does not exceed 20%, otherwise, it means that
there is too much organic matter interfering. The analysis was carried out in duplicate. The
concentration of NT and N-NOs™ as separated compounds were determined through photometric
test kits (Hach cuvette test LCK 338 and LCK339, respectively).

TGA analysis

The thermogravimetric analyses (TGA) were performed on dry samples (70°C for 48h) after TSS
analysis to assess the amount of S° in biological samples. A Perkin-Elmer TGA4000 was employed
under air atmosphere (gas flow 40 mL min!) at 5°C min'* heating rate from 100 to 400 °C and at
20°C min! heating rate from 400 to 800 °C.

Molecular Analysis
16 rRNA-gene amplicon sequencing analysis was performed by BMR Genomics (Padova, Italy)
after DNA extraction according to the protocol described in the DNA kit (GenElute Bacterial
Genomic, Sigma). The 16S rRNA gene V3-V4 hypervariable region was amplified. The sequencing
was performed by NGS (next-generation sequencing) and raw data Fastq were processed to
assign taxonomy.

4, Results and discussions

4.1 PSB-enriched biomass

The enriched culture of PSB used in this thesis was performed under a semi-continuous regime
in anaerobic illuminated conditions (24h light from halogen lamp) and resulted in a mixed
population of phototrophic bacteria.

The light source was selected screening several types of lamps (halogen, fluorescent, LED) and
compared their spectral distributions of light in the wavelengths from 300 nm to 800 nm.
Specifically, among lighting source types, the halogen lamps most closely resemble the natural
sunlight, emitting throughout the visible spectrum from 380 nm (UV, ultraviolet) to 780 nm (IR,
infrared) (Souza et al., 2019). The OSRAM 500 W halogen lamp (IR light intensity of 50 W m2)
was chosen for our purpose aiming to perform laboratory tests in the perspective to carry out
future experiments in a pilot plant under real sunlight conditions.

Flasks were covered with UV-VIS absorbing foil (ND 1.2 299, Transformation Tubes, UK) (Hiilsen
etal., 2014) to completely prevent algae growth, promoted by visible and ultraviolet wavelengths
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(Prachanurak et al., 2014), and, conversely, enhance purple bacteria growth, which absorbs light
in the infrared spectral region (Hu et al., 1998).

The selective enrichment of PSB biomass, instead of purple non-sulfur bacteria (PNSB), has been
achieved by feeding S at high concentration (> 0.5 mM) and employing digestate as a suitable
medium for PSB biomass growth. Indeed, PNSB are mainly heterotrophic bacteria (capable of
photo-assimilating organic acids, carbohydrates, alcohols, etc.) and, when they oxidize H5S in
anoxygenic photosynthesis, they can tolerate low concentration of sulfide compounds (Madigan
and Jung, 2016). Therefore, the bacterial growth on digestate (poor of organics) was fully
autotrophic. Furthermore, the absence of sulfate-reducer microorganisms was monitored by H,S
levels in the headspace, which was all the time not detectable as expected. An increase in H2S
would have been a consequence of microbial activity that employs sulfate dissolved compounds
as electron acceptors to produce a reduced form of sulfur (Marin et al., 2019).

Lastly, after multi-cycles feeding of substrates, the steady-state was reached and the PSB-
enriched biomass exhibited a biomass concentration of 3.79 + 0.24 g TSS L.

4.2 Stoichiometric definition experiments

Three main sets of experiments were carried out to define a stoichiometric relationship between
substrates consumed (sulfide and bicarbonate) and intermediates accumulated (elemental sulfur
and sulfates) by PSB-enriched biomass under anaerobic non-axenic conditions in an illuminated
environment. Specifically, this section aims (i) to describe the repetitive consumption of the
electron donor (S*) vs electron acceptor (HCOs) (ii) to evaluate the accumulation of
intermediates produced during the oxidation reactions and (iii) to investigate nitrate as new
electron acceptor species to drive the complete oxidation of sulfide.

Sulfide consumption trends

The first set of experiments was carried out to assess a consumption study of species (e” donors
and e acceptors) that play a central role in the anabolic reaction of purple sulfur bacteria. The
measured points of sulfide (panel A), bicarbonate (panel C) and N-NH4* (panel D) concentrations
during the time of 101 h were represented in FIG. 2.1, expressed in mg substrates L. Panel B
described the pH values, monitored over the same experimental time.
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FIG. 2.1 - Time course of sulfide (A), (c) bicarbonate (C) and N-NH,* (D) concentrations during the experimental time of 101 h.
The pH values were shown (B) to directly correlate them with S removal (A). The experiments were carried out considering
replicating the data over time. The biomass was pre-cultivated in the same conditions and the growth rate was constant in the
experimental time.

At the beginning of each cycle (indicates with Roman numerals on FIG. 2.1 A), the bottle was
opened under nitrogen atmosphere to provide S> consumed and adjust the concentration of
nutrients taken out with sampling (HCOs  and N-NH4*) by adding of proper volume of digestate.
This operation was needed to avoid the dilution effect due to sampling and to evaluate the
correct decrease of concentrations resulting only from the microbial activities. Finally, the pH of
7.32 £ 0.01 was restored and the bottle was incubated on the shaker in illuminated condition as
previously described. Sulfide was fed in four different cycles and its initial concentrations were
respectively 61, 66, 85, 68 mg S L. The volumetric consumption rate reached in each cycle was
2.8, 2.5, 3.5, 3.0 mg S L' h'. The second feed resulted significantly faster due to the large
amount of substrate fed (85 mg S% L, consumed at 3.5 mg S L' h'!), while the other three
trends reported comparable and repetitive sulfide consumption rates, depending on similar
initial concentrations fed. Furthermore, this means that the biomass was stable over time and
the variation due to the microbial growth can be considered not significant in the experimental
time of 101 h. All these results demonstrated that PSB-enriched biomass in this study was capable
to remove sulfide completely under IR light intensity of 50 W m™2. Similar findings were observed
by Egger et al., who reported removal efficiencies of sulfide of 100% by autotrophic mixed culture
of PPB under high and low irradiance (56 and 27 W m2).

55



By comparing the results hereby presented on the maximum consumption rate to Egger et al.,
higher sulfide consumption was registered in the present study. In particular, the authors
declared the maximum sulfide consumption rate of 1.79 + 0.16 mg S* L* h! (at low irradiance)
and 2.9 mg S? L' h'! (at high irradiance) in a synthetic medium containing 121 + 9 mg S? L'}, while
the consumption rates in the present work were slightly higher (3.5 mg S L't h'?) in spite of the
S% feed was 1.5 times lower. Therefore, the slower sulfide removal rate of Egger et al. was
attributed to microbial community variations in terms of bacterial species (PNSB most abundant
at the beginning and PSB at the end of the experiment) and biomass concentrations. The
stabilization of a robust consortium and the evaluation of specific rates and biomass yield for
autotrophic PSB biomass should be considered to determine the best performing biomass to
sulfide removal application.

Simultaneously, a good correlation was observed between S? consumption and the increase of
pH from an initial value of 7.32 £ 0.01 to a final pH value of 7.98 £ 0.06 in each cycle. These results
were in agreement with the tests carried out by Marin et al., who described an increase in pH
due to PPB-based CO; fixation using HaS gas. Egger et al. also mentioned the increase in pH value
in the cultivation broth of PPB inoculum but both studies do not measure systematically pH over
time. The present study has defined pH as a simple and reliable parameter to describe a direct
relationship between its increment of around 7 points in the range of pH scale (in non-buffered
conditions) and sulfide oxidation to sulfur by PSB-enriched inoculum.

Finally, consumption trends were observed for HCOs (FIG. 2.1 C) and N-NHs* (FIG. 2.1 D), both
fed with the digestate as culture media. In particular, it was observed a linear consumption of
bicarbonate and an insignificant decrease of N-NH4* concentration in the experimental time.
Digestate was provided in this experiment only at the beginning to reach the initial
concentrations requested by the medium and through the experiment to prevent dilution effects.
The HCO3™ uptake is discussed further on in order to evaluate its consumption and determine
stoichiometry in terms of electron donor and acceptor species as a molar ratio (FIG. 2.2).

The N-NH4* removal efficiency resulted to be negligible because the concentrations are slightly
constant in time (FIG. 2.1 D). Hence, nitrogen uptake in organic molecules (i.e. proteins) by PSB-
enriched biomass was reported as not appreciable, using N-NHs* as the sole N source. This
evidence resulted in a low growth rate in the experimental time tested, because micro-and/or
macro-nutrients could be strongly limiting in the digestate. The latter was selected as a suitable
candidate to improve the growth of photoautotrophs instead of photoheterotrophs, being poor
in organic electron donor matter (COD). Besides, digestate had reasonably insufficient
concentrations of Fe and Mn described as needed micronutrients for PPB biomass (Egger et al.,
2020). Moreover, this hypothesis was supported by the visual evidence of flocculant biomass
formation in non-mixed conditions that referred to stress conditions (Okubo et al., 2006; Cerruti
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et al.,, 2020). However, the depletion of macro-/micro- nutrients did not affect the sulfide
removal, conversely to what was observed by Egger et al. using the analogous centrate.

Fig. 2.2 presented the linear trendline fitted between calculated values of mmol HCO3 consumed (ON
the x-axis) and mmol S% consumed (ON the y-axis). The consumptions were based on concentrations
points presented above (FIG. 2.1 A and FIG. 2.1 C) and considering the total volume as fed volume
(NazS concentrated solution, at the beginning of the four cycles) minus the exit volume (sampled
for analytical procedures). The fitting quality of calculated data was determined in terms of
correlation coefficient (R?). The slope of the linear trendline indicated the average molar S*
consumed/ HCO3 consumed ratio equal to 0.86, which was higher than expected. As previously
mentioned, many species of PPB can grow photo-autotrophically using sulfide as an electron
donor to reduce inorganic carbon for biomass growth (Pfennig, 1975; Madigan and Jung, 2016;
Bryant and Frigaard, 2006) and, in particular, Syed et al. described the simultaneous
stoichiometric removal in a theoretical molar ratio of 0.5 S*/HCOs". Here, the experimental data
showed that more carbon as bicarbonate was removed by PSB-enriched inoculum to carry out
the oxidation reaction of S? to S°, during the entire experimental run (R2>0.95).
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FIG. 2.2 - Linear function expressed as mmol of HCO3 consumed 0N X-axis and mass of $%consumed ON the y-axis, calculated by
experimental points. The R? of 0.95 demonstrated the good fitting quality of calculated data, while the slope indicated the molar
Sz_consumed/Hcos‘_consumed ratlo

At the start of each feeding cycle (from /to IV in FIG. 2.1 A), when sulfide was provided, the first
oxidation reaction (in equation e) occurred in presence of light. At the end of cycles, sulfide is
limiting and the S° produced can be oxidized as a result of the second reaction (in equation f),
driving the formation of sulfate. During the experiment, only at the end of // cycle was observed
a little drop in the pH after completely consumption of S* and before the next feeding (in /Il
cycle).
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light
2nH,S + nCO, —— 2nS° + n(CH,0) + nH,0 (e)

light
nH,S + 2nC0, + 2nH,0 —— nS0Z~ + 2nH* + 2n(CH,0) T

Studies regarding the photochemical reaction of green sulfur bacteria (GSB) have described a
relationship between S loading rate and light intensity. Specifically, the accumulation of oxidized
sulfur compounds formed by the photoautotroph GSB Chlorobium limicola was investigated by
Cork et al., who observed the formation of only elemental sulfur under sulfide overloading
conditions and the production of sulfate under sulfide underloading conditions. In the latter case,
the surplus of light caused the sulfate production (through regulation/deregulation of sulfur
oxidases enzymes) and the authors proposed a model to balance the S* feed rate and the light
intensity, allowing to optimization S° formation in a batch-fed reactor system. In the present
study, being the light intensity constant at 50 W m2 and assimilating the metabolism of PSB
enriched inoculum likely GSB described by Cork et al., the endpoints between two consecutive
S% feeds can be considered limited in sulfide content and the sulfate production has occurred.
This resulted in a lack of stoichiometric balance from theoretical molar ratio 0.5 S*consumed/ HCO3"
consumed due to the reaction of intermediates. The experiment described in the next section was
specifically proposed to describe S° accumulation and sulfate production.

Accumulation of oxidized sulfur compounds

Experimental work identified sulfide oxidation to be a multi-step process with the accumulation
of intermediates (Pirieh and Naeimpoor, 2019). In particular, the experiment of this section
aimed to validate the possibility to accumulate elemental sulfur as the first oxidized compound
under fed-batch mode in anaerobic non-axenic conditions.

The first experiment of this section was performed after several pulses of sulfide (> 5 cycles of
feeding 80 mg S? L'1). The FIG. 2.3 A demonstrated that the first consumption line (with circles)
resulted faster than the next line (with triangles) and the sulfide volumetric consumption rate
decreased from 3.7 mg S LY h'1to0 1.9 mg S* L'* h}, reasonably due to the accumulation of S° as
intermediate of first oxidation reaction (previous section). This hypothesis could be supported by
visual observations of a gradual increase of turbidity and sedimentation in the non-mixed
condition that simultaneously occurred, which resulted in a change of cultivation broth color
from red to white (Li et al., 2020).
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From the same experiment, the pH values were represented on FIG. 2.3 B, where the correlation
between S consumption and increase in pH was still valid but with less evidence the before (FIG.
2.1 B). Particularly, in the delta time of 25 — 70 h, the pH profile is almost flat compared to that
corresponding of 0 —25 h.
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FIG. 2.3 - Time course of sulfide (A) and N-NH4* (C) concentrations over the time of 70 h. The pH values were shown in (B). The
experiment was carried out after multiple feeding of the sulfide at 80 mg S% L1, The growth rate was considered constant in the
experimental time, in accordance with no N uptake observed.

The second experiment was focused on the optimization of sulfide removal to successfully
achieve a phototrophic S* consumption at a high removal rate. It was hypothesized a
feast/famine regime as the most appropriate approach to drive the complete oxidation of S*" and
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completely convert it to sulfate. Feast and famine regime (FF) for the first time was proposed as
a cultivation strategy to grow phototrophic biomass in anaerobic non-axenic conditions. This
approach, indeed, is commonly applied for aerobic microbial culture and in mixed photosynthetic
culture composed of algae and bacteria (Fradinho et al., 2013) to investigate the capacity to
accumulate polyhydroxyalkanoates (PHA).

In the abundance of bicarbonate, the complete oxidation reaction of sulfur can be obtained in
illuminated anaerobic environments, without an external supply of electron acceptor (equation
fin the previous section). FIG. 2.4 A showed that the mixed consortium was capable to restore
the S*consumption rate after a period of famine, where the insoluble elemental sulfur
accumulated (intracellularly or out of the cells) was quickly consumed to produce sulfate. A good
relation between SO4% production and decrease in pH from 7.29 to 6.81 was observed in
correspondence of famine phase in the cultivation media (FIG. 2.4 B). The PSB-enriched inoculum
was a versatile consortium of bacteria proficient to efficiently carrying out anabolic reactions in
a large range of pH in a non-buffered medium. In both experiments described in this section (FIG.
2.3 and FIG. 2.4), the N-NH4* consumption was negligible and no appreciable as mentioned
above.
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The sulfur mass balance supplying N-NOs™ as electron acceptor

Two main series of experiments were performed in parallel to study the oxidation reactions by
PSB-enriched inoculum: (i) N-NOs™ -free condition, used as the baseline and (ii) N-NOs™ -rich
condition, supplied with nitrate in the cultivation medium.

Theoretically, nitrate plays the role of external electron acceptor to completely oxidase sulfur
compounds and has been verified by the presence of nitrogen oxide reductase enzymes present
in PPB (Adessi et al., 2021). Moreover, although many purple bacteria have been reported as
complete or partial denitrifiers, they have not been studied in terms of sulfur-driven autotrophic
denitrification and the literature has mostly referred to Thiobacillus denitrificans as the principal
candidate for this process (Batchelor and Lawrence, 1978; Shao et al., 2010). This section
proposed to investigate nitrate as suitable for carrying out the complete oxidation of sulfur
compounds (from sulfur to sulfate), avoiding the accumulation of elemental sulfur as the reaction
intermediate, which decreases S* removal rates as previously discussed.

The experiments were performed for 430 hours as represented on the x-axis in FIG. 2.5 or during
approximately three weeks of working hours. The graphs on the left in FIG. 2.5 showed the set
of the experiment under N-NO3 -free condition, while the graphs on the right referred to N-NO3"
-rich condition.The graphs clearly identified a set of 3 consecutive trend lines in pH (panels A and
A1), products produced (SO4% in panels B and B1) and substrates consumed (PO4* in panels C
and C1), referring respectively to the first, second and third weeks of experiments. During the
weekend hours (~ 64 h), the inocula were left in the illuminated condition in a phosphate buffer
solution, without any substrates suppling. At the beginning of each week, the total volume of the
flasks was centrifuged to recover biomass and a fresh medium was prepared as described in
section 3.1. In both tests, N-NH4* and HCO3  were supplied as digestate. The N-NOs™-rich condition
was supplementary fed with 224 + 20 mg N-NOs L at the starting points only. The inocula were
pre-cultivated under famine regime (sulfide limited) for 407 hours on the respective medium to
adapt microbial community, monitoring pH and sulfate concentrations in order to empty any S
eventually accumulated in the biomass (intra- or extra-cellular). The PSB-enriched biomass
presented a concentration of 2.22 + 0.38 g TSS L-1 in N-NOs -free condition and of 2.81+0.48 g
TSS L-1 in N-NOs™ -rich condition.

In these series of experiments, the soluble sulfide content was monitored using only pH as a
parameter, considering the strong correlation between pH and S? consumption widely validated
in this thesis (as shown above, FIG. 2.1 A). Hence, each pH value around 7.3 indicated an S$*
feeding operation and each pH value around 8.0 its total consumption (FIG. 2.5 A and 2.5 Al).
The maximum S consumption rate by PSB-enriched biomass was 11.2 + 1.5 mg S? L't h*%, which
is 3.2 times higher than the maximum value registered before, depending on the higher amount
of active biomass operating in oxidation reactions.
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FIG. 2.5 — Overview of 2 sets of experiments of oxidation reaction tests under different conditions: the graphs on the left are
referring the pH trend (A), sulfate production (B) and phosphate consumption (C) without supplying of extra e- acceptor in the
cultivation broth; the graphs on the right are referring the pH trend (A1), sulfate production (B1) and phosphate consumption

(C1) dosing N-NO3- as e- acceptor to enhance oxidation reactions by PSB enriched biomass. The feast and famine regimes were
applied in both experiments.

At this moment is relevant to state that the initial concentration of 80 mg S? L'! was consumed
in approximately 7 hours. Considering the operational time to conduct the analytical procedures,
in a working day of 8 h was possible to inject only two pulses of S* (at 9 a.m and 5 p.m.), carrying
out a feast phase of 16 h per day (15t consumption from 9 a.m to 5 p.m. and 2" consumption
from 5 p.m. to 1 a.m.). During the night, in presence of non-limiting bicarbonate, a spontaneous
famine phase occurred, which allowed the partial and/or complete oxidation (equation f in
section 4.2). The amount of sulfate produced in the night famine phase of approximately 8 hours
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was determined by sampling the liquid cultivation broth in the morning and evaluating the sulfate
concentration by HPLC.

The panels B and B1 of FIG. 2.5 represented the mmol of SO produced by PSB-enriched
inoculum calculated based on the final volume (total volume — sampled volume + fed substrates
volume + fed H,SO4 volume for pH adjust). The main finding resulted in very close values in the
mass balance of sulfide fed and sulfate produced in N-NOs -rich condition (FIG. 2.5 B1), meaning
there was no elemental sulfur accumulated in the biomass. Conversely, in N-NOs™ -free condition
(FIG. 2.5 B) a lack of balance of dissolved sulfur components indicated that an insoluble sulfur
component had formed, likely intracellular sulfur (Weissgerber et al., 2014).

Based on the calculation, the mmol of S° accumulated (mmol of sulfide fed — mmol of sulfate
produced) can be estimated in terms of percentage in TSS L%, resulting S° was approximately the
25 % of total biomass measured by the TSS method. This finding meant that the real increase of
biomass NOs -free condition was overestimated since the TSS analysis is based on dry weight, in
which the amount of solid sulfur accumulated intra-/extra- cellularly by biomass also counts. In
order to obtain a reliable method for quantifying biomass, under these operating conditions,
thermogravimetric analysis (TGA) was applied to discriminate sulfur accumulated from biomass
and was described in the next section.

Referring to P-PO4> consumption trends, no appreciable differences between the two conditions
were observed, i.e. phosphorus (expressed as mmol of phosphate in FIG. 2.5 C and C1) uptake in
biological molecules as biomass was the same in N-NOs™ -free and N-NOs -rich conditions. The
PSB-enriched biomass presented a final concentration of 4.32 + 0.07 g TSS L in N-NOs™ -free
condition and of 3.78 £ 0.10 g TSS L'* in N-NOs™-rich condition, higher than initial concentrations.
These results were coherent with the considerations on biomass increase, that considering S°
accumulated, resulted approximately equal in both conditions tested.

Regarding N-NO3  consumption, FIG. 2.6 represented the mmol consumed in experimental time
of 430 h. During the first week (range hour 0 — 90, blue points) no accurate trend of N-NO3 was
reported, plausibly because only 5 feeds of 80 mg S? L™ were provided and the amount of sulfur
accumulated was insufficient to completely oxidize it to sulfate. Following the trend in the range
time 164 — 264 h (green points) and 330 — 430 h (orange points) showed, instead, a relevant
consumption, with an increase in the removal rate in the last week of approximately double
compared to the previous ones.

From the presented findings, the concomitant production of sulfide and consumption of nitrate
can target as feasible coupling the oxidation reaction (from sulfur to sulfate) with the autotrophic
denitrification in the famine phase, where sulfide is limiting. Moreover, nitrate is readily available
in most wastewater treatment plants and its presence in the contest of biogas production is
reasonably to include an N-NOs in the whole process to improve the efficiency of completely
oxidation reaction (Can-Dogan et al., 2010).
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FIG. 2.6 — Time course of N-NOs consumed over the experimental time of 430 h. Blue, green and orange points represented the

1st, 2nd gnd 3 week of the experiment (5 days) under a feast-feast-famine regime, approximately each 8 h per day. The N-NO3

was fed only 3 times, at the starting points of each week, prior biomass centrifugation. Biomass concentration increased during
the experimental time. Lag phase was prevented by the adaptation period before starting the operation conditions.

Specifically, denitrification occurs in PPB as a mechanism to dispose of excess reducing
equivalents; it is a dissimilatory respiratory process in which nitrogen oxides (N-oxides) are used
as terminal oxidants when oxygen is limiting and none of the nitrate reduced is incorporated into
cell biomass (Shapleigh, 2009). In these bacteria, the enzyme present are likely to be used for
redox balancing, or to mitigate the toxicity of certain nitrogen oxide intermediates. Generally,
purple bacteria contain most commonly the periplasmic nitrate reductase (Nap) mostly studied
in purple non-sulfur bacteria such as Rba. Sphaeroides (Adessi et al., 2021). There is evidence
demonstrating an increase in the Nap activity under photosynthetic conditions, where disposal
of reducing equivalents is important for growth, and indicating Nap activity is beneficial, allowing
the use of excess reducing equivalents in nitrate reduction (Shapleigh, 2009).

TGA results
TGA analysis were performed on dry samples of N-NOs™ -free condition in order to assess the

amount of S° in biological samples. The thermogravimetric analysis is a technique that allows to
detect of the thermogravimetric loss of sulfur (S°) from complex matrixes such as, for example,
biomass on activated carbon (Craik et al., 1991) and sulfur-impregnated carbon nanotubes (Guo
et al,, 2011)(Wang et al., 2012).
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Framed in this thesis, such approach was adapted to assess a tentative quantification of the
cumulated sulfur into the final biomass sample of N-NOs -free condition, described above in
order to close the sulfur mass. As reported in FIG. 2.7 A, S° degraded in a range comprised
between 200 and 300°C in air atmosphere. After 450 °C the biological components in terms of
organic molecules from biomass started to be degraded. The bimodal degradation, reported in
Fig. 2.7 B, of pure S°(from Sigma-Aldrich) may be due to a first vaporization followed by oxidation
in presence of O,. Furthermore, FIG. 2.7 A showed the degradation pattern of a S-rich and a S-
free biomass. The amount of sulfur in the biomass was tentatively assessed by measuring the
weight loss of the samples (FIG. 2.7 A) corresponding to the range of temperature associated to
the complete consumption of S° (Fig. 2.7 B). As a consequence, the thermogram related to the
biomass grown under excess of S? reported a sulfur content of 34% while the biomass grown in
sulfur limiting conditions showed a substantial decrease of the sulfur residue with only 11% of
weight loss. A precise quantification of sulfur by TGA method may be hampered by the
concomitant degradation of a complex mixture of other biological structures in the same range
of temperature, however, these trends were confirmed by S mass balance calculation.
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FIG. 2.7 — TGA curves (A) and their derivatives (B) of biomass under N-NOs -free condition, tested in the previous section.
The green curves indicated the biomass at the beginning of cultivation, where no S° accumulation intra-/extra- cellularly
occurred (referring as S-free biomass); the yellow curves indicated the biomass at the end of cultivation, where potentially
S% was accumulated with biomass (referring as S-rich biomass); the black lines were of pure sulfur as reference.

Molecular analysis results

16S rRNA-gene amplicon sequencing analysis was performed in the V3-V4 hypervariable region
in order to classify the microbial community, grown in PSB-enriched biomass experiments under
N-NOs -free and N-NOs" -rich conditions, previously mentioned.
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Approximately the 95% of the metabolically active community abundance was classified into 5
Phyla, of which Proteobacteria, Bacteroidetes, Chlorobi, Chloroflexi and Firmicutes were the most
abundantin both samples. Particularly, the relative abundance of bacteria at phyla levels resulted
comparable in both samples analyzed, with a higher amount of Proteobacteria (54.8% and 58.5%
of relative abundance under N-NOs-free condition and N-NOs™-rich condition, respectively) and
Bacteroidetes (30.9 % and 21.4 %, N-NOs-free condition and N-NOs-rich condition) (Fig. 2.8).
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FIG. 2. 8 — The microbial community in samples of biomass growing in N-NOs -free condition and N-NOjs -rich condition at phyla
levels, expressed as in percentage of relatively abundance over the total community.

At family levels, the most abundant microorganisms detected were Chromatiaceae (17.5% in
PSB-enriched biomass N-NOs™ -free condition and 17.8 % N-NOs™ -rich condition), which are a
Gammaproteobacteria classified as purple sulfur bacteria (PSB), distinguishing from
Ectothiorhodospiraceae (included in Gammaproteobacteria PSB) based on their 16 S ribosomal
RNA (rRNA) sequences. The most important feature that characterizes Chromatiaceae is the
formation of sulfur globules within the confines of the cell wall, while sulfur globules accumulate
extracellularly in members of the Ectothiorhodospiraceae. No genes corresponding to
Ectothiorhodospiraceae were found into PSB-enriched biomass analyzed, thus the elemental
sulfur accumulated by biomass was reasonably stored inside the cells of purple bacteria grown
(Frigaard and Dahl, 2008).

Other families distributed over the Alphaproteobacteria, and typically classified as PNSB were
also identified but with much lower abundance, such as Bradyrhizobiaceae were 8.8 % and 6.2 %
(N-NOs -free and N-NOs -rich condition) and Rhodobactereaceae that were less than 1% in both
conditions. These families of PNSB have been reported to be more abundant in presence of
organics instead of carbon dioxide in heterotrophic pathways (Hilsen et al., 2016; Ghosh and
Dam, 2009).
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Lastly, a limited amount of Hydrogenophilaceae (2.6% of relative abundance) was detected in N-
NOs™ -rich condition that can play a role as autotrophic denitrifier in presence of nitrate as
electron acceptor. The main species targeted in this process was reported as Thiobacillus
denitrificans, the most representative species in the family of Hydrogenophilaceae (Batchelor and
Lawrence, 1978; Moraes et al., 2012).

5. Conclusions

The presented research of this Chapter identified that the anaerobic desulfurization can be
applied for biogas using the metabolism of purple sulfur bacteria (PSB), selectively enriched in
mixed autotrophic culture under illuminated conditions (IR intensity of 50 W m™). The
experiments were carried out providing substrates in dissolved forms in order to simulate the
process proposed, which is an integration of the conventional physico-chemical techniques for
biogas cleaning and upgrading. In this perspective, the photobioreactor was located in the
downstream of a water scrubber, in which biogas was washed producing a $*/HCOs™-rich stream
to be fed into the photobioreactor.

The sulfide oxidation that occurred in PSB-enriched biomass was a multi-step process where the
sulfide was oxidized to elemental sulfur in a first reaction and then the elemental sulfur produced
was completely oxidized to sulfate in a second reaction. In both redox equations, sulfur
compounds and bicarbonate worked as electron donors and as electron acceptor, respectively.
Moreover, inorganic carbon as HCO3™ also was the carbon source to grow biomass and it was in
non-limiting in all experiments. Digestate was targeted as an effective growth media in terms of
nitrogen source (N-NH4*), although the depletion of micro-nutrients produced a low biomass
augmentation during the experimental time tested.

The pH was selected as a simple and reliable parameter to monitor the sulfide dissolved
concentration in the cultivation broth in non-buffered conditions. The variation of around 7
points in pH scale was a huge range to detect the S>removal-pH based. Moreover, the PSB-
enriched biomass resulted as a very versatile and robust consortium assessed that can well
tolerate pH variations, even in acidity conditions (pH 6.8).

Regarding sulfide removal, 100% of efficiency was reported, in line with other desulfurization
methods (physico-chemical and biological). Preliminary small-scale experiments showed a
maximum S? removal rate of 3.5 mg S? L't h', applying multiple pulses of sulfide feeding (feast).
After consecutive supplying of sulfide, a decrease in removal rate of approximately two times
was observed, as expected from intermediate accumulation within the biomass. The previous
maximum removal rate was recovered operating a sulfide depletion (famine). Feast and famine
regime (FF) for the first time was proposed as a cultivation strategy to grow photoautotrophic
biomass in anaerobic non-axenic conditions.
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In a different experiment was investigated the alternation of feast-feast-famine phase for 430 h
of experimental time and increased maximum S* removal rate until 11.2 + 1.5 mg S L' h'! by
PSB-enriched biomass, due to the reaction of elemental sulfur accumulated to produce sulfate.
This observation was assessed by SO4%> mass balance calculation in both conditions tested i.e.
PSB-enriched biomass growing on cultivation media N-NOs -free and N-NOs™ -rich.

The N-NOs -rich condition was tested in order to supply nitrate as an electron acceptor for sulfate
production and it found application in coupling sulfide oxidation with autotrophic denitrification,
as an interesting alternative for simultaneous removal of sulfide and nitrate from agro-industrial
streams.

Lastly, a consideration on biomass determination using thermogravimetric analysis (TGA) was
reported as an adapted method to assess a tentative quantification of the cumulated sulfur into
the final biomass sample. Finally, by 16S ribosomal RNA gene sequencing, PSB-enriched biomass
resulted mainly represented in Chromatiaceae as predominant purple sulfur bacteria present,
which store elemental sulfur as granules into the cells.
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6. Appendices

Appendix 1: Correlation between [H2S]aq Vs [H2S]gas and [CO2]aq Vs [CO2]gas by calculation

The Henry law was applied (formula 1) in order to determine a good relationship between
dissolved hydrogen sulfide (H2Saq) and hydrogen sulfide in the headspace (H2Sgas) of 11.5 mL vials,
prior analysis of gas composition at uGC analysis (section 2.4).

Ch2s = Huas * Phas (1)

Where Chas is the dissolved H,S concentration; H is the Henry constant for HxS of 0.102 mol L
atm™ (at 25°C and 1 atm) and Puas is the partial pressure of H,S in atm (Sander, 2015). The analog
formula was used to relate dissolved carbon dioxide (COzaq) and carbon dioxide in the headspace
of vials (CO; gas) through Henry constant equal to 0.034 mol L'* atm™ in the same conditions of
temperature and pressure.

Considering the partial pressure of each compound is Pi = Fi * P, moles of H,S (and CO3) in the
gas phase can be estimated through iterative minimization of the error between the mmoles of
S% (and HCO3) in the liquid phase of a standard solution and the mmoles of S?* (and HCOs') in the
gas phase, calculated by changing F value. All calculations were done considering a total volume
of 11.5 mL and liquid volume of 5.5 mL. The expected concentrations in the gas phase were
accurately predicted obtaining a high correspondence between calculated (on the x-axis in Fig.
2.9) and measured (on the y-axis) gas concentrations for both analytical compounds. The Fig. 2.9
below showed the parity plot with R? > 0.99 for these compounds (S?" orange points and HCO3"

blue points).
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FIG. 2.9 — Parity plot between calculated (on the x-axis) and measured (on the y-axis) gas concentrations expressed in
percentage, for both analytical compounds.
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Appendix 2: Calibration line to correlate gas concentration with dissolved compounds
concentration

To determine the concentration of dissolved H>S and CO,, a medium prepared (section 3.1) was
diluted in the range sensitivity of analytical instrument uGC analysis 3000 A and analyzed prior
to acidification (preparation of sample in section 3.4).

The conversion factor between the concentration of gas analyzed in the headspace of rubber
scrubber vail and the concentration (mg substrate L™!) was calculated for both substances from
the regression slope here presented (R?= 0.9924 for H,S and R?=0.9913 for HCOs" in Fig. 2.10).

Both analyses were validated by using alternative methods: sulfide cuvettes (kit test 0.1-2.0 mg
S¥ L1, Hach) for S and the volumetric titration method using methyl orange indicator
(Greenberg et al., 1992) for HCOs'.

1.0%
y = 9.71€-05x A

0.8% | =~
2 0.6% |

~
T 04% t o

0.2% |

0.0% A
0 20 40 60 80 100
conc mgs2-/L

10.0% | B
y = 1.03E-04x

B.O% |

6.0%

C02%
o

4.0% F

20% f

0.0%

0 200 400 600 800 1000
conc mgHCO3/L

FIG. 2.10 — Calibration lines which return the conversion factors between the concentration of gas analyzed in the headspace of
rubber scrubber vail (H,S in A and CO; in B) and their concentration as soluble compounds.
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Appendix 3: Calculation to determine SO4% produced by microbial activity

In order to prevent the corrosion/erosion of the metallic part of the analytical instrument (HPLC),
the acidification of samples was performed with a concentrated solution of H,SOa.

After the analysis, the SO4?" concentration was calculated considering the excess of H,SO4 added
in the sample preparation by following the formula:

C§oaz- = (Csoifs- * D1) — (G5 * Dy)

CREAL_is the real concentration of diluted sample; CY¥£4 is the concentration detected by the

instrument (prior calibration); D; is the dilution factor of sample; C}5A5 is the concentration of a
standard solution of H,S04 0.05 M and D; is the dilution factor of the standard.
The calculation was validated in the same way using the method of subtraction of the area of

sample — area of the standard (H.SO4 0.05 M) at the same dilution.
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Chapter 3: Bioreactor design and preliminary
tests

Abstract A bench-scale bioreactor of 2 L working volume and 40 m?m3 surface to volume ratio
was designed and developed on the presented designs, in order to study the technical feasibility
of sulfide removal from biogas by purple sulfur bacteria (PSB)-enriched culture. Based on the
most common microalgae cultivation systems and the latest researches on anaerobic
phototrophs, a flat panel photobioreactor (PBR) was chosen as the best candidate to study the
oxidation reaction of PSB in biogas cleaning application, which currently is at low Technology
Readiness Level (TRL). Preliminary tests were carried out to determine the hydraulic and gas
performances in terms of tightness. The mixing of the proposed PBR was performed by bubbling
synthetic biogas in recirculation through a peristaltic pump (300 mL min), allowing to perform
an ascendant and descendant flow into the two internal chambers of the PBR. The sulfide
consumption experiment was an attempted test to determine the main parameters (pH, mixing
and feeding) for the process presented in Chapter 2, through a PBR that can potentially operate
in batch, fed-batch and continuous mode. However, the gas-liquid mass transfer and fluid
dynamics should be further studied in future researches. Lastly, the possibility to integrate the
process with a data acquisition system (DAQ) was also discussed as a strategy to set, acquire and
modulate the PBR parameters to easily control the metabolic activities that govern purple sulfur
bacteria.
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1. Introduction

1.1 Overview on reactors for purple bacteria growth

In the framework of biogas cleaning and upgrading, the use of biological treatment for hydrogen
sulfide removal is a current alternative to the conventional physico-chemical techniques that
require considerable amounts of chemicals and energy. Regarding the application to use
phototrophic bacteria as a cleaner for sulfide from biogas, Cork et al. applied a laboratory fed-
batch photobioreactor (PBR) for the cultivation of photoautotroph Chlorobium limicola (a green
sulfur bacteria, GSB). Regarding purple phototrophic bacteria (PPB) in the last decades, the
application of purple non-sulfur bacteria (PNSB) to produce biohydrogen ((Adessi and De
Philippis, 2014), to remove carbon and nutrients in the wastewater and organic waste treatment
sectors to recover and reuse water (Batstone et al., 2015) have been intensively studied.
However, a limited number of studies were attempted to optimize the operation parameters in
continuous reactors (such as HRT, SRT, OLR), in particular concerning performance indicators
such as the removal efficiency and biomass yield (Capson-Tojo et al., 2020). These parameters
were indicated as prerequisites for scale-up to determine the geometry, the size (surface to
volume ratio), the photosynthetic efficiency and the feasibility (capital and operating costs) of
large-scale application of phototrophs.

To date, most of the work has not been executed under real-life conditions, relevant for full-scale
application (Capson-Tojo et al., 2020). Critical parameters to consider in PBRs were mainly
referred to microalgae cultivation due to similar considerations in order to optimize the
photobioreactor design. The main cost factors consisted in the light source (lamp vs sunlight),
mixing (CSRT vs gas bubbles), medium and carbon dioxide costs (Norsker et al., 2011; Huang et
al., 2017).

Open raceway ponds were reported as suitable photobioreactors for microalgae since they were
easy to operate, maintain and clean, associated with low investment costs (Norsker et al., 2011;
Posadas et al., 2017; Bani et al., 2020). A recent study has been targeted as a pioneer in microbial
protein production by PNSB in raceway reactors (Alloul et al., 2021). Particularly, this research
was focused on the operational strategies of a raceway inoculated with R. capsulatus and filled
up with 100 L and 50 L of cultivation medium in order to module the surface-to-volume ratio
from 10 to 5 m?’m3, respectively. Main findings reported a good selectivity of PNSB in non-axenic
open to air conditions (78% of PNSB abundance) and protein productivities of 0.2 g protein L?
day™.

Interestingly, the different configurations depended on the final application and closed PBRs
were reported to be the most appropriate systems, owing to maintain anaerobic atmosphere
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and prevent gas dispersion (e.g. for biohydrogen production by photo-fermentation of PNSB)
(Adessi and De Philippis, 2014). Concerning anaerobic PBRs, conventional stirred tank reactors
(STR), commonly used for suspension growth cells, were investigated for the first time to
produce PNSB biomass on food processing wastewater, operating as an SBR and an MBR in
separated tests (Chitapornpan et al., 2012; 2013) (FIG. 3.1 A). A comparable configuration was
used by Kaewsuk et al. to evaluate a membrane sequencing batch reactor (MSBR) with mixed
culture photosynthetic bacteria for dairy wastewater treatment. The experiments were carried
out in a pilot-scale bioreactor by using a square tank (working volume of approximately 600 L)
in which were installed 4 ceramic membranes. Sunlight was used as the light source for
bacterial growth and consuming organic matters using infrared filter covered the reactor to
prevent other light bands passing through inside.

A feasible strategy to reduce the depth was reported by Carlozzi et al. (FIG. 3.1 B), who described
an outdoor underwater tubular photobioreactor for biomass production of Rhodopseudomonas
palustris. The configuration proposed was a loop of 20 m in length (ten glass tubes, each 2 m long
with 0.048 m internal diameter connected in parallel) with a working volume of 0.053 m?3 and the
dark to light volume ratio of 0.43. Similar research using the same strains of PNSB was performed
in a horizontal tubular photobioreactor for outdoor hydrogen production applications (Adessi et
al., 2012) (FIG. 3.1 E). In this case, the tubular geometry for PBRs which was horizontally arranged
needed a large ground area occupancy, therefore affecting the cost of the process (Adessi and
De Philippis, 2014).

Another effective configuration investigated under anaerobic phototrophic conditions was
constituted by a flat panel photobioreactor, also developed for hydrogen production by purple
bacteria (Jacub Gebicki et al., 2009) (FIG. 3.1 C). Flat panels consisted of rectangular transparent
boxes that can be either vertically placed or inclined in the direction of the sun with a short light
path (1-5cm) (Akkerman et al., 2002). Flat panels have been considered suitable for base-studies
on light distribution and mixing since they evinced the best performances on these parameters
in comparison with tubular PBRs (Sierra et al., 2008). Moreover, they were easy to construct and
modify and showed promising application in large scale phototrophic culture applying
modularization as an option for scale-up, arranging a set of reactors one behind the other, at an
appropriate distance, to increase the ground area productivity (Xu et al., 2009) (Adessi and De
Philippis, 2014). This strategy was chosen by Jacub Gebicki et al. (FIG. 3.1 F), who vertically
arranged 4 flat panel reactors, where each panel had an illuminated area of 2 m? and a plate
thickness of 20mm, resulting in a total reactor volume of 100 L (4 x 25 L). The reactor was
positioned on the south side of a roof and the illuminated surfaces of the panels were facing in
an east-west direction. Moreover, when a flat panel was equipped with a submerged flat sheet
membrane resulted in a photo-anaerobic membrane bioreactor (PAnNMBR) (Hulsen et al., 2016).
PANMBR was investigated in an indoor 2 L reactor anaerobically illuminated with IR light for
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domestic wastewater treatment with purple phototrophic bacteria. Particularly promising results
have been achieved using membranes in this configuration for biomass retention achieved high
volumetric productivities of biomass (up to 4.2 g COD L™1d™?), allowing COD, N and P recovery
from wastewater (with removal efficiencies up to 93% COD, 8% N and 44% P,
respectively)(Hulsen et al., 2018).

FIG. 3.1 — Schematic diagrams of representative anaerobic photobioreactors (PBRs) or components: (A) anaerobic membrane

photobioreactor in STR (AnMBR)(Chitapornpan et al. 2013); (B) underwater tubular photobioreactor (Carlozzi et al. 2006) and

(C) panel of a flat photobioreactor (Jacub Gebicki et al. 2009). Pictures of purple bacteria employed in STR (Cerruti et al. 2020)
(D); tubular PBR (Adessi et al. 2012) and (E) flat panels arranged in vertical modules (Jacub Gebicki et al. 2009) (F).

Framed in this scenario, the study hereby reported aimed to investigate a single flat panel as a
configuration to perform a fully autotrophic process carried out by purple sulfur bacteria in
enriched mixed culture for sulfide removal from biogas. The technologies employed for
phototrophic bacteria cultivation, indeed, were mainly focused on the heterotrophic growth of
bacteria. Purple non-sulfur bacteria (PNSB), growing largely heterotrophically, can be successfully
co-cultivated with aerobic heterotrophic bacteria (AHB) in raceway ponds, improving the amino
acid profile and lowering cost production in comparison with separate cultivation PNSB/AHB
(Alloul et al., 2021).
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Open to air raceway configuration was not considered as a feasible option in purple sulfur
bacteria (PSB) cultivation since they grow mainly autotrophically in anaerobic conditions
(Madigan and Jung, 2016). Furthermore, the main disadvantage of stirrer tank PBRs for
phototrophs consisted of a limitation of light transmission, while tubular PBRs were not the best
bioreactors based on mixing. Finally, the low Technology Readiness Level (TRL) to explore a PSB-
enriched culture in the application for sulfide removal from the biogas, required the best
considerations on irradiance and mixing provided by flat photobioreactors. Finally, the possibility
to employ raw biogas to perform the mixing in a gas-lift system, through ascendant and
descended flow, was tested to potentially reduce costs. For all these reasons, and in the
perspective to apply a modularization of the flat PBR configuration, a flat panel was designed,
using biogas to mix the cultivation broth in a flat gas-lift photobioreactor.

2. Materials and methods

2.1 Gas-lift photobioreactor specifications

A bench-scale anaerobic photobioreactor with a total volume of 2.5 L was designed to study the
technical feasibility of the process presented in Chapter 2. It was built up by Tadeo SRL (Bologna,
Italy), based on the designs presented in the figures below (FIG. 3.2 — FIG. 3.8). It was composed
of a main cultivation chamber opening by metallic screws on the external frame of the reactor,
allowing the best maintenance and cleaning after use. The parts in contact with the culture were
made in polyvinyl chloride (PVC), which had high resistance to salty water and good propriety of
light transmission, needed for phototrophic purple bacteria employed in the cultivation.

It was continuously illuminated with a halogen lamp on one side of the reactor (OSRAM, Italy) at
50 W m2 of IR light intensity. Illumination was measured on the outside of the reactor wall with
an IR light sensor (Pasco scientific sensor, Elitalia, Milano). The illuminated surface to volume
ratio was 40 m?m3 and it was completely covered by UV-VIS filters (ND 1.2 299, Transformation
Tubes, UK). The dimensions of the photobioreactor are accurately described in FIG. 3.2, 3.3 and
3.4, inspired by commercial flat lab-scale PBR for microalgae cultivation (ELARA Flat, Solaris
Biotech Solutions, ITALY and Labfors 5, INFORS). The reactor was continuously mixed with an
internal gas recirculation, which prevented damages to the cell membrane and ensures an
efficient homogenization. The vessel was divided internally into two chambers to allow the
mixing by an ascendant flow on the big chamber (the right side of the deflector in FIG. 3.6 A) and
descendent flow in a smaller one (the left side of the deflector in FIG. 3.6 A). The possibility to
place the gas sparger at two different distances from the bottom (18 and 49 mm in FIG. 3.6 B)
was assessed to modulate the mixing depending on biomass concentration. The sparger
consisted of a tubing (Pext 6, @int 3), with a blindside (on groove side) with 15 holes of 0.5 mm
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diameter, to create bubbles of the same dimensions in the ascendant chamber, performing an
evenly gas/liquid flow. The composition of the synthetic biogas was CHa 70%, CO; 29.5% and H.S
0.5% (Marin et al., 2019), flowing from a 10 L cylinder under pressure (SIAD, Budrio, Italy).

The reactor was designed to be suitable for batch, fed-batch and continuous processes
modulating the operational mode. Different gas mixing strategies can be applied, operating in
recirculation with a peristaltic pump (330 mL min!) into the bioreactor or through a continuous
flow from under pressure cylinder, using rotameter (0.01-5 L min'!) (Appendix).

All components (fittings, tubing, valves) were in polytetrafluoroethylene (PTFE) which was
targeted as the best performing material within plastics for resistance with chemical and
biological matrices (Laboratory Screw Joints — BOLA, DE). A drain valve was placed on the bottom
of the reactor in order to recover the cultivation medium and biomass (FIG. 3.5 B).
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FIG. 3.2 — Frontal view of cultivation vessel designed for purple sulfur bacteria (PSB)-enriched culture. Dimensions expressed in
mm. Blue lines are referred to internal/external dimensions of the cultivation chamber; purple and green lines are referring to
distances between close components (taken from the center of the holes and the extern of caps, respectively).
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Flow
deflector

L

FIG. 3.3 — Side view of cultivation vessel (high side). Main features of internal components on the left (A). The flow deflector is
divided internally in the chamber into two sectors as indicated in the graph. On the right (B), positions of N. 7 holes (@ 3/8”) for

sampling, inoculation, feed inlet and free ports.

FIG. 3.4 - Side view of cultivation vessel (low side). Internal and external dimensions (A) and position of N. 4 holes (& 3/8”) for

sparger, sampling, blind pocket for the temperature sensor and free port (B).
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FIG. 3.5 - View of cultivation vessel (from the top, A and the bottom, B). On the top of the pho-bioreactor (A), three different
dimensions of holes were dedicated at acid/base inlet (in orange, @ %”’) and optional antifoam sensor (in black, @ 3/8”). Green
indicated holes for the pH meter and extra sensor (i.e. dissolved oxygen probe). On the bottom (B), the only hole was reserved

for a drain valve to simply empty the reactor.
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FIG. 3.6 — Location of the sparger gas into the reactor. Two grooves on the internal side of the bioreactor were located to have
two positions (higher and lower) to place the sparger providing an optimal mixing depending on the cultivation broth properties.
The flow deflector allowed an ascendant flow of liquid in the right chamber and a descendent flow on the left chamber. A zoom
of the sparger was shown in B, where were indicated N. 15 holes (& 0.5) on the right chamber side aligned and equidistant
allowing the gas to flow evenly.
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FIG. 3.7 — Details of bore dimensions expressed in mm on the graphs and referring to standard measure for fittings according to

the National Bureau of Standards Commercial. Bore in A corresponds to @ %", in B to @ 3/8” and in C to PG 13.5, requested to
place there the probes (i.e. pH-meter). The dimensions allowed tubing with appropriate outside diameter to pass through holes.

FIG. 3.8 — Details of fittings passing tubes and caps (provided by Laboratory Screw Joints — BOLA, DE). Specifics of each
component in terms of internal/external dimensions, type of thread and caps were indicated. In particular, fittings with internal
@ of 4, 8 and 12 mm have a dimension of %", 3/8” and %" respectively (on reactor side) and detain caps GL14, GL18 and GL25

(BOLA). The appropriate distances between caps allowed to be feasible screwing/unscrewing for use and maintenance.

87


https://www.bola.de/en/products/screw-jointscomponents-with-gl-thread/laboratory-screw-joints/
https://www.bola.de/en/products/screw-jointscomponents-with-gl-thread/laboratory-screw-joints/
https://www.bola.de/en/products/screw-jointscomponents-with-gl-thread/laboratory-screw-joints/

2.2 Feeding composition and inoculum

The inoculum was obtained from a fed-batch enrichment culture as described in Chapter 2
(section 3.1), starting from aerobic activated sludge (Hera WWTP, Impianto di Corticella, Bologna,
Italy), applying sulfide and light to selectively increase purple sulfur bacteria as predominant
microorganisms. The cultivation medium was composed of diluted digestate from Hera WWTP
(Impianto di Corticella, Bologna, Italy) collected after filtration at 0.2 um and stored at 4°C before
use. The analysed composition of Hera digestate was: 3984 mg + 350 mg HCO3 L-1; 828 + 17 mg
N-NHz* L'}; 203 + 14 mg P-PO4> L%; 1084 +37 mg TN L'3; 86 + 3 mg Cl- L.

The final concentrations of HCO3", N-NH4*, P-PO4%, S* were respectively of 1100, 224, 160 and 80
mg L%, based on “Pfenning Medium I” for a pure strain of Allochromatium vinosum (DMSZ
medium 28), where bicarbonate, ammonium and portion of phosphorus were supplied with
actual digestate (Chapter 2, section 3.2). The only condition tested was the N-NOs™- free, thus,
never supplying KNOs in the cultivation medium.

2.3 Operational procedures

The flat gas-lift photobioreactor designed was used in this preliminary study under fed-batch
mode to investigate the anoxygenic phototrophic reaction by purple sulfur bacteria enriched
culture, using digestate as a nutrient source (in terms of carbon, nitrogen and phosphate). The
reaction tested was the oxidation reaction performed under sulfide non-limiting conditions. The
inoculum was previously centrifuged at 10000 RPM for 10 min at 10°C and was resuspended in
the cultivation medium under anaerobic non-axenic conditions.

The reactor was initially fed with nitrogen gas and the cultivation medium already inoculated was
fed into the PBR through the feeding port using a peristaltic pump. At the end of the liquid
feeding, the peristaltic pump was stopped and the headspace was fed with synthetic biogas from
an underpressurized bottle.

Subsequently, the recirculation gas pump was started at 300 mL mint for 10 min and the
operation of headspace feeding from synthetic biogas was repeated three times in order to
obtain a headspace composition coherent with the biogas in the cylinder (Fig. 3.9). Indeed, the
solubility of gases in the cultivation medium occurred and the three repetitive cycles of gas
feeding headspace needed to saturate the liquid with gases components. Then the halogen lamp
and the peristaltic gas recirculation pump were turned on (24/24h) and the experiment started
by sampling every day the gas composition. The pH was continuously monitored at 7.3 + 0.05 by
pH meter (XS POLYMER PLAST S7) located on PG13.5 port (on the top of the reactor, FIG. 3.5 A)
by manual adjustment of pH using solutions NaOH 1 M and H,SO4 2M. The temperature was
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externally monitored by taking liquid samples. At the end of the experiment, the biomass within
the exhausted medium was recovered by the drain valve (at the bottom, FIG. 3.5 B) of the reactor,

flowing nitrogen gas.
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FIG. 3.9 — Schematic illustration of components of the set-up proposed, with gas recirculation allowing mixing.

2.4 Analytical Procedures

Analytical procedures were performed according to (Greenberg et al., 1992) and following the
procedures previously described in this thesis (Chapter 2, section 3.4).

Gas samples were taken from headspace in a volume of 5 mL in order to quantify the composition
of the gas mixture and determine consumption trends of hydrogen sulfide. The dissolved sulfide
and bicarbonate were not analysed in the liquid phase during the present preliminary test.
Presumably, the PSB-enriched culture initially consumed the substrates dissolved, followed by
the substrates from the gas-phase adsorbed into the liquid due to the high mass transfer through
mixing.

The gas composition in terms of CO, and H,S was measured using uGC analysis (3000 A — Agilent
Technologies, Milano, Italy) under the following conditions: injector temperature 90 °C; column
temperature 60 °C; sampling time 20 s; injection time 50 ms; column pressure 25 psi; run time is
120 s and the carrier gas was nitrogen. The instrument was previously calibrated by using the
synthetic gas mixture (SIAD, Budrio, Italy) composed of CO; (29.5%), H,S (0.5%) and CHa (70%).
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3. Preliminary test and discussions

The main results hereby presented refer to a preliminary test on bench-scale bioreactor to study
the technical feasibility of the integrated process of sulfide removal from biogas, using the
biological activity of purple sulfur bacteria (PSB)-enriched culture. Mainly, a large part of this
chapter is dedicated to designing, developing and setting up the photobioreactor, considering
both safety and biological process parameters. Designing PBRs for phototrophic processes is
challenging and usually relies on empirical considerations, as the modeling should include a large
number of parameters for a rational design (light, hydrodynamics, mass transfer and cell growth)
(Huang et al., 2017).

The configuration selected to study this phototrophic process is based on mature technologies
for the photosynthetic process of microalgae cultivation. The setting of the reactor was optimized
to reach a compromise between the lab-scale requirements and the future perspective to
operate on the pilot scale. A single flat panel was considered the best performing configuration
for autotrophic growth on purple sulfur bacteria in enriched mixed culture, carrying out the
sulfide removal through oxidation reactions. In a flat panel, indeed, the light transmission was
guaranteed due to the thickness of 2.5 centimeters and the scaling up is technically suitable
applying multiple panels in a vertical modular arrangement (Jacub Gebicki et al., 2009).

The source of light represents another critical parameter. Two options were examined: (i) an
infrared array of LEDs (Techboard Group, ITALY) and (ii) a halogen lamp (OSRAM 500W) to cover
the surface of 0.09 m? with a light intensity of 50 W m2. The LEDs (SFH 4253 OSRAM High Power
Infrared Emitter at 850 nm) have the advantage of being placed at a short distance (a few
centimeters) without a significant increase in temperature of the bioreactor, minimizing the
perturbance for microbial activities. Moreover, at a large scale, the employment of LEDs can be
considered appreciable in terms of electricity costs since IR light is a less intensive energy source
compared to others. Furthermore, in case of a scaled-up pilot reactor operating in outdoor
conditions, the most cost-efficient technique to save energy consumption is to employ natural
sunlight. From this consideration and being the halogen lamp the best in simulating sunlight
(Souza et al., 2019), a halogen lamp illuminating the photobioreactor at 50 cm from the surface
was selected. Additionally, the light was filtered by UV-VIS absorbing filters (Transformation
Tubes, UK), preventing the growth of other phototrophs in the PBR, i.e. microalgae and green
sulfur bacteria. Such compromise is considered economically feasible since they are relatively
cheap and do not require maintenance.

Concerning the stirring approach for the flat PBR, a gas-lift system using raw biogas from the
digester was targeted as an effective option to relate homogenously and gentle mixing
(requested by the microorganisms) with a low cost upscaled technology. A gas-lift
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photobioreactor worked similar to an airlift widely used for microalgae (with air or oxygen
pumps), preserving cell damages and collapse of shear-sensitive microorganisms (Sierra et al.
2008). Furthermore, a gas lift can be easy to operate in an integrated process of biogas upgrade
(as presented in Chapter 2) since the actual biogas is already at higher pressure before its cleaning
and upgrading. Therefore, the raw biogas can be employed as the driving force to mix the
bioreactor, potentially reducing of investment costs of mixing in a continuous process. Finally,
the gas-lift mixing played a significant role in ensuring the redistribution of light intensity in a
photobioreactor (Huang et al., 2017). On the other hand, the choice of this strategy involved
safety issues at the lab scale regarding the employment of toxic, explosive gas mixture (CHs 70%,
CO7 29.5% and H,S 0.5%). These problems were not reported at a large scale, where biogas
production and upgrading plants already included sensors and safety automatic controls for gas
dangerous emissions. The prototype was placed under a chemical fume hood to prevent human
risks due to the inhalation of toxic substances. In case of a blackout of electricity (when the fume
hood automatically turned off), the risk of the toxic mixture leaking out was avoided by the
installation of an electro-valve that close the gas mixture. In particular, the chosen solenoid
electro-valve was a normally closed 2-ways valve (Nieruf A NC-24V-ADPE Italia provided by SIAD,
Milano) and can switch on the nitrogen gas entering into the gas line at a higher pressure than
gas mixture bottle and guarantee to stop the mixture from leaking. All valve components were
in stainless steel body for contact with hydrogen sulfide gas.

Based on all these considerations, along with the bacteria metabolism studied in Chapter 2, a
bench-scale bioreactor and its correlated set-up was designed and developed (FIG. 3.10).
Preliminary tests were carried out to determine the hydraulic and gas performance in terms of
tightness.

/, «

deflector

sparger

FIG. 3.10 — Picture of flat photobioreactor (A) working with water, under mixing condition (gas flowing out from the sparger on
the right side of the deflector and descending from the left side). Picture of overall set-up (B): lamp, pumps, under-pressure
bottle (simulating biogas) and photobioreactor on the side view.
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The sulfide consumption experiment (FIG. 3.11) represents a tentative test for the operational
procedure of starting-up, maintenance and cleaning of the flat PBR. It was operated for 50 days
in a fed-batch mode, by discharging manually part of the medium (184 mL), centrifugation of
biomass (10000 RPM, 10 min, 10°C) and feeding fresh medium along with the recovered biomass.
In this contest, decoupling the hydraulic retention time (HRT) of the medium and the sludge
retention time (SRT) is crucial to retain the biomass in the process (Cerruti et al., 2020). The
analysis of the composition of the headspace gas is representative of repetitive consumption of
substrates by microbial activities.

A significant reduction of pH was observed during the starting phase when multiple cycles of gas
feeding into the headspace were applied. After 10 minutes of recirculation of the fresh biogas
into the PBR, a decrease from 7.3 to 6.84 and 6.65, respectively after the 1%, 2" and 3™ refill of
headspace from the gas mixture. Such effect is most likely due to the concurrent solubilization of
carbon dioxide in the cultivation medium with a consequent decrease in pH. The solubility of
hydrogen sulfide did not appreciably affect the pH variations due to the large difference between
the concentration of CO; (29.5%) and H3S (0.5 %). More detailed studies on fluid dynamics and
gas-liquid gas transfer should be investigated in the future, even supplying sulfide in water as S
-rich streams exit from the water scrubber. As a matter of fact, the reaction occurring by purple
sulfur bacteria, indeed, requested a stoichiometric balance between e acceptor (CO;) and e
donor (H,S) species. Conversely, the biogas is unbalanced in their concentrations (around 30 %
of COz vs 1% of H,S) therefore, in this scenario, the biogas is only used as a driving force for
mixing.
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FIG. 3.11 — Consumption trend of hydrogen sulfide in the headspace of the flat gas-lift PBR, feeding with digestate as carbon,
ammonium and phosphate sources.
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4 Future perspectives

The possibility to integrate the system with a data acquisition system (DAQ) to set, acquire and
module parameters with a cascade of signals is also proposed as an easy strategy to go deeper
into the critical parameters that govern the metabolism of purple sulfur bacteria. Thus, a
completely automatized system would allow to accurately control the main PBR parameters of
the process operating in continuous mode. In this perspective, an autonomous control unit to
automate laboratory biological process in the PBR was described using a SmartPID Controller
(provided by Arzaman SRL, ITALY), in order to acquire data from pH, temperature and light
emission sensors and control the peristaltic pumps (adjusting pH) and chiller/heater (maintaining
the temperature). The automatized system can allow to integrate the electrical inputs from the
sensors and send as response output signals to other periferics.

Based on the process scheme in FIG. 3.12 A, a logical control architecture will be proposed as
shown in FIG. 3.12 B. The targeted sensors and their interface-ability with other components are
better described in Appendix.
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FIG. 3.12 — (A) Schematic illustration of components of the laboratory set-up proposed, integrated with optional components
(heater/chiller), settler, condenser, basic scrubber to avoid eventually H,S exiting and bunsen to burn the CH, in outline.). The
illustration showed in red the electrical connections to automatize the biological process with a controller (for continuous
operation of PBR). (B) Control architecture indicating input and output electrical signals and remote control.
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5. Appendix

Flat gas-lift photobioreactor control through SmartPID Controller

Control by Data Acquisition System technology to:

1. acquire temperature
2. acquire and control pH (electrode sensor + pump connection)
3. set the liquid feeding rate
Optional:
4, adjust temperature with a heater or chiller
5. acquire IR sensor data
6. digitally control the gas feeding rate (flowmeter or mass control)

pH control

\ Operation: keep constant pH value in the reactor by reading the

acid pump

present value, compare with set point and drive two pumps
(acid, base) to correct it.
Expected variations between 5 and 10. Changes occur slowly.

Integrated temperature probe. Planned to control pH by using
ISMATEC pumps (Masterflex, Part Num HV-78001-47), adding
acid or base.

Electrode: LAB Grade pH Probe (Atlas Scientific)

Sampling rate

Every 20 seconds

Measurement range

0-14

Measuring accuracy

+0.05

Control with

Pump Acid or Pump base

Action control

Measure the pH, when pH value is 0.15
higher/lower than the set point, add
0.01-0.1 mL (adaptable) of acid/base,
wait 2-8 min (adaptable), start again

Note

The fixed amount of acid/base could be
done by considering feeding at a certain
pump speed for a certain time (i.e. a
pulse).
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Variables to be set by the user

1.To define the pulse: Feeding speed
(mL/min) and Feeding time (min)

2.Waiting time (min)

3.pH set point

4.Dead band

5. Temperature Registration (thermostatic mode)

The photobioreactor should work at room temperature, with T not controlled but registered.

Sampling rate Every 20 min
Measurement range 10-40°C
Measuring accuracy 0.2 °C
Mode Thermostatic
6. Liquid substrate feeding
Liquid substrate can be fed by considering a pre-
B N calibrated proportion between RPM and mL/min (F)
|® <L o *> ®| 1. Option 1: Batch process fed at a fixed rate
feed_ drah; ) 2. Option 2: Continuous process fed at a constant rate,

which also use a pump to take out liquid

Feeding rate

0.001-35 mL/min

Control with

Pump Feed and Pump Empty

Note

In continuous mode, feeding and empty
rates must be the same.

Variables to be set by the user

3.Pump feed rate

4.Pump Empty rate

5. Gas feeding

Normally, a fixed feeding rate Fo (0.05-4 L/min). It would be better if we can control by using a

mass flow controller. Otherwise we will use a rotameter.

Gas Feeding composition

70.0% CHa, 29.5% CO3, 0.5% H2S

Feeding rate 0.01-5 NL/min
Feeding accuracy Circa 0.03 NL/min
Working pressure 1.1-2.5 bar

Working Temperature

Room temperature (10-40°C)
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Control with Mass flow controller / rotameter

Action control 1. If batch, select a feeding option and
write the required constant

2.1f continuous, write the feeding rate
(Go = mL/min)

IR sensor

Recording the actual light intensity (750-1000nm, intensity ranges 0-4500 (O-
1000 linear) W/m?), but no control is required. AS7263 6-Channel NIR
Spectral_ID Device with Electronic Shutter and Smart Interface (AS7263.pdf
(sparkfun.com))

Sampling rate Every 2 h
Measurement range 0-4500 (0-1000 linear) W/m?
Measuring accuracy Circa 5 W/m?

4, Control unit M5stack
M5stack

powerful processor
stackable expansion board
graphic display

3 buttons

wifi/bluetooth

SD card support

USB

Overview on entire system architecture design with SmartPID Controller (provided by
Arzaman SRL, ITALY) https://smartpid.com/

8 @

-_—

1-wire

4 x peristaltic
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Chapter 4: Cultivation of purple phototrophic
bacteria on agro-industrial feedstocks for
proteins and pigments: tuning productivity,
nutrition and microbial selectivity

Abstract Purple non-sulfur bacteria (PNSB) cultivation produce biomass with high nutritional
value since it has a high amount of protein and pigments, which are desirable compounds for
supplementing animal diet in aquaculture. Currently, PNSB growth is carried out on wastewater
as a source of nutrients but the variability of this residue, mainly in concentration and
composition of the organic matter, leads to issues in terms of biomass stability and selectivity.
This study examines PNSB cultivation on a wide range of feedstocks from agro-industrial streams
such as carbohydrates, alcohols and Ci-compounds. They are been targeted as low-cost
alternative substrates for PNSB production with the advantage of being more stable than
wastewaters. Here, two main tests were carried out to investigated the kinetics of 4 pure cultures
and 7 species isolated as specialists growing on the wide range of proposed feedstocks
combinations. The specialists spp. allowed exploring new microorganisms with a robust
metabolic potential to set up cost-effective cultivation, compared to the conventional volatile
fatty acids (VFAs). Results obtained on specialists spp. were striking since they grew faster than
pure cultures, under anaerobic axenic conditions. The highest growth rate of 4.98 d! was
obtained with a PNSB specialist, isolated on sucrose and grown on molasses. In this case, the pumax
was more than four times higher than Rb. capsulatus, used as benchmark. Furthermore, the
second set of experiments was a selectivity test that aims to investigate the selective growth of
PNSB vs. non-PNSB competitors (i.e. chemoheterotrophs, fermenters and microalgae), growing
simultaneously under aerobic non-axenic conditions. From this study were achieved PNSB
productivities of 0.33 + 0.07 g protein L'* dtand 7.7 + 0.6 mg pigment L d*!, which are in line
with previous research on PNSB cultivation using VFAs as substrates. Given these kinetics and
productivities, it is feasible to recommend alternative use of substrates for PNSB cultivation and
the specialist, isolated on sucrose, as the high-potential microorganism for microbial protein
production on molasses.
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1. Introduction

In the last decades, purple bacteria are receiving increasing attention in the agro-industrial by-
products sector for their sustainable cultivation. Researchers were mainly focused on purple non-
sulfur bacteria (PNSB) since they perform a very flexible metabolism, switching naturally from
photoheterotrophy to chemoheterotrophy and from fermentation to respiration, according to
the availability or depletion of light and oxygen respectively (Alloul et al., 2021) (Puyol et al.,
2017).

PNSB have been studied for a long time and they are currently used for a large variety of
applications, spanning from bioenergy production (especially hydrogen) (Adessi and De Philippis,
2014), biopolymers accumulation (polyhydroxyalkanoates)(Fradinho et al.,, 2021), nutrient
removal from wastewaters (Hilsen et al., 2016) and protein production (Alloul et al., 2019). The
last application is particularly promising, considering biomass as a value-added product that can
offer a suitable alternative to support the urgent protein demand (Spanoghe et al., 2021). The
advantage of PNSB as microbial protein (MP) producers include the higher biomass yield on
organic substrates with values close to unity in chemical oxygen demand (COD) basis, compared
to the traditional aerobic biomass (approximately 0.6 g CODbiomass formed P€r cob assimilated) (Puyol
et al., 2017). Furthermore, PNSB have a relatively high protein fraction (70 g protein per g of
biomass) and the possibility to accumulate a range of added products, in terms of essential amino
acids, pigments and vitamins (Capson-Tojo et al., 2020), which are desirable compounds in the
animal diet (Alloul et al., 2021). From this evidence, PNSB are been particularly investigated as a
microbial ingredient for animal feed in aquaculture, which is the principal target for
supplementing MP to commercial fish feed (Capson-Tojo et al., 2020)(Shapawi et al., 2012).

Current researches on MP production proposed PNSB growing on wastewater as an attempt to
couple the simultaneous wastewater treatment with carbon and nitrogen uptakes in protein-rich
biomass (Hulsen et al., 2018). However, the PNSB cultivation on wastewaters is challenging due
to the high variability of this residue in terms of composition and concentration of the organic
matter (COD) and for seasonability. Industrial wastewater, indeed, is a residue affected by the
seasonal nature of the raw material processing with significant variation throughout the year (in
volumes per month) and by the diverse spectrum of organics present in wastewater (at high or
low molecular weight) (Posadas et al., 2014). In particular, considering PNSB capable to assimilate
lower molecular substances (such as volatile fatty acids), algae and fungi can compete, in
nutrient-rich wastewater, since they degrade macromolecules substrates (Hiilsen et al., 2016).
Nowadays, maintaining the dominance of PNSB remains a difficult point in the research based on
PNSB cultivation using wastewater as a source of nutrients.
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On the other hand, raw materials from agro-industrial streams such as sugars, alcohols and C;
compounds are more constant over time, and for COD concentrations and composition. The
lower fluctuations of these industrial residues offer the advantage of stabilizing the growth of
PNSB microbial community, in terms of effective selectivity against competitive microorganisms.
Furthermore, the strategy of combining different feedstocks, for cheap production of MP, allows
examining a vast range of unexplored electrons and carbon sources to reach high nutritious
biomass productivities. Lastly, agro-industrial streams are feedstocks with high COD content that
can be reintroduced into the loop of the circular economy, reducing their environmental impact
and eliminating costs of disposal, with the simultaneous advantage to generate biomass for
aquaculture.

Nowadays, carbohydrates from sugars (i.g. glucose and sucrose) and molasses are the most
employed substrates in fermentative processes to generate hydrogen by PNSB (Sagir et al. 2018)
(Mirza et al.. 2019) (Oflaz and Harun, 2021) (Policastro et al., 2022) (Ghosh et al., 2017). The
majority of the studies integrated dark fermentation (DF) and photofermentation (PF) in a two-
stage process, where the DF is an anaerobic conversion of macromolecules to H; and organic
acids, and the PF converts the simpler organics, prior produced, to H; and CO;, in presence of
light. Yields of approximately 14 mol of H, per mol of sucrose consumed were reached using PNSB
in two-stage processes with Rhodopseudomonas palustris and Rhodobacter capsulatus as inocula
of PF stage (Chen et al., 2008)(Ozgiir et al., 2010). However, the effectiveness to assimilate
directly carbohydrates by PNSB has been demonstrated by Keskin and Hallenbeck, who achieved
comparable yields of hydrogen production using Rb. capsulatus, growing on pure sucrose and
beet molasses in a single-stage PF. The single-stage process has several advantages in terms of
investment and operational costs and it is the preferred choice. Nevertheless, biomass
production was not investigated in any of these previous studies using carbohydrates as
feedstocks. Only one recent research was found, applying PNSB for nutrient-rich biomass
production with a cultivation medium enriched with sugars (Minh and Hai, 2021), where biomass
concentration up to 0.7 g L ary cell weight Was obtained growing Rb. Capsulatus and Rb. Sphaeroides
on glucose. This study also investigated the nutritional quality in terms of protein and pigments
(carotenoids) content, which were reaching maximum values of approx. 40 pgprotein ML and 3

M§&carotenoids g_ldry cell weight-

Regarding the second feedstock family, crude glycerol is alcohol from the biodiesel production
sector which has been receiving considerable attention from research, responding to a pressing
need for its valorisation in the biodiesel bio-refinery (Raza et al., 2021)(Bagnato et al., 2017).
Glycerol has been studied as a carbon source for H; production by PNSB with relatively high yields
of 6 moles H;, produced per mole of glycerol consumed (75 % of theoretical), in both pure glycerol
and crude glycerol (Sabourin-Provost and Hallenbeck, 2009)(Pott et al., 2013). Pott et al. reported
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encouraging findings in the growth of Rps. palustris, in presence of crude glycerol, exploring a
wide range of concentrations (0-2720 mM). No decrease in growth rate or final biomass
concentration was observed until 1370 mM of glycerol and very limited growth was seen at 2720
mM. The lack of inhibition is surprising, considering the crude glycerol a raw material with a
certain amount of impurities, depending on the extraction efficiency of biodiesel (Yang et al.,
2012), which could affect the microbial growth. Moreover, this result was relevant since Rps.
palustris showed inhibition at lower concentrations of the conventional feedstocks such as
acetate, butyrate and malate exceeding 48, 18, 22 mM, respectively (Pott et al., 2013). In terms
of growth rate, the authors obtained a value growth rate of 0.073 h'%, which is promising as a
similar value was stated in a typical cultivation medium containing volatile fatty acids (Alloul et
al. 2019).

Finally, the last feedstock family regards the molecules deriving from the CO, carbon capture and
storage (CCS) and carbon capture and usage (CCU) requested by the Paris Agreement of 2015 to
mitigate the fast climate change (Pikaar et al., 2018). Hence, CO produced by industrial activities
is today at the center of the attention of scientists and technologists for its potential as a source
of carbon in the synthesis of chemicals such as Ci compounds (methanol, formic acid and
methane)(Aresta et al., 2013). In this context, the usage of CO,-sourced methanol and formate
for microbial protein production is the best environmentally favourable solution to recycle
carbon into protein-rich biomass (Sakarika et al., 2020). Currently, MP production on CH3COOH
and HCOOH is still in the laboratory phase and it is focused on aerobic bacteria (Alloul et al.,
2022). A few published research reported the use of methanol by PNSB in anaerobic axenic
conditions, studying their heterotrophic metabolic mechanisms of assimilation (Douthit and
Pfennig, 1976) (Sahm et al., 1976). Nevertheless, the existing literature dealing with PNSB has
predominantly used synthetic or axenic media and pure cultures. Moreover, the proposed
feedstocks, when used by PNSB

cultivation, were for energy production instead of for assessing biomass production (Capson-
Tojo et al., 2020).

Conversely, in the present study, carbohydrates, alcohols and C; compounds are proposed as the
three principal feedstocks, deriving from biotechnological processes, able to be converted into
high added-value biomass through sustainable PNSB metabolisms. This study has the objective
to investigate the selectivity and cost-effectiveness of PNSB cultivation on the aforementioned
feedstocks for added-value biomass production. To achieve this purpose, smart combinations of
agro-industrial streams will be proposed as cheaper substrates compared to conventional volatile
fatty acids (Alloul et al., 2019). Furthermore, new PNSB species will be isolated from the
environment as specialists spp., screened to be the robust microorganisms assimilating electron
donors and electron acceptors molecules heterotrophically. Among the organic molecules
targeted as growing substrates, carbohydrates, alcohols and methanol represent the most
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oxidized species and they play the role of e donors, while formate and bicarbonate (as the
baseline compound) constitute the less oxidized species and work as e acceptors. Each of the
presented e donors will be tested in presence of both e acceptors in separately flask conditions.
These building blocks will be investigated to assess the nutritional productivities of biomass in
terms of proteins and pigments content. Lastly, the selectivity test aims to determine the relative
abundance of PNSB in aerobic non-axenic conditions against competitor microorganisms such as
aerobic chemoheterotrophs, fermenters and microalgae.

2. Materials and methods

2.1 PNSB strain and communities

To screen the best PNSB culture for growth on combinations of electron donors and electron
acceptors, eleven cultures were pre-selected. Among these, four were pure cultures previously
investigated in Bioscience Department of University of Antewerp (Belgium) and seven were
isolated species, specialists on growing in specific conditions in terms of e donors (sucrose,
methanol, ethanol and glycerol) and e acceptors (bicarbonate and formate). In particular the
pure cultures were: (i) Rhodopseudomonas palustris (strain: LMG 18881), (ii) Rhodobacter
sphaeroides (strain: LMG 2827) and (iii) Rhodospirillum rubrum S 1H (iv) Rb. capsulatus obtained
from Alloul et al. 2019.

Rh. sphaeroides, Rps. Palustris and Rh. rubrum were ordered from BCCM (Belgian Coordinated
Collections of Microorganisms) and they were chosen since they are one of the most studied
PNSB, enabling a benchmark on previous literature (Capson-Tojo et al., 2020). The pre-
cultivation flasks were placed on a multipoint stirrer at 300 rpm (Thermo Scientific, USA) under
24 h light by a halogen 500 W lamps (Philips, Netherlands) at a light intensity of 100 pmol s*m.

2.2 Cultivation Medium

The pure cultures were axenically pre-cultivated in a 0.5 L using a synthetic medium based on
VFA mixture as a carbon source adapted from Alloul et al. 2019. The stock solution consisted of
(per liter): 0.8 g KH2PO4, 0.5 MgCl, * 6 H,0, 1.0 NaCl, 0.7 Na;S0a, 0.64 NH4CI, 0.1 CaCl;*2 H.0,
0.3 g NaHCO3, 1mL vitamins and 1 mL of trace metal solution. The vitamin solution contained
(per liter) 100 mg of biotin, 350 mg of niacin, 300 mg of thiamine—HCI, 200 mg of r-aminobenzoic
acid, 100 mg of pyridoxine—HCI, 100 mg of Ca-panthothenate and 50 mg of vitamin B12. The trace
metal solution contained (per liter) 1800 mg of FeCl,*4H20, 250 mg of CoCl,*6 H,0, 100 mg of
ZnCl,, 500 mg of H3BO3, 30 mg of NaMn0O4*2 H,0, 10 mg of CuCl;*2 H,0, 10 mg of NiCl,*6 H,0
and 70 mg of MnCl,*4 H,0. The pH of the medium was adjusted to 7.0 by the addition of 12 M
NaOH. Vitamins and bicarbonate solutions were added after autoclaving.
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The specialists' cultures were axenically pre-cultivated in a 0.5 L using (per liter) 9.0 g KH,PO4 and
19.1 g of K;HPO4 as phosphate buffer and others minerals as stock solutions. The e donors and
e acceptors were supplied in concentrations respectively equalto 1.5 g COD L't and 1.3 g NaHCO3
L't or 1.3 g HCOOH L. The requirement of e” donors/acceptors in the media were calculated
based on stoichiometric reaction to sustain PNSB growth (Kleerebezem and Van Loosdrecht,
2010).

2.3 Bacterial enrichment and isolation

The PNSB enrichment on different e donors/acceptors combination (Table 4.1) were performed
in 0.5 L Pyrex bottle at 30.0 £ 1.5 °C, illuminated and covered with infrared transmission filters
(Bay Plastics, UK). Each bottle was inoculated at 0.1 g TSS L of a sludge mixture, after washing
three times. The sludge mixture was composed of (i) diluted anaerobic sludge (9.1 £+ 0.6 g TSS L
1), (ii) aerobic flocculent activated sludge (3.0 g + 0.2 TSS L) and (iii) sediment from a local pond
(8.6 £ 0.5 g TSS L1). Anaerobic and aerobic sludge was taken from Breda WWTP (The
Netherlands). The enrichment cultures were monitored by measuring the evolution of
pigmentation according to wavelength scans 300 — 900 nm with a UV-VIS spectrophotometer
(Shimadzu, Japan). The presence of absorbance peaks between 400 — 500 nm and between 800
— 900 nm typically determines the content of carotenoid and bacteriochlorophyll pigments,
respectively, in the biomass. These two types of pigments, indeed, are typical of PNSB growth in
anoxygenic conditions (Fiedor et al., 2016).

The isolation of the PNSB from enrichment cultures was performed by spreading serial dilutions
of PNBS liquid samples on agar plates, containing the respective e donors/acceptors (Table 4.1).
The plates were incubated in a gas bag filled with N, (to provide an anaerobic atmosphere) and
under a halogen lamp, covered with infrared transmission filters. The temperature was kept
below 30.0 °C, avoiding the formation of condensation drops in the agar plates. The coloured
colonies were isolates (Image 4.1), picking them and transferring them in the liquid media.

Isolated species e donor e acceptor

Specialist A Suc HCOs
Specialist B MeOH HCOs
Specialist C EtOH HCOs
Specialist D Gly HCOs
Specialist E MeOH HCOO
Specialist F EtOH HCOO
Specialist G Gly HCOO

Table 4.1 — Electron donors/acceptor combinations used as substrates isolating PNSB specialists, where SUC, MeOH, EtOH, Gly
are respectively sucrose, methanol, ethanol and glycerol (as pure compounds).
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Image 4.1 — Colony morphology of the PNSB isolated in this study.

2.4 Overview of experiments

Kinetics batch experiments
The growth of eleven above-mentioned cultures (four pure species and seven specialists species,

isolated from the environment) was examined in 0.5 L Erlenmeyer flasks with a working volume
of 0.3 L, continuously illuminated with a halogen lamp and under magnetic stirring (300 RPM)
(Image 4.2). The experiments were performed in triplicate under axenic anaerobic conditions at
room temperature (25°C), with an increase of temperature due to radiation heat until 30.0 + 1.5
°C. Five individual synthetic compounds were investigated as e donors per each culture: a
carbohydrate (sucrose); a Ci-compound (methanol); two alcohols (ethanol and glycerol) and a
volatile fatty acid, VFA (acetic acid, AC). A supplementary condition using molasses by the sugars
manufacturing industry was tested as a source of e donor species, in a separate test. The
analysed composition of the molasses stream was reported in terms of chemical oxygen demand
(976 + 26 mg COD L!), where the total amount of sugars (sucrose, glucose and fructose) and
acetic acid represents approximatively 45% of the total COD. The sole culture tested growing on
molasses was the Specialist A, PNSB isolated on sucrose as the e donor. E* acceptors were
supplied in each Erlenmeyer flask using (i) bicarbonate (as 0.65 g NaHCOs L) and formate (as
0.65 g HCOOH L), both provided separately in non-limiting conditions. Sucrose and acetic acid
conditions were only tested in combination with bicarbonate since, theoretically, they do not
require an electron acceptor from the stoichiometric anabolic reactions.
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Totally, the combination of substrates for both pure cultures and specialist spp. were (e donor/e
acceptor): (i) acetic acid/bicarbonate, (ii) sucrose/bicarbonate, (iii) methanol/bicarbonate, (iv)
ethanol/bicarbonate, (v) glycerol/bicarbonate and (vi) methanol/formate, (vii) ethanol/formate
and (viii) glycerol/formate. Acetic acid/bicarbonate condition was used as a benchmark. An
additional condition employing molasses sugar-rich as e donor and bicarbonate as e acceptor
was testes with Specialist A, isolated on sucrose/bicarbonate.

The pH was adjusted to 7.0 before the experiment by the addition of 12 M NaOH. The e donors
were dosed in each flask of the sterilized medium by filtration (except for AC, added before
autoclave) to reach the equal concentration on chemical oxygen demand basis (0.5 g COD L?).
The inocula were pre-cultivated in the same media as described in section 2.2 and inoculated at
the initial concentration of 0.05 g TSS L%, based on ODeso-TSS correlations that were obtained
before the detailed growth characterization (Appendix 1). The flasks were closed with a screw
cap containing a silicone rubber polytetrafluoroethylene protected septum (Duran, Germany)
and the headspace was then flushed with nitrogen gas for 1 min. The growth was monitored by
measuring the absorbance at 660 nm and samples were taken axenically at the start (15 mL) and
the end of the experiment (50 mL). The biomass growth (time vs. ODeso) was shown as LN(OD) to
(ODo) ratio vs time (in days) and the maximum growth rate (umax) was derived from the slope of
linear trendline in the exponential phase of bacterial growth (R? > 0.98).

Image 4.2 — Set-up of kinetics batch experiments under anaerobic axenic conditions.

Sequential batch photobioreactor experiments

The selective growth of PNSB was tested in a set of experiments (thirteen conditions) in open to
air flasks to simulate a raceway sequencing batch reactor (SBR) under non-axenic conditions
(Alloul et al. 2021). These experiments were performed to explore the photoheterotrophic and
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chemoheterotrophic metabolism of PNSB along with competing for non-PNSB microorganisms
(Image 4.3).

The R. capsulatus strain and five specialists spp. (isolated from the environment as described in
section 2.3) were selected based on prior batch experiment results, where they showed to have
the highest photoheterotrophic growth rate under anaerobic axenic conditions. They were
separately inoculated as PNSB inoculum at 0.1 g TSS L. The mixture of sludge was used as a
proxy for a non-PNSB inoculum at 0.01 g TSS L%, after washing three times. The sludge was
composed of (i) anaerobic sludge (27 g TSS L), (ii) aerobic flocculent activated sludge (4.1 g TSS
L'Y) and (iii) aerobic flocculent activated sludge (13.0 g TSS L!), where (i) and (ii) were supplied by
the Antwerp WWTP (Aquafin NV, Belgium) and (iii) by Hoegaarden WWTP (Flanders, Belgium).
All the standard errors of TSS analysis reported were lower than 0.2%.

Flasks of 0.5 L were simulating open reactors under continuous irradiation from the lamp. The
flasks were filled 0.25 L of the medium, corresponding to a maximum oxygen transfer rate (OTR)
(Alloul et al. 2021) at the initial concentration of electron donors (VFA, AC, SUC, EtOH, Gly,
molasses) equal to 3 g COD L in each condition. The VFA mixture was composed of 1:1:1 of
acetate, propionate and butyrate. The bicarbonate (where requested) was not supplied because
CO; from the air can be used as an e” acceptor instead of HCO3'.

The thirteen conditions explored were tested to study the effect of selectivity at sludge retention
time (STR) of 2 days, over multiple generations until the steady-state. The hydraulic retention
time (HRT) was equal to the SRT. After adding the medium and the inoculum, flasks were placed
on a multipoint stirrer at 300 RPM. The temperature was 30.0 + 1.5 °C and the initial pH adjusted
at 7. Bottles were daily weighted to adjust for evaporation, remove half of the broth and add
fresh medium. The temperature, electro-conductivity (EC), pH and dissolved oxygen (DO) were
measured every day and samples were taken monitored growth by measuring the absorbance at
660 nm along with the bacteriochlorophyll absorbance peaks (800 nm and 860nm), to confirm
the presence of PNSB. The moving average with a fixed subset of three was determined. Steady-
state was reached when the daily absorbance overlapped with the moving average (Appendix 2).
Samples of 2 mL were taken at the start and over the time of the last 3 SRTs in the steady-state,
centrifuge at 7300 g for 10 minutes and the pellet was stored at -20°C for molecular analysis on
16-S after DNA extraction through kit (QIAmp®PowerFacal® Pro DNA Kit). At the end of the
experiment, samples of 50 mL were taken for further analysis to evaluate the nutritional value in
terms of protein and pigments contents.
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Image 4.3 — Set-up of SBR experiments under aerobic non-axenic conditions.

2.5 Analytical Procedures

Samples were taken periodically to measure the optical density (OD), pH and temperature were
measured instantly. The OD at 660 nm was measured with a UV-VIS spectrophotometer
(Shimadzu, Japan), while pH and temperature were measured with a handheld device (Hanna
Instruments, USA). After the determination of OD, pH and temperature, samples were frozen (at
- 20°C) for COD, protein and pigments analysis. The COD was analysed using photometric test kits
(Merck, Germany) and the biomass yield was determined by measuring biomass COD (i.e. total
COD minus soluble COD) and removed COD (i.e. soluble CODstart minus soluble CODeng). Protein
content was determined according to an adapted Lowry procedure (Markwell et al., 1978) and
pigments extracted by an organic solution of 78% acetone/22% methanol. To quantify the
amount of bacteriochlorophyll a (Bchl a) and different carotenoids (Car), the extinction
coefficients were based on (Schwerzmann and Bachofen, 1989) of 65.3 mM? cm™® at a
wavelength of 771 nm and of 149 mM™? cm? at the maximum absorption between the
wavelengths of 475-525 nm, respectively. Total suspended solids (TSS) and VSS were determined
according to standard methods (ALPHA 1999).

3. Results and discussions

3.1 Kinetics studies screening combination of e- donors/acceptor and PNSB cultures
Batch experiments were performed in Erlenmeyer flasks under axenic anaerobic conditions to
determine the PNSB growth kinetics of four pure cultures (Rb. capsulatus, Rhodospirillum
rubrum, Rhodopseudomonas palustris and Rhodobacter sphaeroides) and seven specialists spp.
on new combinations of electron donors and electron acceptors. The goal of this set of
experiments was to explore the growth rate (umax) and screen the fastest-growing
microorganisms on a selected combination of substrates.
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The main finding has been the fastest growth of Rb. capsulatus among pure cultures with a
growth rate of 1.58 + 0.17 d}, 1.12 + 0.13 d*and 1.62 + 0.11 d! respectively on acetic acid,
sucrose and ethanol conditions in presence of bicarbonate (FIG. 4.1 A). Comparable values
growing on sucrose were obtained in Rsp. palustris and Rb. sphaeroides reached pmax of 0.94 +
0.17 dtand 1.16 + 0.20 d’. Lower values were obtained for other combinations of substrates
tested and, particularly, when formate plays the role of the electron acceptor. The only exception
was reported on glycerol/formate for Rb. sphaeroides, who performed a growth rate of 1.18 +
0.04 d!, the same value of acetic acid used as reference.

Regarding the specialists spp., higher growth rates resulted from this set of experiments, shown
in FIG. 4.1 B. The results were clustered in bars based on substrates used as a selective pressure
in the growing medium during the enrichment/isolation procedure. All specialists spp. had
demonstrated higher growth rates than pure culture. The umax obtained were growing on
combination of (e donor/e” acceptor) sucrose/bicarbonate, ethanol/bicarbonate,
glycerol/bicarbonate and glycerol/formate with respective values of 4.84 +0.23 d%, 2.34 + 0.03
d?,3.52+0.17d%and 2.13 £0.12 d.
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Huax [ Rsp. palustris O Rb. sphaeroides
Ei
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e acceptors: HCO3‘ HCOO-
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FIG. 4.1 - Overview of maximal specific growth rate (umax, expressed in day) of 4 pure cultures of Rhodobacter capsulatus,
Rhodospirillum rubrum, Rhodopseudomonas palustris and Rhodobacter sphaeroides (FIG 4.1 A) and 7 cultures of specialists spp.,
isolated in the present work (FIG. 4.1 B). Specialist A (isolated on sucrose as e~ donor) was also tested growing on molasses. All
specialists were investigated on acetic acid as the benchmark. Error bars show standard errors (n=3). Tests were performed in
Erlenmeyer flasks.
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From this screening on PNSB species and combinations of substrates, the Rb. capsulatus and
Specialist A (isolated on sucrose) are been selected, for the further selectivity experiment.
However, Specialist A was overall the best performing microorganism in terms of growth rate
since its umax is more than four times higher than Rb. capsulatus. As a matter of fact, the growth
of Specialist A was replicated with a comparable value (4.98 + 0.44 d) using actual molasses as
the source of substrates since it was rich in sugars. These results are in agreement with the
observation that PNSB can assimilate carbohydrates through the photoheterotrophic pathway,
using organics as substrate in presence of light under anaerobic conditions (Minh and Hai, 2021).
However, the research of Minh and Hai was not aimed at a kinetics study and it was only reported
the value of final biomass concentration of 0.7 g L lgry cell weight, COmparable with findings of the
present study where was obtained a biomass concentration of 0.86 + 0.02 g TSS L™ on sucrose.

Furthermore, a general trend was observed on glycerol, that it is a promising feedstock for
Specialist D (using GLY/HCO3", umax of 3.52 d) and Specialist G (using GLY/HCOO", umax of 2.13 d
1) as well as for Rb. sphaeroides (using GLY/HCO3", umax of 0.67 d* and using GLY/HCOO", max of
1.18 d?). These results confirmed the kinetics study of Pott et al., who obtained a similar value
of growth rate (equal to 1.75 d!) for Rsp. palustris. In the present study, growth rates were in a
lower range (0.24-0.32, HCO3 and HCOO") for Rsp. palustris cultivation on glycerol. Nevertheless,
the specialists spp. performed much better than pure cultures and their cultivation is promising
for testing crude glycerol, instead of pure glycerol, in further studies.

Finally, methanol was found to be the most unfavourable compound among both pure and
specialists spp. and, in all conditions, reached a value of umax lower than 0.90 d* as well as
bicarbonate or formate-based cultivation media. Purple non-sulfur bacteria, indeed, are not
classified as methylotrophs, but due to their diverse metabolism, a wide range of carbon
substrates can be utilized for growth, including C1 compounds, such as methanol (Douthit and
Pfennig, 1976; Sahm et al., 1976). Hence, this study confirms the hypothesis of assimilating MeOH
by PNSB but with lower efficiencies in terms of biomass growth and, from these findings, it
resulted not performing, compared to the other combinations of substrates. Overall, the
methanol as an electron donor was excluded from the screening tests for future investigations.

3.2 Selectivity production of PNSB biomass in open SBR photobioreactor
The selectivity production of PNSB, operating as an aerobic semi-continuous photobioreactor
was investigated based on the results of kinetics batch tests, just mentioned. Particularly, in the
first set of experiments (seven conditions, FIG. 4.2 A), flasks were inoculated with Rb. capsulatus
as starter PNSB inoculum, while in the second set of experiments (FIG. 4.2 B), each of six bottles
was inoculated with one previously selected PNSB specialist species. The mixture of sludge was

112



added as a source of competitor non-PNSB microorganisms in a photoheterotrophic open to air
environment. Hence, this experiment was performed to explore the photoheterotrophic and
(an)aerobic chemoheterotrophic metabolic growth modes of PNSB along with the (an)aerobic
chemoheterotrophic metabolic growth mode of competing non-PNSB. FIG. 4.2 presented an
overview of the effect of the combination of electron donors/acceptors screened on protein and
non-protein content productivity (on y-left axis) and the biomass yield (on the y-right axis).
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FIG. 4.2 - Productivity of photobioreactor (left y-axis) as protein, non-protein volatile suspended solids (VSS) and fixed suspended
solids (FSS) along with biomass yield (right y-axis). Panel A shows the results of Rhodobacter capsulatus as inoculum of
photobioreactor and panel B of specialist species on specific e donor/acceptor combination. Both experiments have been
operated at 2 d sludge retention time and at medium COD 3 g COD/L. The replicates are over time until biomass stabilization is
at a steady state. Error bars show standard error (n = 3).

Protein productivities

For the protein productivities, the combination of substrates tested had no effect, as observed
for Rb. capsulatus and specialists spp. showed an average of 0.33 + 0.07 g protein L't d"* among
the thirteen conditions. This value can also be expressed in terms of in dry weight and correspond
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to 0.99 + 0.15 g TSS L't d%, comparable (but still slightly lower) with the productivities observed
by Carlozzi and Sacchi (1.1 - 1.4 g TSS L't d!), who operated for biomass production purposes in
a tubular photobioreactor with Rps. palustris as inoculum. The protein productivities findings can
be better understood if we consider the effect of sludge retention time (SRT) in this experiment.
Indeed, here, for each condition was set the same SRT of 2 days, since it was considered as the
most conservative value to avoid the washout of the slowest growing purple non-sulfur bacteria
(Saikaly and Oerther, 2004), based on the minimal attainable SRT of each species (i.e. umax?).
However, while this SRT should be optimum for some conditions (the lowest growing), some
other species result in suffering by the unbalance between the SRT and organic loading rate (ORL)
applied. As a matter of facts, specialists spp., which are targeted as the faster-growing
microorganisms have been resulted limited by substrates content fed (3 g COD L) at SRT of 2
days. Furthermore, the best compromise should be to operate at low SRT for specialists spp. and
at high SRT for pure cultures, to avoid the substrates limitation for the firsts and the washout for
the seconds.

In particular, the effect of SRT on protein productivities was observed by Alloul et al. (2019) that
operated in similar conditions (non-axenic semi-continuous PBR) to increase protein in the PNSB
enriched community. Specifically, the general trend observed by the authors was a gradual
decrease in protein productivities (testing six different STRs in a range from 0.19 to 1.85 days),
with the lowest value of approximately 0.2 g protein L™* d* at SRT of 1.85 days, comparable with
the value obtained in the present study.

Moreover, with regards to the ratio between non-protein and protein productivities, for all
tested conditions, was found a relatively high value, as a result of an accumulation of inorganic
compounds in the biomass rather than organics (i.e. proteins). As reported by Fradinho et al.
(2021), PNSB are able to store compounds intracellularly such as inorganic polyphosphate (poly-
P), which are polymers constructed from repeating PO4* and accumulated when there is an
excess of energy from light and phosphorus supplied for phototrophic growth. These two
conditions can be observed in this test, where continuous irradiation was applied (24h per day)
and the P concentration of 2.73 g P L'! was provided. Nevertheless, this observation should be
supported by further analysis on inorganic composition in the biomass. However, regarding the
net protein concentration, in the present study were reached 0.66 + 0.03 g protein L?
(corresponding to 1.99 + 0.31 g TSS L) over time at the steady-state, in line with literature
statements that reported protein content of Rhodobacter spp. between 30-50 g protein 100 g of
TSS (Capson-Tojo et al. 2020).

Biomass yield
Another parameter to consider in this set of experiments is the biomass yield, calculated by

dividing produced biomass COD (tCOD-sCOD), analysed at the end of the experiment, by
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removing COD (sCODstart minus sCODend) and shown on y-right axis of FIG. 4.2. As the first result,
the biomass yields obtained in benchmark conditions were 0.76 and 0.62, respectively on VFA
mixture and acetic acid, inoculating with Rb. capsulatus as PNSB starter. These values are
coherent with an average of 0.8 g COD biomass g "* CODremoved Calculated on approximately 50
peer-reviewed studies, based on photoheterotrophic biomass vyields, using purple
photoheterotrophic bacteria enriched cultures (Capson-Tojo et al., 2020). The lower biomass
yields were observed, instead, growing species on carbohydrates and alcohols as electron donors
and carbon sources. It is feasible to suppose that a loss of electrons in form of carbon dioxide
occurred under open to air conditions and, hence, resulted in a lack of electrons and carbon from
the anabolic flow, assimilating e” and C for biomass growth.

Repetitive trends were observed using different combinations of substrates testes in FIG. 4.2 A
and 2B, in particular, the average biomass yield using e” donor/acceptor combination were equal
to 0.57 £ 0.02, 0.47 + 0.01 and 0.66 * 0.03 for SUC/HCO3", EtOH/HCOs and Gly/HCOs". These
average results were calculated between Rb. capsulatus and specialists spp. under the same
cultivation medium and the errors show values lower than 5% in terms of coefficient variation
(standard deviation dividing by average in percentage). The lower biomass yield in respect to
benchmarks conditions was as expected since PNSB metabolism prefers using VFA rather than
carbohydrates or alcohols in illuminated conditions (phototrophic anabolism of PNSB) (Madigan
and Jung, 2016).

On the other hand, the employment of Specialist A, isolated on sucrose/HCOs and growing on
molasses as electron donor, resulted promising in biomass yield of 0.71 COD biomass g
CODremoved. Molasses are a very complex agro-industrial stream studied in PNSB photo-
fermentative metabolism to produce hydrogen (Oflaz and Harun, 2021). Karls and Alparslan, in
particular, achieved high biomass concentration (4.54 cell dry weight L' culture) employing the sugar
beet molasses (34 g sugar L) as the substrate for Rhodobacter sphaeroides to investigate the
production of hydrogen and 5-Aminolevulinic Acid (5-ALA).

Concerning the conditions using formate as the source of electrons, the best combination was
achieved with Specialist G growing on glycerol/HCOO", where 0.65 g biomass was produced per
of CODremoved.- The formate-based yields, considering in the counts of the CODremoved also the COD
deriving from formate (0.35 g COD g* HCOOH), since formic acid can be oxidised in the chemical
oxygen demand analysis. In the cultivation medium, formate was fed in excess based on the
theoretical stoichiometric reaction between electron donor species (GLY) and electron acceptor
species (HCOO"). From calculations (COD from formate — formate analysed remained in the
cultivation medium) resulted that more formic acid than expected was consumed. This finding
should mean that formic acid can be assimilated as a carbon source, as well as glycerol, during
the anabolic metabolism under the tested conditions (Hiraishi et al., 1991). Moreover, from
selectivity open to air experiments, some molecules of formate can be also be lost as carbon
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dioxide in the atmosphere. Further studies will be focused on this hypothesis to test the role of
formate for PNSB biomass production.

Pigments productivities
Pigments in the biomass were analysed in terms of Bacteriochlorophyll a (BChl a) and carotenoids

(Car) at the steady-state of the selective SBR experiment and their productivities are shown in
FIG. 4.3. Both pigments have been targeted as desirable compounds to increase the nutritional
value of PNSB for many applications (Alloul et al., 2021; Tuli et al., 2015), due to their antioxidant
properties. Overall, in all conditions, the BChla productivities are approximately 2 times higher
than the respective Car productivities both for Rb. capsulatus and specialists spp. as PNSB
inoculum. No relevant differences were found among all species on new combinations of
substrates tested. The only higher pigments productivities were observed on benchmarks (VFA
mixture and AC, with Rb. capsulatus), meaning that volatile fatty acids are the best substrates to
accumulate pigments for PNSB (FIG. 4.3 A). However, among the specialists spp. the average
value reached was 7.7 + 0.6 mg pigment L'* d! (FIG. 4.3 B).

In terms of BClha content, values of 0.70 + 0.06 %TSS and 0.47 * 0.05 %TSS were found
respectively for Rb. capsulatus and specialists spp., in line with the level reported in the literature
(0.7 £ 1.7 %TSS on VFA mixture (Alloul et al., 2021). In terms of carotenoids, values of 0.28 + 0.02
% TSS and 0.24 £ 0.02 % TSS were found respectively for Rb. capsulatus and specialists spp.,
higher than values found in the literature for photoheterotrophic purple bacteria (0.05-0.4 %TSS)
(Capson-Tojo et al., 2020).
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sludge retention time and medium COD 3 g COD/L. The replicates are over time, until biomass stabilization is at a steady state.
Error bars show standard error (n = 3).

4, Conclusions

This study examined the PNSB cultivation on a wide range of new feedstocks from agro-industrial
streams, as alternative compounds to the VFAs conventionally used as substrates for microbial
protein production. Three different families of feedstocks were explored: carbohydrates (sucrose
and molasses), alcohols (ethanol and glycerol) and C1 compounds (methanol and formic acid). A
smart combination of these compounds was tested assessing the potential of selective and cost-
effective cultivation of PNSB. In particular, kinetics studies were carried out on 4 pure cultures
(Rhodobacter capsulatus, Rhodospirillum rubrum, Rhodopseudomonas palustris and
Rhodobacter sphaeroides) and 7 species, isolated from the environment, exploring a huge variety
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of e donors/e” acceptors. The faster-growing PNSB resulted in Specialist A, isolated on sucrose
as e and C source and growing on molasses with a umax of 4.98 d!, more than four times higher
than Rb. capsulatus, used as benchmark under the same conditions. From this screening,
methanol as feedstock was excluded the further studies since it resulted in the most
unfavourable compound among both pure and specialists spp. in all conditions. The second set
of experiments was carried out testing PNSB Rb. capsulatus and Specialist A, inoculated together
with sludge (as a source of non-PNSB microorganisms) to investigate the selectivity and stable
growth of purple bacteria in an open mixed culture. The test was performed under aerobic non-
axenic conditions in a SBR mode at SRT 2 days. From this study were calculated biomass yields
(0.71 COD biomass g ** CODremoved for the selected specialist species) and protein and pigments
productivities (0.33 + 0.07 g protein Lt dtand 7.7 + 0.6 mg pigment L™ d?), reaching values in
agreement with previous research, under similar operational conditions. Nevertheless, the
faster-growing microorganisms resulted limited by the unbalanced SRT and OLR applied; thus,
higher productivities could be achieved by testing several SRTs in a further study. However, these
findings for PNSB cultivation using alternative feedstocks as the source of electrons and carbon
are promising for microbial protein production as animal feed.
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5.

Appendices
Appendix 1: ODego-TSS correlations of specialists spp.
ODes0-TSS and ODego-VSS correlations of specialists spp. were obtained after enrichment and

isolation procedures. The total suspended solids (TSS) level and volatile suspended solids at
different well-distributed OD values (from 0.4 to 2.4) was determined in triplicate via ALPHA
methods with Watman® glass microfiber filters by diluting a batch culture at stationary phase
(21X, 1.3X, 2X, 4X, 5X). Tables 4.2 and 4.3 show the main parameters of trendlines (slope,
intercept and R?) determined from the points of ODego (X-axis) vs TSS and TSS in g L' (on the
y-axis). These values were used to estimate the TSS concentrations of pre-cultivated biomass,

prior to inoculation (in batch and SBR experiments).

Specialist species e donor e acceptor Slope Intercept R?

Specialist A Suc HCO3" 0.4052 0.4775 0.9802
w Specialist B MeOH HCO3" 0.4973 0.4138 0.9979
"’T; Specialist C EtOH HCO3" 0.4991 0.4443 0.9812
08 Specialist D Gly HCO3" 0.7562 0.064 0.9735
© Specialist E MeOH HCOO 0.5234 0.4416 0.9962
Specialist F EtOH HCOO" 0.4052 0.4775 0.9802
Specialist G Gly HCOO" 0.6848 0.3408 0.9989

Table 4.2 — ODesso-TSS correlations of specialists spp. enriched and isolated on electron donors/acceptor combinations, where

SUC, MeOH, EtOH, Gly are respectively sucrose, methanol, ethanol and glycerol (as pure compounds).

Specialist species e donor e acceptor Slope Intercept R?

Specialist A Suc HCOs  0.5136 0.0497 0.9811

" Specialist B MeOH HCOs  0.4578 0.1096 0.9924
‘5,; Specialist C EtOH HCOs  0.4711 0.0256 0.9381
2 | Specialist D Gly HCOs  0.5648 -0.0616 0.9854
© Specialist E MeOH  HCOO 0.4617 0.1253 0.9924
Specialist F EtOH HCOO™ 0.4716 0.0465 0.9928
Specialist G Gly HCOO® 0.5079 0.1073 0.9724

Table 4.3 — ODsso-VSS correlations of specialists spp. enriched and isolated on electron donors/acceptor combinations.
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Appendix 2: Biomass monitoring in the SBR experiment

Each of the thirteen conditions has been explored in the sequential batch reactor (SBR)
experiments at SRT of 2 days and it was daily monitored by measuring the absorbance at 660 nm.
FIG. 4.5 shows the absorbance values (on the y-axis) of a single condition tested over time
(expressed in hours on the x-axis). Moreover, the bacteriochlorophyll absorbance peaks (800 nm
and 860nm) and carotenoid peaks (from 400 to 500 nm) were determined through UV-VIS scan
measurements from 300 to 900 nm (FIG. 4.6) (Cerruti et al. 2020). The stabilization of the
microbial community was monitored by reaching the steady-state and, in particular, when the
moving average (dashed line) overlapped with daily ODeso measurements (FIG. 4.5). Hence, the
triplicates of each condition were considered at the end, taking samples in the points indicated
by blue arrows in the figure, meaning there were no significant variations in biomass composition
over time. The values of ratio 800/660 nm and 860/660 nm were was constants in these points
to define the PNSB biomass also reached the steady-state. The experimental time was different

for each condition tested until the flat profile of the curve was reached.

YRS B

+— 660
=—Moving average

0 2 4 6 8 10 12 14
Time (d)

Fig. 4.5 — Graph of ODsso and its moving average over the experimental time of one condition tested (Rb. capsulatus,
EtOH/HCO3')at SRT of 2 days in SBR. The blue arrows indicate the sampling points to determine average and errors (triplicates

over time).
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Fig. 4.6 — Wavelength scans of intact cultures, normalized for the biomass content (at 660 nm). The presence of PNSB was
tracked at peaks around 800-900 nm (Bchl a) and 400-500 nm (carotenoids).
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Chapter 5: General conclusions

This thesis aimed to develop sustainable biotechnological processes based on the exploitation of
the metabolism of purple phototrophic bacteria (PPB). The outline of this work started from the
agro-industrial streams valorisation and targeted the production of high-value by-products,
desirable in many industrial applications. The core of the work was focused on the investigation
of both groups of purple bacteria: the purple sulfur bacteria (PSB) and the purple non-sulfur
bacteria (PSNB). The first class was studied in Chapter 2 and Chapter 3 for biogas desulfurization
application, while the second was cultivated in the activities presented in Chapter 4, for microbial
biomass production.

Overall, the strategy applied was to use non-pure PPB cultures under non-axenic conditions, since
the focus was based on the utilization of actual agro-industrial streams as feedstocks growing
bacteria. In this context, a cost-efficient approach was tested using (i) inocula from the natural
environment (meaning enriched and/or isolated cultures that find robust metabolic
opportunities), (ii) anaerobic atmosphere (no aeration system needed, compared to aerobic
processes) and (iii) simple selective pressure, which allows fully phototrophic technologies (by
applying cheap UV-VIS filters to sunlight spectrum). These factors lay the foundations in the
feasibility to investigate PPB-based technologies at a large scale for agro-industrial applications.
The ambition of the thesis was to understand the main metabolic PPB mechanism for the current

industrial application of desulfurization of biogas and production of microbial protein for animal
feed.
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The desulfurization of biogas by employing PSB-enriched culture through autotrophic
metabolism was investigated in Chapters 2 and 3. Here was reported proof that such a process
works in a multi-step oxidation reaction in which sulfide is firstly converted to elemental sulfur
and finally to sulfate. The PSB-based process removed sulfide at 100% efficiency, comparable to
chemical-physical technologies currently used at large-scale plants.

Sulfide removal rate, assessed by a small-scale set of experiments, reached a maximum value of
3.5 mg S* L?! h?, feeding S* under non-limiting conditions. However, a considerably higher
removal rate (11.2 mg S L't h'l) was achieved alternating feast and famine (excess/depletion of
sulfide) phase in PSB-enriched cultivation on digestate. Moreover, promising results were found
coupling denitrification with autotrophic sulfide removal by PSB-enriched culture when nitrate
was added at the cultivation medium as an external electron acceptor (i.g. using NOs™ from
wastewater treatment plants). As a matter of fact, the industrial valorisation of sulfur
compounds (S° and SO4%) can be achieved by balancing operational parameters (pH, loading
rates, mixing and light) in the photobioreactor. Hence, a bench-scale bioreactor with a flat gas-
lift configuration was designed and realized (Chapter 3) setting up an automatic control and a
data acquisition system for further purposes.

Chapter 4 reported the production of microbial proteins on agri-industrial streams with high
organic content. Since in recent years they have been studied more intensively in heterotrophic
growth, purple non-sulfur bacteria have been used for such aim. Three different families of
feedstocks were explored as alternative substrates to volatile fatty acids (VFAs), combining them
to assess the potential of selective and cost-effective cultivation of PNSB. Specialists spp.
(isolated from the environment) resulted the best in terms of growth rate compared to pure
cultures (specialist spp. grew more than four times faster). The reported results showed
promising biomass yield values in particular using molasses as an actual stream from industrial
processes. The nutritional value, expressed in proteins and pigments content, was comparable in
the molasses with respect to conventional pure VFAs, used as the substrate for the same
purpose. The economic advantage lies in the use of very cheap carbon sources from industrial
streams for the cultivation of robust PNSB species found by isolation from the natural habitat.

In conclusion, this thesis explored and investigated the versatile contribution of purple bacteria
for the valorisation of multiple industrial by-product streams, developing different technologies
and adopting industrially relevant approaches. The results here described will constitute one first
relevant step required for the conversion of industrial production processes into benign circular
alternatives.
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