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ABSTRACT

PRODUCTION AND BIOMINERALIZATION PERFORMANCE
ASSESSMENT OF BIOGRANULES SIMULTANEOUSLY CONDUCTING
UREA HYDROLYSIS AND DENITRIFICATION

Beyza KARDOGAN

Master of Science, Department of Environmental Engineering
Supervisor: Assoc. Prof. Dr. Yusuf Cagatay ERSAN

June 2024, 150 pages

Biomineralization, particularly calcium carbonate precipitation through microbial
pathways, is gaining attention as an environmentally friendly alternative for various
applications, including bioremediation, bioconsolidation, and the production of bio-based
materials. Calcium carbonate precipitation naturally occurs through various metabolic
pathways, such as urea hydrolysis and nitrate reduction. However, most studies have
focused on axenic (pure) cultures and single metabolic processes, leaving the potential of
combined metabolic activities unexplored. Using single metabolic pathways and axenic
cultures resulted in biomineralization performances under either aerobic or anoxic
conditions. Urea hydrolysis and nitrate reduction are complementary to achieving
biomineralization under both aerobic and anoxic conditions. This should be investigated
to enhance the overall biomineralization performance. This thesis presents the production
of non-axenic biogranules capable of conducting urea hydrolysis and nitrate reduction
metabolisms. These biogranules could extend the occurrence of the biomineralization



process in both aerobic and anoxic conditions and enhance the overall calcium carbonate
precipitation. An SBR was operated for 560 days under alternating anoxic-aerobic periods
and biogranule production under minimal nutrient conditions was optimized. Produced
biogranules were compared with a previously reported nitrate-reducing granular culture
in terms of microbial activity and biomineralization performance. Biogranules in the size
range of 0.2-0.7 mm could be produced continuously during the steady production period
between operation days 270 and 560. Metagenomic analyses revealed a consistent
microbial community dominated by ureolytic and denitrifying bacteria, maintaining a
high degree of similarity across samples taken at different time intervals from the
bioreactor. The produced biogranules achieved maximum specific urea hydrolysis and
nitrate reduction activities of 232 mg urea.h™2.g? VSS and 9.25 mg NOs-N.ht.gt VSS,
respectively. In 9-day batch tests, the biogranules precipitated up to 642.5 mg CaCOzin
calcite form, which was significantly higher than the 137 mg CaCOs obtained by the
reference nitrate-reducing granular culture. The desiccated biogranules demonstrated
73% nitrate reduction and 67% urea hydrolysis efficiency on average in the
biomineralization test. However, reference nitrate-reducing granular culture showed 34%
nitrate reduction and 2% urea hydrolysis efficiency on average. To see the shelf-life effect
on MICP performance another biomineralization test was conducted after 1.5 years of
storage of the desiccated biogranules. When comparing the yeast-containing batches B1
and C1 with the yeast-free batches B3 and C3, it was found that biogranules exhibited a
30% and 164% higher MICP performance, respectively, compared to the reference
nitrate-reducing granular culture in the second biomineralization test. It was observed that
the storage period negatively impacted the MICP performance of the desiccated
biogranules. Overall, it was revealed that complementary microbial metabolisms could
enhance the total amount of CaCOs precipitated in a single application which can be

beneficial for improving the efficiency of biomineralization applications.
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Biyomineralizasyon, 06zellikle mikrobiyal yollarla kalsiyum karbonat cokelmesi,
biyoremediasyon, biyokonsolidasyon ve biyo-bazli malzemelerin iiretimi gibi ¢esitli
uygulamalar icin gevre dostu bir alternatif olarak ilgi gérmektedir. Kalsiyum karbonat
cokelmesi, dogada iire hidrolizi ve nitrat indirgenmesi gibi ¢esitli metabolik yollarla
gerceklesebilmektedir. Ancak, ¢ogu calisma saf kiltirler ve tekil metabolik suregler
tizerine odaklanmis olup, birlestirilmis metabolik aktivitelerin  potansiyelini
arastirmamistir. Tekil metabolik yollar ve aksenik kiiltiirlerin kullanilmasi ya aerobik ya
da anoksik kosullar altinda biyomineralizasyon performanslarmin elde edilmesiyle
sonuglanmistir. Ure hidrolizi ve nitrat indirgenmesi hem aerobik hem de anoksik kosullar
altinda biyomineralizasyonu gerceklestirmek i¢in tamamlayici yollardir. Bu
kombinasyonun arastirilmasi, genel biyomineralizasyon performansini artirmak igin
Onem arz etmektedir. Bu tez ¢caligsmasi, iire hidrolizi ve nitrat indirgeme metabolizmalarini
kullanabilen aksenik olmayan biyograniillerin iiretimini sunmaktadir. Bu biyograntller,

biyomineralizasyon siirecinin hem aerobik hem de anoksik kosullarda gerceklesmesini



saglayarak genel kalsiyum karbonat ¢okeltme miktarini artirabilmektedir. Bir AKR
(Ardisik Kesikli Reaktor), degisen anoksik-aerobik periyotlar altinda 560 giin boyunca
isletilmis ve minimal besin kosullarinda biyograniil iiretimi optimize edilmistir. Uretilen
biyograniiller, mikrobiyal aktivite ve biyomineralizasyon performansi agisindan daha
once raporlanan nitrat indirgeyen graniil kiiltiirii ile karsilastirilmistir. Isletim giinleri 270
ile 560 arasinda 0.2-0.7 mm aralifinda biyograniillerin kararli iiretimi saglanmigtir.
Metagenomik analizler, biyoreaktorden farkli zaman araliklarinda alinan orneklerde,
tirolitik ve denitrifikasyon yapan bakterilerin baskin oldugu tutarli bir mikrobiyal
toplulugu ortaya koymustur. Uretilen biyograniiller, sirasiyla 232 mg ure.sat.g* UAKM
ve 9,25 mg NOs-N.sat.g! UAKM maksimum spesifik tre hidrolizi ve nitrat indirgeme
aktivitelerine ulagsmistir. Biyomineralizasyon testlerinde 9 giin igerisinde, biyograniiller
kalsit formunda maksimum 642,5 mg CaCOz ¢Okeltirken, referans nitrat indirgen graniil
kalturd  maksimum 137 mg CaCOz ¢okeltmistir. Kurutulmus biyograniiller,
biyomineralizasyon testinde ortalama %73 nitrat indirgeme ve %67 (re hidrolizi
verimliligi gosterirken, referans nitrat indirgen grandl kaltiri ortalama %34 nitrat
indirgeme ve %?2 tire hidrolizi verimliligi gostermistir. MICP performansina raf émriiniin
etkisini gormek icin kurutulmus biyograniiller 1,5 yil saklandiktan sonra baska bir
biyomineralizasyon testi yapilmistir. Test sonucunda saklama siiresinin, kurutulmus
biyograniillerin MICP performansin1 olumsuz etkiledigi gozlemlenmistir Maya 0zutl
iceren B1 ve C1 ile maya Ozutl icermeyen B3 ve C3 gruplari karsilastirildiginda,
biyogranullerin ikinci biyomineralizasyon testinde referans nitrat indirgen grandl
kultiriine gore sirasiyla %30 ve %164 daha yiiksek MICP performans: sergiledigi
bulunmustur. Genel olarak, tamamlayici mikrobiyal metabolizmalarin, tek bir
uygulamada cokeltilen toplam CaCOs miktarin1 artirarak biyomineralizasyon

uygulamalarinin verimliligini artirabilecegi ortaya konulmustur.

Anahtar Kelimeler: MICP, nitrat indirgenmesi, biyobirikim, metagenomik, canlanma
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1. INTRODUCTION

The global sustainability crisis is intensifying as the pervasive use of non-biodegradable
and contaminating materials increasingly endangers natural environments and biological
life. The rise in environmental consciousness along with the adoption of laws that support
sustainable and renewable technologies, has led to an increase in interest in biotechnology
and foster using biobased products rather than materials produced based on linear

economic models.

As a part of the biotechnological perspective, biomineralization, particularly calcium
carbonate precipitation through microbial pathways, has been extensively investigated as
an environmentally friendly technigue in various Environmental and Civil Engineering
fields. Biomineralization applications including radionuclide and heavy metal removal,
ground improvement, restoration of historical heritages and monuments, carbon dioxide
sequestration, bio brick production, and developing self-healing bioconcrete are key tools
to achieve sustainable development and combat climate change in cities [1-7]. Thus,
microbial-induced calcium carbonate precipitation efficiency should be enhanced and

bioagents tailored for biomineralization applications should be stably produced.

The microbial-induced calcium carbonate precipitation (MICP) can occur through
numerous distinct metabolic pathways consisting of urea hydrolysis, denitrification,
photosynthesis, aerobic oxidation, sulfate reduction, methane oxidation, ammonification,
and iron reduction [8,9]. The most extensively researched metabolic pathway of applied
MICP so far is urea hydrolysis catalyzed by urease in high calcium concentrations due to
its simplicity and reaction rate. In this process, urease (urea amidohydrolase) positive
bacteria (Sporosorcina pasteurii, Bacillus sphaericus, Bacillus megaterium, etc.)
hydrolyze urea and eventually ammonium, bicarbonate, and hydroxide ions are formed
[3]. These formed ions increase pH, thus shifting the bicarbonate balance towards
carbonate ions. When free calcium ions are available in the environment, CaCOz minerals

with low solubility (Ks = 3.8 x 10®) are formed and precipitation occurs.

Although significant research efforts have been focused on investigating urea hydrolysis

owing to its notable efficiency, it has some disadvantages. Biominerals rapidly precipitate

around the cell membrane due to the high ureolysis rate, causing occlusion of bacteria

and limitation of nutrient transfer. This phenomenon negatively affects microorganism

activities [8]. Furthermore, urease-positive bacteria require oxygen to maintain growth
1



and urease enzyme production. It was reported that the urease enzyme, produced under
aerobic conditions, retained activity for a period under anaerobic conditions, the
bacterium could not sustain growth or produce new enzymes in both anoxic and anaerobic
conditions. Thus, the amount of precipitated minerals drops significantly when moving

from aerobic anaerobic conditions [2,10].

In the metabolism of nitrate reduction, calcium carbonate precipitation can occur even
when oxygen is limited or absent, as nitrate serves as the electron acceptor. Consequently,
the nitrate reduction mechanism can be presented as an alternative pathway to urea
hydrolysis to obtain MICP in the absence of oxygen. In this context, some researchers
have explored the application of nitrate reduction metabolism in biomineralization
practices such as soil consolidation, the removal of calcium from wastewater, and the
development of self-healing bioconcrete [11-13]. In the soil consolidation field, a study
conducted by van Paassen et al. employed denitrification metabolism by using
Castellaniella denitrificans and achieved a yield of 6 grams of CaCOs3 per consumed gram
of nitrate nitrogen after seven days [13]. Another study by Ersan et al. demonstrated an
enhancement in efficiency, reaching 14.1 and 18.9 grams of CaCO3 per consumed gram
of nitrate nitrogen within two days, following optimization, using Pseudomonas

aeruginosa and Diaphorobacter nitroreducens, respectively [14].

Overall calcium carbonate yield can theoretically be increased when aerobic and
anaerobic metabolisms such as urea hydrolysis and denitrification metabolisms are
employed simultaneously. Moreover, in environments with a specific depth (where there
is no oxygen limitation at the surface, but oxygen concentration decreases with increasing
depth), urea hydrolysis and nitrate reduction metabolisms can be considered
complementary mechanisms [15]. In this scenario, simultaneous biomineralization can

occur at different oxygen concentrations.

In addition to all studies using axenic cultures, biogranules formed through the non-
axenic microbial cultures’ granulation have the potential to economically enhance
biomineralization capacity through the management of the community within the granule
content using a microbial source management approach. The biogranules are mainly used
in Environmental and Construction Engineering fields. On the one hand, in the field of
Environmental Engineering, biogranules have been applied for the treatment of
wastewater from both domestic and industrial sources. The granular sludge-based

wastewater treatment system has been developed to decrease the land requirement,
2



increase process efficiency, and enable resource recovery. On the other hand, in the field
of Construction Engineering, biogranules are utilized for self-healing bioconcrete
development. The lifespan of the buildings can be increased with self-healing bioconcrete
applications. Considering the concrete production carbon footprint, self-healing
applications contribute to sustainable development. Therefore, biogranules are crucial
microbial agents to extend the use of microorganisms in creating a bio-based circular

economy.



2. LITERATURE REVIEW

2.1. Microbially Induced Calcium Carbonate Precipitation (MICP)

Biomineralization refers to the formation of minerals such as carbonates, sulfates,
phosphates, and silicates by living organisms through various metabolic pathways. It is a
natural occurrence that can be observed in nature, from bacteria to animals, and can take

the form of bones, corals, certain rocks, shells, and minerals [16].

The synthesis of biominerals by organisms can be divided into three biological categories
based on the formation mechanism: controlled, induced, and influenced mineralization
[17,18]. Biologically controlled mineralization (BCM) refers to the process by which an
organism exerts precise control over the nucleation, shape, and location of the biominerals
[8]. The process occurs at a certain location in or on the cell. Whereas, in biologically
induced mineralization (BIM) biominerals are synthesized extracellularly due to the
chemical reactions that occur as a consequence of metabolic activity rather than cell
control. Biominerals are precipitated through the interaction of microorganisms'
metabolic byproducts with ions present in the surrounding environment. In biologically
influenced mineralization minerals are generated through the interaction between an
organic matrix and various organic and inorganic compounds by external environmental
factors. This process does not involve any biological activity, whether it is extracellular
or intracellular [18].

The most common biominerals formed through the mechanisms described above are
composed of primarily calcium, given its vital role in numerous processes within an

organism's cellular metabolism.

Carbonates are particularly noteworthy among the minerals formed in biomineralization
and Microbially Induced Calcium Carbonate Precipitation (MICP) is one of the most

widely studied kinds of biomineralization phenomena [19].

MICP process initiates in the microenvironment surrounding microbial cells where
various metabolic byproducts such as bicarbonate and calcium ions first interact to form
CaCOgz minerals. This process is driven by the metabolic activity of microorganisms and
can be utilized for a wide range of applications such as sequestration of atmospheric CO2,

soil stabilization, bioremediation, concrete repair, and restoration of heritage structures



[8,20]. Due to its versatility and potential for sustainable development, the study of MICP
has become an essential area of research.

2.2 Metabolic Pathways of MICP

The phenomenon of MICP can be initiated through multiple metabolic pathways. These
metabolic pathways were summarized with their advantages and disadvantages in Table
2.1. Given their prominence among the metabolic pathways outlined in the table, urea

hydrolysis and denitrification are elucidated in detail below.

Urea hydrolysis by ureolytic bacteria is considered one of the most widely used
biochemical pathways in MICP due to some reasons such as high reaction rate via urease
enzyme, ease of application, and hydrolysis of urea is a common trait of most of the non-

pathogenic strains [21].

Sporosarcina Pasteurii

CO(NH,);+ H,0--2 NH, + CO,
OH + NH4* <> NHz + H,0

(-] HCO5 <> OH+ CO, '
@‘ S5,

NI )
+0H+ HCO; — H,0+ --

Figure 2.1. Schematic representation of MICP catalyzed by cells of the S. pasteurii
redrafted after [16]

In this metabolic pathway, urease (urea amidohydrolase) positive bacteria (Sporosorcina
pasteurii (Bacillus pasteurii), Bacillus sphaericus, Bacillus megaterium, etc.) hydrolyze
the urea and first decompose it into one mole of carbamate and ammonium (Equation 1).
With continued hydrolysis reactions, one more mole of ammonium and carbonic acid is
formed. By balancing these products in water hydroxide ions, bicarbonate and two moles
of ammonium are formed. These formed ions cause the pH to rise, and the increase in pH
alters the bicarbonate balance, enabling the formation of carbonate ions (Equation 1-6).



Table 2.1. Metabolic Pathways of MICP

Metabolic Pathway Microorganism Advantages Disadvantages References
Photosynthesis e Cyanobacteria No toxic b duct Limited application due to dependency on 4,8 22-24]
o (Micro-)Algae * N0 toxic by-produc sunlight and CO>
Urea Hvdrolvsi NHs; and NH4* production (Aquatic 122195 26
rea Hyarolysis e Ureolytic bacteria e Fast and straightforward process toxicity) _ [1,2,21,25,26]
Oxygen dependency for bacterial growth
Aerobic Oxidation e Non-ureolytic aerobic I Oxygen dependency o [1,27,28]
bacteria o Versatile, simple process Dependence on external alkalinity
A ficati Poor solubility of reagents 27 20,30
mmonification o Myxobacteria e High versatility in applications NHs and NH,4" production (Toxic by- [27,29,30]
product)
. ) ) o ) H.S production (Highly toxic and odorous
Sulfate Reduction e Sulfate-reducing bacteria e Can be applied in anoxic and by-product) [24,27,30,31]
(SRB) extreme environments Biogenic corrosion
Iron Reduction _ _ * Stable process Relatively ~ slow  precipitation rates [3233]
e lron-reducing bacteria  No toxic byproduct compared to other pathways
e lron leach/corrosion
Methane Oxidation « Scalability and adaptability of H2S production (Type Il methanotrophs) [g 24,25 34,35]
* Methanotrophs applications (Highly toxic byproduct)
Relatively  slower precipitation rate
. . o ) compared to urea hydrolysis
Nitrate Reduction o Denitrifiers e Can be applied in anoxic and Possibility of greenhouse gas production [24,25,30,31,36]

anaerobic environments

Nitrite ions can accumulate (Harmful to
aquatic ecosystems)




If free calcium ions are present in the environment, the cell's negative surface gathers
them and serves as the site of nucleation. Then calcium carbonate minerals with low

solubility (Ksp = 3.8 x 10°%) are formed and precipitation occurs (Equation 6) [3] .

CO(NHa)2 + H20 — NH2COOH + NHs (1)
NH,COOH + H,0 — NH3 + H,COs )
H2CO3 <> HCOs + H* 3
2NH3 + 2H20 <> 2NHs* + 20H" 4)
HCO3 + H* + 2NHs+ +20H <> CO3% + 2NHs" + 2H,0 (5)
COs% + Ca*" <> CaCOs (6)

Sporosarcina pasteurii is a gram-positive bacterium that originates from the soil. Its
growth necessitates the presence of urea and ammonium and possesses the capacity to
produce spores as a survival mechanism when exposed to challenging environmental
conditions. Among the cohort of ureolytic microorganisms, S. pasteurii emerges as the
predominant strain studied in the domain of biomineralization owing to its high urease
activity [21].

Although urea hydrolysis is an effective microbial pathway that has been extensively
studied in MICP, it has some drawbacks. The reaction rate causes CaCO3z minerals to
rapidly precipitate around the cell membrane, which restricts microbial activity and may
eventually lead to the microorganism's vital activities' termination [8]. In addition, since
urease-positive bacteria are not omnipresent in certain environmental conditions,
microbial activity is adversely affected in some situations, such as oxygen and nutrient
deficiencies, highly alkaline pH, and elevated salt concentrations [2,25]. In a study
conducted by Li et al., the impact of available oxygen levels on the quantity of CaCOs3
precipitated through microbial means in urea hydrolysis metabolism was systematically
investigated. The research, which focused on ground improvement utilizing S. pasteurii,
scrutinized the amount of CaCOs precipitation in columns subjected to aerated, open, and
air-restricted conditions. The findings revealed a substantial reduction in the precipitated
CaCOg3 quantity as the level of air restriction increased. After the biomineralization
process, the percentage CaCOs contents of the sand samples were determined as 4.03-
9.88%, 2.9-4.5%, and 1.4-1.9% in aerated, open, and air-restricted conditions,

respectively [10].



In a separate investigation carried out by Jain et al., the biomineralization test using S.
pasteurii, as a result of 72 hours of incubation, 32.24 + 3 mg, 17.38 £ 3 mg, 7 = 2 mg
CaCO:s precipitation was observed in 100 mL biomineralization solution under aerobic,
anoxic, and anaerobic conditions, respectively. It has been reported that the amount of
precipitated minerals drops significantly when moving from aerobic to anoxic conditions

and is negligible in the anaerobic condition [2].

The process of biomineralization facilitated by ureolytic bacteria results in the substantial
generation of ammonia as a consequential byproduct. Due to the aquatic toxicity of the
latter, urea hydrolysis might raise environmental concerns in MICP applications near
water resources[26]. Furthermore, depending on the type of the urease enzyme, the
accumulation of ammonia can impede the MICP process, leading to suboptimal
precipitation. Optimum performances could only be achieved with strains possessing
non-suppressive urease enzyme [37]. If the produced ammonia is further oxidized on site,
it results in a local pH decrease and dissolution of the precipitated CaCOs3[1].

The nitrate reduction process, known as denitrification, plays a crucial role in the global
nitrogen cycle by enabling the conversion of fixed nitrogen back into nitrogen gas,
thereby facilitating its return to the atmosphere. By accomplishing this crucial
transformation, denitrification is essential in closing the global nitrogen cycle and
maintaining the balance in the ecosystems. Most denitrifying microorganisms conduct
complete nitrate reduction when organic carbon and nitrate coexist under anoxic
conditions. Recent studies also revealed the possibility of autotrophic denitrification and
aerobic denitrification [38]. Among these processes, MICP through autotrophic
denitrification is unlikely due to its dissolved inorganic carbon consumption. MICP

through aerobic denitrification on the other hand remains unknown.

In anoxic denitrification, anaerobic microorganisms classified within taxonomic genera
such as Pseudomonas, Diaphorobacter, Denitrobacillus, Alcaligenes, Thiobacillus,
Micrococcus, and others are involved in the consecutive enzymatic conversion of nitrate
(NO3") into elemental nitrogen gas (N2) during the oxidation of organic carbon (Equations
7-10) [24,25]. In the presence of dissolved calcium ions (Ca?*), the reduction of NO3

culminates in the precipitation of CaCOgz (Equation 11).
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Figure 2.2. The complete denitrification reactions for MICP redrafted after [25]
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Ca?* + COz + H,0 —> CaCOs + 2H* (11)

Denitrification has been considered a prospective and auspicious metabolic way for
MICP applications within subsurface environments. This preference is attributed to its
advantageous characteristics compared to alternative microbial metabolic processes.
Denitrification is noted for its thermodynamic favorability, outperforming all other
metabolic pathways with the exception of aerobic respiration. In contrast to oxygen-
dependent microbial metabolic processes like urea hydrolysis and aerobic respiration,
denitrification occurs in oxygen-depleted subsurface environments where nitrate is
present [25]. In the utilization of particular microbial strains, denitrification can take place
even in the absence of micronutrients [12]. In contrast to aerobic respiration, MICP via
denitrification does not rely on external alkalinity, as the process can generate adequate

alkalinity autonomously (Equations 33-36) [25]. However, the principal drawbacks



associated with denitrification are the relatively low calcium carbonate precipitation rates
compared to urea hydrolysis and the limited CaCOs precipitation under aerobic
conditions [36].

2.3 MICP Through Complementary Metabolic Pathways

Combining metabolic pathways can theoretically enhance MICP yield, and some studies
investigated this possibility. In a study [15], Ralstonia eutropha H16 bacteria was used
to enhance MICP yield by combining urea hydrolysis and nitrate reduction pathways.
Despite challenges such as restricted nitrate reduction of H16 by high Ca?* ion in the
medium, optimizing these pathways improved CaCO3 precipitation by 20-30%, and a
yield of 14 g.L™* was reached. Ralstonia eutropha H16 showed potential for activating
multiple pathways. In another study, non-anexic biogranules capable of hydrolyzing urea
and reducing nitrate were produced to increase the performance of self-healing
bioconcrete [39]. A similar approach was used by [40] to produce non-axenic calcium
carbonate precipitating biomass which enabled healing of cracks and inhibition of

reinforcement bar corrosion in self-healing bioconcrete.

In another non-anexic granular study [41], nitrate-reduction and sulfate-reduction
metabolisms were combined to maximize self-healing and mitigate Microbially Induced
Concrete Corrosion (MICC). Utilizing the synergetic effect between sulfate reduction,
sulfate oxidation, and nitrate reduction bacteria is advantageous to combat corrosion in
sewer systems effectively. However, the CaCOs precipitation capacity of the biogranules

was not tested in these biogranule development studies.

2.4 Factors Affecting MICP

Microbially induced calcium carbonate precipitation has four major drivers: (i) available
nucleation sites, (ii) pH of the environment, (iii) DIC concentration, and (iv) dissolved
calcium ions in the solution. Firstly, MICP is a chemical process necessitating the
presence of an adequate concentration of calcium ions and carbonate ions, and it is
imperative that the saturation state (Q) of the system. If the saturation state of the system
() > 1, the system becomes oversaturated and culminates in precipitation (Equation 12-
13) [4,24].

Ca2*+ COs* <> CaCOs (12)

Q= [C32+] [C0327] / Ksp calcium carbonate (13)
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The solubility product constant of CaCOs (Ksp) is 2.8 x 10 at a temperature of 25°C [24].

In addition to calcium ions, the biomineralization of calcium carbonate is driven by these
three crucial factors: dissolved inorganic carbon (DIC) amount, the system's pH level,
and available nucleation sites. The quantity of carbonate ions is contingent upon the
concentration of DIC and the pH of the system. Furthermore, the DIC concentration is
tied to environmental variables, such as the atmospheric pressure of carbon dioxide (CO>)

and ambient temperature [24].

2.4.1 Dissolved Inorganic Carbon

Several pivotal elements influencing the concentration of DIC encompass parameters
such as temperature, pH, atmospheric CO- levels, the geological composition of the local
surroundings, the decomposition of organic materials, and the influence of microbial
activity [42].

DIC = [COg] + [H2COs] + [HCOs] + [COs*]

The equilibrium reactions and associated constants that govern the dissolution of carbon
dioxide in aqueous solutions at standard conditions (25°C and 1 atmosphere) are shown
in Equations 14-18 [4].

COz(g) <> CO2aq) (PKH= 1.468) (14)
CO2(aq) + H20 <> H2CO3* (pK= 2.84) (15)
H2COs*<> H* + HCO3™ (pKi= 6.352) (16)
HCO3 <> COz* + H* (pK2= 10.329) (17)
With H2CO3* = CO2(ag) + H2COs3 (18)

According to the studies conducted to analyze DIC in aquatic environments, the following
results have been obtained. Elevated temperatures typically result in diminished solubility
of DIC in aqueous environments [43]. This phenomenon can be attributed to the
diminished capacity of water to retain dissolved gases, most notably carbon dioxide,
under conditions of increased temperature. The metabolism of aquatic plants and
microbial activities influence DIC behavior. In photosynthesis, marine flora actively
assimilates carbon dioxide, which, in turn, instigates a reduction in the concentration of
DIC. Conversely, the biological process of respiration elevates the concentration of DIC
[42]. Variations in pH significantly have an impact on the dissolved inorganic carbon.
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Under acidic pH conditions carbon dioxide bicarbonate balance shifts towards the carbon
dioxide gas, potentially resulting in a decrease in DIC concentration. Conversely, under
alkaline pH, bicarbonate carbonate balance shifts towards the carbonate ions bringing
more carbon dioxide to the solution increasing overall DIC levels [44]. The elevation of
atmospheric CO levels leads to a rise in the presence of DIC within aquatic

environments.[45].

Since DIC is primarily controlled by microbial activity in MICP, parameters such as pH,
temperature, salinity, nutrient availability, and oxygen availability affect microbial

activity also influence DIC.

The pH level affects the microbial community and enzyme activity. According to studies
conducted using Bacillus species, it was revealed that B. pasteurii and B. sphaericus
optimum growth pH ranges are 7-9 and 8-9, respectively. B. cereus was unable to survive
at pH levels above 9.0 whereas B. sphaericus demonstrated survival within the pH range
of 8.0 to 12.5. B. megaterium can survive up to a pH of 8.9 [46]. Based on the other
findings, it was found that the most favorable pH for the function of the urease enzyme
falls between 7.5 and 8.0. Notably, they found a gradual enhancement in urease activity
as the pH of the environment shifted from 6.0 to 8.0 [47]. This pH rise was attributed to
the generation of ammonia as a byproduct of urea hydrolysis. Additionally, microbial
respiration generated carbon dioxide, which acted as a buffering agent, counteracting the

rise in pH within the reaction medium [48].

Temperature assumes a pivotal role in the growth and metabolic activity of
microorganisms, thereby exerting a substantial influence on the MICP process. The
optimum temperature for bacterial activity differs from that for calcite precipitation.
Within a defined temperature range, elevations in temperature yield heightened microbial
proliferation and metabolic activity. This phenomenon is rooted in the principle that
chemical and enzymatic reactions show increased rates at elevated temperatures.
According to the studies in this field, carbonate precipitation was observed across a
temperature range from 2 to 32 °C [49]. Notably, an elevated rate of precipitation was
observed at higher temperatures. However, calcite precipitation experiences a
considerable decline within the temperature range of 30-50 °C, reaching its lowest point
at 50 °C. In addition to its impact on the quantity of crystalline structures generated, the
temperature has also exhibited an impact on the morphology of the biological crystals
[48].
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The salt concentration of the medium is among the most critical factors affecting
carbonate precipitation. Salinity levels can significantly affect the formation of
carbonates. In a study [50], Halobacillus trueperi was used as a halophilic bacterium to
test the salinity effects on MICP since halophilic bacteria are capable of thriving across a
broad spectrum of osmotic concentrations. In this study, 2.5%, 7.5%, 15%, and 20%
salinity levels were used. According to the results, the amount of biodeposits and the size
of the formed bioliths decreased as salinity levels increased. Additionally, higher salinity
concentrations were associated with longer precipitation times. The precipitation
occurred at various growth stages, but it happened during the death phase in the test group
with a 20% salt concentration.

Providing an ample, suitable, and essential nutrient supply to bacteria is vital to ensure
spore germination and sustain the viability of bacteria, thereby enabling MICP to persist
for an adequate duration, thus facilitating the attainment of the intended structural
performance objectives [48,51,52]. The production of calcium carbonate is found to
exhibit a positive correlation with the nutrient solution concentration within a specified
interval; however, elevated concentrations have been observed to impede the formation
of CaCOz. When nutrient solution concentrations are maintained at lower levels, the
microbial-induced formation of CaCOs is comparatively diminished [53]. A study has
demonstrated that changes in the nutrient solution content exhibit a discernible impact on
the rate of nucleation and the dimensions of calcium carbonate precipitates. Notably, the
influence of the nutrient solution varies across different environmental contexts [54]. In
certain situations, such as under low-temperature environments, adding urea into the
medium can enhance the CaCOs precipitation rate and overcome solidification inhibition
[55]. This addition not only enhances urease activity but also alkalizes the environment,
which inhibits microorganism growth. However, a high urea content can lead to uneven
distribution of precipitation crystals and weak soil strength. As the nutrient solution
concentration rises, there is an initial increment in the internal friction angle, followed by
a subsequent decline, ultimately reaching its optimal point at a concentration of 1.60
mol.L™ for the nutrient solution [53]. According to another study, the addition of
ammonium chloride nutrient broth and sodium bicarbonate to the nutrient solution
effectively enhances the MICP performance and the mechanical properties of bio-

cemented sand. Furthermore, sand solidified with a nutrient compound solution had a
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significantly higher calcium carbonate content than sand solidified with an essential

nutrient solution [56].

The availability of oxygen in the MICP process has been a subject of increased attention,
and conflicting perspectives have emerged. Aerobic bacteria are responsible for the
majority of the MICP processes. Therefore, oxygen availability plays a critical role in
MICP treatment [10]. It was reported that anoxic conditions did not impede urease
activity in S. pasteurii, demonstrating similar or even more significant urea degradation
than aerobic conditions. However, anoxic cultures showed significantly higher increases
in conductivity, suggesting the potential for MICP treatments in environments with
limited oxygen, provided a sufficient ureolytic bacterial population is injected [57]. In
contrast, Martin et al. [58] found that S. pasteurii cannot grow anaerobically and that
urease activity observed under anoxic conditions results from pre-existing enzyme
content. This discrepancy raises doubts about the efficacy of MICP in situ reinforcement,

especially where oxygen availability is constrained.

2.4.2 Dissolved Calcium lons

Calcium ion is an indispensable factor in the formation of calcium carbonate.
Nonetheless, as the concentration of Ca?* rises, an increasing quantity of Ca®* ions
becomes affixed to the surfaces of bacterial cells, leading to a deceleration in the diffusion
of nutrients and, consequently, a diminished precipitation rate. Moreover, an excess of
Ca?* can elicit a toxic response in bacteria, as their requisite amount for regulating
essential biological processes is limited. [51]. The impact of Ca®* concentration on
bacterial precipitation exhibits noteworthy characteristics. The source of calcium ions in
the environment of biocementation exerts a controlling influence over the characteristics
of the resulting crystals, encompassing their type, size, morphology, and degree of
crystallinity. Specifically, calcium chloride instigates the development of calcite crystals
with a rhombohedral structure, calcium acetate prompts the formation of aragonite
crystals characterized by a lamellar or needle-like morphology, while calcium lactate
engenders the production of intricate vaterite crystals exhibiting a hexagonal lattice
configuration [48].
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2.4.3 Nucleation Site Development and Crystal Growth

Crystallization is typically associated with two primary processes: nucleation site
development and crystal growth. In these processes, both bacterial and abiotic (non-

living) nucleation sites can play crucial roles under specific circumstances.

From the biotic perspective, the development of nucleation sites and crystal growth is
influenced by various factors such as bacterial metabolic activities, bacterial cell
structure, extra polymeric substances (EPS) concentration, and bacterial concentration
[59].

Bacteria itself serve as the primary nucleation sites for calcium carbonate, subsequently
facilitating in-situ growth. Carbonate nucleation initiation occurs on the cell wall, either
via the membrane or through particular anionic functional groups such as biopolymers
and biofilms capable of attracting Ca?* [60,61]° The exopolymers, which are secreted by
bacteria to form biofilms, are crucial for the adsorption of ions due to charge
neutralization, mineral nucleation, and growth. Also, these biopolymers and biofilms
have a notable influence on the morphology and mineralogy of carbonate sediments.
Studies have shown that the extracellular polymeric secretions framework influences the
precipitation of CaCOs by serving as a suitable surface for precipitation through
successive stratification [60,62]. Additionally, the particular proteins found in EPS
formed by various bacteria control the selection of calcite or aragonite polymorphs.
Accordingly, higher concentrations of EPS led to a significant increase in calcium
carbonate precipitation due to the provision of more nucleation sites for MICP [63]. In a
similar vein, higher bacterial concentrations can provide more nucleation sites in the
solution. This can result in a more effective transformation of minerals in the solution

into crystal nuclei [64].

From the abiotic perspective, nucleation and crystal growth occur through the
involvement of non-living factors and constitute a multifaceted process shaped by various
factors. This process typically begins when the dissolved substances' concentration in a
solution surpasses a certain threshold. The progression of abiotic nucleation and crystal
growth is intricately linked to calcium and carbonate ions, which are fundamental
constituents for crystal formation in MICP [20]. When the saturation state of the system
() > 1, it indicates that the solution can no longer accommodate further dissolution, the

system becomes oversaturated and culminates in precipitation. This marks the point
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where molecules in the solution begin to adopt a specific order. Additionally, elevated
initial supersaturations lead to a more evenly distributed nucleation across all grains,
whereas lower initial supersaturations culminate in more isolated patterns, thereby

influencing crystal growth in porous media [65].

Abiotic nucleation generally involves the aggregation of certain molecules in the solution
to form crystal nuclei. These nuclei initiate the gathering of additional molecules from
the solution onto their surfaces. These sites can be observed on mineral surfaces, where
certain minerals provide an ideal location for crystal formation to commence.
Additionally, foreign particles or impurities present in the environment, such as dust or
sediment, can also function as abiotic nucleation sites by serving as a surface for calcium
carbonate precipitation. In laboratory experiments, the walls or surfaces of containers
utilized in MICP are capable of acting as abiotic nucleation sites. This is due to the
interaction between the solution and the container surfaces, which triggers crystal
formation. Pre-existing crystals or substances present in the solution or on surfaces can
also function as templates for abiotic nucleation, providing a foundation for ion
arrangement and subsequent crystal growth. Moreover, chemical gradients within the
solution, characterized by localized variations in concentration, are also known to
contribute to abiotic nucleation. These gradients create conditions that are conducive to

the initiation of crystal formation.

2.5 Biomineralization Applications

The biomimetic study of CaCOs formation by microorganisms has been systematically
studied and yielded applications in diverse subfields such as medical, construction,
environmental, pharmaceutical, agricultural, and industrial biotechnology [66]. MICP has
been tested in numerous applications, with variations in the bacterial species used
depending on the specific application. The commonly used bacteria were summarized in
Table 2.2. Due to the challenging conditions of MICP applications, such as high pH, shear
stress, and shrinking pores, methods like encapsulation and immobilization have been
developed to protect the bacteria. Additionally, bacterial spores, known for their
resistance to harsh conditions, are used as bio-agents [41]. On the other hand, biogranules
which have layered non-axenic cultures present several advantages over axenic bacterial
cultures, particularly as microbial healing agents. A key benefit of biogranules is their

layered structure composed of minerals and extra polymeric substances. Therefore, the
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use of biogranules eliminates the necessity for protective carriers. This layered structure
substantially boosts the durability of biogranules in challenging environments, thereby
enhancing their utility, longevity, and cost-effectiveness compared to axenic cultures
[14].

Table 2.2. Biomineralization Applications

Biomineralization Metabolic Seai el S e
Applications Pathway
Sporosarcina pasteurii
Urea Hydrolysis Bac_lllus sphaerl_cus [16,32,67]
Bacillus megaterium
Bacillus cereus
_ _ Nitrate Diaphorobacter nitroreducens [14,68,69]
Biocementation Reduction Pseudomonas aeruginosa T
Sulfate reduction Sulfate-reducing bacteria [41]
Aerobic Bacillus halmapalus
oxidation of Bacillus cohnii [28,70-72]

Bacillus subtilis

organic carbon Bacillus pseudofirmus

Urea Hydrolysis Bacillus sp. strain VS} [73,74]
) o Sporosarcina pasteurii
Soil stabilization
Nitrate
) Pseudomonas denitrificans [25,75]
Reduction
Bio- : s
_ o Urea Hydrolysis Sporosaru_na pasteurii [16,76]
immobilization Kocuria flava

2.6 Biogranulation

Anaerobic granules, also known as methanogenic granules, were first observed in the
1950s but formally recognized in the 1970s [77]. These granules are typically found in
an up-flow anaerobic sludge blanket (UASB), where wastewater introduced from the
bottom promotes microbial aggregation. Anaerobic granules enable high-rate anaerobic
digestion (AD), consisting of hydrolysis, acidogenesis/fermentation, acetogenesis, and

methanogenesis, converting complex organic substances to methane (Figure 2.3).
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The development of Aerobic Granular Sludge (AGS) in a sequencing batch reactor (SBR)
was initially observed in 1997 [78]. Aerobic granules consist of densely packed microbial
communities with excellent settling properties, facilitating biomass retention, and
extending solids retention times. Typically cultivated in SBR with aeration, aerobic
granules facilitate the heterotrophic degradation of organic pollutants, along with
concurrent processes of nitrification-denitrification and improved biological phosphorus
removal. The structure of these granules includes aerobic bacteria in the outer layers and
often an anoxic core, making them highly effective in various treatment processes (Figure
2.3) [79].

Anammox granules are integral to the nitrogen cycle, directly converting ammonium and
nitrite to molecular nitrogen, thereby bypassing the energy-intensive nitrification and
denitrification processes (Figure 2.3). Although the anammox process was first noted in
the 1920s, its practical applications were realized in the mid-1990s. These granules
support efficient nitrogen removal without the need for oxygen or carbon
supplementation, overcoming early biomass retention challenges. By significantly
reducing the energy and carbon footprint of wastewater treatment, anammox systems

have provided a revolutionary approach to managing nitrogen in wastewater [79].

Polymers
fats, carbs,
proleins

Figure 2.3. Distinct activity zones and biochemical processes of anaerobic, aerobic, and

anammox granules [79]
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The formation of biogranules occurs through the physical, chemical, and biological
interaction of microorganisms similar to the formation of biofilms. This interaction leads
to the creation of dense, spherical aggregates with a diameter of around 1-5 mm (Figure
2.4). Within these aggregates, the microbial cells are immobilized within a matrix of
extracellular polymeric substances (EPS) [80]. Scientific research indicates that certain
operating parameters are crucial for initiating and improving the self-immobilization of
bacteria leading to biogranulation [81]. Flocs are prevalent and frequent components of
the AGS system. Biogranules exhibited a higher degree of mass diffusion restriction
compared to flocs, primarily due to their larger size and denser structure [82]. This led to
the creation of distinct microenvironments as aerobic, anoxic, and anaerobic within the
granules, enabling the concurrent removal of COD, nitrogen, and phosphorus in a single
reactor [83-85]. Furthermore, the biogranules have superior resilience compared to flocs,
displaying enhanced resistance to the detrimental impacts of hydrogen sulfide, heavy
metals, and aromatic contaminants often present in wastewater. Previous studies have
shown that a certain quantity of flocs coexisted after achieving stable sludge settleability
and nutrient removal. This quantity ranged from 3% to 20% and varied depending on
different operational factors [82,86]. In order to maintain granulation in the system
selective pressure should be applied to wash out flocs from the system.

Figure 2.4. Microscopic images of aerobic biogranules [80,87]

Biogranulation is a biotechnological improvement in wastewater treatment that involves
the formation of thick three-dimensional biofilms, called granular sludge or biogranules,

in reactors with certain environmental conditions [81,88].

The distinct attribute highlights the promise of biogranulation as a highly efficient and

resilient approach for addressing issues in wastewater treatment. Recently biogranules
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have been employed in diverse applications, including the production of bio-based
composites as well as the cultivation of biogranules that are suitable for the development
of microbial self-healing concrete [89-91]. In these studies, biogranules were used for
MICP in concrete, and investigations were mostly focused on the resuscitation time of
the core community, compatibility with the cementitious matrix, and crack closure
performance [90,92]. Although the studies presented some information about the
microbial activity of biogranules, the calcium carbonate precipitation yield of the

biogranules, and the limitation of this approach remain unknown.

2.6.1 Factors Affecting Aerobic Granule Formation

Aerobic granulation is a step-by-step progression starting from seed sludge, then forming
compact aggregates, followed by the development of granular sludge, ultimately resulting
in mature granules. The process of cell aggregation in a culture can be influenced by

multiple factors [93].
Substrate Composition

The granulation process is profoundly affected by the composition of the substrate, which
selectively supports and enriches specific bacterial species. This, in turn, impacts the size,
settling ability, and microbial activity of the resulting granules [94]. Aerobic granules can
develop on a diverse range of organic substrates including glucose, phenol acetate,

ethanol, and simulated and actual wastewater in sequencing batch reactors [93].

According to a study, acetate-fed granules exhibited a dense and regular microstructure,
which, however, led to disintegration at an intermediate Organic Loading Rate (OLR) of
9 kg COD m.d due to diffusion limitation and anaerobiosis. On the contrary, glucose-
fed granules with a loose filamentous matrix demonstrated improved settling and strength
characteristics, allowing them to sustain higher OLRs, reaching up to 15 kg COD m=3.d"
!, Despite having a lower Specific Sludge Volume (SVI1) and being more compact than
acetate-fed granules, the irregular morphology of glucose-fed granules facilitated

enhanced nutrient penetration and shorter diffusion distances [94].

In addition, the granulation process can be affected by the ratio of COD/N in the feeding
solution because it can cause microbial selection that favors either heterotrophic bacteria
or nitrifying species and granule properties [95]. A study discovered that aerobic granules
were effectively developed in a system that functioned only under aerobic conditions,

with C/N ratios of 1:1 and 2:1. However, no granules were generated in reactors that had
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no carbon added or had a C/N ratio of 4:1 over a 30-day operation [96]. According to
another study, the stability of aerobic granules was greatly compromised when the C/N
ratio was as low as 2 or 1 primarily due to a substantial decrease in extracellular polymer
substances (EPS) [97]. In a different study, it was observed that a COD/N ratio between
2 and 5 resulted in the formation of stable, compact granules with a high concentration of
slow-growing nitrifiers and also determined that the optimum COD/N ratio for efficient

removal of both COD and nitrogen was 7.5 [98].
Organic Loading Rate

The organic loading rate (OLR) is an essential factor that influences the formation of
granules, as the presence of substrate is vital for the development of microorganisms.
Previous studies have indicated that AGS can be successfully grown within a wide range
of organic loading rates between 0.6 and 30 kg COD m3.d"* [99]. Granules produced with
low-strength wastewater and low organic loading rates grow more slowly and are smaller
in size than high-strength ones. Generally, high OLRs are implemented to promote rapid
granulation. However, this practice may result in the proliferation of filamentous
microorganisms which can negatively impact the morphology, efficiency, and
functionality of AGS [100]. For instance, when OLR was kept at 8 kg COD m.d* aerobic
granulation was seen after 18 days of operation. However, the granules showed instability
and broke down after two weeks [99]. In another study on the growth of salt-tolerant
AGS, different OLRs of 2.4, 3.6, 4.8, and 7.2 kg COD m=3.d! were tested. The higher
OLRs resulted in a faster formation of AGS, but they also led to the development of

unstructured and fluffy filamentous granules [101].
Sludge Retention Time

The SRT means the average duration that microorganisms reside in a bioreactor thus it is
a significant parameter that may regulate the existence of microbial communities by
considering their overall growth rate. To survive in the reactor, a specific organism must
have a net growth rate equal to or greater than 1/SRT. If not, it will be flushed out from
the reactor, unless it is introduced with the influent stream at a high dispersion rate.
Therefore, the microbial aggregates of varying sizes correspond to distinct settling
conditions with varying solid retention times [102]. Due to the separation of biomass and
selective withdrawal of excess sludge, flocs experience a shorter solids retention time
(SRT) in contrast to granules [103].
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The slow-growing bacteria were more abundant in granules compared to flocs, mostly
because of their high SRT. Regarding this matter, cultivating microorganisms in granules

may offer advantages in comparison to flocs [102].

In a study, in the AGS SBR, it was found that SRT fluctuated significantly, ranging from
1 to 40 days in the process of granulation [104]. Similarly, in another study it was
recorded a rise in SRT from 2 days to 30 days, followed by a decrease to 17 days, and
ultimately stabilization at 9 days, corresponding with the development and maturation of
aerobic granules in the SBR [105]. In a different study, AGS reactors were built with
varying SRTs to promote the concentration of functional microorganisms and the
formation of granules. The findings indicated that the reactor operating with a 6-day SRT
had superior total nitrogen removal efficiency and the formation of dense granules. In
addition, Xanthomonadaceae, Rhodobacteraceae, and Hyphomonadaceae, which
could produce AHL (acyl-homoserine lactone) and secrete EPS (extracellular polymeric
substances), were also shown to be abundant with 6 days of SRT [106]. As a result,
granulation can occur under different SRTs based on the operational parameters and

desired microbial community.
Presence of Cations

The partial neutralization of negative charges on bacterial cell surfaces by cations such as
Ca?*, Mg?*, Fe?*, and Fe® has been identified as a factor that can trigger the granulation
process. It was observed that the addition of some divalent cations led to a noteworthy
decrease in sludge granulation time (from 32 to 18 days) and a more compact and denser
aerobic granule structure [107]. Aerobic granules grown with Ca?* exhibited superior
physical properties, while granules grown with Mg?* demonstrated accelerated substrate

biodegradation and more microbial diversity [108].

Also, changes in the concentration of Ca?* have a substantial impact on the generation of
EPS which is a binding material. In a study, the EPS content demonstrated an increase
from 116.4 mg.g™* VSS to 150.0 mg.g* VSS when the Ca?* concentration raised from 0
to 150 mg.Lt [109].

Extracellular Polymeric Substances Formation

Extracellular polymeric substances (EPS) refer to sticky compounds such as nucleic acid,
polysaccharides, and proteins released by cells [110]. EPS a crucial constituent of AGS

exerts discernible influence on the surface attributes of sludge, encompassing
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flocculation, hydrophobicity, surface charges, and sedimentation dynamics [111]. Thus,
EPS has a significant role in adhesion phenomena, the creation of matrix form, microbial
physiology, and the enhancement of the long-term stability of granules [81]. The diverse
forms and constituents of EPS, including dissolved (S-EPS), loosely bound (LB-EPS),
tightly bound (TB-EPS), protein (PN), and polysaccharide (PS), have been substantiated
to assume distinct functions in the granulation process. It was indicated that TB-EPS
played a pivotal role in the development of AGS, with the PN in EPS being the primary

factor in encouraging AGS formation and enhancing its ability to aggregate [111].

Under standard cultural conditions, microorganisms do not necessitate the secretion of
surplus EPS. The heightened EPS production witnessed in biogranules is incited by
conditions characterized as stressful conditions. Thus, under stressful operating
conditions such as elevated hydrodynamic shear force, abbreviated settling
time/hydraulic retention time, and periodic feast-famine cycles, bacteria exhibit a
pronounced inclination to synthesize a greater quantity of EPS [81].

Feast and Famine Cycle

In the formation of aerobic granules, an SBR is operationalized through a sequential cycle
involving feeding, aeration, settling, and supernatant discharge. The aeration period of
the SBR has two distinct phases, an initial degradation phase depleting the substrate to a
minimum level and an aerobic starvation phase wherein external substrate availability
diminishes. Microorganisms within the SBR experience a cyclical regime characterized

by periodic feasting and famine, referred to as periodic starvation [93].

It was observed that under periodic feast-famine conditions, bacterial hydrophobicity
tends to increase, and heightened cell hydrophobicity facilitates the aggregation of
microorganisms. This periodic starvation stimulates the formation and utilization of EPS,
hence facilitating the aggregation of microorganisms and the creation of suitable

gradients of substrate and oxygen within the granule [80].

Additionally, it was shown that extending the duration of the feast time by increasing the
availability of nutrients often led to the scattering of granules or biofilms in a structural
manner. In contrast, a prolonged period of starvation tended to produce granules with
enhanced structural stability [112]. In a study, the feast and famine ratio effect on
granulation was investigated using series-connected completely stirred tank reactors as

plug flow reactor without changing HRT and OLR. According to the results, aerobic
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granulation was unsuccessful when the feast/famine ratio exceeded 0.5 [112]. Similarly,
aerobic granulation has been achieved successfully in sequencing batch reactors (SBRs)
with feast/famine ratios of 0.16, 0.25, 0.33, and 0.42 [112-114]. According to another
study, the duration of the feast time shouldn't exceed 25% of the total cycle length to
optimize the stability of granules and improve the quality of the effluent [100].

Settling Time and Exchange Ratio

The settling time is a crucial factor in the selection of granules. A high exchange ratio
(low hydraulic retention time), coupled with a short discharge phase, promotes the
selection of granules in the reactor and accelerates the process of granulation [80]. The
use of SBRs with a short settling time typically 2-10 min enables the rapid selection of
microbial aggregates that settle quickly, whereas sludge with poor settling properties is
effectively washed out [115]. In a study, different strategies were compared to enhance
AGS development, and results revealed that the fastest granulation was observed in 11
days when using a short settling time (gradually decreasing from 15 to 1 min). Also, these
granules had improved settling characteristics, enhanced stability, and high levels of EPS
and protein content [116]. Similarly, in a different study, rapid granulation was achieved
by reducing the settling time to 2 minutes by using a 50-70% volume exchange ratio.
Moreover, selection pressure created by settling time was found more significant than
hydraulic retention time. The investigation showed that varying HRT did not impact the
speed of aerobic granulation when a short initial settling time of 2 minutes was applied
[117].

Hydrodynamic Shear Forces

Shear forces play a pivotal role in determining the morphology and configuration of
aerobic granules although hydrodynamic shear force is not considered a primary
instigator of aerobic granulation. In laboratory-scale AGS reactors commonly configured
as bubble columns, shear forces are induced by the aeration rate, quantified as up-flow
superficial velocity, typically ranging between 1 and 2 cm.s™%. An investigation revealed
that increased shear force promoted the development of more condensed, tightly bound,
rounder, smaller, and stronger aerobic granules. Additionally, the enhancement of
extracellular polysaccharide synthesis and microbial activity was seen under high-shear
force conditions [93].
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In a study, the formation of stable granules was achieved by decreasing the aeration rate
to 0.55 cm.s * during the starvation phase [118]. In another study, granules were formed
at an aeration rate of 0.8 cm.s 1. However, these granules have a more porosity and less
stable structure [119].

Seed Sludge

The parameters of the seed sludge also impact the development and structure of aerobic
granules. Granulation relies on crucial parameters such as the settling characteristics,
hydrophobicity, microbial community, and biological activity of the seed sludge [120].
Studies showed that when stored aerobic granules were used as seed sludge in an AGS
system the start-up time may be effectively reduced [121]. In instances where the
introduction of stored aerobic granules is unfeasible, the utilization of anaerobic granular
sludge as a seeding strategy has been explored to augment granulation by establishing an

anaerobic core [122].

In a study, it was revealed that seed sludge with rapid settling characteristics could
expedite the granulation process [123]. Also, another study elucidated that the
acceleration of granulation in AGS systems is attainable through the introduction of seed
sludge having a high level of hydrophobicity [120]. In a different study, conventional
activated sludge (CAS) and aerobic granular sludge (AGS) were used as a seed in two
other reactors. The results showed that the reactors seeded with AGS achieved complete
granulation faster (28 days) and exhibited a larger granule size (496 wm) than those seeded
with CAS (65 days, 210 pm) [124].

Dissolved Oxygen and pH

The amount of dissolved oxygen (DO) present in the reactor influences granular stability
and structure in addition to microbial activity. Aerobic granules have been reported to
develop in an SBR even when the DO concentrations are low, typically ranging from 0.7-
1.0 mg.L 1 [125]. However, insufficient DO concentration can lead to the generation of
gas through anaerobic metabolism within particles. Concurrently, the proliferation of
filamentous bacteria in low DO conditions may contribute to the susceptibility of AGS to
internal disintegration [126]. Also, research indicates that aerobic granules can effectively
develop at dissolved oxygen concentrations ranging from 2-6 mg.L™ [127]. According to
the research, if there is enough aeration, it seems that the concentration of DO may not

be a decisive factor in the aerobic granulation process.
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The pH level has a substantial impact on the growth rate of microorganisms in the reactor.
When there are large amounts of organic matter, oxidation results in the production of
significant quantities of CO2, which causes a decrease in pH in solutions that do not have
the buffering capacity. Fungi, which flourish in acidic environments, have a significant
impact on the early formation of granulation. In a study, it was discovered that the
existence of fungi promoted the development of granules of around 7 mm at pH 4.0.
Conversely, when bacteria were responsible for controlling granulation under pH 8.0

conditions, the size of the granules only reached 4.8 mm [128].

In a study, it was discovered that AGS has excellent structural stability and sedimentation
performance under weakly acidic (pH = 5.5) and neutral conditions. In addition, a very
low pH (pH = 3.0) might lead to the breakdown of EPS, causing the AGS to become
unstable and disintegrate, and a very high pH might lead to irreversible detrimental effects
quickly [126]. Although these observations have provided valuable knowledge, there is
still ongoing research to fully comprehend the impact of pH on aerobic granulation.

2.6.2 Granule Formation Mechanisms

The granulation process often experiences a lag period (pre-maturation), during which
there is minimal alteration in the proportion of biomass in the granules. Following the lag
phase, the granulation phase comes and can be defined by the appearance of granules in

the reactor, resulting in an enhancement of granule quality (Figure 2.5).

In a study, it was proposed that six primary processes are crucial for achieving effective
granulation: (i) microbial selection, (ii) selective wasting, (iii) maximizing transport of
substrate into the biofilm, (iv) selective feeding (v) using substrates that may or may not

form granules, and (vi) the breakdown of granules [129].
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Figure 2.5. Typical granulation period. The colors represent the size of the microbial
aggregates. lllustrating proto-biogranules and flocs, tiny biogranules, and large
biogranules represent respectively <200 pm, >200 pm, and >1000 pm. The data
originates from the Nereda® reactor in the Netherlands [129].

Microbial selection plays a crucial role in the development of granules. Research has
demonstrated that the most effective way to establish a solid and compact biofilm is by
ensuring that the pace at which substrates are absorbed is slower than the rate at which
they are transported into the granules [130]. This optimization is achieved by favoring
organisms that capture easily degradable substrates under anaerobic conditions,
metabolizing them into storage compounds, and subsequently utilizing these compounds
for growth in aerobic environments. This process effectively segregates nutrient
absorption and proliferation into two distinct processes termed "feast and famine."
Species such as phosphate-accumulating organisms (PAO) and glycogen-accumulating
organisms (GAOQO) exemplify the ability to bifurcate these processes and are commonly
found in full-scale AGS processes [102]. These substrates are identified as non-granule-
forming substrates (n-GFS). Conversely, substrates that foster the growth of aerobic
granules, including volatile fatty acids and readily biodegradable substrates convertible

through anaerobic processes, are termed granule-forming substrates (GFS) [129].

Physical selection plays another essential part in the development of aerobic granular
sludge [131]. AGS has superior settling characteristics in comparison to activated sludge
flocs. Flocs are consistently present in AGS reactors to a certain degree, as not every
carbon substrate found in sewage can be transformed into storage polymers during
anaerobic feeding. Hence, it is necessary to selectively eliminate the flocculent sludge
portion containing the surplus sludge to provide granules with a competitive edge. This

is accomplished by using the disparity in settling velocity between flocculent and granular
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sludge [132]. The phenomenon is referred to as the physical selection pressure (Table
2.3).

Another renowned driver is maximizing the transportation of substrate into the biofilm.
The substrate penetrates the biofilm more extensively when concentrations of the
substrate in the bulk liquid are increased. This promotes the development of and sustains
a denser biofilm. In AGS reactors, a greater substrate concentration can be attained
through either initial pulse feeding or, in a more practical context, plug-flow feeding from
the bottom of the reactor [131,133]. This provides a competitive edge to bigger granules
because larger granules have a faster settling rate compared to smaller granules and flocs
[132]. Consequently, feeding from the bottom leads to an extended duration of interaction
with the incoming flow and exposure to greater concentrations of substrate for the bigger
granules. In addition, when a granule fractures into smaller components, some will be
dispersed while others as a seed will catalyze the formation of new granules, thereby
initiating the granule life cycle once again. Granules of a size greater than 1000 pm are

more prone to fragmentation [134]. Granulation theories were summarized in Table 2.3.

2.6.3 Granule Properties

Stability

The stability of granules refers to the ability of microbial aggregates to maintain their
structural integrity and functional characteristics under various operational conditions. In
the context of aerobic granular sludge (AGS) technology, granule stability is crucial for
the efficient and sustainable performance of the applications. The structural integrity of
granules is often enhanced by the existence of a compact core, and the proliferation of
microorganisms across the whole depth of the granules is a critical component in
determining their stability [135]. Because of the more compact and well-defined
structure, good settling characteristics, diverse microbial community, and resilience to

fluctuations granules are more stable than flocs [82].

Granule stability relies on physical, chemical, and microbial characteristics. Physical
attributes such as settling properties, density, and physical strength, particularly
influenced by granule size, are crucial for stability. Chemical characteristics, including
hydrophobicity, pH, and EPS content, also contribute to stability. Additionally, the

microbial community and activity greatly influence stability [136].
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Table 2.3. Granulation theories

Driven Theory

biological evolution theory a screening process

selects biomass adapted for rapid settling.

Theory Brief Mechanism Reference
The settling time is a crucial factor in the hydraulic
Selection Pressure- selection process. In SBR operations, inspired by
[110,137]

EPS Bonding Theory

Extracellular polymers play a dual role in
facilitating both cell cohesion and adhesion, while

concurrently altering the surface's negative charge.

[110,111,137,138]

Phase Formation

Theory

Aerobic granule formation theories include a four-
phase model, involving stochastic cell aggregation,
particle formation, EPS-mediated gathering, and
maturation via hydrodynamic forces. There is also a
three-stage model that emphasizes aggregate
emergence, shaping by hydrodynamic forces, and

final stabilization.

[110,139]

Core Theory

The EPS hypothesis posits that 3-D-glucopyranose
polysaccharides form the core of stable aerobic
granules, accumulating proteins and heterotrophs
for effective contaminant removal. The dark
anaerobic core hosts young granules growing on

dead cells, maturing over time.

[110]

Hydrophobicity
Theory

Alterations in physico-chemical characteristics,
such as elevated hydrophobicity and zeta potential
allow immature granules to improve their

interaction with other particles.

[140,141]

Filamentous Theory

Filamentous bacteria at low or moderate levels can
act as cohesive agents that uphold the structural

stability of aerobic granular sludge.

[100,110]

Quorum Sensing

Theory

Cell-to-cell communication (quorum sensing) and
signal molecules affect gene expression, EPS
regulation, and microbial community dynamics, all
of which contribute to the formation and stability of

aerobic granules.

[106,110]
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Size

The microbial aggregates are typically defined as granules exceeding 200 pm in size,
although the smaller aggregates, particularly those below this size, may exhibit similar
granular characteristics. These diminutive aggregates are occasionally referred to as
"baby granules” [132].

In general, larger granules offer enhanced settling properties and biomass retention,
contributing to the efficiency of wastewater treatment processes. The specific size criteria
for optimal granule performance may be influenced by factors such as the type of
microorganisms present, reactor design, and the characteristics of the wastewater being
treated. Aerobic granules exhibit a range of sizes, spanning from approximately 0.2 to 5.0
mm in diameter. Research findings have elucidated that the optimal dimension for aerobic

granules typically falls below 1600 um [142].
Settling Velocity-SVI

The Sludge Volume Index (SVI) and the settling velocity have been used to determine
the sedimentation dynamics of microbial aggregates [132]. The settling performance of
the microbial aggregates is a crucial factor directly linked to its ability to retain biomass
and the efficiency of separating solids from liquids in the reactor. In aerobic granular
systems, the settling velocity of granules ranges from 18 to 90 m.h* with occasional peaks
reaching up to 130 m.h"* as documented by various studies. These values closely align
with those recorded for anaerobic granules and notably surpass the settling velocities
typically observed in flocculent-activated sludge, which typically range from
7 to 10 m.h' [143]. In SBRs utilizing AGS, granules typically exhibit an SVI ranging
from 30 to 50 mL.gtand may decrease as low as 20 mL.g*. Also, AGS has an SVIs/SV 30
ratio approaching unity. In contrast, flocculent sludge demonstrates a higher SVlzo,
exceeding 100 mL.g%, and an SVIs/SVIg ratio typically falls within the range of 1.6 to
2.0 [144].

2.6.4 Biogranulation Applications
According to the literature it has seen that biogranules have two main areas of use: in the
field of Environmental Engineering, in domestic and industrial wastewater treatment, and

in the field of Construction Engineering, in the context of microbially induced self-

healing concrete.
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The application of biogranules in wastewater treatment has advantages, encompassing
superior settleability, heightened biomass retention, concurrent nutrient removal, reduced
spatial requirements, robust resistance to organic loading rates, and diminished energy
consumption throughout the process [145]. However, structural instability problem was
reported in the long-term operation [95,135]. Biogranules are also used for removing
heavy metals or other toxic products from wastewater through biosorption. However, it
is important to note that while biosorption can effectively remove toxic pollutants from
water, there is a limit to the capacity of biogranules to adsorb these contaminants [146].
In order to increase toxicity resilience, heavy metal removal, and support the long-term
structural stability of biogranules, integrating biomineralization strategies into

biogranules can be beneficial.

Although the biomineralization activity of biogranules was observed in wastewater
treatment, studies were not conducted to report the biomineralization capacity of the
biogranules. In a study conducted by Sekercioglu, biogranules that can use urea
hydrolysis and denitrification mechanisms were produced for metal recovery through
biomineralization but the biomineralization activity of biogranules was not determined
[147].

The use of granular sludge in self-healing bioconcrete introduces a biological component
that enhances the material's ability to heal cracks over time through biomineralization.
The utilization of biogranules in self-healing concrete applications has several benefits,

such as the simultaneous restoration of cracks and enhanced resistance to corrosion [148].

In self-healing bioconcrete applications, axenic cultures are more widely studied in the
literature than non-axenic cultures such as biogranules. However, using axenic cultures
is very costly due to the need for encapsulation and special conditions such as nutrient-
rich medium and adjected physical parameters for cultivation. It was reported that using
non-axenic cultures incurs a cost reduction of 40 times compared to axenic cultures [149].
Consequently, to mitigate the expenses associated with axenic culture production, the
research orientation has pivoted toward the utilization of non-axenic cultures,
characterized by simplified and cost-effective production and culturing methods. Also,
using a single axenic culture and a sole metabolic pathway is disadvantageous than using
combinations of different metabolic pathways in terms of CaCOs precipitation efficiency.
Thus, using non-axenic cultures containing different bacterial strains and metabolic

pathways can be beneficial. There are limited studies on non-axenic biogranules

31



developed and used for self-healing concrete application in the literature, the existing
studies had been carried out using either only nitrate reduction metabolism or nitrate
reduction and sulfate reduction mechanisms together [41,150]. In addition to them,
biogranules that can conduct urea hydrolysis and the denitrification mechanism
simultaneously have been produced by Ozbay, and crack healing has been analyzed for
the first time by using these biogranules in cement composites under different

environmental conditions [39].

The current state of large-scale studies in self-healing concrete applications faces
challenges, including a limited understanding of long-term performances and a lack of
systematic evaluation methods specifically for MICP experiments, self-healing
performance, and cost assessment. Also, the sporulation and germination processes of
bacteria within the granular matrix are pivotal for the sustained efficacy of bioconcrete

over an extended operational timeframe [41].

2.7 Research Needs and The Scope of The Thesis

In the biomineralization applications, most studies have predominantly been conducted
on pure cultures, leading to the evaluation of biomineralization performances solely
within the context of a single metabolism. Additionally, mostly studied two metabolisms
urea hydrolysis and nitrate reduction occur in aerobic and anoxic conditions respectively.
Thus, the oxygen content in the environment influences biomineralization performances.
Nonetheless, it is hypothesized that simultaneous occurrences of these two metabolisms
could enhance biomineralization performance and enable biomineralization in both
aerobic and anoxic conditions. In the literature, there are few studies to use this

hypothesis.

The non-axenic biogranules enable the concurrent utilization of multiple metabolic
pathways and are more cost-effective compared to pure cultures. The studies on
biogranules developed and utilized for specific biomineralization applications are limited
in the literature. The existing studies have been conducted by using i) only nitrate
reduction metabolism, ii) nitrate reduction combined with sulfate reduction mechanisms,
or iii) nitrate and urea hydrolysis mechanisms together [148]. In some of these existing
studies, microbial community analysis was conducted [39,147,148,150]. However,
specifically, the biomineralization capacity of the biogranules and analyzing the MICP

performance of them remained unclear.
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Considering the aforementioned needs in the literature, it seems that there is a need to
clarify the biomineralization-oriented biogranule production and conduct studies on the
biomineralization capacity of the produced biogranules. Thus, the production of
biogranules capable of concurrently urea hydrolysis and nitrate reduction metabolisms
and the assessment of the MICP performance of these biogranules has been determined
as the scope of the thesis.

In this context, bacteria capable of urea hydrolysis and nitrate reduction were cultivated
within a sequential batch reactor. This cultivation was performed using a microbial
resource management approach. As a result of this study, biogranules with enhanced
biomineralization capacity were produced. This was achieved by integrating both
ureolytic and nitrate-reducing bacteria within a single granule. The microbial activity and
biomineralization capacity of the produced granules were determined. Then, the produced
biogranules were compared to a previously reported nitrate-reducing granular culture in

terms of microbial activity and biomineralization performance.
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3. MATERIALS AND METHODS

The methods used to set up the bioreactor, analytical methods to observe nutrient
consumption, the production of nitrate-reducing and urea hydrolyzing biogranules, and
assessment of microbial activity and biomineralization capacity are explained in detail in

this chapter.

3.1 Production of Biogranules Incorporating Bacteria with Nitrate-Reduction and

Urea Hydrolysis Capabilities
3.1.1 Seed Sludge

In order to be used in MICP applications, the production of the biogranules can conduct
urea hydrolysis and nitrate reduction, are resilient to high pH and osmotic stress, and can
grow on a minimal nutrient medium was planned. Previously, urea hydrolyzing and
denitrifying biogranules were successfully produced by Sekercioglu [147]. These
biogranules had been cultivated under neutral pH conditions without considering any
osmotic pressure and nutrient limitation. In order to produce nitrate-reducing and urea-
hydrolyzing biogranules with the pre-defined features, two types of inoculums were used.
First inoculum was a mixture of flocs and granules taken from the previously operated
biogranule reactor. The floc-granule mixture was allowed to settle for 30 minutes. Settled
solids were used as the primary inoculum source for starting the bioreactor operated in

this thesis study.

The second inoculum source was used for cross-inoculation of the bioreactor during the
cultivation of new granules. The major purpose of this cross-inoculation was to provide
bacteria capable of withstanding extreme conditions such as high temperature and high
pH. Therefore, the second inoculum was prepared by using the final process water (pH
10, 80°C) obtained from Ankara Sugar Factory (Figure 3.1).

Process water was further enriched with urea and NOs™ to have initial urea and nitrate
concentrations of 100 mM and 10 mM, respectively. The mixture was incubated at 28 °C
on a shaker at 100 rpm for 48 hours. After the incubation period, the mixture was
pasteurized at 80°C in a water bath for 30 minutes to Kill any vegetative bacteria. After
pasteurization, the mixture was incubated again by replacing 90% of the volume with a
fresh nutrient solution. The process was repeated three times for selective enrichment of

urea hydrolyzing and nitrate-reducing spore-forming bacteria.
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Figure 3.1. The second inoculum source obtained from Ankara Sugar Factory

At the end of the selective enrichment process, 90% of the solution (500 mL) was
centrifuged at 3045g for 5 minutes. The separated bacteria were then added to the
bioreactor as the first cross-inoculation. The remaining 10% of the volume was used to
continue the selective enrichment process as described above. Cross-inoculation was
regularly repeated every other day with the same procedure until the 169" day of the

bioreactor operation.

However, considering the negative impact of cross-inoculation on the settling behavior
of the biogranules, as detailed in the Suspended Solid section, the cross-inoculation was

terminated on the 169" day of the biogranule reactor operation.

3.1.2 Sequential Batch Reactor Characteristics and Operating Parameters

The biogranules were produced within a cylindrical SBR which is 76 cm in length, 4.5
cm in diameter and has a volume of 1.2 L. The representation and photo of the bioreactor
are shown in Figure 3.2. SBR was operated with four identical cycles per day as outlined
in prior research on the production of granular sludge [14,90,147,148]. Reactor operation
involved sequential anoxic/aerobic periods to enable the simultaneous cultivation of

nitrate-reducing and urea-hydrolyzing bacteria during granulation.

Each cycle was operated with a 120-minute anoxic feeding/withdrawal period, an
additional 60-minute anoxic period, and an aerobic period ranging between 150 and 180
minutes, depending on the settling time (which varied between 0 and 30 minutes

according to the granulation process).

In the anoxic stage growth of denitrifying bacteria was favored and in the subsequent

aerobic phase, growth of aerobic ureolytic bacteria could be achieved [10].
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Figure 3.2. Biogranule production reactor a) Schematic representation of the bioreactor
b) Photo of the bioreactor

During the anoxic feeding period, the nutrient solution was fed from the bottom of the
reactor using a peristaltic pump at a rate of 5 mL.min"* for two hours. During this feeding
period, effluent from the previous cycle was discarded from the top of the reactor at a rate
of 5 mL.min? providing a 50% volume exchange ratio in each cycle. The hydraulic
retention time was 12 hours. A slower feeding rate compared to previous granulation
studies was applied [39,147]. The presence of more stress parameters in the environment,
such as alkaline pH, high urea concentration, salinity, and low yeast extract can affect the

mass transfer into the biogranules.

Granule properties, microbial activity, and the abundant microbial community were
monitored throughout the operation. The feed solution was modified at different stages
of the operation to optimize the monitored parameters. The changes in the operational
parameters during the bioreactor operation are summarized in Table 3.1.
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Table 3.1. Operational parameters in different stages

Operational Stages (days)
Parameters Stage | | Stage Il | Stage Ill | Stage IV | StageV | Stage VI | Stage VII
0-31 32-40 41-106 107-168 | 169-222 | 223-263 264-560
Chemical Oxygen 655 655 655 740 740 740 1460
Demand
Nitrate Nitrogen 50 50 50 100 100 100 185
HT:I Calcium Formate 200 100 100 0 0 0 0
g’ Sodium Formate 1100 1100 1100 1600 1600 1600 2200
}5 Methanol 235 250 250 250 250 250 634
c
2 Urea 6000 6000 1000 1000 1000 1000 1000
2 | Yeast Extract 4 4 100 100 100 50 50
Sodium Chloride 2000 2000 2000 2000 2000 2000 500
Potassium Dihydrogen 10 10 10 10 10 10 10
Phosphate
g Settling Period (min) 30 5 5 0 0 0 0
2 | HRT (hours) 12 12 12 12 12 12 12
m -
g | PHofthe nutrient ~975  ~975  ~975  ~975  ~975  ~9.75 ~9.75
— | solution
£
O | Cross-inoculation + + + + - - -

Stage | (0-31 days): During the initial stage, the two types of inoculum were utilized. The
operation was conducted for the production of biogranules that could be used under
alkaline pH conditions (pH 9.5-10), high urea concentration (6 g.L™), moderate salinity
(2 g.L"*NaCl), and low yeast extract (4 mg.L™).

Stage 11 (32-40 days): The amount of Ca(HCOO)2 was halved in this operational stage to
reduce the dissolved Ca?* related mineralization problem. The settling period was
decreased from 30 minutes to 5 minutes.

Stage 111 (41-106 days): The amount of yeast extract was increased to boost the activity
and the urea amount was decreased in order to regulate F/M ratio.

Stage 1V (107-168 days): The nitrate nitrogen (NO3-N) amount was increased to enhance
anoxic urea hydrolysis instead of aerobic urea hydrolysis. Ca(HCOO)2, the sole Ca?*
source in the nutrient solution, was replaced with NaHCOO to prevent mineralization of
the biomass in the reactor without causing any changes in Chemical Oxygen Demand
(COD) of the feed. The settling period was completely removed on the 107" operating
day to ensure that the flocs washed out from the bioreactor during the feeding/withdrawal
period.

Stage V (169-222 days): Cross-inoculation was terminated.

Stage VI (223-263 days): The yeast extract concentration was reduced from 100 mg.L™*
to 50 mg.L to decrease reliance on yeast extract in biomineralization applications.

Stage VII (224-560 days): COD and NOz-N amount were increased to increase daily
biogranule yield. Osmotic pressure was decreased by decreasing the NaCl content of the
feed.
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In all stages, KH2PO4 was used in the nutrient solution as 10 mg.L™, and the pH of the
nutrient solution was adjusted to values ranging between 9.5 and 10.0 by using NaOH.

3.2 Analysis of Biogranulation Performance and Microbial Activity

The formation of biogranules in the granulation process was observed through the
analysis of parameters such as total suspended solids (TSS), volatile suspended solids
(VSS), sludge volume index (SVI), and wet granule size distribution. Furthermore,
microscopic examination was conducted to assess the surface characteristics of flocs and

granules.

During the reactor operation, regular samples were taken from the feed solution and at
two-time points; (i) at the end of the anoxic period and (i) at the end of the aerobic period.
Samples were analyzed for pH, dissolved oxygen concentration, COD concentrations,
NOs-N concentrations, and total ammonium nitrogen (TAN) concentrations. Results were

used to monitor urea hydrolysis and nitrate reduction activities in the reactor.

Monitoring microbial activity involved tracking denitrification, organic carbon
consumption, and urea hydrolysis efficiencies of biogranules at the end of the anoxic and
aerobic periods with samples taken at different time intervals during a single cycle.
Samples were obtained at three distinct time points: from the feeding solution (t=0), the
effluent of the preceding cycle (t=0), the anoxic effluent of the new cycle (t=180 min),

and the aerobic effluent of the new cycle (t=360 min).

The analytical techniques employed for the systematic monitoring of the biogranulation

reactor are summarized as follows.
pH: Measurements were conducted on a daily basis using a Hanna H198190 pH meter.
DO: Measurements were conducted on a daily basis using a Hanna HI98193 DO meter.

TSS & VSS: Tests were performed to analyze the amount of total suspended solids and
volatile suspended solids, following the guidelines outlined in standard methods 2540 D
and E [151].

SVI: The SVI3 measurements were obtained following the standard procedure 2710 D.
As previously reported by Liu et al. [163], the duration of the method was adjusted to 5

minutes for the determination of SVIs.

Granule Percentage and Mean Granule Size: The ratio of SVIsg to SVIs serves as a

valuable indicator for approximating the proportion of granules present in the reactor.
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SVlsg
SVIs

Granulation Percentage= x100 (19)

The formula expressed by Liu et al. [152] and presented in Equation 19 was utilized to
determine the granule percentage in the reactor during the granulation period. After
obtaining the granular system, granule samples taken from the reactor were measured
under a microscope at 100 um intervals for each size. Samples for wet granule size
determination were obtained during the fully mixed aerobic period. Samples were
dropped onto a glass surface and observed under 40x and 100x magnification with a light
microscope. Micrographs were captured with a 25-megapixel camera. Subsequently, 8-9
granules were randomly selected from each micrograph using ImageJ software, and their
sizes were measured. The same process was applied to 20 photographs to determine the

wet size distribution of granules.

COD: Soluble COD was determined in the range of 100-1000 mg.L™? by using EPA-
approved HACH LCI 400 test kits and prepared Kits in the laboratory. The calibration
curve for the prepared kits was attached as Figure Annex 1. Absorbance values were read
spectrophotometer at 620 nm wavelength (Dr. Lange CADAS 200).

Total Ammonium Nitrogen (TAN): TAN analyses were undertaken to assess the
efficiency of urea hydrolysis induced by microbial activity. According to the urea
hydrolysis overall equation, 2 moles of TAN are obtained from the hydrolysis of 1 mole
of urea (Equations 1-5). Samples were filtered through 0.45 um PTFE syringe filters to
remove all the solids. Then, filtered samples were diluted up to 20 times when necessary
and analyzed according to the instructions given in standard methods 4500-NH3 Step-B,
C, using 0.02 N sulfuric acid as the titrant. The distillation step was conducted by using
the BUCHI K-350 Distillation Unit.

NOs-N and NO2-N (Nitrate and Nitrite Nitrogen): The levels of nitrate nitrogen in
filtered samples were quantified in the range of 5-35 mg.L™* NOs-N utilizing HACH LCK
340 test kits. Additionally, nitrite nitrogen levels were quantified in the range of 0.6-6.0
mg.Lt NO2-N utilizing HACH LCK 340 test kits. The samples were diluted up to 10
times when necessary. Absorbance values were read by spectrophotometer by the kit code
(Dr. Lange CADAS 200).
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3.3 Monitoring of Nutrient Consumption in a Single Cycle

To explore the nutrient consumption by biogranules at a single cycle and to determine the
microbial activity of these granules, samples were collected at 15-minute intervals
throughout the entire cycle (from t=0 to t= 360 min). Collected samples were analyzed to
determine changes in total ammonium nitrogen (TAN), chemical oxygen demand (COD),
and nitrate nitrogen (NOs-N) concentrations. In typical operational conditions, the
granulation reactor received feeding from the bottom part at a rate of 5 mL.min" over
120 minutes, facilitating the passage of the nutrient solution through the sludge layer.
While fresh nutrient was supplied from the bottom, nutrients consumed in the previous
cycle were discharged from the top of the reactor simultaneously. In experiments focusing
on the monitoring of a single cycle, the reactor was operated in a completely mixed batch
reactor mode. Therefore, any heterogeneity that might happen due to the up-flow feeding
of the reactor was avoided. The completely mixed batch operation was only applied for
observation of the changes in nutrient concentrations with respect to time in a single cycle.
In order to switch to this mode, after the completion of the previous cycle, half of the
reactor volume was replaced with the fresh nutrient solution. This moment was defined
as t=0 and samples were collected at every 15 minutes until the end of the cycle. Before
taking the samples, the reactor content was thoroughly mixed to ensure homogeneity. In
this mode, the anoxic period was from t=0 min to t=180 minutes and the aerobic period
was between t=180 min to t=360 minutes.

3.4 Examination of Possible Dissimilatory Nitrate Reduction to Ammonia (DNRA)

Occurrence within the Bioreactor

DNRA is another nitrate reduction metabolism and might be more favorable compared to
denitrification under certain conditions. The presence of dissimilatory nitrate reduction to
ammonia in the reactor was exclusively checked by simulating the anoxic period of a
single reactor cycle in a separate 100 mL batch reactor (Figure 3.3). The batch reactor
was set up to have the same VSS concentration as the SBR. In order to achieve the latter,
granule samples were collected from the SBR during the aeration period (close to the end
of the cycle) and further centrifuged at 3045 g for 5 minutes for separation of the biomass.
Collected biogranules were rinsed twice by using tap water to get rid of any soluble
matter, urea in particular, coming from the SBR. Therefore, any potential interference

with the batch analysis was minimized. In rinsing procedure, centrifuged solids were
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resuspended in tap water by using a vortex machine and then centrifuged again. Collected
and rinsed biogranules were re-suspended in a urea-free nutrient solution to achieve a
similar VSS concentration with the SBR. The nutrient solution used in this batch reactor
was urea-free in order to distinguish any TAN production through DNRA metabolism.
Nutrient solution was composed of 90 mg.L™* of NOs-N and 730 mg.L™* of COD creating
conditions for any type of nitrate reduction. This batch reactor was operated under anoxic
conditions for three hours to simulate the anoxic period of a single cycle of SBR under
urea-free conditions. Samples were collected every half hour and analyzed for TAN and

NO3-N to ascertain the occurrence of nitrate ammonification.

Figure 3.3. DNRA batch reactor

3.5 Detecting Whether the Urease Enzyme in Biogranules Is Suppressive or Non-

Suppressive

In order to determine whether the urease enzyme in biogranules is suppressive or non-
suppressive, high urea-containing batch reactors were established. Biogranule samples
were taken from the reactor with the same procedure as the DNRA test. The effect of
initial biogranule concentration under similar nutrient conditions was also assessed in this
setup. Recorded VSS concentrations whilst reactor operation were considered while
deciding the two different initial biogranule concentrations in the batch reactors.
Accordingly, high, and low biogranule concentrations were set as 6.5 g VSS.L™? and
2 g VSS.L?, respectively. Additionally, to assess the impact of yeast extract on activity,
two different concentrations of yeast extract were used in the nutrient solution
(0.05 g.L! and 5 g.LY). The nutrient solution, containing 10 g.L™? urea, 10 g.L*
NaHCOO, 3 g.L NaNOgz, 0.01 g.L ™ KH2POy4, and 0.09 g.L ! MgS04.7H20, was prepared
with two different concentrations of yeast extract (0.05 and 5.00 g.L™ yeast extract) and
used in the test conducted at room temperature. According to the SBR loading rates, urea

was 4 times higher in this test. Thus, the anoxic period time was adjusted to 12 hours, and
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the aerobic period was adjusted to 18 hours because of no additional air supply. Serum
bottles with a volume of 100 mL were utilized for the setup of batch reactors (Figure 3.4).
Throughout the 30-hour operation of the batch reactors, aeration was restricted for the
initial 12 hours to achieve anoxic conditions, while aeration was unrestricted for the
remaining 18 hours. During the operation of the batch reactors over 30 hours, samples
were collected at 3-hour intervals during the first 12 hours, with the last two samples
taken at the 26™ and 30" hours.

Table 3.2. Batch reactors used in the determination of the form of urease enzyme test

Batch Name VSS (g.L?1)  Yeast Extract (g.L?)

A 6.5 5
B 6.5 0.05
C 2 5

Figure 3.4. Used batch reactors during the anoxic period in the determination of the form
of urease enzyme test (Table 3.2)

3.6 Ensuring the Consistent Production of Similar Biogranules

In order to determine the microbial composition of the biogranules metagenomic analyses
were conducted. After achieving granulation on day 270", three samples were taken from
the bioreactor on days 347, 469, and 498. In order to analyze the microbial composition
of the biogranules in wet and desiccated form, on the 469" day, wet and desiccated
samples were prepared. Wet biogranule samples were taken from the bioreactor under
completely mixed conditions during aeration. Taken biogranules on day 469 were rinsed

as described in section 3.4 and a portion of them were dried at 60°C for two days.
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Biogranules were regarded as specimens of environmental origin, and the retrieval of
DNA was accomplished utilizing the GeneMATRIX Environmental DNA RNA
Purification Kit (Gdansk, Poland). Subsequent to DNA extraction from wet and
desiccated samples, the quality assessment of the extracted DNA was performed using
the Thermo Scientific NanoDrop-One spectrophotometer. The 16S rRNA gene was
amplified from the DNA using the R341F (-CCTACGGGNGGCWGCAG-) and 850R (-
ACTACHVGGGTATCTAA-) primers, followed by purification.

Subsequently, illumina binary indexes and adapters were incorporated through the
utilization of the Nextera XT index kit in the index PCR step. The libraries produced via
real-time PCR were quantified for concentration and standardized to 4nM. These
standardized samples underwent pooling for combination. After the completion of library
preparation, the sequencing by synthesis technique was utilized, facilitating the optical
detection, and recording of the fluorescent emission corresponding to each newly
introduced deoxyribonucleoside triphosphate (ANTP).

The sequencing output underwent conversion into raw data formatted in FASTA for
subsequent analysis. Evaluation of the obtained raw data's quality was carried out
utilizing FastQC, followed by the assessment of read quality using QIIME?2.
Subsequently, chimeric reads were identified and eliminated using DADAZ2, alongside
the filtration of reads with Phred scores below 20, as well as primers and barcodes.
Taxonomic classification was performed for each sample through QIIMEZ2, involving the
clustering of similar sequences and their assignment to respective taxonomic units
(OTUs). The analysis steps applied to the raw data obtained after amplification of the 16S
rRNA gene are provided in Figure 3.5.

3.7 Comparison of Produced Biogranules and Reference Granular Culture for
MICP

In this study, since the biogranules produced are intended for biomineralization
applications, a comparison was made with a reference granulated culture produced for
this purpose. The first biogranules on this subject were Activated Compact Denitrifying
Core (ACDC) reported by [69,148], and these granules were taken as reference in

comparisons.

The reference granulated culture (ACDC) was produced as denitrification-oriented in a

minimal nutrient medium without using yeast extract. The reference granular culture was
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desiccated at 60°C for two days and the sizes of desiccated biogranules had a range of
0.45-2.00 mm [148].

Raw Data

Pretreatment

Filtering

=
v

<
‘
v

Taxonomic Identification

Taxonomy ll O i

determination

Diversity analysis l

Diversity Content Alpha & Beta (PcoA) diversity analysis  Phylogenetic tree

Figure 3.5. Analysis steps of the raw data obtained by amplification of the 16S rRNA
Gene

3.7.1 Comparison of Specific Activity of Produced Biogranules and the Reference

Granular Culture

In order to compare the specific activity of biogranules in terms of urea hydrolysis and
denitrification, separate batch reactors were set up. The produced biogranules in SBR
were evaluated in both wet and desiccated forms. For the preparation of wet and
desiccated samples, the biogranules were harvested at the end of an aerobic period of a
cycle before settling and then centrifuged at 3045 g for 5 minutes. Harvested biogranules
were rinsed as described in Section 3.4 and a portion of them was desiccated at 60°C for
two days. Thus, both wet and desiccated granules could be achieved for further tests.

Similarly, previously dried, and stored reference granular culture, prepared using a similar
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procedure, were also tested in desiccated form. The initial bacterial concentration in the
reactors was adjusted to 0.5 g VSS.L in the form of wet or desiccated biogranules.

Batch tests were conducted by using 100 mL serum bottles with rubber stoppers and 100
mL erlenmeyer flasks. Before use, all glassware and equipment were autoclaved at 1 bar
and 121 °C for 20 min. The tests were conducted at room temperature and lasted for 48
hours. In the first 24 hours, 100 mL serum bottles were tightly closed with rubber stoppers
restricting air access and enabling the anoxic conditions (Figure 3.6a). In the subsequent
24 hours of operation, the reactor contents were transferred to 100 mL flasks and plugged
with cotton enabling air access to the headspace. The batch reactors were placed in a
shaker at 100 rpm during the air-contact conditions to enhance air access (Figure 3.6b).
Samples (5 mL each) were taken at six-hour intervals. Immediately upon sampling, the
samples were filtered and stored in a refrigerator at +4°C until analysis. The nutrient
solution content and important parameters used in microbial activity tests were

summarized in Table 3.3.

Table 3.3. The content of the nutrient solution used in microbial activity tests

Chemical Concentration (g.L™?) Important Parameters Concentration (g.L™?)
CH4N:20 (Urea) 10.00 Urea 10.00

NaNOs 0.69 NOs-N 0.11
NaHCOO 2.50 COD 1.16
MgS04.7H20 0.09 Ca? -

Yeast Extract 0.05 Yeast Extract 0.05

KH2PO, 0.01 POs-P 0.02

CH30H 0.39 COD:N ratio (unitless) 10.27

Figure 3.6. Batch reactors used in the Comparison of Specific Activity of Produced
Biogranules and ACDC test a) Under anoxic condition b) Under open condition
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3.7.2 Assessment of Biomineralization Capacity of Produced Biogranules and The
Reference Granular Culture

To analyze the biomineralization capacity of the produced biogranules in this study and
previously produced nitrate-reducing granular culture (ACDC), biomineralization tests
were conducted. The biogranules to be used in the biomineralization tests were prepared
using the same method employed in Section 3.7.1. The nutrient solution content and
important parameters used in the biomineralization test were provided in Table 3.4. Since
the aim was biomineralization, much higher amounts of urea and nitrate were used in this
test compared to the SBR operation. Similarly, the initial bacterial concentration in each
reactor was adjusted to 0.5 g VSS.L in the form of wet and desiccated biogranules. Since
yeast extract is not desired in some biomineralization applications such as self-healing
bioconcrete, some reactors were set up without yeast extract in order to observe its effects.

Table 3.4. The content of nutrient solution used in biomineralization tests

Chemical Concentration (g.L?) Important Parameters Concentration (g.L?)
CH4N:O (Urea) 10.00 Urea 10.00
Ca(NO3)2.4H,0 2.11 NOs-N 0.25

Ca(HCOO0), 7.33 COoD 1.94
Maya Oziitii 0.05 Ca? 2.61
CH30OH 0.11 COD:N ratio (unitless) 7.76

It was reported that the reference granular culture (ACDC) was resuscitated
approximately 1 week after the pH dropped to 10 in the mortar [14]. In the
biomineralization test, due to the use of desiccated biogranules, the test duration was
adjusted to 9 days considering the resuscitation time of biogranules. The batch reactors
used in the biomineralization test were operated for a total of nine days, with the first six
days under anoxic conditions followed by three days under open conditions. Samples of
5 mL were collected daily, passed through a syringe filter, and stored in a refrigerator at
+4°C until subsequent analysis. The total amount of precipitated CaCO3 was determined
by using the carbon dioxide volume exchange method described in previous
biomineralization studies [52,153]. The test setup for measurements was given in Figure
3.7. As depicted in Equation 20, the amount of precipitated calcium carbonate was
calculated from the volume of gas released by dissolving the biominerals using 10 M
H2SO..
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CaCOs + H2SO4 — CaS0s + CO, T + H,0 (20)

Figure 3.7. Carbon dioxide volume exchange method used for measuring calcium

carbonate a) Schematic representation b) Experimental setup

3.8 Investigation of the Morphology and Chemical Composition of Precipitated

Minerals

In order to investigate the precipitated minerals a batch reactor containing desiccated
biogranules was set up with the same procedure in Section 3.7.2. The precipitates in this
batch reactor were coated with a thin layer of gold and then analyzed by scanning electron
microscopy (SEM) (GAIA3+0xford XMax 150 EDS). The analysis was conducted under
5 kV under vacuum and 10 mm working distance. Furthermore, energy dispersive x-ray
spectroscopy (EDX) analysis was done to determine the chemical composition of the

precipitates.
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4. RESULTS AND DISCUSSION

4.1 Granulation of the enrichment culture under minimal nutrient conditions

Biomineralization applications require resilience against certain stress conditions such as
osmotic stress, alkali pH, and minimal nutrient conditions. Therefore, in this thesis study,
the SBR was operated to selectively enrich a non-axenic microbial community that can
be used in biomineralization applications. The ultimate purpose was to facilitate the
granulation of the enrichment to benefit from the resilience of a granulated culture.

Optimization of the enrichment and the granulation under minimal nutrient conditions
required fine-tuning of several operational parameters and the nutrient solution.
Therefore, the bioreactor was operated for a total of 560 days covering seven distinct
operational stages. The seventh stage was between the operational days 264 and 560 was
the steady period for granulation and granule production. After the optimization of

operational parameters, the bioreactor achieved stable granule production.

4.1.1 Variations due to the modifications in operational conditions and the nutrient

solution

The operational conditions are more or less well-defined in the literature, so no crucial
changes were made to the operational parameters. In order to optimize the granulation of
the microbial community within the bioreactor and its microbial activity, modifications
were made to the reactor's nutrient solution at different times as detailed in Table 3.1.
Modifications made at each stage and their consequences were summarized in this

section.

Stage | (0-31 days): In the first stage, corresponding to the initial days of operation, the
reactor was operated with the inoculum containing floc-granule mixture and continuously
cross-inoculated with a heat- and alkali-tolerant microbial culture. The operation was
conducted under alkaline pH conditions (pH 9.5-10), high urea concentration (6 g.L™),
moderate salinity (2 g.L™ NaCl), and low yeast extract (4 mg.L? ). However, the
acclimation could not be achieved under these operating conditions, because the
microbial activity in the reactor induced a significant amount of calcium carbonate
precipitation. Precipitation of minerals around the microorganisms negatively affected

the microbial activity and the production of biomass. Moreover, the accumulated minerals
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caused abrasion and fragmentation in the floccule-granule mixture. Consequently, no

further granulation could be achieved during this stage.

Stage Il (32-40 days): During Stage I, to decrease the feeding of dissolved calcium into
the reactor and suppress the further formation of CaCOz minerals, the concentration of
Ca(HCOO): in the nutrient solution was halved. As a result, the Ca?* content of the feed
decreased from 60 mg.L ™ to 30 mg.L ™. However, due to the high mineral precipitation in
the reactor in the first 30 days (Stage 1), decreasing the Ca?* of the feed was not enough
to recover microbial growth and activity. Therefore, on Day 40, to get rid of the
precipitated minerals in the reactor and to mitigate the impact of accumulated CaCO3z on
microbial activity, a solid-liquid mixture was extracted from the reactor and the pH was
lowered to 6.5 using acetic acid, dissolving the CaCO3 minerals. After settling the solids,
the liquid was discarded thus removing the dissolved Ca?*. However, this harsh procedure
also caused the loss of some of the active microbial biomass which was detected by VSS-
TSS analysis.

Stage I11 (41-106 days): The loss of a portion of the active microbial biomass caused an
increase in the food-to-microorganism (F/M) ratio. The latter worsened the already low
urea hydrolysis activity. Therefore, on the 41% day, the urea concentration in the nutrient
composition was decreased from 6 g.L " to 1 g.L™ . Additionally, to promote the growth
of microorganisms, the concentration of yeast extract was raised from 4 mg.L* to 100

mg.L.

Stage 1V (107-168 days): Due to the low anoxic urea hydrolysis in the third stage, the
nitrate nitrogen (NO3-N) amount was increased from 50 mg.L™ to 100 mg.L* to enhance
anoxic urea hydrolysis instead of aerobic urea hydrolysis. Also, the COD amount was
increased from 655 mg.L* to 740 mg.L? to regulate the C:N ratio. Since the CaCOs
minerals formed due to MICP increase the amount of TSS, it reduces the VVSS:TSS ratio.
In this stage, VSS:TSS ratio was below 0.30 which is the critical level for this parameter.
In order to increase VSS:TSS ratio, mineral production should be limited. Thus,
Ca(HCOO);, the sole Ca?* source in the nutrient solution, was substituted with NaHCOO
to minimize the MICP occurrence within the reactor. It was determined by AAS analysis
that the tap water used in feed preparation contained 50 mg.L™* Ca?*, and this amount was
thought to be sufficient.
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Stage V (169-222 days): To date in operational stages, the desired VSS:TSS ratio of 0.5
and recovery could not be attained. Thus, new modifications were made for recovery. On
the one hand, considering the total urea hydrolysis efficiency, which increased from the
first to the fourth operating stage and reached over 50%, and nitrate reduction efficiency
which was above 90% in the fourth operating stage, it was thought that selective
enrichment was achieved. Thus, due to the negative impact on settling characteristics, the
cross-inoculation process was terminated on the 169" day. On the other hand, a quantity
of 6 grams of powder containing denitrifying spores, previously utilized in [89], was
added to the bioreactor in order to promote the VSS amount. During the fifth operational
stage, due to the stable level of VVSS, recovery in microbial activities was observed. With
the decreasing trend in TSS values, the beginning of an increase in the VSS: TSS ratio

was observed.

Stage VI (223-263 days): Recovery was successfully achieved as a result of the changes
made in Stage V, focused on the application areas of the produced biogranules in Stage
VI. Therefore, a modification was made towards biomineralization applications by
reducing the yeast extract concentration from 100 mg.L™ to 50 mg.L*. This change did
not create any adverse effects, and the recovery in VSS quantity, microbial activities, and
the VSS:TSS ratio observed from the fifth stage onwards continued during this stage as
well. Stage VII (264-560 days): In order to promote granule formation and increase the
amount of VSS produced in a day (biomass yield), the concentrations of COD and NO3-
N in the feed were increased. Biogranules were exposed to salt stress for 42 days since
recovery was achieved at the end of Stage 5. Since this period was thought to be sufficient
for the enrichment of bacteria with osmotic stress tolerance the stress from the saline
environment was reduced from 2000 to 500 mg.L™. Following these recent changes, no
adverse effects were encountered, and granule production in the reactor continued
successfully. The optimization of operational conditions continued until the 264™ day.
The recovery in the reactor started on the 169" operational day, with granulation achieved
around the 270" day. After achieving granulation, starting from Day 300, selective
pressure was applied once a week to promote further granulation in the system. This
involved a three-minute settling period followed by removing half of the reactor content
to wash out flocs. Upon all the modifications, optimum key operational parameters were

defined as given in Table 4.1.
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Table 4.1. Optimum key operational parameters for granulation and production of urea

hydrolyzing-nitrate reducing culture

Loading Rates (kg.m.day™?) Nutritional Supplement (mg.LY)  Period Time (min)**
COD NO3-N Urea Yeast Extract Calcium*  Anoxic  Aerobic
2.92 0.37 2 50 50* 180 180

*Only 50 mg.L? of calcium was provided to the system through tap water used for nutrient
preparation. **There is no settling period.

4.1.2 Variations in the monitored parameters throughout the optimization and
steady operation stages of the biogranule reactor

pH

In certain biomineralization applications such as self-healing concrete and repair mortar,
alkali-resistant bacteria are required due to the high pH conditions. Therefore, after
preparing a nutrient solution, for the selection of alkali-resistant bacteria, the pH was
adjusted to a value between 9.5 and 10.0. The reactor pH was monitored at regular
intervals by conducting measurements at the end of each period (i.e. anoxic and aerobic)
and illustrated in Figure 4.1. The pH values of the nutrient solution varied between 8.2
and 10.0 although it was adjusted to approximately 9.75. Under alkaline pH, bicarbonate
carbonate balance shifts towards the carbonate ions bringing more carbon dioxide to the
solution and increasing overall DIC levels. Over time, this resulted in a decrease in the
pH of the nutrient solution. However, throughout the operation of the bioreactor, the pH
fluctuated between 9.0 and 9.5 at the end of the aerobic and anoxic periods. Consequently,
the necessary environmental conditions were established in the bioreactor for the
selection of bacteria capable of operating under alkaline conditions and/or showing
tolerance to alkaline conditions [147].
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Figure 4.1. pH values monitored in the reactor
Dissolved Oxygen (DO)

The dissolved oxygen (DO) values were measured at the end of the anoxic and aerobic
periods during the operation of the bioreactor and presented in Figure 4.2. According to
the obtained data, dissolved oxygen was completely depleted during the anoxic period,
while values ranging between 3 and 7 mg.L™* were observed during the aerobic period.
These results suggest that the anoxic and aerobic periods were achieved as planned.
However, the low DO values during the aerobic period indicate a low carbon consumption
efficiency of the anoxic period, with carbon consumption continuing in the aerobic phase.
This indirectly indicates that the famine period, an important parameter for granulation,
was not adequately achieved during these periods (i.e., Stage Il). Although long-term
nutrient limitation is not essential for granulation according to the literature, it has been
reported that granulation accelerates under nutrient-limited conditions [154,155].
Additionally, due to denitrification being dominant over DNRA at lower COD:N ratios,
part of the carbon might have remained for the aerobic period. In the feed solution, the
COD:N ratio is 13 (Stage I, Il and 11l) and ~ 7.5 (Stage VI, V, VI and VII), and under
minimal nutrient conditions, denitrification might have been more dominant at this
COD:N ratio [156].

Periodically obtained DO values of 5 mg.L! and above during the aerobic periods (Stage

I, I, 1V, V, VI, VII) serve as an indirect indicator that carbon limitation was achieved
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during the aerobic phase in the bioreactor. This indication is particularly meaningful in
reactor operations where aerobic processes such as nitrification are absent. Indeed, this
phenomenon has been previously reported in Kinetic analyses conducted on similar

granulation reactors [148].

Vil

DO Concentration (mg/L)
n
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Figure 4.2. DO values monitored in the reactor
Total and Volatile Suspended Solids Concentrations (TSS-VSS)

Analyses were conducted at regular intervals to monitor the total suspended solids (TSS)
and volatile suspended solids (VSS) in the bioreactor, and the results were presented in
Figure 4.3. According to the results, a significant increase in the amount of TSS was
observed during Stage I, while the VSS remained nearly constant. This phenomenon was
attributed to the MICP due to the continuous activity of the inoculum (granule-floc
mixture obtained from [147]. Considering the carbonate-pH balance, when the pH
exceeds 9, carbonate formation increases. Dissolved inorganic carbon formed as a result
of urea hydrolysis and denitrification converts to carbonate form in the alkaline
environment, and in the presence of dissolved calcium, this leads to rapid precipitation.
Considering the previously reported urea hydrolysis and denitrification efficiencies of the
inoculum [147], the observed rapid mineral precipitation at pH 9 in a nutrient solution

containing 6 g.L* urea and 0.05 g.L* NOs-N was meaningful.
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Figure 4.3. The amounts and ratios of suspended solids monitored in the reactor

During the initial stage of the bioreactor operation, the presence of abundant minerals was
also observed under the microscope. In Figure 4.4a, the greenish powder like particles
seen abundantly alongside the flocs under pink light were minerals. Granule-like

microbial agglomerates appeared in pink/purple under the same light.

0.2 mm

Figure 4.4. Micrographs of the biomass within the reactor: a) Biomass rich in minerals at
the end of Stage I; b) Biomass washed with an acetic acid solution at the end of Stage 1.

While the high presence of minerals adversely affected the operation, it also disrupted the

structure of granules within the reactor. It as previously reported that during aeration
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periods, minerals caused abrasion and fragmentation of the granules due to the generated
shear stress [157].

In order to mitigate this adverse effect, it was aimed to prevent the excessive precipitation
of minerals. Therefore, as the system passed to the second operational stage, the
concentration of calcium in the nutrient solution was halved. Although this strategy could
decrease the formation of new minerals, it did not provide a solution for the minerals that
had already accumulated in the reactor during Stage I. During the second operating phase,
the VSS:TSS ratio decreased to less than 30% as a result of the significant mineral

accumulation in the reactor.

In an effort to reduce the mineral density within the reactor, on the 40" operational day,
a solid-liquid mixture was extracted from the reactor content, and the pH was lowered to
6.5 using acetic acid. This process dissolved the CaCOz minerals, and the dissolved
calcium was removed from the system along with the liquid mixture. The resulting
composition was captured under the microscope, as shown in Figure 4.4b. It was evident
from this intervention that minerals around the granules and within the reactor
environment decreased considerably. Additionally, as shown in Figure 4.3, a significant
decrease in TSS in stage Il confirmed that a large portion of the minerals was dissolved
and removed from the system. As a result of this intervention, at the end of stage 11, the
VSS:TSS ratio increased to over 40% (Figure 4.3). However, the washing process caused
the decrease of VSS concentration from 2000 mg.L™ to 700 mg.Lt. This decrease was
attributed to the disintegration of the flocs and granules which further caused washout of
the bacteria. Due to their resilience to toxic effects and drastic changes in environmental
conditions, and their denser extracellular polymer matrix, bacteria loss from granules was
less pronounced compared to flocs, hence granules were more abundant under

micrographs (Figure 4.4b).

The decrease in VSS caused an increase in the food to microorganism (F/M) ratio and
negatively affected microbial activity. Hence, on the 41% day (Stage 111), the urea content
in the nutrient was reduced from 6 g.L™ to 1 g.L ™, and yeast extract was increased from
4 mg.L? to 100 mg.L™ to support microbial growth. Cross-inoculation was continued
using the culture enriched from the sugar factory process water. Despite the increase in
VSS due to the changes made and cross-inoculation, the increase in TSS was greater than
the increase in VVSS over time. This eventually led to the washout of the freshly grown

bacteria and a decrease in the VSS:TSS ratio in Stage Ill (Figure 4.3). These results
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indicated the ongoing accumulation of minerals in the reactor during the third operational
stage. Thus, the Ca?* source was removed entirely from the nutrient solution in Stage IV.

During the cross-inoculation process, VSS values remained stable at levels between 2000-
2500 mg.L? until the middle of Stage IV (Day 133). Although cross-inoculation is
important for enriching microorganisms capable of urea hydrolysis, it was found that the
continuous addition of planktonic bacterial culture to the granulation reactor had a
negative impact on the settling performance of the overall microbial community. As the
settling period was completely removed after Day 133, any disruption in settling
performance led to VSS loss from the reactor (Figure 4.3). Subsequently, as the negative
effects of cross-inoculation began to outweigh the positive effects, the cross-inoculation

process was stopped before Stage V (from day 169 onwards).

Additionally, the increase in TSS during Stage IV raised concerns about the potential
presence of calcium in the tap water used in the nutrient solution. Subsequent analyses
confirmed the presence of 50 mg.L? of Ca?* in the tap water used for preparation of the

nutrient solution.

In Stage 1V, the increase in NOs-N in the nutrient content did not increase anoxic urea
hydrolysis. Thus, at the beginning of Stage V, a quantity of 6 grams of desiccated biomass
containing denitrifying spores, previously produced in [89], was added to the bioreactor.
The purpose of this addition was to enhance the levels of VVSS concentration and promote
anoxic urea hydrolysis. Following these modifications, the precipitation of minerals in
the reactor stopped and the TSS amount was reduced by applying 3 minutes of selective
pressure. There was a consistent increase in the VSS:TSS ratio from 24% to 40% (Figure
4.3). The concentration of VSS remained constant at about 2500 mg.L* from Stage V to
Stage VI, which lasted for 96 days (Days 168-264). The stability of VVSS levels in the

reactor indicated the complete recovery of the granulation reactor during this stage.

The decline in the VVSS values during Stage VI was due to the harvesting of biogranules
from the reactor for experiments. A significant amount of granule was harvested from the
reactor on day 362 (3.2-gram biogranule), on day 402 (3.6-gram biogranule), on day 417
(2-gram biogranule), and on day 470 (2-gram biogranule). To ensure rapid recovery of
granule production and microbial activities in the reactor following the granule harvests,
granule harvesting was conducted by maintaining the minimum VSS concentration of
4000 mg.L™ in the reactor.
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Sludge Volume Index (SVI)

In order to determine the settling characteristics of the microbial culture within the
bioreactor and to ascertain whether granulation occurred, the sludge volume index (SVlzo
and SVIs) values were measured at regular intervals, and the obtained data were presented
in Figure 4.5. It was observed that the SVl and SVIs values of the biomass within the
bioreactor varied between 7-80 mL.g* and 9-131 mL.g, respectively.

Previous studies reported that granules have a more compact structure than flocs and
planktonic bacteria, and a 5-minute duration is sufficient for separation from water [152].
Therefore, several studies have reported using the SVI30:SVIs ratio to calculate the
granulation percentage [148,152,158]. However, meaningful evaluation of the
SV130:SVIs ratio requires consideration of two key parameters. The first is the VSS:TSS
ratio and the second is the SV I3 value itself. In systems where the VSS:TSS ratio is above
50%, if the SVIzo value falls below 50 mL.g?, the system is considered a complete
granular system [159,160]. In these systems, the SVI30:SVIs ratio mostly varies according
to the compactness and size distribution of the granules [132,133,158]. Disruptions in
granule structure and size distribution may lead to significant changes in the SVIs value,
while there is usually no significant change in the SVIzo value as long as the granular
system remains intact. However, in systems where the VSS:TSS ratio is below 50% the
SVI30:SVIs ratio cannot be used for the granulation percentage [133,152,161]. In these
systems, the mineral density is high in both flocs and granules, rendering SVI data
unsuitable for monitoring granulation [109]. In such cases, analyzing the size distribution

and surface properties of granules is of paramount importance for granulation monitoring.
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Figure 4.5. SVI values monitored in the reactor

When evaluating the SVI data presented above in conjunction with the VVSS and TSS
values (Figure 4.3), it was evident that a granular system was not achieved in the
bioreactor for 270 days during the optimization of operating parameters, and the mineral
content was abundant in total suspended solids (VSS:TSS ratio < 0.5). Throughout the
bioreactor operation, SV values were affected by mineral precipitation and the addition
of planktonic bacteria with the cross-inoculation process. The mineral content decreased
the SVI values and planktonic bacteria addition adversely affected the settling
performance of the biomass. Thus, SV values fluctuated during the first four stages. After
preventing mineral precipitation and terminating the cross-inoculation, an increase in the
VSS:TSS ratio has been observed from Stage V onwards (Figure 4.3), and parallel to this
increase, an increase in SVIs values was observed (Figure 4.5). Particularly from Day 270
onwards, the VSS:TSS ratio passed the 50% threshold (Figure 4.3). Meanwhile, SVlso
values remained below 50 mL.g™* (Figure 4.5). These results indicated that in Stage VII,
the VSS content in the reactor increased due to the enrichment of a microbial community
capable of both urea hydrolysis and denitrification and SVI3o values remained below 50
mL.g* as the enriched culture was granulating. SVIso values below 50 mL.g* with a
VSS:TSS ratio over 50% represented the achievement of a granular biomass system.
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The SVI30:SVIs ratio could not be used to determine the granule percentage in the

bioreactor because of the mineral precipitation and the sudden changes in SVIs values.
Size Distribution

In the first studies on granules in the literature, bacterial aggregates up to 200 um were
classified as floc, and larger than 200 um were classified as granules [152,162,163].
During the reactor operation, examinations were conducted at regular intervals under a
microscope to determine the wet-size distribution of the biogranules. Micrographs
presented in Figure 4.7 revealed that the granules, which began forming around day 200,
gradually increased in size and compactness over time. Following all modifications made
to the reactor operation and nutrient solution, size distribution analyses conducted during
the days 324-362 indicated that approximately 82+7% of the granules were larger than
200 um. Analysis of the size distribution of the sample collected from the reactor on day

362 revealed that 94% of the granules in the sample were larger than 200 um (Figure 4.6).
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Figure 4.6. Size distribution of biogranules at different times
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Figure 4.7. Granule micrographs in the bioreactor a) Day 201 (Stage V), b) Day 229
(Stage V1), c) Day 270 (Stage VII), d) Day 315 (Stage VII) e) Day 340 (Stage VII), f)
Day 373 (Stage VII)
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Following the optimization of operating parameters, the granular system was maintained
throughout Stage VII. After the biogranule harvest from the reactor (Figure 4.3) on days
400, 417, and 470, it was observed that the reactor recovered, new granules formed, and
the existing ones kept growing as shown in Figure 4.8. According to the sample taken on

day 560, 54% of the granules in the sample were larger than 200 um (Figure 4.8).

In granules and biofilms, parameters such as mass transfer, concentration gradient, and
shear force affect biofilm thickness and granule size [136]. In studies defining the 200-
um threshold, the wastewater used was nutrient-rich, containing high levels of nitrogen,
COD, and other components, which promoted rapid growth and the formation of larger
granules [162,164]. Conversely, granules produced with low-strength wastewater were
reported to grow at a slower rate and thus became smaller in size [100]. Due to certain
characteristics that distinguish granules from flocs, such as compactness, settling
characteristics, and a smooth outer surface, it was possible to obtain granules smaller than
200 pm [132]. Additionally, an extra selective pressure was applied once a week by
settling from the midpoint of the reactor for 3 minutes. This factor also played a role in
obtaining granules with smaller particle sizes. If this process had been performed more
frequently, larger granules could have been obtained. In studies found in the literature,
small and fragmented granules were removed from the system much more frequently. In
this study, settling pressure was applied once a week, which resulted in smaller granules
being retained in the system Therefore, considering the effects of extra hydraulic selection
pressure and the minimal nutrient conditions, obtaining smaller-sized granules was

meaningful [165].

Figure 4.8. Granule micrographs in the bioreactor a) Day 466 (Stage VII), b) Day 560
(Stage VII)
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During the Stage VI1, the SVIs and SV 3o values were measured as 40+9 mL.g* and 24+6
mL.gL, respectively. According to the settling performance, microscopic analysis, and
VSS:TSS ratio, results revealed that the bioreactor operation had achieved the production
of stable biogranules resilient to alkaline pH, high urea concentration, salinity, and

minimal nutrient conditions in biomineralization applications.

Microbial Community of Produced Biogranules

The biogranules produced in this thesis study were intended for use in biomineralization
applications as a product. Therefore, understanding the variations in the microbial
community of the granules harvested at different periods was crucial. To investigate these
variations, metagenomic analyses were performed on granules harvested at various

intervals.

According to the obtained results from the metagenomic analysis, it was determined that
at least 99% of the genetic material in the produced biogranules belongs to bacteria
(Figure 4.9).
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Figure 4.9. The taxonomic distribution of the biogranule samples in the kingdom level,
a) Sample taken on day 347, b) Sample taken on day 469, ¢) Sample taken on day 498

Biogranule samples taken from the reactor at different operational times underwent
metagenomic analyses in both wet and desiccated forms. The results obtained at the genus
level were subjected to beta diversity analysis to examine the similarity of microbial
communities in biogranules produced at different times in the reactor. According to beta

diversity analysis, all granule samples taken at different times appeared similar to each
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other. The three axes with the highest differences are presented in Figure 4.10.
Additionally, wet, and desiccated forms of the obtained granules showed the highest
similarity (Figure 4.10).

The presence of a consistent microbial community in biogranules produced at different
times was considered advantageous for converting these granules into products and
served as a quality control parameter. A similar microbial community ensured that
comparable performance could be achieved in biomineralization applications, which was

important for standardization.

PC2 (17.33 %) . Day 347_wet

Day 469_wet

Day 469_dry

Day 498_wet

PC3 (18.00 %)

Figure 4.10. The differences observed in beta diversity analysis conducted at the genus
level in granule samples. Orange, red, and blue: Wet granule samples were taken in
January (347" day), May (469" day), and June 2022 (498" day) respectively; Green:
Granule sample was taken on the 498" day and desiccated

The taxonomic analysis achieved a high level of sensitivity up to the genus level;
however, the sensitivity significantly decreased at the species level. Therefore, the
presence of ureolytic and nitrate-reducing bacteria in granules produced in the bioreactor
was evaluated at the genus level. The top 10 dominant genera in each analyzed sample
are presented in Table 4.2. It was determined that the dominance of the community
capable of denitrification in granule samples taken during periods of stable operation of
the bioreactor exceeded 84% in all samples (Table 4.2). In the sample taken on the 347"
day when granulation continued in the bioreactor, the dominance of the community
capable of urea hydrolysis was 72.3%, while in mature granules taken on the 469" and
498" days, it was 78.6% and 63.1%, respectively (Table 4.2). Bacteria that did not fall
within the top 10 dominant species in the granules were labeled as "Others,” and their
proportion was below 16% in all samples (Table 4.2)
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Table 4.2. The dominance of urea-hydrolyzing and denitrifying bacteria in samples taken

at three different periods from the bioreactor

The existence within the community (%)

Bacterial Genus Urease Nitrate References

reductase  .y347  Day469 Day498  for the

enzymes

Hyphomicrobium sp. + + 4.5 20.0 24.7 [166-168]
Paenalcaligenes sp. + + 15.9 2.7 1.8 [169,170]
Petrimonas sp. - + 11.9 9.9 18.3 [171]
Chryseobacterium sp. +/- +/- 17.7 16.0 11.2 [172,173]
Agquamicrobium sp. +/- + 10.8 7.4 10.2 [174,175]
Pseudoxanthomonas sp. +/-* + 2.7 5.8 7.5 [176-180]
Bosea sp. + +/- 14.9 6.8 25 [181,182]
Anoxybacillus sp. + +/- 0.01 14.5 0.03 [183,184]
Brevundimonas sp. + + 4.7 13 1.0 [185]
Propioniciclava sp. + + 0.1 4.1 3.2 [186]
Pseudofulvimonas sp. - + 11 3.4 4.0 [187]
Other 15.7 8.1 15.6

*+/- It indicates that the activity varies from species to species within the community.

When evaluating the microbial composition of granules produced in the bioreactor while
considering the variability in the data separately, it was determined that the dominance of
the denitrifying community ranged from 51.7% to 70.7% at different times (Table 4.2).
Similarly, when assessing the dominance of the urea-hydrolyzing community with
variable bacteria excluded, it was found to range from 34.2% to 49.4% at different times
(Table 4.2). Furthermore, the dominance of the community capable of both denitrification
and urea hydrolysis varied from 25% to 33% at different times (Table 4.2). The results of
beta diversity analysis, alongside the predominant genus in granules collected at different
time intervals from the reactor, indicate a high degree of similarity. This demonstrated
that stable granule production of consistent quality can be achieved in the bioreactor with

optimized operational parameters.
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Furthermore, within the microbial community, the pathogenicity class of most bacterial
genera was rated as 1, meaning the microorganism is not associated with any known
pathogenic species that affect humans, animals, or plants. Only two genera were found to
contain pathogenic species belonging to class 2, comprising 12.2% of the community on
sample day 498 [188,189].

4.1.3 Continuous and kinetic evaluation of the activity parameters in biogranule

production reactor

Nitrate Reduction

In the denitrification process, nitrate is gradually reduced (Equation 7-11). In some cases,
instead of complete nitrate reduction (denitrification), partial nitrate reduction and nitrite
accumulation occur. Particularly in alkaline environments, nitrite accumulation is a more
frequently observed phenomenon [190]. Throughout the operation, NO>-N accumulation
neither in the aerobic phase nor in the anoxic phase was observed in any operational stage.
Hence, the nitrate reduction efficiencies in the reactor can also be defined as complete
nitrate reduction (denitrification) efficiencies. According to the results, anoxic nitrate
reduction efficiency was measured as 87+9% between the 160" and 263 days (Stage 1V,
V, V1) as shown in Table 4.3. In Stage VI, the NOs-N loading rate was increased to 0.37
g N.Lt.day?. Following this increase, a decrease in denitrification efficiency was
observed during the initial days, due to the adaptation of microorganisms to the new F/M
ratio as shown in Figure 4.11. Nonetheless, following the adaptation of the biogranules
to the new nutrient levels, complete denitrification of the fed NOs-N could be achieved
until day 362. Subsequently, significant reductions in VSS concentrations were observed
following biogranule harvesting on days 362, 402, 417, and 470 (Figure 4.3), resulting in
temporary decreases in denitrification activities. Despite regular granule harvesting from
the system, the average denitrification efficiency in the anoxic phase of the reactor was
measured as 78% during Stage VII (Table 4.3).

Table 4.3. Average denitrification efficiencies obtained at different NO3-N loading rates

in the reactor

. Denitrification Efficiency (%
Operational Days ~ NO=-N Loading Rate A

(g. L. day™) Anoxic Total
160-263 0,20 87+10 91+8
264-560 0,37 78114 81+15

65



Vil

NO,-N Concentration (mg/L)
Total NO4-N reduction (%)

160 200 240 280 320 360 400 440 480 520 580
Operation day

—@— NO;-N in the feed solution

—@— NO,-N at the end of anoxic period
—— NO,-N at the end of aerobic period
—A— Total NO4-N reduction (%)

Figure 4.11. NO3-N concentration and NOs-N reduction efficiencies monitored in the
reactor (100 mg.L™* NOs-N during Stage 1V, V, and VI, 185 mg.L™ NOs-N during Stage
VII).

Typically, no significant difference was observed between of the NO3-N concentrations
measured at the end of the aerobic period and the anoxic period (Figure 4.11). In some
days, it was determined that the nitrate remaining in the anoxic phase was slightly further
reduced during the aerobic period. Denitrification under aerobic conditions has been
observed in many granular sludge studies [191,192]. This is because even under aerobic
conditions, the concentration of dissolved oxygen in the environment may not be
sufficient for oxygen transfer to bacteria at the center of the granules, and with the
transport of nitrate to the center of the granules, anaerobic conditions are established and
allowing denitrification to occur [69,143,191]. In addition, some species capable of
aerobic denitrification could be present among the dominant bacterial genera such as
Hyphomicrobium sp, Chryseobacterium sp, Aquamicrobium sp, Anoxybacillus sp,
Brevundimonas sp and Pseudofulvimonas sp [193-197]. This also made the reduction of

nitrate under aerobic conditions meaningful.
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Urea Hydrolysis

In order to determine urea hydrolysis efficiencies, total ammonium nitrogen was
measured at regular intervals and corresponding urea hydrolysis efficiencies were

presented in Table 4.4 and Figure 4.12.

In the bioreactor operation, the cross-inoculation process was conducted primarily to
enhance the enrichment of heat- and alkali-resilient bacteria as well as to increase urea
hydrolysis. The cross-inoculation increased urea hydrolysis performance to levels around
30% at the end of the second stage (6 g.L™* urea in the feed solution) and 70% at the end
of the third stage (1 g.L! urea in the feed solution). However, urea hydrolysis
performance decreased to around 40% at the fourth stage (1 g.L™ urea in the feed
solution). Two main reasons led to this situation: (i) Cross-inoculation disrupted the
biomass's settling characteristics in the reactor, resulting in VSS values dropping below
2000 mg.L™, and (ii) increased urea hydrolysis in the third stage led to microbial-induced
CaCOg precipitation in the reactor and thus a severe increase in TSS levels resulting in
the decrease of VVSS:TSS ratio below 25%.

Following the termination of cross-inoculation at the beginning of Stage V, a noticeable
recovery in anoxic urea hydrolysis efficiency was observed until the end of Stage VI
(Figure 4.12). In this stage, the average anoxic urea hydrolysis efficiency increased from
19+7% to 27+7% (Table 4.4). Interestingly, there was no significant change in the
average aerobic urea hydrolysis efficiency during this recovery period. Therefore, the
observed recovery in urea hydrolysis efficiency could be attributed to two main reasons:
(i) stopping the loss of biomass in the system, resulting in VSS levels rising above 2000
mg.L?, and (ii) discontinuing Ca?* supplementation, leading to the VSS:TSS ratio
reaching levels around 40%. At the beginning of stage V, 6 grams of powder containing
denitrifying spores were added to the system. However, as no evidence existed that
denitrifying spores performed urea hydrolysis, it was believed that the recovery was not
attributable to their presence.
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Table 4.4. Urea hydrolysis performances in different operational stages

TAN Concentration (mg.L™?) Urea Hydrolysis Efficiency (%)
Stages Days s _end o_f the At the (_and Of_ e Anoxic Aerobic Total
anoxic period aerobic period
| 0-31 18390 256120 4+2 6+2 9+4
| 32-40 469152 775164 512 232 27+3
1l 41-106 18488 242+107 2521 35122 49+28
v 107-168 181425 259141 203 44+10 559
\Y 169-222 158+35 24347 197 46x12 56x10
VI 223-263 195+24 27430 277 48+11 6316
VI 264-560 215+33 300+44 34+8 5615 71+12
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Figure 4.12. Urea hydrolysis efficiencies monitored in the reactor

At the beginning of Stage VI, on the 263™ day, the COD and NOs-N concentrations in
the nutrient solution were increased while maintaining the COD:NOz3-N ratio at ~7.5. This
adjustment was made to promote the growth of the microbial community which can
simultaneously conduct denitrification and urea hydrolysis. Following this modification,
the VSS amount was raised, and the average urea hydrolysis efficiency of the reactor
increased from 63+6% to 71+12% until the 362" day when granule harvesting began.
Additionally, the average cycle efficiency increased from 63+£6% to 78+3%. A decrease

in standard deviations was observed compared to previous operational stages. Because of
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the significant granule harvesting from the system on the 362", 402", 417", and 470"
day, there was a decrease in VSS in the system (Figure 4.3), resulting in temporary
declines in urea hydrolysis activities. Despite regular granule harvesting from the system,
the urea hydrolysis efficiency in the reactor was calculated to be an average of 71% during
Stage VII (Table 4.4).

The ability to achieve urea hydrolysis in both anoxic and aerobic periods with the
produced granules indicated the presence of a community capable of performing
denitrification and urea hydrolysis within the granules. After the bioreactor was operated
steadily for a period, metagenomic analyses were conducted on biogranule samples to

confirm the presence of urea hydrolyzing nitrate-reducing microbial community.

Another notable result extracted from the urea hydrolysis performances achieved in the
reactor was the influence of yeast extract on urea hydrolysis performance. An increase in
urea hydrolysis performance was observed during Stage 111 when the concentration of
yeast extract in the feed was increased from 4 mg.L™* to 100 mg.L. However, during
Stage VI, reducing the concentration of yeast extract in the feed from 100 mg.L™ to 50
mg.L? did not have a detrimental effect on urea hydrolysis performance. It has been
reported that the use of yeast extract is not desired in biomineralization applications as it
causes some compatibility issues with base materials such as concrete, limestone, and soil
[198-200]. For instance, it has been reported that yeast extract has a detrimental effect on
fresh concrete properties in self-healing concrete produced using 5 g.L* yeast extract and
20 g.L? urea [199]. Therefore, in biomineralization applications, reliance on the
performance of the microbial community on the presence of yeast extract is not a desired
trait. The biogranules produced in this thesis study could perform urea hydrolysis at yeast
extract concentrations as low as 50 mg.L* which was 100 times lower than those reported
in the literature [201]. Therefore, the use of these biogranules can provide advantages in
terms of both cost and compatibility in some biomineralization applications such as the
development of microbial self-healing concrete. Further analysis on the reliance of urea
hydrolysis performance of biogranules on the presence of yeast extract was conducted at
higher urea concentrations. Those results revealed that at high VSS levels, yeast extract
had no significant effect on the urea hydrolysis. Further details were presented in Section
4.2.1.
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Investigation of the Existence of Dissimilatory Nitrate Reduction to Ammonia

In Stage V11, the produced amount of Total Ammoniacal Nitrogen (TAN) and the reduced
amount of NO3-N during the anoxic period were examined. It was observed that on certain
days (288, 303, and 310), the amount of reduced nitrate nitrogen was very close to the
amount of TAN produced (Table 4.5). This situation raised suspicions about whether the
Dissimilatory Nitrate Reduction to Ammonium (DNRA) was occurring during the anoxic
period. Additionally, Ozbay [39] reported that Petrimonas sp., which is known to be
capable of DNRA, was abundant in the microbial community of biogranules produced by
Sekercioglu [147]. As those granules were also used as inoculum in this thesis study, it
became crucial to check potential DNRA occurrence in the anoxic period. Therefore, a
separate batch reactor was prepared to test the presence of DNRA in the reactor. This
reactor was fed with a urea-free nutrient solution containing 90 mg.L™* NO3z-N and 730
mg.L* COD and operated under anoxic conditions. The concentrations of TAN and NOs-

N during this process were presented in Table 4.5.
Table 4.5. The amount of reduced NOs-N and produced TAN in Stage VII

) Reduced NOs-N in the Produced TAN in the
Operational Days

anoxic period (mg) anoxic period (mg)
288 51 52
293 84 105
296 76 117
303 66 66
310 73 83

According to the results of the TAN and NOs-N analyses conducted on samples taken
from the batch reactor, it was observed that in the absence of urea, TAN production did
not occur during the anoxic period, while nitrate reduction did occur (Figure 4.3).
Therefore, it was confirmed that the observed TAN production during the anoxic period
was due to urea hydrolysis. The latter validated that the produced granules were

composed of a microbial community that could reduce nitrate and hydrolyze urea.
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Figure 4.13. Analysis results in the DNRA test reactor
Carbon Consumption

Soluble COD concentration in the reactor was monitored to confirm heterotrophic
denitrification activity and the occurrence of feast/famine conditions. The measured
sCOD values were presented in Figure 4.14. The COD consumption in the reactor was
always over 75% following the recovery period in operational Stage V. After doubling
the COD concentration in Stage VII, the consumption efficiency gradually increased to
94% (Figure 4.12). (Figure 4.14). The average organic carbon consumption efficiency

was measured as 92+4% in Stage VII.

100

150% Vo v | VIl - -
| | - ———
L 20
\ | | /J
14004 \ | B—o— 4 0
\‘r/ | - 80 =
1200 I I <
I | F70 5
| | =
T 10004 | Le0 £
> I | 2
= a0, | : r50 5
8 I | ©
L4 O
© g0 \ | [ o)
| I o
| i F30 =
400 + | 1 °
I | t20 +
|
200 - | ' - 10
I |
0 T E S — 0

210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360
Zaman (gin)
COD in the feed solution
—@— COD at the end of anoxic period
COD at the end of aerobic period
—— Total COD consumption (%)

Figure 4.14. COD concentrations and consumption efficiencies monitored in the reactor
(740 mg.L! COD during Stage V and VI; 1460 mg.L* COD during Stage V1I)
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During the stable stage of the reactor (324-362 days), the ratio of COD consumed during
the anoxic period to the consumed NOz-N was determined to be 5.76. This confirmed that
the conditions were favorable for the growth and multiplication of denitrifying bacteria,

rather than bacteria involved in nitrate ammonification during operation [148,156].

Furthermore, in Stage VII, the average dissolved oxygen (DO) value was below
5 mg.L™. This low DO level indirectly confirmed the presence of organic carbon in the

system during the aerobic period.
Monitoring of Nutrient Consumption of a single SBR cycle

After achieving stable urea hydrolysis and denitrification efficiency with biogranules
produced in the reactor, a single SBR cycle was monitored in shorter intervals to assess
the nutrient consumption and determine the specific NOs-N reduction and urea hydrolysis
activities. The single cycle was monitored at 15-minute intervals with samples collected
from the reactor. The change in NO3-N concentration during the monitored single cycle
was presented in Figure 4.15. According to the analysis results, 80% of the NOs-N was
reduced within the first 120 minutes of the anoxic period (Figure 4.15). It was observed
that the NO3-N consumption mostly followed zero-order reaction kinetics and the specific
nitrate reduction activity was calculated as 7.26 mg NOs-N. h.g* VSS (Figure Annex
2). By the end of the anoxic period, all NO3-N in the reactor was reduced by microbial
biomass. Throughout denitrification, NO2-N accumulation in the system did not exceed
15 mg.L? of NO2-N, and it was determined that there was no NO2-N remaining in the

system at the end of the anoxic period.
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Figure 4. 15. The monitoring of denitrification activity in the produced biogranules within

a single cycle
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As shown in Figure 4.16, the NHs-N concentration rapidly increased during the initial
anoxic period of the cycle (first 180 min). As observed in Figure 4.16, while 80% of urea
was hydrolyzed during the anoxic period, 94% of urea was hydrolyzed by the end of the
cycle. It was observed that urea hydrolysis mostly followed zero-order reaction kinetics
and the specific urea hydrolysis activity in the anoxic period was calculated as 32.1 mg
urea. h'lg™? VSS (Figure Annex 3).
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Figure 4.16. The monitoring of urea hydrolysis activity in the produced biogranules
within a single cycle

As shown in Figure 4.17, 50% of the organic carbon (576 mg COD) was consumed within
the first 180 minutes of the cycle. By the end of the cycle, 95% of the total COD was
consumed, leaving only ~35 mg/L COD in the reactor. Based on this carbon consumption,
the COD:N consumption ratio during the anoxic period was determined to be 5.64. It can
be inferred that the majority of the supplied carbon was consumed within 285 minutes,
resulting in a 75-minute period of nutrient limitation. The achievement of compact and
stable granules indicated that the duration of the famine period was sufficient. It has also
been noted in the literature that long famine periods are not required for granulation
[114,202]. It was observed that organic carbon consumption followed zero-order reaction
kinetics and the specific carbon consumption activities in anoxic and aerobic periods were
calculated as 40.67 and 41.66 mg COD. ht g VSS. (Figure Annex 4).
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4.2 Evaluation of microbial activity and biomineralization performance of

biogranules via batch tests

4.2.1 Detecting Whether the Urease Enzyme in Biogranules Is Suppressive or Non-

Suppressive

There are suppressive and non-suppressive types of the urease enzyme and urea values
such as 10 g.Ltand 20 g.L"* are commonly used in biomineralization applications. Since
granule production utilized 1 g.L* of urea in this study, it was critical to ascertain the type
of urease in the granules. Moreover, high nitrate concentrations, particularly under
alkaline conditions have the potential to adversely affect denitrification activity through
nitrite accumulation. Therefore, it was essential to test biogranules under high urea and
nitrate conditions. In order to determine any inhibition of urease enzymes by the
accumulated ammonium and whether the denitrification activity might be affected at high
nitrate concentrations, the biogranules were tested in batch reactors at a urea
concentration of 10 g.L and a nitrate concentration of 0.5 g.L . In order to observe the
effect of the VSS amount on the same nutrient input, high (6.5 g.L™* VSS) and low (2.0
g.Lt VSS) VSS values were used in the tests considering the reactor operation process.
Additionally, to elucidate the effect of yeast extract on activity, two different yeast extract

concentrations were used in the nutrient solution (0.05 g.L™* and 5.0 g.L%). A total of 30

74



hours of operation were conducted for the batch reactors, with access to air restricted for
the first 12 hours to achieve anoxic conditions, while air access was not restricted for the

remaining 18 hours.

Considering the TAN results from samples taken from the batch reactors in the first 12
hours, it was observed that there was no difference between Group A (6.5 g.L* VSS, 5.0
g.L 7 yeast extract) and B (6.5 g.L1 VSS, 0.05 g.L! yeast extract). These results revealed
that at high VSS levels, yeast extract had no significant effect on the urea hydrolysis
activity of the wet biogranules. On the other hand, when comparing Group A (6.5 g.L™*
VSS, 5.0 g.L ! yeast extract) and Group C (2.0 g.L VSS, 5.0 g.L* yeast extract), it was
determined that at different VVSS values with the same yeast extract concentration, urea
hydrolysis achieved over 85% in both groups (Figure 4.16). Obtaining similar urea
hydrolysis under both VVSS conditions indicated that 10 g.L* urea could be hydrolyzed at
a maximum rate with 2 g.L ! VSS, and the presence of additional granules in the
environment did not have any impact on the activity. Therefore, the maximum specific
urea hydrolysis activity of the granules was determined to be 90 mg Urea.h.g? VSS
under anoxic conditions and 233 mg urea.h™.g™ VSS under air-contact conditions (Table
4.6).

Table 4.6. The observed specific urea consumption activities of biogranules under high

nutrient input

Specific Activities (mg urea. h™.g* VSS)

Batch groups A* B* c*
Anoxic condition (0-12 hours) 51.1 50.9 90.3
Air-contact condition (12-30 58.6 574 939 8
hours)

* A: 6.5 9g.L1VSS, 5.0 g.L? yeast extract; B: 6.5 g.L* VSS, 0.05 g.L*! yeast extract; C: 2.0
g.L?VSS, 5.0 g.L ! yeast extract

The obtained results initially demonstrated that the presence of high ammonium nitrogen
did not exert an adverse effect on urea hydrolysis. Thus, it was determined that the urease
enzyme in the produced biogranules belonged to the non-suppressive type, remaining
unaffected under high TAN conditions. Moreover, when examining the urea hydrolysis
efficiencies under anoxic and air-contact conditions, an increase in urea hydrolysis
activity was observed in all groups when air contact was not restricted (Table 4.6).

Considering the majority of reported ureolytic bacteria are aerobic [15,58], contact with
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air likely facilitated the urease enzyme produced by bacteria. The DO values measured at
the end of the anoxic and air-contact conditions were 0.00 and 0.23+0.05 mg.L™,
respectively, for all groups. At this point, it was observed that air-contact conditions had
a positive effect on urea hydrolysis (Figure 4.18b). Furthermore, when comparing the
data from the 30" hour with those from the 27" hour, no statistical difference was found
between the datasets (p=0.05).
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Figure 4.18. The time-dependent variations of a) TAN concentrations and b) urea

hydrolysis of biogranules under high nutrient input

Comparison of groups with different yeast extract content under the same VSS value
(Groups A and B) based on nitrate analyses revealed that higher specific activity was
achieved under conditions of high yeast extract content (6.5 g.L™ VSS, 5.0 g.L? yeast
extract). Similarly, achieving nitrate reduction at the same rate in the batch reactor with
low VSS and low yeast extract content (Group C) indicated that 2 g.L™ VSS could achieve
a maximum reduction of 0.5 g.L! nitrate, and the presence of additional granules in the
environment did not contribute to the activity. Consequently, the maximum specific
nitrate reduction activity of the granules was determined to be 9.25 mg NOs-N.h.g1 VSS
under anoxic conditions and 3.06 mg NOs-N.ht.g"? VSS under air-contact conditions
(Table 4.7). In a study conducted at high nitrate concentration, employing an inoculum
adapted to elevated nitrate levels achieved complete denitrification in 6 hours, with a
denitrification rate of 22.8 mg NO3-N.h™.g VSS. In this study, methanol was used as the
carbon source at a COD/N ratio of 4, and the wastewater had a nitrate nitrogen content of
700 mg.L™ and calcium content of 150 mg.L™* [203]. This result was approximately 2.5

times higher compared to the maximum activity of the biogranules. In our test, the
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COD/N ratio was 4.63 and no calcium was present in the nutrient solution. Also,

biogranules were not acclimated to high nitrate concentrations.

Table 4.7. The observed specific nitrate reduction activities of biogranules under high

nutrient input

Specific Activities (mg NO3-N. h1.gt VSS)
Batch groups A* B* c*
Anoxic condition
(0-12 hours)
Air-contact condition
(12-30 hours)
* A:6.59g.L1VSS, 5.0 g.L? yeast extract; B: 6.5 g.L* VSS, 0.05 g.L* yeast extract; C: 2.0
g.L1VSS, 5.0 g.L ! yeast extract
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Figure 4.19. The time-dependent variations of a) NO3-N concentrations and b) nitrate

reduction of biogranules under high nutrient input

In all groups, at 0.5 g.L™* NOs-N concentration, nitrate reduction efficiencies exceeded
50% by the 30" hour (Figure 4.19b). In this test, biogranules extracted from the currently
operational reactor were subjected to approximately five and a half times higher initial
NOs-N concentration (500 mg.L™?) compared to the initial NOs-N concentration (90
mg.L?) in the reactor operation. When comparing specific nitrate reduction activities
under anoxic conditions, there was a reduction of 49% and 53% in Groups A (3.70 mg
NO3-N. ht.g? VSS) and B (3.40 mg NOs-N. ht.g? VSS), respectively, relative to the
activity in the bioreactor (7.26 mg NOs-N. h™.g? VSS). Conversely, in Group C, which
had low VSS and high yeast content, specific activity under anoxic conditions increased

by 27% compared to the bioreactor.
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4.2.2 Comparison of Microbial Activity of Produced Biogranules and Reference
Granular Culture for MICP

In order to compare microbial activities, produced biogranules and the reference nitrate-
reducing granular culture (ACDC) were tested in batch reactors containing 10 g.L™ urea
and 0.11 g.L"NOs-N.

The produced biogranules were tested in both wet and desiccated forms, while ACDC
was tested only in desiccated form. Considering biomineralization applications the yeast
extract concentration in all tests was adjusted to 0.05 g.L™. The use of yeast extract in
MICP applications is not desirable due to its high cost and its potentially negative effects
on material properties in some applications. Moreover, it is unnecessary in soil
applications due to the existing organic matter in the environment. In concrete
applications, yeast extract is undesirable because it is not compatible with mortar and
prolongs the setting time, making it unsuitable for microbial self-healing concrete
[153,199]. Therefore, the yeast extract concentration in the microbial activity test was
deliberately kept low (0.05 g.L™?).

In the microbial activity test, batch reactors were operated for 24 hours under anoxic
conditions, followed by an additional 24 hours under air-contact conditions. The initial

bacterial concentration in the tests was set to 0.5 g.L™* VSS.

The initial pH value of the nutrient solution was measured to be 7.5. The pH values
measured at the 48th hour of the test are presented in Table 4.8. Due to the production of
alkalinity by both urea hydrolysis and denitrification metabolic pathways, the pH

increased in all batch reactors compared to the initial measurement.

Table 4.8. The pH values of the batch reactors at the end of 48 hours in microbial activity

test
Batch Groups* pH at the end of 48 hour
A 9,3
B 9,3
C 8,7

*A: Produced biogranules in wet form, B: Produced biogranules in
desiccated form, C: ACDC in desiccated form
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Urea Hydrolysis Activities of The Produced Biogranules and Reference Granular
Culture

The changes in TAN concentrations over time obtained from the tests with biogranules
were presented in Figure 4.20. The urea hydrolysis efficiencies of the biogranules at the
end of the 48" hour were recorded as 41%, 80%, and 1% for groups A (Wet biogranules),
B (Desiccated biogranules), and C (Desiccated ACDC), respectively (Figure 4.20). In
batch reactors testing the wet form of the produced biogranules (Group A), the specific
urea consumption activity was determined to be 125.1 mg urea.n*.g* VSS and 120.6 mg
urea.h’.g? VSS under anoxic and aerobic conditions, respectively. No significant
difference in urea hydrolysis activity was observed between anoxic and aerobic
conditions. However, in the group testing the desiccated form of the produced biogranules
(Group B), the specific urea consumption activity under anoxic conditions was recorded
as 97.1 mg urea.h™t.g VSS, slightly lower than that of the wet form. This difference was
thought to be influenced by the resuscitation time of the dry biogranules. When passing
through to aerobic conditions, the activity reached 410 mg urea.h™*.g* VSS, showing the
highest activity (Table 4.9). The reference nitrate-reducing granular culture (ACDC) did
not exhibit urea hydrolysis activity as they were produced solely for denitrification
purposes. Considering that the resuscitation times of the ACDC might be longer, the TAN
value was also measured on the seventh day in group C. However, upon determining the
urea hydrolysis amount as 2%, it was confirmed that ACDC did not exhibit urea
hydrolysis activity.
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Table 4.9. The specific urea consumption activities of the granular cultures in microbial
activity test

Specific urea consumption activity

Conditions (mg urea.dayt.g!VSS)
A* B* Cc*
Anoxic 125,1 97,1 0,0
Aerobic 120,6 410,0 3,3

*A: Produced biogranules in wet form, B: Produced biogranules in
desiccated form, C: ACDC in desiccated form

After oxygen access was provided, the urea hydrolysis activity of the desiccated
biogranules (Group B) increased significantly. This increase was not observed in the
biogranules tested in wet form (Group A). The primary reason for this difference was cell
debris during desiccation. In the desiccation process, some bacteria form spores while
others die. The cellular contents of these dead bacteria create an activity-enhancing effect
similar to yeast extract for those capable of forming spores and resuscitation. In tests
conducted with low yeast extract concentrations, it can be said that the revived bacteria
achieved higher activity by also utilizing the cellular contents from the dead bacteria after
access to oxygen. In the granules tested in wet form, there was no temporal change in

activity because there was no dead cell debris present in the medium.

Nitrate Reduction Activities of The Produced Biogranules and Reference Granular
Culture

The changes in nitrate concentrations over time obtained from the tests with biogranules
were presented in Figure 4.21. The nitrate reduction efficiencies of the biogranules at the
end of 24 hours were recorded as 71%, 8%, and 13% for groups A (Wet biogranules), B
(Desiccated biogranules), and C (Desiccated ACDC), respectively, while at the 48" hour,
these efficiencies were recorded as 78%, 9%, and 17%, respectively (Figure 4.21).
Considering that the activity of the desiccated biogranules and ACDC continued despite
being low at the end of the second day of testing and recognizing that the duration of the
experiment might be insufficient for resuscitation from the desiccated form, the test
duration was extended up to 7 days. According to measurements taken on the seventh
day, the nitrate reduction efficiency reached 92% in group B (Desiccated biogranules)
and 98% in group C (Desiccated ACDC). Thus, it can be said that biogranules and ACDC
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could resuscitate in one week. This result was consistent with the reported ones for ACDC
[14].
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Figure 4.21. The time-dependent nitrate concentrations (a) and nitrate reduction
efficiencies (b) of the granular cultures throughout the microbial activity test

In the anoxic period (first 24 hours), the specific nitrate reduction activities for groups A
(Wet biogranules), B (Desiccated biogranules), and C (Desiccated ACDC), respectively
were calculated as 161 mg NOs-N day.g? VSS, 19 mg NOs-N day*.g™? VSS, and 29 mg
NOs-N day™t.g? VSS, respectively (Table 4.11). Under air-contact conditions, the specific
nitrate reduction activities for groups A (Wet biogranules), B (Desiccated biogranules),
and C (Desiccated ACDC), respectively were determined as 17 mg NOs-N day.g? VSS,
40 mg NOs-N dayt.g™ VSS, and 41 mg NOs-N dayt.g™ VSS, respectively (Table 4.11).
Upon examining the NOs-N and NO-N values at the 48" hour, it can be observed that
the reduced nitrate was not accumulated as nitrite at high concentrations, indicating that

denitrification occurred through the reduction of nitrite as well (Table 4.10).

Table 4.10. The NOy concentrations in batch reactors at the end of 48 hours in microbial

activity test

Batch Feed NOx-N NOs-N NO2-N Accumulation | Total NO,-N
Groups* (mg.L?) (mg.L?) (mg.L?) (mg.L?)
A 24.8 2.5 27.3
B 113 102.7 0.0 102.7
C 93.8 4.9 98.6

*A: Produced biogranules in wet form, B: Produced biogranules in desiccated form, C: ACDC

in desiccated form
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Specific denitrification activities were calculated as 87 mg NOx-N dayt.g? VSS S, 29 mg
NOx-N day?t.g? VSS, and 31 mg NOx-N day.g* VSS for groups A (Wet biogranules),
B (Desiccated biogranules), and C (Desiccated ACDC), respectively, in batch reactors
(Table 4.11).

Table 4.11. The specific nitrate reduction, nitrite accumulation, and denitrification

activities recorded during the microbial activity test

A* B* c*
Conditions Specific nitrate reduction activity
(mg NO3z-N.day.g? VSS)
Anoxic 161 19 29
Air-contact 17 40 41

Specific nitrite accumulation activity
(mg NO3z-N.dayt.g VSS)

Throughout the 2 0 5
experiment Specific denitrification activity
(mg NOx-N.day*.g*VSS)
87 29 31

*A: Produced biogranules in wet form, B: Produced biogranules in desiccated form, C: ACDC
in desiccated form

Among the tested granular cultures, produced biogranules in the wet form exhibited the
highest denitrification activity under both anoxic conditions and throughout the entire test
duration. This outcome can be attributed to the utilization of biogranules already
exhibiting activity and not necessitate an activation period. Conversely, the resuscitation
periods of the produced biogranules and ACDC in desiccated form led to delays in nitrate
reduction. Nonetheless, both granular culture types demonstrated comparable activity

levels following the resuscitation period (Figure 4.21, Table 4.11).

4.2.3 Comparison of Biomineralization Capacity of Produced Biogranules and

Reference Granular Culture

Batch reactors were set up to determine and compare the biomineralization activities of
the produced biogranules and nitrate-reducing reference granular culture (ACDC).
Considering the resuscitation period of the desiccated cultures, the tests were conducted
over a total of nine days, with an anoxic period of six days followed by an air-contact

period of three days. In the biomineralization test, a nutrient solution containing 6 g.L*
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Ca?*, 10 g.L "t urea, 0.25 g.Lt NOs-N, and 1.9 g.L ! COD was used. The granular cultures
were tested both with and without 0.05 g.L ™ yeast extract. The tests were conducted using
0.59g.LtVSS.

One of the important factors in the microbial precipitation of calcium carbonate is the pH
value. Under alkaline pH conditions, the bicarbonate-carbonate equilibrium shifts
towards carbonate ion formation, resulting in the precipitation of CaCOs when free
calcium ions are present. In this context, pH values were measured at the end of each

period in the batch reactors and are presented in Table 4.12.

Table 4.12. End-of-period pH values in batch reactors in biomineralization test

Batch Groups* Anoxic Air-contact
A 9.1 9.0
Bl 8.8 7.8
B3 8.9 7.9
C1 7.3 74
C3 7.9 7.6

A* : Wet biogranules (0.5 g.L? VSS, 50 mg.L? Yeast Extract), B1:Desiccated
biogranules (0.5 g.L™ VSS, 50 mg.L* Yeast extract), B3: Desiccated biogranules (0.5
g.L 1 VSS, No Yeast Extract), C1: Desiccated ACDC (0.5 g.L* VSS, 50 mg.L* Yeast
Extract), C3: Desiccated ACDC (0.5 g.Lt VSS, No Yeast Extract)

Urea Hydrolysis Activities in Biomineralization Test

The TAN concentrations and urea hydrolysis efficiencies recorded at the end of the ninth
day in the biomineralization test were presented in Table 4.13. The urea hydrolysis
efficiencies recorded at the end of the ninth day for groups A (Wet Biogranules,
0.05 g.L ! yeast extract), B1 (Desiccated Biogranules, 0.05 g.L™? yeast extract), B3
(Desiccated Biogranules, no yeast extract), C1 (Desiccated ACDC, 0.05 g.L?! yeast
extract), and C3 (Desiccated ACDC, no yeast extract) were 83%, 65%, 69%, 2%, and
3%, respectively (Table 4.13). The highest urea hydrolysis efficiency was observed in
group A, which consisted of already active biogranules. As in the microbial activity tests,
the reference nitrate-reducing granular culture (ACDC) did not perform urea hydrolysis
(Table 4.13).
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Table 4.13. The recorded TAN concentrations and urea hydrolysis efficiencies in the

biomineralization test

Batch Groups* TAN (mg.L?) Urea Hydrolysis (%)
A 3878 83
B1 3038 65
B3 3206 69
C1 91 2
C3 126 3

A* : Wet biogranules (0.5 g.L™* VSS, 50 mg.L* Yeast Extract), B1:Desiccated biogranules (0.5
g.L? VSS, 50 mg.L*? Yeast extract), B3: Desiccated biogranules (0.5 g.L* VSS, No Yeast
Extract), C1: Desiccated ACDC (0.5 g.L* VSS, 50 mg.L? Yeast Extract), C3: Desiccated
ACDC (0.5 g.L* VSS, No Yeast Extract)

Nitrate Reduction Activities in Biomineralization Test

The NOs-N concentrations and nitrate reduction efficiencies recorded at the end of the
ninth day in the biomineralization test were presented in Table 4.14. The nitrate reduction
efficiencies of the biogranules recorded at the end of the ninth day were measured as 98%,
74%, 28%, 71%, and 40% for A (Wet Biogranules, 0.05 g.L*! yeast extract), Bl
(Desiccated Biogranules, 0.05 g.L* yeast extract), B3 (Desiccated Biogranules, no yeast
extract), C1 (Desiccated ACDC, 0.05 g.L* yeast extract), and C3 (Desiccated ACDC, no
yeast extract) respectively (Table 4.14). Consistent with the results of the microbial
activity tests, the already active biogranules used in wet form (A) demonstrated the

highest activity in the biomineralization tests.

On the other hand, when examining the nitrate reduction efficiency of the desiccated
biogranules (B) and desiccated ACDC (C), it was observed that the presence of yeast
extract positively influenced nitrate reduction in both types of granular cultures. Nitrite
accumulation increased in both the B and C groups compared to the microbial activity
tests. Nonetheless, it was observed that the B and C granules, which were capable of
reducing nitrate to nitrite, were also able to further reduce nitrite, thereby completing the
denitrification process comprehensively. The lower denitrification activity compared to
the microbial activity test can be explained by the high calcium concentration. Exposure

to high calcium levels adversely affects the denitrification rate.
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Table 4.14. The recorded NOx-N concentrations and nitrate reduction efficiencies in the

biomineralization test

Batch | Feed NOx-N | NOs-N Nitrate NO2-N Accumulation | Total NOx-N
Groups* (mg.LY) | (mg.L?)  reduction (%) (mg.L?) (mg.L?)
A 3.9 98 0.0 3.9
B1 63.8 74 97.0 160.8
B3 250 181.0 28 28.0 209.0
C1 73.7 71 118.0 191.7
C3 148.8 40 66.3 215.1
A* : Wet biogranules (0.5 g.L* VSS, 50 mg.L Yeast Extract), B1:Desiccated biogranules (0.5
g.L? VSS, 50 mg.L? Yeast extract), B3: Desiccated biogranules (0.5 g.L? VSS, No Yeast
Extract), C1: Desiccated ACDC (0.5 g.L* VSS, 50 mg.L? Yeast Extract), C3: Desiccated
ACDC (0.5 g.L VSS, No Yeast Extract)

In a study [203], it was reported that the optimum calcium concentration for achieving
the highest specific denitrification rate was 150 mg.L?, with a rate of
22.8 mg NOs-N h.g? VSS. However, higher calcium concentrations lead to a significant
decline in denitrification efficiency, with specific rates decreasing to
15.5 mg NOs-N ht.g? VSS at 450 mg.L™* Ca?* and 11.0 mg NO3z-N h't.g? VSS at 550
mg.L* Ca?".

Comparison of precipitated CaCO3s amounts

The precipitated CaCOs amounts were determined and shown in Figure 4.22. In parallel
with the microbial activity results in the biomineralization test, the highest amount of
CaCOg precipitation was observed in Group A which contained biogranules in wet form.
According to the results, 642.5+4.4 mg CaCOs was precipitated in Group A which
indicated that all the dissolved calcium was precipitated. In Group B, which contains the
produced biogranules in desiccated form, the total amount of precipitated calcium
carbonate was 590.3+88.2 mg for B1 (Desiccated biogranules, 50 mg.L™* Yeast extract),
and 590.5+20.5 mg for B3 (Desiccated biogranules, No Yeast Extract) (Figure 4.22).
Based on these results, it was observed that the presence of yeast extract did not
significantly influence biomineralization performance. Furthermore, the desiccating of

biogranules resulted in a 5.3% reduction in CaCOg precipitation performance.

In Group C, which contains the reference nitrate-reducing granular culture (ACDC) in

desiccated form total precipitated CaCOs amounts were measured as 137.1+46 mg and
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82.2 mg for C1(Desiccated ACDC, 50 mg.L? Yeast Extract) and C3 (Desiccated ACDC,
No Yeast Extract) respectively (Figure 4.22). Based on the observed nitrate reduction
activity in ACDCs, the level of MICP was lower than expected. In this group, where
ACDC had been dried and stored for 1.5 years before use, it was observed that the yeast

extract positively influenced biomineralization performance.

From these results, it can be inferred that biogranules demonstrated a higher CaCOs3
precipitation performance compared to the reference nitrate-reducing granular culture
(ACDC). However, it was crucial to note that the ACDC was used after being stored for
1.5 years, whereas the biogranules were utilized immediately after drying. To
conclusively establish that biogranules exhibited superior performance compared to
ACDC, it was necessary to conduct further testing on the biogranules following a similar

storage period.
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BN Wet biogranules (0.5 g.L™' VSS, 50 mg.L™" Yeast Extract) (A1)

B Desiccated biogranules (0.5 g.L"' VSS, 50 mg.L”" Yeast Extract) (B1)
W Desiccated biogranules (0.5 g.L ™' VSS, No Yeast Extract) (B3)

B Desiccated ACDC (0.5 g.L"' VSS, 50 mg.L™" Yeast Extract) (C1)
BB Desiccated ACDC (0.5 g.L" VSS, No Yeast Extract) (C3)

Figure 4.22. Amounts of calcium carbonate precipitated by the produced biogranules and
ACDC at the end of nine days
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Mineral Composition Obtained by wusing the produced Biogranules in

Biomineralization Tests

In order to ascertain whether the dissolved calcium precipitated as CaCO3 in the
biomineralization tests, an additional batch reactor was set by using produced biogranules
in this study. Alongside measuring CaCOg, the precipitate obtained from this reactor
underwent visual examination under a scanning electron microscope. Elemental
composition analysis of the precipitate was conducted through Energy Dispersive X-ray
Spectroscopy (EDX) on the obtained images. Micrographs showing the precipitates
obtained with the biogranules were presented in Figure 4.23, while the EDX analysis and
results were provided in Figure 4.24. Both micrographs and EDX analysis revealed that
the precipitates obtained in the biomineralization tests predominantly consisted of the
calcite form of CaCOs (Figure 4.23, Figure 4.24).

SEMHV:5.0kV | Det: SE GAIA3 TESCAN  SEM HV: 5.0 kV : ‘ GAIA3 TESCAN

SEM MAG: 44 x ‘ View field: 4.67 mm | 1 mm SEM MAG: 1.37 kx | View field: 152 ym | 20 ym
View field: 4.67 mm Scan speed: 6 HUNITEK|\\/)| View field: 152 ym Scan speed: 6 HUNITEK|\\/ |

Figure 4.23. SEM micrographs of CaCO3z minerals obtained in biomineralization tests
with produced biogranules a) appearance of the mineral precipitate; b) precipitated calcite
minerals
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Figure 4.24. Results of EDX analysis conducted at four different points on the obtained
minerals

4.2.4 Determination of the Impact of Shelf Life of Biogranules on Biomineralization

Performance

The produced biogranules were desiccated and stored for 1.5 years and the reference
nitrate-reducing granular culture (ACDC) was stored for 3 years. A biomineralization test
was conducted again by using stored biogranules and ACDC with the same procedure.
After nine days of operation, the precipitated CaCO3z amounts were recorded as 386.34+
53.4 mg CaCQOgz, 264.9+ 13.7 mg CaCOs, 296.7+£19.3 mg CaCOgz and 100.3+£7.7 mg
CaCO3 for B1 (Desiccated biogranules, 50 mg.L™? Yeast extract), B3 (Desiccated
biogranules, No Yeast Extract), C1(Desiccated ACDC, 50 mg.L? Yeast Extract) and C3
(Desiccated ACDC, No Yeast Extract) respectively in the test (Figure 4.25).

According to the results from Group B, it was observed that the storage period negatively
impacted CaCOz precipitation performance, with reductions of 35% for B1 and 55% for
B3. In Group C, which contained ACDC, similar biomineralization performance results
were obtained for C3, while a 116% increase was observed for C1.
In Group C1, the denitrification activities revealed that nitrate reduction activity
decreased from 71% to 60% compared to the previous test (Table 4.14 and Table 4.15).
The pH values measured at the end of the periods were also very similar in both tests.
Despite the decreased nitrate reduction activity, the reason for the increased mineral

precipitation remained unclear.
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Figure 4.25. Amounts of calcium carbonate precipitated by the produced biogranules and

ACDC at the end of nine days in the second biomineralization test

Upon evaluating all the results, it was determined that the positive effect of yeast extract
on biomineralization became more pronounced as the shelf life increased. Comparing
the yeast-containing batches B1 and C1, and the yeast-free batches B3 and C3, it was
concluded that biogranules exhibited a higher MICP performance compared to ACDC.

Table 4.15. The recorded NOx-N concentrations and nitrate reduction efficiencies in the

second biomineralization test

Batch | Feed NOx-N | NOs-N Nitrate NO2-N Accumulation | Total NOx-N

Groups* (mg.LY) | (mg.L?1) | reduction (%) (mg.L?) (mg.L?)

B1 109.4 56.2 53.6 163.0

B3 186.8 26.8 63.9 246.9

250

Cl 99.9 60.1 128.8 228.7

C3 208.4 16.6 34.5 242.9
A* : Wet biogranules (0.5 g.L VSS, 50 mg.L? Yeast Extract), B1:Desiccated biogranules (0.5
g.L? VSS, 50 mg.L? Yeast extract), B3: Desiccated biogranules (0.5 g.L™* VSS, No Yeast
Extract), C1: Desiccated ACDC (0.5 g.L* VSS, 50 mg.L? Yeast Extract), C3: Desiccated
ACDC (0.5 g.L* VSS, No Yeast Extract)
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5. CONCLUSION

In this study, it was aimed to optimize the granulation of an enrichment culture capable
of urea hydrolysis and nitrate reduction, under minimal nutrient conditions. The
production process was tailored and optimized for further use of biogranules in
biomineralization applications. An optimization study was conducted to develop granules
with enhanced characteristics, including resistance to alkaline conditions, functionality in
the absence of micronutrients, minimal sensitivity to yeast extract, and the ability to be
desiccated and resuscitated. Following the evaluation of seven different operating
conditions, biogranules were successfully produced. These granules demonstrated the
capability to perform both urea hydrolysis and denitrification in highly alkaline
environments (pH > 9.5), grow in minimal nutrient media containing 0.05 g.L™ yeast
extract and moderate osmotic stress (2000 mg.L? NaCl) and maintain stable and
predictable microbial communities both in wet conditions and after drying and
reactivation. Then the microbial activity and CaCOz precipitation performance of these

produced biogranules was comprehensively evaluated.
The key findings of this study are as follows:

Dissolved calcium concentration, VSS: TSS ratio, and selection pressure were found to
be critical in the granulation of the bacteria under minimal nutrient conditions and the
steady production of biogranules for biomineralization applications. The optimized
operational conditions included only 50 mg.L™? calcium ions coming from tap water on
the grounds that calcium levels than this value caused intense mineral precipitation in the
reactor and a decrease in the VSS:TSS ratio. It is essential that the VSS:TSS ratio remains
above 50% to ensure the operational stability of the reactor and achieve granulation.
Additionally, there was no settling period in the optimized conditions and extra selective
pressure was applied to the system once a week. Based on the findings applied extra

selective pressure can be increased to achieve large granules.

Initial microscopic examinations revealed the formation of baby granules around day 200,
with a gradual increase in size and compactness over time. According to the size
distribution analysis, 82+7% of the granules were larger than 200 um between days 324-
362. Analysis of samples collected from the reactor on days 362 and 560 showed that
94% and 54% of the granules were larger than 200 um respectively. Under minimal

nutrient conditions, the granule sizes were smaller, and granules smaller than 200 microns
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were also present in the system. Also, between days 362 and 560, a total of 10.8 grams
of biogranules were harvested from the reactor, resulting in the formation of new baby
granules during the recovery process. As selective pressure was applied weekly, smaller

aggregates were able to remain in the system.

Metagenomic analyses revealed a consistent microbial community dominated by bacteria
capable of urea hydrolysis and denitrification. In granule samples taken at different times,
the dominance of the denitrifying community ranged from 51.7% to 70.7%, while the
ureolytic community ranged from 34.2% to 49.4%. The beta diversity analysis results,
along with the predominant genera in granules collected at different intervals, showed a
high degree of similarity in the microbial community over the granule production period.
This indicated that stable granule production of consistent quality is achievable in the

bioreactor with optimized operational parameters.

The microbial community exhibited significant resilience and activity under alkaline pH
(~9.75) and osmotic stress (2000 mg.L* NaCl). Anoxic and aerobic periods were
effectively managed to support denitrification and urea hydrolysis. According to the
kinetic analysis, it was observed that nitrate reduction, COD, and urea consumption
mostly followed zero-order reaction kinetics. The recorded specific activities of nitrate
reduction, urea hydrolysis, and COD consumption under anoxic conditions were recorded
as 7.26 mg NOs-N. ht.g1 VSS, 32.1 mg urea. h*g™ VSS and 40.67 mg COD. ht g VSS

respectively.

Under 10 g.L? urea and 0.5 g.L* NOs-N concentrations, the biogranules showed
maximum activities of 232.8 mg urea. h™t.g™t VSS for urea hydrolysis and 9.25 mg NOs-
N. h™t.gt VSS for nitrate reduction. The results showed that high ammonium nitrogen did
not adversely affect urea hydrolysis, indicating that the urease enzyme in the biogranules

was of the non-suppressive type and remained effective under high TAN conditions.

The comparative analysis of microbial activity between the produced biogranules and the
nitrate-reducing reference granular culture (ACDC) for MICP revealed significant
insights into their performance. According to the nitrate reduction performances, dried
biogranules and ACDC could resuscitate in one week. At the end of seven days of the
resuscitation period, specific denitrification activities of the desiccated biogranules and
ACDC were recorded as 29 and 31 mg NOx-N.day 1.9 VSS respectively. It was observed

that the biogranules achieved a nitrate reduction activity very similar to that of the ACDC.
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Since ACDC was produced with a focus on denitrification, it did not exhibit urea
hydrolysis activity. The maximum specific urea hydrolysis activity of the biogranules was
recorded as 410 mg urea.day.g™ VSS. In light of all these results, biogranules were found
to be more advantageous than ACDC, as they exhibited both denitrification and urea

hydrolysis activities, whereas ACDC demonstrated only denitrification activity.

In the biomineralization test, Group A (wet biogranules (0.5 g.L™ VSS, 50 mg.L? Yeast
Extract) precipitated the highest amount of CaCO3 (642.5+4.4 mg), indicating complete
dissolved calcium precipitation. For the desiccated groups, the precipitated CaCO3
amounts were measured as 590.3+88.2 mg for B1 (Desiccated biogranules, 50 mg.L™
Yeast extract), 590.5£20.5 mg for B3 (Desiccated biogranules, No Yeast Extract)
137.1+46 mg for C1(Desiccated ACDC, 50 mg.L? Yeast Extract) and 82.2 mg for C3
(Desiccated ACDC, No Yeast Extract). However, since ACDC was stored for 1.5 years
before use while biogranules were used immediately after drying, a further test was
conducted. In the second biomineralization test, 1.5 years of stored biogranules and 4
years of stored ACDC were used. The precipitated CaCOs amounts were recorded as
386.34+ 53.4 mg CaCOg, 264.9+ 13.7 mg CaCOs, 296.7+19.3 mg CaCOgz, and 100.3+7.7
mg CaCOs for B1 (Desiccated biogranules, 50 mg.L™? Yeast extract), B3 (Desiccated
biogranules, No Yeast Extract), C1(Desiccated ACDC, 50 mg.L™ Yeast Extract) and C3
(Desiccated ACDC, No Yeast Extract) respectively in the second test. It was observed
that the storage period negatively impacted CaCOs precipitation performance in Group
B. Upon evaluating all the results, it was determined that the positive effect of yeast

extract on biomineralization became more pronounced as the shelf life increased.

Comparing the yeast-containing batches B1 and C1, and the yeast-free batches B3 and
C3, it was concluded that biogranules exhibited 30% and 164% higher MICP
performance compared to nitrate-reducing reference granular culture (ACDC) in the
second biomineralization test. Additionally, SEM micrographs and EDX analysis
revealed that the CaCOs precipitates of the biogranules obtained in the biomineralization

tests predominantly consisted of the calcite form of CaCOs.

The biogranules' ability to maintain high microbial activity under both anoxic and aerobic
conditions, with low yeast extract concentrations, indicated their potential for effective
biomineralization applications, including self-healing concrete and soil stabilization. This
study demonstrated that optimizing microbial cultures for dual metabolic activities

significantly enhanced biomineralization performance, making the produced biogranules
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a more versatile and efficient solution compared to ACDC for various environmental and
industrial applications. Future research should test these biogranules in applications such
as self-healing bioconcrete, soil stabilization, and heavy metal removal, comparing their

effectiveness to pure cultures.

In this study, synthetic nutrients were used but to reduce costs exploring alternative
nutrient sources such as process waters from the food industry is essential. The
biogranules produced in this study were found to perform urea hydrolysis and facilitate a
rapid MICP process. However, the ammonium nitrogen released from urea hydrolysis is
a pollutant and remains unutilized, representing a significant drawback of this process.
Therefore, identifying optimal biomineralization conditions that enhance the dominance
of the denitrification process without reducing biomineralization capacity is crucial to
minimizing the amount of ammonium released. In this regard, future studies should focus
on optimizing the ratios of urea, nitrate, and carbon required during biomineralization

applications to improve the sustainability of the process.

Due to the observed decline in MICP performance of desiccated biogranules after two
years, advanced storage methods to maintain microbial viability and activity over longer
periods should be developed. These methods are essential to ensure that the biogranules
remain effective for extended durations, facilitating consistent biomineralization
performance in various applications. Additionally, studies should be conducted to

determine the shelf life for both wet and dry forms of the biogranules.
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ANNEX

ANNEX 1. COD Calibration Curve
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Figure Annex 1. COD Calibration Curve
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ANNEX 2. Nitrate Reduction Reaction Kinetics

a Nitrate Reduction
100
% ¢ ® y =-0.5084x + 81.087
80 |, R?=0.9573
= 70 S
o ®..
uEh 60 | Tt
® ..
= 50 e
: ® ...
Om 40 e e
Z 30 ® .
20 '6'"'-.,.
&
10 =y
0 o o
0 30 60 90 120 150 180
Time (min)
b Nitrate Reduction
6
y =-0.0217x + 4.9578
5 . R?=0.8491
PY "‘-.- ........
. 4 L SR
z . ® I
L e R L
------- )
S 3T +
E ........... )
2 e .
I I R A R A vy
0 [ ]
0 30 60 90 120 150 180
Time (min)
C Nitrate Reduction
1
®
0.8 y = 0.0029x - 0.1165
RZ =0.3595
0.6
z
o4 b
Z et
=S N B
L o T L
02 73
.......... °
e o e _e-¢ e © © hd
Quoeeeenss™™™” 30 60 90 120 150 180
-0.2
Time (min)

Figure Annex 2. Nitrate reduction of a single cycle a) zero b) first ¢) second-order reaction

kinetics
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ANNEX 3. Urea Hydrolysis Reaction Kinetics
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Figure Annex 3. Urea hydrolysis of a single cycle a) zero b) first ¢) second-order reaction
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ANNEX 4. COD Consumption Reaction Kinetics
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