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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING AND THE ENVIRONMENT 

Water and Environmental Engineering 

Thesis for the degree of Doctor of Philosophy 

DEVELOPMENT OF GRANULES-BASED TECHNOLOGY FOR PARTIAL 

NITRIFICATION 

Simone Cinquepalmi 

Side-stream treatment is much more efficient and effective than returning the side stream to the main stream. 

Currently, partial nitrification followed by either denitrification or ANAMMOX process are being investigated 

intensively for nitrogen removal from the side stream to replace conventional nitrification-denitrification due to 
reduced energy and carbon inputs as well as less sludge production. As a precedent step, partial nitrification plays 

a critical role for the whole nitrogen removal process. Although there are a lot of research to investigate partial 

nitrification to improve its performance and stability, most of them focus on suspended sludge. Granular sludge 

as a kind of self-immobilized biofilm with compact structure and large size has distinct advantages such as high 

biomass retention, high capability to withstand the unfavourable environmental conditions (e.g. pH, toxic 
compounds and temperature) and loading shock compared with suspended sludge. Therefore, this study mainly 

focuses on the development of granule sludge based partial nitrification technology for side stream treatment.  

In the first part of this study, the rapid granulation and the performance by granular sludge for partial nitrification 

were evaluated in four 3-L sequencing batch reactors. A rapid granulation strategy by forming heterotrophic 

granules first followed by converting heterotrophic granules to partial nitrifying granules was proposed and 

validated to shorten the reactor start-up time. With this newly proposed strategy for rapid partial nitrifying 
granulation, effects of ambient temperature and temperature at 30-33 °C (the temperature of side stream from 

anaerobic digestion tank), and COD/N ratio (5 and 20) on heterotrophic granulation were investigated.  

Heterotrophic granules were formed within 9 days at 18-23 ºC and 11 days at 30-33 ºC, respectively, which is 

faster than most reported granulation periods i.e. 2-4 weeks. By quickly decreasing COD/N ratio, nitrifying 

bacteria were enriched in the formed heterotrophic granules within 30 days to treat 100 mg N L-1 influent 
nitrogen, due to the excellent retention of granular sludge in the reactors. On days 37 and 47, it can be claimed 

that heterotrophic granules have been fully converted into partial nitrifying granules in four reactors, which is 

around 35-50 days faster than the formation of nitrifying granules directly with suspended sludge by enriching 

nitrifying bacteria first. In addition, it was found that at lower temperature and COD/N, granules formed a bit 

more quickly. This part confirmed that the newly proposed strategy for the formation of partial nitrifying granules 
is very effective, which could be applied in the real situation to start up new reactors or quickly restart the crashed 

reactors.   

After the formation of partial nitrifying granules, 4 reactors were operated to evaluate their long-term nitrogen 

removal performance. The reactor operated at 18-23 ºC and 30-33 ºC achieved specific ammonium oxidation 

rates of 0.598 and 0.346 mg N mg VSS d-1, respectively, with nitrogen loading rates of 1.7 and 2.4 g N L-1 d-1, 

respectively, suggesting higher specific ammonium oxidation of nitrifying granules at ambient temperature than 

30-33 ºC. At both temperatures, ammonium removal efficiency is higher than 98% and nitrite accumulation 
efficiency is higher than 97%, indicating that temperature is not critical factor for granules to achieve partial 

nitrification. Although reactor performance was good, it was found that minerals were accumulated in granules 

gradually, resulting in mineral content as high as 80% after 70-day reactor operation. XRD analysis showed that 

Ca-phosphate in the form of hydroxyapatite (HAP) is the main inorganic compound in granules in accompany 

with small amount of CaCO3 in the form of calcite. The second part of this work thus examined this mineral 
accumulation in partial nitrifying granules in details. Partial nitrifying granules from reactors were sorted into 

groups with different granule sizes. For the smallest group with granule size from 150 to 250 µm, two distinct 

colour granules, i.e. brown and yellow, were observed. For larger group with granule size above 710 µm, only 

brown granules were observed. For all brown granules with different size ranges, ash content of granules was 

higher than 70%. Both HAP and calcite were found in brown granules with different sizes, with the former 
preferentially accumulated in the larger granules. The Ca/P ratio in granules is at around 2, which is close to 

theoretical molar ratio of Ca/P in HAP. Cycle analysis showed that 15 mg L-1 phosphate in the synthetic 

wastewater was removed by 60% in both particles range <600 µm and >2800 µm, which is mainly due to the 

reaction of phosphate with high calcium concentration in water, i.e. 100 mg/L Ca in this case (typical calcium 

concentration in tap water in Southampton) at alkaline conditions such as >8. Compact granule structure results in 
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high mass transfer resistance, which might further create a more alkaline environment in granules due to pH 

gradient to facilitate the precipitation of CaP. For yellow granules with size ranging from 150 to 250 µm, ash 

content only was 3% and specific ammonia removal rate was 35 mg N g-1 h-1, indicating that yellow granules are 

newly formed fresh granules which play a major role for nitrogen removal in the reactors. Although the structure 

of partial nitrifying granules was very stable during 150 days operation, the gradual accumulation of minerals in 
granules actually led to the reduced microbial activity. Therefore, further investigation is needed to control the 

mineral accumulation and ash content increase. 

Extracellular polymeric substances (EPS) were reported much higher in granular sludge than in suspended sludge 

because of the strong hydraulic selection pressure used to form granules, which can stimulate more EPS 

production to adhere cells to form compact aggregates. Furthermore, the interaction between EPS and metal ions, 

and the binding of metal ions with EPS provided localized high metal ion concentration, leading to a saturated 
local environment for inorganic precipitation, which were also widely reported especially in geography studies. 

The third part of this study thus intended to explore how mineral precipitates affect EPS analysis and the 

relationship between mineral precipitates and EPS in sludge and how to produce a reliable and accurate analysis 

of EPS with high mineral precipitates. It was found that high mineral precipitate in sludge mainly interfere 

protein analysis with the Lowry method. It was found that the highly bound Ca within EPS instead of free 
calcium ions in the solutions of extracted EPS, from partial nitrifying granules, reacted with Lowry reagents to 

form precipitates to interfere the optical density readings of spectrophotometer. How bound Ca with EPS can 

form inorganic precipitates with Lowry reagents was out of the study scope although it is very interesting with 

regard to the mechanism of the precipitate accumulation in partial nitrifying granules with high EPS content and 

high influent water hardness levels (in this case, high Ca ion concentration). But an improved protein analysis 
was found in this research work by simply prolonging the incubation time from 1 hr to 3 hr to allow newly 

formed precipitates to settle down to the bottom of cuvette to minimize the interference of suspended particles on 

optical density readings. After 3 hr incubation, the difference of optical readings with/without Calcium dropped 

from 38.6% to less than 0.1%, suggesting the effectiveness of this incubation prolongation for protein analysis 

with Lowry method. 

Although partial nitrifying granules are more resistant to unfavourable conditions compared with suspended 

sludge, it is still unavoidable in some circumstances that nitrifying bacteria are inhibited such as at high salinity 
levels or high toxic compound levels. The fourth part of the study examined the reactivation of inhibited 

nitrifying granules as well as suspended nitrifying sludge by exerting a weak electric field (EF). The experiment 

studied the inhibition of partial nitrifying sludge with 2-4% salinity and 50-100 mg phenol L-1, respectively. It 

was found that the application of 2 Vcm-1 electric field for 90 minutes could increase the activity of nitrifying 

granules (that were not inhibited) by 30% compared to the control. Suspended sludge showed 164% and 169% 
more activity than control after EF treatment while intact granules showed 43% and 18% more activity compared 

with the control, at 2% and 4% salinity, respectively. However, different results were obtained for phenol 

inhibition tests. After phenol shock, all sludges were not able to recover their activity completely.  The EF treated 

intact granules showed a recovery of 55% and 45%, after shock at 50 and 100 mg phenol L-1, respectively. The 

suspended sludge showed only negligible recovery after phenol inhibition, indicating granules are more resistant 
to toxic compounds than suspended sludge. In addition, it is suggested that EF treatment is effective to reactivate 

nitrifying activity after unfavourable condition shock.  

Overall, this study has demonstrated the rapid formation of partial nitrifying granules, which is promising for 

industrial application to shorten the reactor start-up period. The rapidly formed partial nitrifying granules also can 

maintain long-term stable operation, indicating its prospect to replace conventional partial nitrification by 

suspended sludge for side stream treatment. The mineral accumulation in partial nitrifying granules due to high 

water hardness level, however, needs further investigation to minimize its negative effects on the microbial 

activity although precipitation of CaP is favourable for phosphorus removal from side stream by partial nitrifying 

granules.  
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1.1. Literature review 

1.1.1. Nitrogen and the environment 

1.1.1.1. N-producing human activities 

In the last century, the nitrogen (N) input in the environment has been disturbed by human activities; among them 

can be mentioned the Haber-Bosch process (synthetic fertilizers production), fossil fuels combustion, petroleum 

refining, ceramics and cement works, mining, textile and food processing (Cowling et al., 2001, EPA, 2003). The 

consequent use of water during these activities (e.g. for cleaning the machineries or for the gaseous waste streams 

scrubbing) has produced a great amount of high N-concentrated wastewaters. In addition, N from landfills 

leachates created by the urban activity in discharging municipal solid waste, the further increase of nitrogen-

fixing legumes plantations and the application of soil N-fertilisers have all generated an expanded volume of N-

rich wastewaters. Most of these waste streams arrive to the wastewater treatment works (WWTW), where 

together to the streams coming from residences (domestic/municipal) and institutions are treated before being 

released again in the environment (e.g. rivers, sea, lakes).  

1.1.1.2. Environment and health 

The main problems caused by uncontrolled nitrogen release in the ecosystem are to be related to the forms NH4
+ 

(ammonium), NO2
- (nitrite) and NO3

- (nitrate), which represent a fundamental source of nutrients for both plants 

and algae; the presence of high concentrations of these nutrients in water bodies produces overgrowth of 

photosynthetic organisms, an example of which are the so called algal blooms (WHO, 2000). After a life cycle, 

death of both plants and algae generates the fast growth of bacteria; they remove the organic matter by depleting 

dissolved oxygen present in the aquatic environment, generating obvious harsh conditions for aerobic living 

beings. The high amount of dead plants also shields the sun light from deeper layers and generates unpleasant 

odours and colours within the water; an increase of acidity after the production of toxic sulphide (H2S) can also 

be a consequence of this dramatic situation. The whole process is generally called eutrophication and it has been 

recognized as a pollution problem in European, North American and Asian lakes and reservoirs since the mid-20th 

century (Rodhe, 1969). Normally, it affects water bodies characterised by a low turnover (coastal areas, lagoons, 

lakes, etc.) and, although sometimes it happens naturally, it mostly takes place because the ecosystem is not able 

to assimilate or recycle the great amount of nitrogen released by the human activities (EPA, 2003). 

Uncontrolled nitrate and nitrite release also threatens human health, the two nitrogen species may cause the 

development of methemoglobinemia (infantile cyanosis) and carcinogenesis; NO3
- is reduced to NO2

- in the 

digestive system and once it gets in contact with the haemoglobin present in the blood, it interferes with the 

oxygen mechanism of transport. Sometimes the affected children are also described as blue babies, due to the 

suffocation accompanied by the change of skin colour to blue (Comly, 1945, Metcalf and Eddy, 2003). Studies 

reported cases of methemoglobinemia when values of nitrate in water were higher than 10 mg L-1; for this reason, 

the standard values of nitrates in drinking water should not exceed this concentration (EPA, 2003). Several 

investigations also reported cases of gastric cancer diagnosed in patients that have ingested high amounts of 

nitrates. They would be reduced to nitrites and react with amines and amides in the stomach, forming 

nitrosamines and nitrosamides; then, they would finally reach the colon and contribute to the induction of colon 

tumours (Lijinsky, 1977). 

Nitrous oxide (N2O) is generally produced during fuel combustion and specific biological processes for ammonia 

removal from wastewater (Kampschreur et al., 2009); it is considered a very dangerous greenhouse gas (GHG) 
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and it has a global warming effect 350 times that of CO2 (Van Hulle et al., 2010). Moreover, when N2O reacts 

with oxygen in the atmosphere, it gives rise to nitric oxide (NO), another notorious GHG. 

Even if ammonium (NH4
+) is normally considered an important nutrient for life, it can eventually become toxic to 

fish; when pH rises above 8-9, most of it will be present in the un-ionised form (NH3), which may be lethal for 

fish at concentrations within the range 0.1-10 mg L-1 (EPA, 2003). Moreover, as active chemical species, its 

uncontrolled release in the environment is considered a serious problem because it is oxidized by oxygen to 

different nitrogen forms, finally producing nitric acid, which generates soil acidification during precipitations. 

1.1.2. Physicochemical N-removal processes 

Therefore, even though nitrogen compounds are necessary nutrients for life, when the normal equilibrium of the 

different species is destabilised the results are severe issues for the surrounding environment. The current 

European legislation provides the discharging requirements of total N in urban wastewater treatment plants as 

low as 15 mg L-1 and 10 mg L-1 for person equivalent of 10000-100000 and higher than 100000, respectively 

(Directive 91/271/EEC). N can be removed from wastewaters by a variety of physicochemical and biological 

processes. For a specific application the available alternatives will be evaluated on cost aspects, chemical and 

energy requirements, operational experience and process reliability. The technology chosen to treat a specific 

wastewater stream depends on factors such as nitrogen and carbon concentrations, cost-effectiveness of the 

process, effluent requirements, stream temperature and pH level, presence of toxins or biological metabolism 

inhibiting compounds. However in practice the selection of either a biological or a physicochemical process is 

determined based on the N concentration of the wastewater and on the treatment cost-effectiveness (Mulder, 

2003). When either N concentration is too low or higher than 5 g N L-1 or C/N ratio is not favourable or the 

temperature is too low, or biological inhibitors or toxins reach too high concentrations, the physical-chemical 

methods are technically and economically more feasible (Metcalf and Eddy, 2003). Among them the main 

processes actually applied in WWTW are: 

- Ion-exchange, NH4
+ contained in the wastewater is adsorbed on a zeolite structure, basically replacing 

the positive ions (e.g. Na+, K+, Ca2
+, Mg2+). Widely employed adsorbents, or exchangers, are 

clinoptilolite, analcime or chabazite (Hedström, 2001) and also the Ammonia Recovery Process (ARP) 

by chemisorption and vacuum can be mentioned (Fassbender, 2001). 

- Air stripping, the wastewater is percolated from the top of a column reactor packed with inert material, 

an upward air-flow is pumped from the bottom and goes through the bed stripping the volatile NH3 

(Laureni et al., 2013). 

- Concentration by membrane filtration, based on size exclusion (ultrafiltration and nanofiltration), or on 

a diffusive mechanism in which pressure is applied and water is forced to flow through a semi-

permeable membrane in the opposite direction of the natural osmotic flow (reverse osmosis) (Masse et 

al., 2007). 

- Concentration by vacuum evaporation, the wastewater is simply concentrated by water evaporation 

under vacuum condition. 
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- Breakpoint chlorination, NH3 in wastewater goes through a complete oxidation to gaseous N by 

reacting with chlorine (Cl-) (Pressley et al., 1972). 

- Struvite precipitation, addition of Mg2
+ and PO4

3- that react with NH4
+ ion and produce struvite 

precipitates (Shin and Lee, 1998). 

The listed technologies are effective in nitrogen removal and all of them, except for breakpoint chlorination, can 

recover nitrogen as a fertiliser or other valuable industrial by-products. Nevertheless, all these processes also 

share a common great amount of used chemicals and high costs of maintenance (Table 1.1); moreover, most of 

the concentrations of nitrogen in wastewaters treated in WWTWs are normally lower than 2 g N L-1 (EPA, 1993, 

Mulder, 2003). Therefore, recovery of nitrogen by chemical or physical technologies, at this moment, does not 

appear economically feasible; on the other hand, the biological processes still look like the most cost-effective 

and environmental friendly technology for wastewater treatment. 

 

Table 1.1 - Costs of N removing or recovering by some of the mentioned technologies and comparison with 

the main biological nitrogen removal processes (Philips et al. 2011. IWA/WEF Nutrient Removal and 

Recovery, Miami). 

Process 
Cost (US$ Kg N-1 removed 

or recover) 
Ammonia recovery 

Air Stripping 2.40 Yes 

Ion exchange (Clinoliptolite) 2.80 Yes 

ARP: chemisorption + vacuum 6.72 Yes 

Nitrification/Denitrification 1.80 No 

Nitritation/Denitritation 0.90 No 

Partial Nitrification/ANAMMOX 0.15 No 

 

 

1.1.3. Biological N-removal processes 

Traditionally, the process used for many years in WWTWs, and yet the preferred one for municipal streams, has 

been coupling the nitrification and the denitrification pathways to obtain an effluent within the limits of 

legislation; in this process the NH4
+ is oxidised to NO3

- and then reduced to N2. Recently, after more stringent 

limitations, the treatment plants started changing this trend to a more cost-effective process that aims to produce 

only NO2
- (partial nitrification or nitritation), ceasing the reaction that otherwise would proceed to nitrate 

formation; nitrite would still be reduced to N2 gas by the following denitrification (denitritation). The resulting 

process is described as nitrification/denitrification over nitrite or partial nitrification/denitritation or 

nitritation/denitritation. Further reduction of operational costs can be obtained by the application of ANaerobic 
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AMMonium OXidation (ANAMMOX) after nitritation. The partial nitrification-ANAMMOX system, compared 

to the conventional nitrification-denitrification over nitrate, actually saves up to 63% of the costs of aeration and 

up to 100% of the costs for external carbon addition. Moreover, in the innovative system the carbon dioxide 

(CO2) and the sludge production are greatly minimised (Volcke et al., 2010, Agrawal et al., 2018). The partial 

nitrification-ANAMMOX can be either obtained in two different reactors (two-stage configuration) or in one 

single reactor (one-stage configuration) also called in some studies CANON or OLAND or DEAMOX. 

Important biological-based technologies for nitrogen removal worth mentioning are also the phototrophic systems 

and the microbial electrochemical cell. The phototrophic systems take advantage of the energy from sunlight to 

remove COD and N from wastewater; two organisms are at the moment considered for streams treatment 

applications, the phototrophic purple bacteria (Hülsen et al., 2014, Hulsen, 2014, Hülsen, 2016).and the 

microalgae (single-celled algae and cyanobacteria) (Gonçalves, 2017). In the electrochemical cells the oxidation 

and reduction  reactions are separated by a membrane; the pH on the cathode side increases, generating the 

deprotonation of the ammonium to ammonia, which can easily be separated (Kuntke, 2018). Although there are  

some examples of application at full scale, both technologies are at the moment unable to achieve the discharge 

limits; this also explains why they are mainly used for tertiary treatment, otherwise an additional treatment step 

would be needed (Winkler, 2019). 

Now, before the systems just cited are described with more details, comparing advantages and disadvantages for 

each of them, an introductory paragraph about activated and granular sludge application in wastewater treatment 

and importance of extracellular polymeric substance (EPS) will be described. 

1.1.4. Granular sludge technology 

1.1.4.1. Activated VS granular sludge 

Activated sludge is a very well-known and largely used process for wastewater treatment; so far, this technology 

has been used for more than a century and the principle behind it is basically the degradation of biodegradable 

organics by a wide range of different and specialised microorganisms that float suspended in the waste stream. 

This simple and effective technology, anyhow, has few drawbacks that can be listed as: (a) large space needed for 

separation of biomass from treated water; (b) high sensitivity of microbial community to high organic loads or 

toxic chemicals; and, even if lower than chemical and physical processes, (c) high costs of operation. 

About twenty years ago, a new technology able to overcome those drawbacks was described for the first time, the 

granular sludge (Morgenroth et al., 1997, Dangcong, 1999, Tay et al., 2001a, Beun et al., 2002). Granules are 

compact, quasi-rounded aggregates of biomass and are considered a special case of biofilm growth, since they are 

not using any external carrier (e.g. in moving bed biofilm systems and fluidized bed or airlift reactors); they 

form by a fascinating, as well as not fully understood, self-immobilization process. Within the granular 

sludge several microbial communities create a strong interaction between each other, exchanging information and 

bio-products, all embedded in a sticky matrix of extracellular polymeric substance (EPS). Laboratory results have 

indicated several advantages of aerobic granular sludge over the counterpart aerobic suspended sludge, and they 

can be listed as follows: 

a) Good settling properties, shown by lower SVI30 (<50 mL g-1) than conventional activated sludge (80 

and 120 mL g-1). The particles settle 10 times faster (Xiao et al., 2008, Ni et al., 2009) and show settling 

velocity that can reach 50-90 m h-1 (Gonzalez-Gil and Holliger, 2014), depending on the size and 

density. This means that treatment and clarification can be done in the same reactor, avoiding further 
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space and costs of operation for a large secondary clarifier tank to hold the wastewater to separate the 

suspended sludge. 

b) High biomass retention, which improves the volumetric conversion capacity and the possibility to treat 

waste streams at a relatively larger loading rate (Maszenan et al., 2011). This is also beneficial to 

cultivate slow growing bacteria, i.e. nitrifying and ANAMMOX bacteria (Gonzalez-Gil and Holliger, 

2014), which reduces sludge bulking (Moy et al., 2002). Compared to flocculent sludge, granules can 

accommodate five times more biomass concentration (De Kreuk et al., 2005), which consequently 

allows the treatment works to use less land than conventional sludge based plants. 

c) Contains different environments, where both aerobic and anaerobic zones can be distinguished due to 

the oxygen and nutrients gradients along the radial direction (Liu et al., 2010a, Winkler et al., 2013b); 

this allows different biological processes to be simultaneously performed, i.e. nitrifying and 

denitrifying bacteria, phosphate accumulating organisms (PAO) and glycogen accumulating organisms 

(GAO), (Beun et al., 1999, De Kreuk et al., 2005, Qin and Liu, 2006) or partial nitrification and 

ANAMMOX (Vlaeminck et al., 2008, Shi et al., 2010). At the same time, costs of operation are 

reduced also because a higher surface area per volume of biomass can be achieved and there are no 

reactor configuration or support morphology constrains compared to conventional biofilm technology  

(de Kreuk and van Loosdrecht, 2004). 

d) High tolerance to shock loading or toxins and biological inhibiting chemicals, due to the increased mass 

transfer towards the internal layers and the high biomass concentration (Beun et al., 2000, Liu and Tay, 

2004). 

The application of granular sludge technology avoids using multiple tanks and recirculation piping and pumps, 

hence reducing the footprint and the operational costs of the wastewater treatment. This reduces the land needed 

compared to the aerobic sludge based plant by 75% and the energy consumption by 30%. This is also possible 

due to the high costs of sludge dewatering and transportation steps that would be drastically reduced with 

granules. Compared to activated sludge based processes, the operation costs for using aerobic granules could be 

reduced by 25% (Sarma and Tay, 2018a, Franca et al., 2018). 

1.1.4.2. Granulation and factors influencing the process 

The importance of this technology is well described by the previous paragraph; in addition, further knowledge 

about long-term stability and internal biological interactions of granular sludge justify the need of a better 

understanding of the mechanism behind the particles formation and structural stability. The formation of aerobic 

granules is a gradual process in which the suspended activated sludge turns into granular sludge due to 

environmental stress conditions (Liu and Tay, 2002). Because a common rule to describe the exact moment in 

which the granule forms is hard to find in literature, three main rules are considered in this thesis to define when 

granular sludge is established: (a) values of SVI5 and SVI30 lower than 80 mL g-1 and <10% difference between 

them; (b) 50% or more of biomass within the reactor represented by particle size greater than 200 μm, since flocs 

size ranges normally between 50 and 300 μm; (c) well defined and clear particles outline, visible by microscope 

or naked eye (Dangcong et al., 1999, de Kreuk et al., 2007a, Liu and Tay, 2007, Liu et al., 2010b). 

From the first time aerobic granular sludge was described, most research on the development of aerobic granular 

sludge or aerobic granulation process has been conducted using sequencing batch reactors (SBR) (Strous et al., 

1998, Dapena-Mora et al., 2004, Liu and Tay, 2004, Ruscalleda et al., 2008, López et al., 2008, Gao et al., 
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2011a). The system works in cycles that can be 3 to 6 hours long; each cycle is defined by four phases: waste 

stream filling, reaction (aeration/stirring), settling time and discharging. Since most of the studies about aerobic 

granules have used the SBR system, it can be affirmed that this kind of configuration represents an important 

factor for aerobic granulation. Among the operational factors considered to influence granulation process, settling 

time, hydraulic retention time (HRT), hydraulic stress, loading rate, periodic starvation time and height to 

diameter (H/D) ratio are the most important. 

The settling time acts as a hydraulic selection pressure on the sludge unable to settle lower than the discharging 

point, while the best settling particles will be retained in the reactor and begin the granulation process. Short 

settling times (i.e. 5 minutes) could generate large well settling aerobic granules in a SBR system, whereas a 

mixture of suspended biomass and not well settling granules were obtained when settling times longer than 15 

minutes were used (Qin et al., 2004a, Qin et al., 2004b). The long settling time allowed not well settling 

flocculent sludge to be retained in the reactor; it has been reported that flocs show a higher bacteria activity 

compared to granular sludge due to higher mass transfer limitation for nutrients and oxygen in the latter (Li and 

Liu, 2005, Liu et al., 2005b). For this reason, the forming granules could be outcompeted by the flocs and 

granulation could fail. In addition, it was also described that short settling times could select cells with a higher 

surface hydrophobicity that enhanced the EPS content in the sludge (Gao et al., 2011b), hence, increasing the 

possibilities for cell-to-cell contact and formation of granules. 

A factor influencing granules development is represented by the exchange ratio (ER); it is described as the liquid 

volume discharged at the end of the cycle over the total reactor working volume. There is some evidence that at 

higher ER a good granulation performance could be achieved; different ER have been tested and a high fraction 

of the biomass represented by granules could be obtained only if the ER was higher than 50-60%. For values 

lower than 40% a mixture of suspended sludge and granules could be observed. 

The air bubbles up-flow during reaction (aeration) step creates hydrodynamic shear stress, creating an 

homogenous circular flow and localized vortex along the reactor height; thus a circular hydraulic attrition is 

constantly applied on the bacterial aggregates (Liu et al., 2005a). This attrition is a main force to shape the 

granules to a minimum surface free energy (Liu and Tay, 2002) and the height to diameter (H/D) ratio of the SBR 

column is an important parameter to control it. Different studies have reported the correlation of this parameter 

with the structure and the stability of the aerobic granules; higher shear force induced the formation of more 

compact, rounder, denser and smaller particles (Tay et al., 2004, Gao et al., 2011b), as well as more production of 

EPS (Ohashi and Harada, 1994). This will allow more contact among the cells and a stronger and more stable 

granules structure could be obtained (Liu et al., 2004b). It has been reported that the optimum air up-flow 

superficial velocity to produce aerobic granules should be >2.0 cm s -1. A velocity <1.2 cm s-1 could indeed only 

lead to a flocculent biomass and between 1.4-2.0 cm s-1 unstable granules were achieved (Beun et al., 1999). 

The HRT of the reactor is closely related to the cycle time in an SBR system. Very short HRT in SBR systems 

has reported biomass wash-out, since not enough time was allowed for the microorganisms to grow and reach a 

minimum aggregation to remain within the reactor. On the other hand, too long HRT has led to biomass 

hydrolysis, thus resulting in interfering with biological aggregation (Chen et al., 2003a, Pan et al., 2004). A 

nitrifying SBR operated at 24 h cycle time showed no granulation, but if reduced to 3 h the complete biomass 

wash-out was observed. On the other hand, at cycle times of 6 and 12 h nitrifying granules were obtained (Tay et 

al., 2002). 
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The reaction phase is divided in degradation (feast), where the substrate is reduced to a minimum, and starvation 

(famine), when substrate is no longer available. It is thought that bacteria subject to a feast/famine regime become 

more hydrophobic and increase the cell-to-cell contacts (Bossier and Verstraete, 1996, Liu et al., 2004b). Long 

starvation times have reported to increase the EPS production in the sludge, suggesting that EPS could be used by 

bacteria to counteract the environmental stress (Tay et al., 2001b, Chen and Strevett, 2003). On one hand, short 

starvation time could reduce granulation time, but too short periods were unfavourable for long-term stability 

(Liu and Tay, 2008, Wang, 2005). Extended starvation time instead showed longer granulation time, but also 

more granules integrity and smaller sizes (Gao et al., 2011b). However, aerobic granulation could not develop in 

a SBR with a periodic feast-famine regime present if other parameters were not properly controlled (Qin et al., 

2004b, Qin et al., 2004a). 

Several studies stated that aerobic granules could be obtained at different loading rates for both heterotrophic 

(Moy et al., 2002, Liu et al., 2003) and nitrifying (Yang et al., 2004a, Qin et al., 2004c, Tsuneda et al., 2003) 

granules. They showed that the effects of substrate loading rate on the granulation process were irrelevant; on the 

other hand, the physical characteristics of the aerobic granules strongly depended on it. For instance, the mean 

size of aerobic granules increased from ~2 to 4.2 mm when the organic loading rate (OLR) changed from 6 to 9 

Kg COD m-3 d-1 (Moy et al., 2002). Except for a physical strength decrease at increasing OLRs and biological 

kinetics changes in aerobic granules, there were no significant differences in density, specific gravity, and sludge 

volume index (SVI) between granules developed at different loading rates, for what concerns dry biomass (Liu et 

al., 2003). 

1.1.4.3. Minerals precipitation within granular sludge 

Granular sludge has recently attracted much interest due to the reported precipitation of minerals in different 

biological systems; for instance, calcium phosphate (CaPO4) minerals were observed in enhanced biological 

phosphorus removal (EBPR) (Mañas, 2011, Mañas et al., 2012b), in one-step partial nitrification/ANAMMOX 

(Gonzalez-Martinez et al., 2017, Johansson et al., 2017) and pure ANAMMOX (Lin et al., 2013a). Calcium 

carbonate (CaCO3) precipitation was instead reported in aerobic granular sludge processes (Ren et al., 2008, Liu 

et al., 2016a) and a mixture of both minerals was described in anaerobic granules treating black water (Cunha et 

al., 2018a). 

Literature on the bulk precipitation of inorganic minerals in wastewater treatment processes has been extensive; it 

is common understanding that the main factors promoting bulk precipitation are pH, ions concentration (e.g. 

Ca2+, PO4
3-, CO3

2-, etc.), temperature and the presence of nucleation sites (Hammes and Verstraete, 2002, Dupraz 

et al., 2009, Mañas, 2011, Peng et al., 2018). On the other hand, it is only speculated that precipitation induced by 

bacteria within granular sludge is caused by: (a) the bacteria activity, (b) the micro-environments created within 

the granule due to mass transfer resistance and (c) the extracellular polymeric substance (EPS) composition 

(discussed in details later). 

The uncontrolled production of inorganic precipitation can represent a disadvantage for the treatment works, 

since it can generate scaling issues by covering surfaces of heat exchangers, boilers, pipes and reactors (Rathinam 

et al., 2018). In addition, decreased biological activity of the aerobic granules (Ren et al., 2008, Liu et al., 2016a) 

and increased energy costs for mixing due to solidification in the reactors bottom (Van Langerak et al., 1998). 

Nevertheless, the increased amount of minerals within granular sludge was also reported to improve the bacteria 

aggregation and the granule structure stability and settling rate (Jiang et al., 2003, Lin et al., 2013a). Importantly, 

the removal of phosphorus (P) from wastewater within granular sludge has lately attracted the interests of the 
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scientific community; this is also explained by the fact that the recovery in the solid form of a valuable product 

(i.e. struvite and hydroxyapatite) without chemical or pH adjustment would be advantageous (Desmidt et al., 

2015, Nancharaiah et al., 2016, Peng et al., 2018, Sarma and Tay, 2018b). 

Phosphorus (P) is an important nutrient for life but also an eutrophication agent if released in the environment. It 

is a necessary element for human activities (e.g. agriculture, food industry, household applications, etc.) (Desmidt 

et al., 2015) and it is mostly extracted from the phosphate rock deposits of P2O5 (Vaccari and Strigul, 2011). 

Unfortunately, it is a not-renewable source and with population increase and the endless rising application of 

fertilisers, the depletion of the element has become an urgent problem that needs to be addressed. This is why P 

removal and recovery from wastewaters within granules that could be easily harvested and separated from the rest 

of reactor seems an appealing opportunity. The production of hydroxyapatite (HAP) by aerobic granules has 

convenient advantages over the struvite precipitation by crystalliser, since the mineral can be achieved without 

any pH adjustment, due to the gradients within the particles, or need of chemicals addition (e.g. MgCl2, lime, etc.) 

or CO2 degassing, with a subsequent reduction of the WWTW costs. 

There is an industrial market (e.g. implants filling and coating, synthetic bones, corrosion resistant materials, drug 

delivery, etc.) in which calcium phosphate could be used as a substitute of phosphate rock and been processed 

using the existing infrastructures (Tervahauta et al., 2014, Peng et al., 2018). Furthermore, HAP has been 

suggested as a slow releasing fertiliser for direct application to land (Singh and Agrawal, 2008). Although it is 

considered a slightly soluble compound in soil, there are different strategies to overcome this inconvenient; for  

instance, it could be applied in acidic soils (Qiu et al., 2015), it could be pre-treated with a slightly acid solution, 

or even applied together with phosphate-solubilizing bacteria or fungi (De-Bashan and Bashan, 2004). However, 

at the moment there are still environmental risks for the direct application to soil of inorganic granules produced 

from wastewater treatment; this is due to presence of not inactivated pathogens, heavy metals and not 

biodegradable organics contained in wastewater (Havukainen et al., 2016). Good results were obtained by 

Tervahauta et al. (2014) where HAP was produced by an anaerobic digestion system treating vacuum collected 

black water, which showed very low heavy metal concentrations; anyhow, more studies would still be needed in 

the future before the harvested biomass could follow the discharge directive limits and be directly used as a 

fertiliser in agriculture. 

1.1.4.4. Extracellular polymeric substance (EPS) 

The biomass employed in wastewater treatment works is never present as a single cellular unit in the bulk 

solution but is constantly shown as aggregates, either flocculent or biofilm sludge, including granules. To keep 

the cells together is the extracellular polymeric substance (EPS), secreted by the bacteria under specific 

environment conditions (Sheng et al., 2010). Although the role played by EPS is not yet thoroughly understood, it 

is thought that it could help the adhesion to surfaces, increase the biofilm structure stability, provide cell-to-cell 

contact to favourite transport of information and it could represent some sort of protective barrier against 

environmental stresses (Wingender et al., 1999, Laspidou and Rittmann, 2002).  This would also explain its 

importance for the granulation process, as explained in the previous paragraphs. Generally, a greater content of 

EPS was described in biofilm than in suspended sludge and it is mainly composed by polysaccharides, proteins, 

humic-like molecules, lipids and nucleic acids (Tay et al., 2001c, Adav and Lee, 2008). However, proteins (PNs) 

and polysaccharides (PS) are often the most present components and for this reason they are also the most 

analysed. 

The PN/PS ratio has been described as an important parameter to describe the biofilm structure stability; there are 

studies reporting that a higher PNs concentration would justify a more stable aggregate structure (Adav and Lee, 
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2008, Zhu et al., 2013, Zhang et al., 2007), also showing association between increased PNs content during 

granulation and reduction when the particles disintegrated. On the contrary, other research states that PS instead 

would be more involved in the structure stability than PNs (Tay et al., 2001c); this was justified by the increased 

polysaccharides content under high hydrodynamic shear stress. In addition, reduced structure stability was linked 

to the increased PN/PS ratio in a study where concentration of PS present in the granule core was used by bacteria 

as carbon source when nutrients were insufficient (Sadri Moghaddam and Alavi Moghaddam, 2015); this could 

indeed explain a reduced granule structure stability due to the creation of internal empty spaces. Other studies in 

which nutrients mass transfer limitation generated a reduction of PS were also reported, specifically in an aerobic 

granular system showing excessive inorganic precipitation (Liu et al., 2015b) and in lithified layers of nature 

marine stromatolites (Kawaguchi and Decho, 2002). In these studies, the high amount of inorganic matter could 

increase the mass transfer limitation within the biofilm, causing the starving bacteria to utilise the PS as carbon 

source for growth. However, there is great confusion at the moment about EPS composition and roles on granular 

sludge, which is probably due to the not-fully standardised procedures to both extract EPS and to analyse its 

components. In addition, this is worsened by the interference between chemicals used for extraction and 

determination protocols and the extracted EPS components (Comte et al., 2006, D’Abzac et al., 2010). 

EPS matrix has showed to be able to bind cations such as Ca2+¸ Mg2+, Fe2+, Fe3+ and K+, as a not-specific process 

driven by the different elements concentration between the biomass and the bulk solution. This was suggested by 

the presence of alginate-like esopolysaccharides (ALE) molecules with their negative charges (i.e. carboxyl 

groups). The Ca2+ binding to the ALE chains was demonstrated among the most stable reaction compared to the 

other cations, as also explained by the formation of ALE-Ca-ALE bridges (Yu et al., 2001, Dupraz et al., 2009). 

These crosslinks can make the EPS structure more stable as described in some research (Wang et al., 2007b, Ren 

et al., 2008). However, in case of excessive accumulation of the metal, it also showed to induce precipitation of 

calcium carbonate and calcium phosphate crystals in anaerobic granular system (Cunha et al., 2018a), which was 

justified by the action of EPS molecules in lowering the energy needed for crystals nucleation (Dupraz et al., 

2009). The binding of ALE to other cations was also reported, for instance phosphorus was accumulating in 

granular sludge as K-struvite mainly because of the adsorption of ammonium to K+ present in EPS ALE (Lin et 

al., 2012). In a granular EBPR for P removal, K+, Mg2+ and Ca2+ were found in EPS as 44.7%, 27.7% and 28% of 

their total granule content (Wang et al., 2014b); it was described that the movement of these cations from the 

bacteria to the bulk solution was interfered with their accumulation in EPS. Also P was found to bind EPS and it 

was hypothesised this could take place through the changed conformation of the ALE-Ca-ALE bridges; an 

increase of cations amount, the absence of bulk chelating agents (e.g. VFAs as acetate) and an increased pH were 

described as the right conditions for the bridge to create enough space to allocate a molecule of PO4
3- (Lin et al., 

2013b, Sarma and Tay, 2018b). In aerobic granules  for simultaneous nitrification/denitrification a concentration 

as high as 17.6% of total removed P was found in EPS (Huang et al., 2015) and its adsorption was also reported 

by its presence on the surface of dead cells in another study (Longnecker et al., 2010).  

The extracellular polymeric substance has been extracted in several ways in literature; the used methods are 

generally classified in physical and chemical procedures. In the former category, centrifugation is often used as 

control and represents probably the mildest protocol. The speed normally used should be higher than 10000g, 

whereas when a speed lower than 5000g is used, it is likely just a matter of separating the solids from the 

extracted supernatant (Adav and Lee, 2008, Villain et al., 2010). Other extraction methods are heating 

(Wingender et al., 1999), cation exchange resin (Xie et al., 2012) and ultrasonication (Ramesh et al., 2006). The 

chemical methods are represented by addition of strong bases, surfactant, fixative, chelating agents; specifically, 

formaldehyde is paired with NaOH (Liu and Fang, 2002), formamide is used with NaOH (Adav and Lee, 2008), 

but also Ethylenediaminetetraacetic acid (EDTA) (Comte et al., 2006), ethanol (Adav and Lee, 2008) and 
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glutaraldehyde (Comte et al., 2006) were used alone. The cation exchange resin and the EDTA would act to 

remove the cations that would normally accumulate in EPS and weaken the structure stability; this would also be 

the case when raising the pH to >12 using bases, which would deprotonate and detach the cations. A mass of 

negative charges that repulse each other is formed and causes the EPS structure to crumble. The fixatives such as 

formaldehyde and formamide are employed to avoid lysis of the cells during the harsh procedures of extraction. 

They generally bind to amino, hydroxyl, carbonyl and sulfhydryl groups of proteins and nucleic acids of the cell 

membrane, therefore preventing the cells to lyse. Among these extraction procedures, the formaldehyde plus 

NaOH was often described with the highest extraction yield, without contaminating the solution with material 

from lysed cells (Comte et al., 2006, D’Abzac et al., 2010, Keithley and Kirisits, 2018). However, more recent 

research has reported that the combination of physical and chemical procedures would be more efficient than 

each alone (Adav and Lee, 2008, Zhang et al., 2012); for instance, sonication used before the formaldehyde plus 

NaOH incubation could improve the extraction yield, which was also due to the different sludge structure to 

extract the EPS from (suspended flocs or granules). 

Among the analytical procedures for the PS determination in wastewater, are the colorimetric, gravimetric, 

enzymatic, titrating and chromatographic protocols. Among them, the most widely used methods due to their 

simplicity are the colorimetric phenol-sulfuric acid (Dubois et al., 1956) and anthrone method (Gaudy, 1962). On 

the other hand, the analytical procedures for PNs analyses are the colorimetric methods of modified Lowry, 

Bradford (Bradford, 1976) and bicinchoninic (BCA) (Smith et al., 1985), and the more complicated and 

expensive resonance light-scattering, proteomics, ion-exchange chromatography and excitation-emission matrix 

spectroscopy. However, the modified Lowry method (Frølund et al., 1995, Lowry et al., 1951) remains the most 

preferred due to the accurate results and the little interference by many compounds contained in wastewater 

(Lucarini and Kilikian, 1999); in addition, the modified version of this procedure also allows the simultaneous 

measurement of humic acid. However, it has been reported in literature that this method could produce poor 

reliability or strangely fluctuating values when analysing wastewater containing cations. Specifically, 

concentrations of 0.5 and 0.9 mmol L-1 of Ca2+ and Mg2+, respectively, showed unreproducible results (Xie and 

Burnell, 1994) or even a negative amounts of PN (Westgate and Park, 2010). This could be justified by the 

alkaline reagents contained in Lowry method, i.e. 5.7 g L-1 of NaOH and 28.6 g L-1 of Na2CO3, with a final 

pH>12. Indeed, the cations at such pH would react with carbonate and precipitate. Shen et al. (2013) 

demonstrated that technologies like dialysis and cation exchange resin could remove over 90% of both Ca2+ and 

Mg2+ (3 mmol L-1), therefore eliminating the Lowry method interference. The dialysis would act as a physical 

selective membrane that would discharge molecules/atoms in the sample that are larger than the 3.5 kDa pores 

size. On the other hand, the negative charges on the resin would chemically bind the positively charged cations, 

without reacting with the rest of sample. As described above, the EPS composition is able to bind to different 

cations in the bulk solution and produce the precipitation of inorganic minerals within the biofilm. It could be 

speculated that during the EPS extraction a portion of cations bound to such mixture of organic and inorganic 

matter could be found in the final extracted solution. However, the interaction of this kind of cations with the EPS 

extraction procedures and the Lowry method PN determination is not clear yet and further investigation would be 

needed. 

1.1.5. Traditional nitrification-denitrification 

1.1.5.1. Nitritation and nitratation 

Nitrification is a process based on two different reactions, nitritation and nitratation, with hydroxylamine as an 

intermediate. It is carried out by two chemolithoautotrophic bacteria that use NH4
+ or NO2

- as energy to 
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synthesise biomass, CO2 as the carbon source and O2 as electron acceptor (Metcalf and Eddy, 2003). Commonly 

the most recognized genus of bacteria that carry out the ammonia oxidation belongs to the β-Proteobacteria 

subdivision; among all of them the Nitrosomonas is normally described, however, also Nitrosococcus, 

Nitrosopira, Nitrosovibrio and Nitrosolobus can be included in this group. Since they oxidise NH4
+ to NO2

- in 

aerobic environments they are also called aerobic ammonia oxidising bacteria (AerAOB or simply AOB). In the 

second reaction, in which the NO2
- is oxidised to NO3

-, the main responsible is generally from the Nitrobacter 

genus, even though several other genera such as Nitrospira, Nitrospina, Nitrococcus, and Nitrocystis are known 

to be involved (Teske et al., 1994, Rittmann and McCarty, 2001, Ahn, 2006). The members of this group are also 

called as nitrite oxidising bacteria (NOB). The Equations 1.1, 1.2, 1.3 and 1.4 show, respectively, the reaction of 

nitritation, nitratation, the overall reaction of nitrification and the overall nitrification reaction considering 

biomass production, respectively: 

 

NH4
+ + 1.5O2 → NO2

− + 2H+ + H2O       (1.1) 

 

NO2
− + 0.5O2 → 2NO3

−
       (1.2) 

 

NH4
+ + 2O2 → NO3

− + 2H+ + H2O       (1.3) 

 

NH4
+ + 1.83O2 + 0.098CO2 →  

0.021C5 H7O2N + 0.98NO3
− + 1.88H2CO3 + 1.041H2O   (1.4) 

 

NH4
+ is first oxidised to hydroxylamine (NH2OH) (not shown) by the membrane bound ammonia mono-

oxygenase (AMO) and the hydroxylamine oxidoreductase (HAO) in AOBs. Then, the membrane-bound nitrite 

oxidoreductase (NOR) contained in NOBs will oxidise NO2
- to NO3

- (Sinha and Annachhatre, 2007). During 

nitrification, for each g of NH4
+-N nitrified, 4.25 g of oxygen are used, 0.16 g of new nitrifying cells are produced 

and 7.07 g of alkalinity as CaCO3 are destroyed. Therefore, nitrification is an acidifying process that needs 

alkalinity control; for each mole of NH4
+ oxidised to NO3

-, two moles of HCO3
- need to be added to the medium 

(Bernat et al., 2012). It has been well described that the real substrates for AOB and NOB are the non-protonated 

species ammonia (NH3 or free ammonia FA) and nitrous acid (HNO2 or free nitrous acid FNA), respectively 

(Anthonisen et al., 1976). AOB and NOB are considered obligatory aerobic bacteria, even though it has been 

found that the former can oxidise ammonia also in anoxic environments. 

1.1.5.1.1. Nitrifying bacteria slow growth rate and system start-up 

The chemolithotropic metabolism justifies the fact that nitrifying bacteria are quite slow growing 

microorganisms. For instance, the specific growth rates of AOB and NOB are 1 and 0.5 d-1, respectively, at 35 °C 

(Khin and Annachhatre, 2004). A consequence of this is the long time needed for starting-up nitrifying processes, 

since it takes long time for the bacteria to reach a sufficient concentration in the system due to bacteria wash-out 

(Tay et al., 2002); however, this could even be longer if nitrifying granules were to be cultivated. In addition, to 

explain the slow growth rate is also the high degree of inhibition to a long list of chemicals; even ammonium and 
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nitrite in the protonated forms (NH3 and HNO2) showed to reduce both AOB and NOB activity (Anthonisen et 

al., 1976). Other reported inhibiting chemicals were phenol (Gao et al., 2017), heavy metals (Hu et al., 2003), 

antibiotics (Katsou et al., 2016), but also environment conditions like temperature and salinity (Gonzalez-Silva et 

al., 2016). Therefore, to insure the efficiency of nitrifying full-scale processes could sometime become 

challenging (Agrawal et al., 2018). Nitrifying granules processes are a fairly new technology but they play a 

fundamental role in the nitrogen removal from wastewater treatment (Sarma and Tay, 2018a); indeed, they 

represent an important defence for the autotrophic bacteria, due to the stronger and resistant structure that, 

differently from activated sludge, could reduce the extent of inhibition. In addition, the special biofilm structure 

would increase the retention time of the slow growing bacteria, avoiding wash-out from the system and 

shortening the start-up times. However, the risk of temporary change in waste stream quality, the increase of 

toxins content or a technical problem could still cause the nitrifying system failure. For instance, a case was 

described where the sudden reduction of oxygen in a simultaneous partial nitrifying/ANAMMOX reactor could 

generate system failure; stable conditions of the process could only be recovered after a month (Joss et al., 2011). 

This kind of situations would mean for the treatment works the need of purchasing new biomass, with consequent 

increase of the operational costs. 

To improve the start-up of nitrifying activated and granular sludge systems, different studies have been reported 

in literature and, among others, worth of mention are: (a) selection of inoculum from specific wastewater 

treatment processes (e.g. anoxic/oxic tank, denitrifying tank, etc.) (Tsuneda et al., 2003, Shi et al., 2009, Shi et 

al., 2010); (b) operating systems choice (e.g. SBR, air-lift, etc.) (Song et al., 2013); (c) addition of activated 

carbon (AC) particles (Bartroli et al., 2010) or (d) ground anaerobic granules to enhance granulation (Tokutomi, 

2004); (e) heterotrophic granules used as inoculum to improve biomass retention (Wan et al., 2013); (f) addition 

of metals and (g) application of magnetic field (Wang et al., 2012). Among these, it is believed that for reducing 

time of nitrifying granules systems start-up, the manipulation of the reactor operation would involve lower costs 

and would be preferred over those strategies needing accessory approaches such as AC dosage or magnetic field 

application. 

The time needed for cultivation of nitrifying granules was reported initially as 300 days in an up-flow fluidised 

bed reactor (Tsuneda et al., 2003) and 120 days in an SBR (Shi et al., 2009, Shi et al., 2010). Shorter times were 

then achieved by using an SBR inoculated with activated sludge and fed with both COD and high ammonium 

concentration; nitrifying activity was detected after 80 days and partial nitrifying granules were obtained in 146 

days (Wei et al., 2014). Partial nitrifying suspended biomass and partial nitrifying granules in a sequencing batch 

air-lift reactor were observed after 60 and 83 days, respectively (Song et al., 2013). Inoculating nitrifying sludge 

to a sequencing batch airlift reactor achieved partial nitrification and granules in 70 days (Kim and Seo, 2006). 

Nitrifying granules production was described in around 55 days in an SBR system (Chen et al., 2015); the 

inoculum used in the study was a suspended nitrifying biomass, produced in a previous experiment and stored for 

at least 2 months at 4°C. After reviving the microorganisms, the concentration of NH4
+ was rapidly increased 

from 200 till 1000 mg N L-1 in 55 days and kept constant until the end of operation. In the study, stepwise NLR 

increase (from 0.4 to 2 g L-1 d-1) and short settling time (from 10 to 7 min) were the main change parameters to 

achieve a quick granulation of nitrifying biomass. FA inhibition of granulation at such NLR was previously 

described (Yang et al., 2004b, Wang et al., 2007a), but in this study it was avoided since NH4
+ concentration in 

the effluent was always close to zero after one single cycle. Moreover, the fast granulation was also possible due 

to the stepwise shortening of settling time from 10 to 7 minutes. However, Chen et al. (2015) used already 

nitrifying activated sludge as inoculum, which would explain the quick nitrifying granulation. On the other hand, 

the amount of the autotrophic bacteria in conventional activated sludge from sewage works would be much lower 

and the accumulation in the system could take quite long time. Thus, good biomass retention should be provided 
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to minimize the risk of biomass washout and to ensure a stable treatment; strategies to achieve biomass retention 

were reported as attachment to the surface of a carrier (De Prá et al., 2012) and entrapment in gel beads 

(Furukawa et al., 2009, Qiao et al., 2010). The inoculation of heterotrophic granules was described to enhance the 

nitrifying bacteria accumulation (Wang et al., 2016); however, fresh heterotrophic granules were used in that 

study but in practice their cultivation can take time and much longer would be needed if AOB selection over the 

NOB (partial nitrification, explained later) is required. As described before, the adjustment of reactor operation 

parameters (e.g. settling time, H/D ratio, HRT, shear stress, etc.) can improve the formation of granular sludge. It 

was described that by applying high OLR and short settling times, stable heterotrophic granules could be 

produced in one week, but the particles could be observed in the system already after 24 h (Liu and Tay, 2015). 

Therefore, if these two parameters were used to form heterotrophic granules and they were enriched by AOBs, 

the total start-up period for the formation of partial nitrifying granules could be reduced. Anyway, heterotrophic 

granulation failure was described in literature by using too short settling time or HRT (Qin et al., 2004b, Qin et 

al., 2004a, Tay et al., 2002) and at so strong selection pressure it is possible that slow growing bacteria would be 

easily washed out of the reactors. Hence, optimisation of operational strategies would be needed to quickly enrich 

the nitrifying bacteria without losing heterotrophic granules structure stability and, at the same time, to produce 

stable nitrifying granules. 

1.1.5.1.2. Nitrifying bacteria activity enhancement 

In the last decade, research on novel technologies that could improve biomass activity and growth rate in parallel 

to the reduction of inhibitory effects was reported. The application of electromagnetic field and ultrasound 

technology on biological processes for wastewater treatment has showed interesting results, reporting a variety of 

effects such as improved removal of pollutants, changes in cell membrane permeability, increased biomass 

growth rate and other promising effects. Although the factors behind the effectiveness of these technologies are 

still not well understood and under investigation, it could be speculated that it could be the cellular response to a 

stressful condition, as it could be considered the irradiation with ultrasound or electromagnetic waves. This could 

also be justified by the increase of 16S rRNA gene copies (Yin et al., 2016) or the activation of heat shock 

proteins (HSP) cascade reaction. A brief introductory description of these technologies is provided in the 

following paragraphs. 

MAGNETIC FIELD - A magnetic field is generated by either solely a permanent magnet or an electromagnet in 

which movement of electric currents is provided; the latter can be made by using a power supplier connected to a 

quite long coiled wire, which should be applied around the biomass that needs treatment. The intensity of 

magnetic field used in wastewater treatment ranges between a couple of mT to hundreds. Different examples of 

applications were reported in literature. For instance, iron accumulation within nitrifying granules and the 

stimulation of EPS production was generated; granulation time in this system treating high N-strength synthetic 

wastewater was reduced from 41 to 25 days by applying a static magnetic field of 48 mT (Wang et al., 2012). In 

another study, ANAMMOX cultures inoculated in a lab-scale reactor showed that time for cultivation could be 

reduced by 25% and the NH4
+ removal activity increased by 30% compared to the untreated control by using a 

magnetic field with intensity of 60 mT (Liu et al., 2008). The AOB Nitrosomonas europaea growth rate was 

shown to be increased after static magnetic field at 17 mT was used; a range between 30 and 50 mT was 

described as improving the NH4
+ oxidation rate in a sequencing batch reactor by 77% (Filipič et al., 2015). 

Promising results were also reported on aerobic granules where the application of both permanent magnets with 

non-uniform magnetic field and an electromagnet with 3-5 mT uniform magnetic field could improve the COD 

and NH4
+ removal by 45-54% and 30-50%, respectively; in addition, EPS production at the low magnetic field 

intensities was increased of 77% compared to the untreated control (Liu et al., 2016b). 
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ULTRASOUND - The ultrasound technology was used in wastewater treatment for many applications that go 

from improvement of anaerobic biodegradability of sludge to enzyme increased activity, enhanced nutrients 

removal and more (Zhang and Jin, 2015). The sound waves (acoustic energy) are generated at frequencies higher 

than 20 kHz by ultrasound generators. Different examples of the beneficial effects of ultrasound were reported. 

The increased specific oxygen uptake was observed in activated sludge irradiated with ultrasound at 28kHz 

frequency and a power input of 50 W L-1; this was described to be generated by the higher activity of the enzyme 

protease and the increased amount of adenosine triphosphate which play important roles in bacteria activity (Zeng 

et al., 2006). In addition, the treatment effects were closely dependent on duration, showing negative effects after 

a too long irradiation. Low-intensity ultrasounds in conjunction with EDTA were showed to allow quicker 

recovery of ANAMMOX bacteria after inhibition by heavy metal Cu(II). An interesting effect was the increased 

heme c content, which was reported to increase the bacteria activity and growth rate (Zhang et al., 2015). The 

sound waves could produce a loosening of EPS and the granular sludge settling skills were improved. Another 

application of ultrasound technology was described as the inhibition of NOB activity in a partial nitrifying 

sequencing batch reactor treating a synthetic urine wastewater; ultrasounds with energy density of 0.09 kJ/mg 

VSS could generate enhancement of AOB activity up to a certain limit, after which the activity decreased. On the 

other hand, NOBs in the nitrifying activated sludge investigated were continuously inhibited and their amount 

reduced under the ultrasound effects (Zheng et al., 2015). 

ELECTRIC FIELD - An electric field (EF) can be generated by providing a potential difference (Δφ) between 

two electrodes (or plates) placed at a certain known distance (d) by using a common power supplier. The intensity 

of the uniform EF generated is intended as E: Δφ/d. This technology has been known for long time in the bio-

medical filed (Thrivikraman et al., 2018), but recent studies for its application in biological wastewater treatment 

showed promising results. As for the other two technologies, improvement of bacteria activity and increased 

growth rate were reported. For instance, the enhancement of nitrogen removal of 25.6% after treatment with 2 V 

cm-1 for 20 minutes was described in ANAMMOX biomass. The continuous application showed instead negative 

effects on the bacteria activity, but once the treatment was removed, complete recovery of  the autotrophs was 

described (Qiao et al., 2013). In a similar way, at a specific voltage an enhanced organic carbon removal was 

observed in aerobic sludge (Alshawabkeh et al., 2004); on the contrary, a treatment longer than 24 h could 

generate biomass inhibition. The EF positive effects could be linked to the permeabilisation of the cellular 

membrane as also described in Chen et al. (2006a), where pores were observed on the bacteria surface. It could be 

speculated that this could facilitate the transportation of nutrients into the cells, therefore improving the bacteria 

activity. On the other hand, it was also reported that a too high intensity or long duration of treatment could 

generate a bactericide effect, by producing an irreversible membrane permeabilisation (Wang et al., 2018). It is 

therefore important to choose carefully these two parameters, to avoid either negligible or sterilising effects. The 

importance of EF effects on bacteria activity could be shown by the change of concentration of energetic 

molecules like adenosine triphosphate (Liu et al., 2015a, Ailijiang et al., 2016) or nicotinamide adenine 

dinucleotide (NAD/NADH) (She et al., 2006) in the biological system. The ammonia monooxygenase (AMO), 

hydroxylamine oxidoreductase (HAO) and nitrite oxidoreductase (NOR) are all enzymes important for 

nitrification reaction. The electric field was reported to increase activity of all of them with a consequently 

increased bacteria N removal activity and growth rate (Ge et al., 2015). 

Compared to EF, the magnetic field and ultrasound technologies show some drawbacks, mainly represented by 

complicated theory behind the process and the need of expensive equipment (e.g. magnetic field detector, 

ultrasound generator, etc.). As explained before, to generate an electric field, relatively cost-effective equipment 

is needed. In addition, its promising effects have been well known for a long time, especially in bio-medical 

research (Thrivikraman et al., 2018), making of this technology an interesting candidate for varied applications in 



Chapter 1 - 17 

wastewater treatment. However, most of the research in literature was done to establish that biomass removal 

activity and growth rate could be enhanced; on the other hand, to the best of our knowledge, studies on EF 

application on the recovery of lost activity due to bacteria inhibition (e.g. toxic chemicals) are still missing. In 

addition, submerging the electrodes in the same solution where biomass is present represents almost the only type 

of setup used at the moment. It has been reported that the viability of bacteria could be affected by their contact to 

the electrodes (Jackman et al., 1999) or by the possibility that toxic oxygen radicals could be generated (She et 

al., 2006). Also, choosing the material to use is of concern since dissolution of the electrode or production of by-

products could reduce the positive EF effects on biomass. Therefore, it is thought that an external application of 

the electrodes as plates to the outside wall of a reactor could be advantageous and more beneficial for the system. 

1.1.5.2. Denitrification 

The denitrification process is carried out by various heterotrophic microorganisms, especially under oxygen-

reduced or anoxic conditions, which oxidise NO2
- to N2 by four steps (Equations 1.5 to 1.9). Bacteria with this 

metabolism are often found as Gram-negative α and β-Proteobacteria, some examples are Pseudomonas, 

Alcaligenes, Paracoccus and Thiobacillus, whereas Bacillus can be found from the Gram-positive group and 

some halophilic Archaea such as Halobacterium (Balows et al., 1992). They use inorganic N as electron acceptor 

instead of O2 and organic matter as energy and carbon source, represented by methanol in the equation (Metcalf 

and Eddy, 2003). 

 

NO3
− + 2e− +  2H+ → NO2

− + H2O       (1.5) 

 

NO2
− + e− +  2H+ → NO + H2O       (1.6) 

 

NO2
− + e− +  H+ → 0.5N2O + 0.5H2O      (1.7) 

 

N2O + 2e− +  2H+ → N2 + H2O       (1.8) 

 

6NO3
− + 5CH3OH → 5CO2 + 3N2 + 7H2O + 6OH−       (1.9) 

 

According to the Equations, for each g of NO3
--N reduced 3.57 g of alkalinity (as CaCO3) are produced. The 

denitrifying bacteria first oxidise NO3
- to NO2

-, then to nitric oxide (NO) and to nitrous oxide (N2O), before it is 

released in the atmosphere as N2 (Wang and Ivanov, 2010). Several carbon sources have been used for 

denitrification in WWTW, such as methanol, acetate, ethanol, lactate and glucose (Akunna et al., 1993); since it 

is inexpensive, methanol is today the most widespread organic carbon source used for denitrification process 

(Rittmann and McCarty, 2001). The alkalinity concentration increases after the production of hydroxide and the 

carbonic acid concentration in the medium is reduced; so the tendency of denitrification is to partially reverse the 
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effects of nitrification and raise the pH of the biological reaction. For waters low in alkalinity, the recovery of 

alkalinity through denitrification can be a significant benefit. Denitrifying bacteria are facultative aerobes, in 

presence of both oxygen and nitrates they can choose the former as electron acceptor because the energy 

generated per unit weight of organic matter metabolized is higher. Therefore, it is essential to keep an anoxic 

environment so that the reduction of nitrates can occur; no conversion was observed at an oxygen concentration 

above 0.2 mg L-1 (Skerman and Mac Rae, 1957). 

The traditional nitrification-denitrification process carried out in most of the WWTWs ensures high potential 

removal efficiency, high process stability and reliability, and relatively easy process control (Metcalf and Eddy, 

2003). On the other hand, it requires large footprints and high operational costs (great amount of oxygen for 

nitrification and organic source for denitrification). Because the organic carbon present in some wastewaters with 

high N concentrations (e. g. landfill leachate, reject water) is quite limited, the complete removal of nitrogen by 

the traditional technology is not cost-effective (van Dongen et al., 2001); indeed, the requirement of added 

electron donors, such as methanol, makes the full-scale denitrification process quite expensive (Khin and 

Annachhatre, 2004). Generally, the traditional nitrification-denitrification is used for treating wastewaters with 

relatively low nitrogen concentrations like the domestic streams, however, high cost we still incurred for this 

technology (Van Hulle et al., 2010). Therefore, in modern installations the complete nitrification of NH4
+ to NO3

- 

started to be substituted by nitrification to nitrite (or partial nitrification) followed by denitrification, which 

reduces oxygen, organic carbon and overall energy. In addition, further reduction of costs could be achieved by 

the complete substitution of denitrification with the ANaerobic AMMonium OXidation (ANAMMOX) process, 

following the partial nitrification tank, as explained in details later. 

1.1.6. Partial nitrification and long-term stability 

The partial nitrification reaction is the result of NOB activity inhibition, with NO2
- accumulation in the effluent 

and no or little concentration of NO3
- present; the oxidation of ammonium to nitrite in dedicated reactors can be 

achieved by means of different strategies: (a) moderately high temperatures; (b) combination of high pH and 

concentrations of NH3 and/or HNO2; (c) addition of inhibitors; (d) short SRT and HRT adjustment; (e) low 

concentration of DO; and (f) intermittent aeration. 

1.1.6.1. High temperature 

The maximum specific growth rate of NOB at the temperature of 35 °C is approximately only half of the one for 

the AOB (0.5 and 1 d-1, respectively) (Khin and Annachhatre, 2004). From experiments with pure cultures of 

AOB and NOB, an optimal temperature of 35 °C for aerobic ammonium oxidizers and 38 °C for nitrite oxidizers 

were observed (Grunditz and Dalhammar, 2001); the values of activation energy for the two groups of bacteria 

are within the range 72-60 kJ mol−1 and 43 to 47 kJ mol−1, respectively (determined in studies between 7 and 30 

°C) (Van Hulle et al., 2010). Therefore, at temperatures above 25 °C a higher increase of the specific growth rate 

of AOB than that of NOB will occur (Hellinga et al., 1998, van Dongen et al., 2001) and the former can 

effectively outcompete the latter (Brouwer et al., 1996). 

An example of process using a relatively high temperature is the SHARON (Single reactor system for High 

Activity ammonia Removal Over Nitrite) system, described the first time by a research group from Delft 

University of Technology, The Netherlands (Hellinga et al., 1998). In practice, the system is a chemostat operated 

at a temperature of 35 °C, without biomass retention, in which sludge and hydraulic retention times are equal and 

lower than 1.5 days. In addition to high temperature, NOB wash-out was also possible because of the short 

retention time selected. Although this mechanism of NOB activity inhibition seems very practical, high 
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temperatures are not generally available, especially for sewage treatment operations because of the high costs of 

energy (Lackner et al., 2014). 

1.1.6.2. FA, FNA and pH 

The real substrates for AOB and NOB are NH3 and HNO2, respectively (Anthonisen et al., 1976). At pH<6.5 the 

NH3 concentration becomes too low for sufficient growth of the AOB and vice-versa HNO2 is not sufficient for 

NOB growth at pH slightly alkaline; the reason is due to the pH-dependent equilibrium between the 

concentrations of NH3/NH4
+ and HNO2/NO2

-. In addition, both AOB and NOB are inhibited by both FA and 

FNA; the former seemed to be affected at values between 8 and 120 mg L-1 of FA, whereas the more sensitive 

NOB could be inhibited in a range between 0.08 and 0.82 mg L-1. On the other hand, FNA inhibition occurred at 

concentrations of 0.2-2.8 mg L-1 for AOB and 0.06-0.83 mg L-1 for NOB. Therefore, appropriate suppression of 

the NOB activity can be achieved by simply maintaining alkaline pH in presence of NH3. In addition, NOB are 

particularly susceptible to a changing pH, whereas AOB seem more robust to this kind of environmental stresses 

(Abeling and Seyfried, 1992). 

Several studies have applied high N concentrated wastewaters (e.g. reject water) or a step wise increase of NLR 

to inhibit NOB activity, with both suspended (Yang et al., 2010, Jin et al., 2013, Xing et al., 2013) and biofilm or 

granular sludge (Jin et al., 2008, Okabe et al., 2011, Zhang et al., 2011, Daalkhaijav and Nemati, 2013, Guillen et 

al., 2015) in continuous systems; good results were also described with SBR granular systems (Kim and Seo, 

2006, Song et al., 2013, Wei et al., 2014). However, such strategy would not be suitable for stable nitritation in a 

system treating main-stream wastewater; the concentration of NH4
+ is, indeed, much lower than the 

concentrations described in those studies and FA would not be enough to inhibit NOB activity. Moreover, the 

long-term application of high concentrations of NH3 has often reported failure of nitrite accumulation, with an 

increase of NO3
- in effluent due to an acclimation of NOB biomass (Turk and Mavinic, 1989, Peng and Zhu, 

2006). 

1.1.6.3. Dissolved oxygen 

The oxygen half saturation constant (K0) of nitritation and nitratation kinetics varies in the range of 0.25-0.5 mg 

O2 L
−1 and 0.34-2.5 mg O2 L

−1, respectively (Barnes and Bliss, 1983, Hanaki et al., 1990, Rittmann and McCarty, 

2001, Bernat et al., 2012); this means that the AOB are able to use more efficiently the electron acceptor than the 

microorganisms of the second step of nitrification, thus growing faster than NOB. The normal dissolved oxygen 

(DO) concentration necessary for nitrification is 2-4 mg L-1 and if it drops to concentrations lower than 2 mg L-1 

nitrification rate will be greatly decreased. At levels of DO in the reactor within the range 0.5 - 1.0 mg L-1, the 

growth rate of AOB is 2.6 times faster than that of NOB (Park and Noguera, 2004). 

Low DO as strategy to enhance nitritation was used by both continuous and sequencing batch systems; the 

difference in DO values between those studies was mainly due to the type of biomass used, flocculent or 

biofilm/granular. Indeed, lower DO concentrations than 2 mg L-1 were described in flocculent systems of both 

batch systems (López‐Palau et al., 2011, Pan et al., 2014) and continuous ones (Ma et al., 2009, Yang et al., 2010, 

Jin et al., 2013, Chai et al., 2015); on the other hand, higher DO concentrations than 5 mg L-1 were described for 

systems using biofilm in SBR (Shi et al., 2009, Vázquez-Padín et al., 2010, López‐Palau et al., 2011, Song et al., 

2013). Higher DO is generally expected in biofilm systems due to a gradient of oxygen along the thickness of 

particle (in case of granular biomass) (Liu et al., 2010a, Winkler et al., 2013b). Interestingly, among the 

continuous systems using biofilm described in literature, only a few were using high DO concentrations (Wan et 

al., 2013, Wan et al., 2014), whereas most of them used DO lower than 1.4 mg L-1 (De Clippeleir et al., 2011, 
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Okabe et al., 2011, Zhang et al., 2011, De Clippeleir et al., 2013, Guillen et al., 2015). This is explained by the 

fact that the final effluent was characterised by an ammonium/nitrite ratio of around 1, good for a following 

ANAMMOX reaction; indeed, the low DO inside the biofilm may produce a partial inhibition also of AOB, 

producing a not complete NH4
+ oxidation. 

A disadvantage of using low O2 is the production of a very important greenhouse gas (GHG), nitrous oxide 

(N2O). It is still debated what factors could generate this (GHG), but it is speculated that the presence of high 

NO2
- in parallel to NH4

+, the low content of organic carbon (low COD/N ratio) and limiting O2 concentrations, 

could induce AOBs to oxidise NH4
+ by NO2

- as electron acceptor instead of O2. This process is generally called 

nitrifier denitrification (Colliver and Stephenson, 2000, Desloover et al., 2011) and causes the N2O release. 

1.1.6.4. Intermittent aeration 

In this strategy, the oxygen absence induces different metabolisms to compete for the same substrate. For 

instance, in case COD was provided, denitrification would take place by heterotrophic bacteria during the anoxic 

period, which would remove available NO2
-; when aeration was to start again, NO2

- would no more be available 

for NOB metabolism, which would then be unable to reproduce and grow (Lemaire et al., 2008). In addition, after 

the anoxic period, the activity recovery of NOB has shown a delay of around 1.5 - 12 h (this time being function 

of the length of the anoxic stress) (Kornaros et al., 2010, Bournazou et al., 2013). The decay rate of AOB, on the 

other hand, resulted lower than that of NOB when exposed to anoxic conditions (Salem et al., 2006). Therefore, 

the intermittent aeration could create stimulation of AOB and at the same time inhibition of NOB activities. 

Another important role played by intermittent aeration is the oxygen concentration within biofilm structures (e.g. 

granules) at beginning and end of aeration time. At beginning of aeration oxygen will not reach the internal layers 

of biofilm due to high activity of aerobic biomass (de Kreuk et al., 2007a, de Kreuk et al., 2007b, Yilmaz et al., 

2008), but after the complete oxidation of COD and nitritation of NH4
+, O2 will fully penetrate the biofilm 

(Meyer et al., 2005); therefore, the O2 will possibly stop denitrification and stimulate NO2
- oxidation. In 

literature, O2 penetration within the biofilm could be avoided by not reducing completely the NH4
+ content in 

wastewater; different studies, indeed, confirmed that ammonium residual in the effluent could be considered 

essential for NOB out-selection (Isanta et al., 2012, De Clippeleir et al., 2013, Regmi et al., 2014). To avoid NOB 

activity, then, the aeration could be preventively stopped before the substrate NH4
+ is completely removed; 

several investigations reported good and stable nitritation by real time control on the aeration time in sequencing 

batch systems, both for suspended (Fux et al., 2006, Lemaire et al., 2008, Li et al., 2011) and biofilm (Lochmatter 

and Holliger, 2014) systems. The aeration is generally stopped after a specific parameter set-point is detected by 

the sensor, e.g. ammonia valley by the pH probe or ammonia breakpoint on the signal generated by the DO probe 

(Peng and Zhu, 2006). 

Intermittent aeration as strategy to avoid oxidation of NO2
- to NO3

- has been used widely for treatment of high N-

strength wastewater, with SBR system with both suspended (Fux et al., 2006, Lemaire et al., 2008, Li et al., 2011, 

Pan et al., 2014) and granular (Li et al., 2013) biomass. For continuous systems, instead, studies applying 

intermittent aeration to granular systems are still missing; on the other hand, research using suspended sludge to 

treat domestic wastewater at 25 °C (Regmi et al., 2014) and a special biofilm system for reject water treatment 

(Yang et al., 2015) were reported. As for the strategy of using low O2 concentrations to induce partial 

nitrification, also with intermittent aeration the production of N2O could be an issue. 
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1.1.6.5. HRT and bacteria growth rate 

The hydraulic retention time (HRT) can be another parameter that controls NO2
- shunt in the reactor; when a 

short hydraulic retention time is applied, nitrite oxidizing bacteria are likely washed out (Hellinga et al., 1998). 

This selection depends on different minimum required sludge ages by the different microorganisms, indeed the 

maximum specific growth rate of NOB is half of the AOBs at temperature of 35 °C (Khin and Annachhatre, 

2004). When substrate or DO is low, the specific growth rate of NOB (μNOB) becomes lower than the minimum 

rate needed by the biomass to reproduce within the reactor and not being washed-out:  

 

1

SRT
+ βNOB > μNOB        (1.10) 

1

SRTmin
≈ μNOB − βNOB        (1.11) 

 

In the Equations 1.10 and 1.11, SRT is the solids retention time of the system, βNOB the NOB decay rate. To wash 

out NOB microorganisms, the μNOB has to be lower than the sum of the inverse of SRTmin and biomass decay. On 

the other hand, the SRTmin is the minimum solids retention time that allows good biomass retention within a 

system (Metcalf and Eddy, 2003). Therefore, to select AOB retention over the NOB, the proper SRT should be 

designed. 

Several studies have been described to use very different HRTs, but it seems that for SBR reactors, generally, the 

shortest value achieved could be 6 h with granular sludge (Kim and Seo, 2006, Vázquez-Padín et al., 2010, 

Lochmatter et al., 2014). On the other hand, continuous systems achieved HRTs as short as 1-2 h by using 

reactors with different kinds of biofilm (e.g. RBC, bio-fringes, carriers and sponges) (Chuang et al., 2007, De 

Clippeleir et al., 2011, Okabe et al., 2011, De Clippeleir et al., 2013, Daalkhaijav and Nemati, 2013, Guillen et 

al., 2015). A continuous granular rector was run at 5.4 h and no other systems with a shorter hydraulic retention 

time have been described (Jin et al., 2008). The HRT represents, therefore, a very critical parameter for stable 

nitritation, shorter retention times could increase AOB wash out, but too high HRTs could produce an increase of 

NOB activity and destabilisation of the process. 

1.1.6.6. Inhibitors 

The inhibition of NOB by hydroxylamine has been described (Hao and Chen, 1994, van der Star et al., 2008, Xu 

et al., 2012); these microorganisms have exhibited acute and irreversible toxicity towards the intermediate of 

nitritation and this may also cause NO2
- build-up in a nitrifying system (Yang and Alleman, 1992). Another 

inhibitor described in literature was chlorate (KClO3), which selectively inhibited NOB but not AOB. Partial 

nitritation was achieved only by addition of chlorate in a granular reactor, no DO or temperature control were 

used (Xu et al., 2011). Formic, acetic, propionic and n-butyric acid were also found to have a certain inhibition on 

NO2
- oxidation, whereas no obvious effects were observed for ammonium oxidation (Van Hulle et al., 2010). 

1.1.7. ANAMMOX 

The ANAMMOX pathway is carried out by a group of chemolithoautotrophic bacteria of the order 

Planctomycete. These microorganisms oxidise NH4
+ in absence of O2 using NO2

- as the electron acceptor to 
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obtain N2; CO2 is used as sole carbon source and reduced by the same NO2
- to produce biomass (Van de Graaf et 

al., 1996). The reaction carried out by ANAMMOX has been hypothesised as follows (Strous et al., 1999): 

 

NH4
+ + 1.32NO2

− + 0.066HCO3
− + 0.13H+ →     

1.02N2 + 0.26NO3
− + 0.066CH2O0.5N0.15 + 2.03 H2O        (1.12) 

 

For each mole of NH4
+ consumed 1.32 moles of NO2

- are reduced, 1.02 moles of N2 gas and 0.26 moles of nitrate 

are produced. Two compounds are believed to be formed as intermediates, hydroxylamine (NH2OH) and 

hydrazine (N2H4) (not shown in Equation). 

ANAMMOX shows a great potential since the total nitrogen removal rates achieved could be described as high as 

26 g N L-1 d-1 by Tsushima et al. (2007) and 45 g N L-1 d-1 by Tang et al. (2010). However, to obtain an efficient 

treatment, a proper ammonium/nitrite ratio (1:1.32) should be provided to the system; therefore, ANAMMOX 

alone is generally not advisable in WWTW. 

The ANAMMOX pathway shows very interesting and promising features for wastewater treatment and they can 

be listed as follows: (a) high nitrogen removal ability; (b) no requirement for external organic carbon source; (c) 

low production of excess sludge; (d) smaller reactor footprint (up to 50% less); (e) reduction of energy demand 

and power consumption up to 60-90% (comparison with traditional nitrification-denitrification); (f) reduction of 

greenhouse gas emissions (up to 90%), consumption of HCO3
- instead of CO2 production (as in traditional 

denitrification). Therefore, this technology could be probably recognised one of the greatest breakthroughs of the 

present century in treatment of waste streams (Lackner et al., 2014, Agrawal et al., 2018). 

1.1.8. Partial nitrification and ANAMMOX 

Two configurations were described for the partial nitrification-ANAMMOX process: two-stage (PN/A), in which 

the two reactions take place in two separated reactors; one-stage or simultaneous nitritation and 

ANAMMOX (SNA), in which AOB and ANAMMOX bacteria are present in different layers of the same biofilm 

system. Most of the full-scale systems (88%) at the moment are represented by one-stage configuration 

and they are mainly located in Europe; however, there is currently a strong interest in side-stream treatment 

implementation in North America and China. The PN/A and SNA are mainly applied to side-stream wastewater 

treatment at the moment, where temperature and concentration of NH4
+ are high enough; only few studies have 

reported the application of this technology to main-stream treatment with low temperature (10-17 °C) and/or low 

NH4
+ (<100 mg N L-1) (Vázquez-Padín, 2009, De Clippeleir et al., 2011, Winkler et al., 2012b, Chang et al., 

2013, Daverey et al., 2013, De Clippeleir et al., 2013, Hu et al., 2013, Wett et al., 2013). The main problems to 

face when applying this process to those conditions are: (a) very low growth rate of biomass due to the stringent 

temperatures of operation; (b) biomass wash-out due to low net biomass production at such low nitrogen 

concentration and high flow; (c) higher activity of NOB compared to AOB at low temperatures; and (d) high N2O 

emissions when two-stage configuration is applied (Morales et al., 2015, Schaubroeck et al., 2015). 

The preference of one-stage configuration for full-scale processes is justified by: (a) high volumetric nitrogen 

removal rate (Van Hulle et al., 2010) and (b) significantly reduced investment costs due to the smaller footprint, 

lower energy for aeration and operation and lower consumption of alkalinity (Magrí et al., 2013); (c) reduced 
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inhibition of ANAMMOX by nitrite since its accumulation is avoided; (e) lower N2O emissions than two-stage 

configuration, 0.4-1.3% compared to 2.3-6.6% of the nitrogen load (Kampschreur et al., 2008, Kampschreur et 

al., 2009, Joss et al., 2009, Desloover et al., 2011). 

Although the two stage-configuration may seem less favourite from an economic point of view, it still shows 

some practical advantages for which further investigations are considered necessary; for instance it is important 

to mention the possibility of: (a) individual optimization of both reactions and process flexibility to a wider range 

of conditions (Wyffels et al., 2004, Veys et al., 2010); (b) no competition between ANAMMOX and denitrifiers 

for NO2
-; (c) absence of organic carbon, O2 and toxic compounds that could inhibit ANAMMOX (Jaroszynski 

and Oleszkiewicz, 2011). In addition, for high loaded waste streams the relatively high investment costs for a 

separated PN/A process would be compensated by possibility to retrofit previous tanks, by the lower operational 

costs and efficient nitrogen removal performance (Hao et al., 2001, Nielsen et al., 2005). Moreover, at the 

moment the main bottleneck of the ANAMMOX based processes application to the main-stream of WWTPs 

seems to be the proliferation of NOB which contribute to an excessive presence of NO3
- in the effluent (De 

Clippeleir et al., 2013, Wett et al., 2013). Perhaps, the use of a two-stage reactor configuration could allow using 

a more efficient operational strategy to avoid the NO2
- oxidizing bacteria development without affecting the 

ANAMMOX bacteria. 

1.1.9. Energy requirements for wastewater nitrogen removal 

For a specific application the available alternatives for nitrogen elimination need to be evaluated on a multitude 

of cost aspects, chemical and energy requirements, operational experience, process reliability and environmental 

impact. However, the selection of the best alternative is generally based on cost-effectiveness. For traditional 

nitrification-denitrification (N/DN) approximately 4.57 kg O2 and ~3.5 kg COD (methanol) are needed per kg of 

NH4-N converted; when PN process is used, instead, it will result in 25% savings in electricity for oxygen 

pumping (3.43 kg O2 kg-1 NH4- N) and 40% savings in costs for COD addition (~2.1 kg COD kg-1 NH4-N) 

(Figure 1.1). With PN/A and SNA, further costs for electricity for O2 pumping will be cut, no longer organic 

carbon will be necessary and sludge production will also be reduced (Figure 1.2b and c) (Ahn, 2006, Magrí et al., 

2013, Lackner et al., 2014). Nitrate produced by the ANAMMOX bacteria in both PN/A and SNA would require 

a little amount of organic carbon to be reduced to N2 gas; however, most real wastewaters contain a small amount 

of biodegradable COD, which can be used to denitrify the produced NO3
-. 

 

 

Figure 1.1 - Oxygen and COD requirements for traditional nitrification/denitrification. 
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Figure 1.2 – a) Oxygen and COD requirements for PN/ANAMMOX and b) comparison of sludge production 

between traditional nitrification/denitrification and PN/ANAMMOX (Fux et al., 2002). 

 

Table 1.2 - Process requirements for some of the main biological technologies used in WWTPs (Ahn, 2006, 

Van Hulle et al., 2010, Mulder, 2003, Lackner et al., 2014) 

Process 
Oxygen Organic neededa Alkalinity 

Sludge 

production 

kg O2 kg N-1 kg COD kg N-1 kg CaCO3 kg N-1 kg d.w. kg N-1 

Nitrification-

denitrification 
4.57 3.5 7.07 1-1.2 

Nitritation-denitritation 3.43 2.1 7.07 0.8-0.9 

Partial nitritationb- 

ANAMMOX 
1.71-2.06 - 3.81 < 0.1 

SNA 1.94 - 3.68 < 0.1 

a calculations for methanol 

b 50 to 60% partial nitritation 

 

 

The main process requirements for biological technologies in WWTPs are given in Table 1.2. The buffering 

capacity for both PN/A and SNA processes (3.81 and 3.68 kg CaCO3 kg-1 NH4-N, respectively) results lower than 

N/DN and PN (7.07 kg CaCO3 kg-1 NH4-N); moreover, for PN/A and SNA when treating some waste streams, 

e.g. reject water, further alkalinity addition is not necessary, resulting in significant pH control costs savings 

(Vlaeminck, 2009). The sludge production decreases from 1-1.2 kg d.w. kg N−1 (d.w. = dry weight) for N/DN, to 

 a) 

 b) 
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0.8-0.9 and to <0.1 kg d.w. kg N−1 for PN-denitrification and PN/A, respectively (Mulder, 2003). As a 

consequence, sludge treatment and disposal costs significantly decrease.  

High nitrite concentrations in oxygen limited environments are a major cause of N2O emissions through the 

nitrification process (Kampschreur et al., 2009). The amount of N2O emissions from the PN/A system are slightly 

higher than from an N/DN system but much higher than in SNA. In Table 1.3 are reported the energy 

requirements for some of the main processes used for nitrogen removal in WWTW; the data have been taken 

from a previous survey on energy estimation for one type of waste stream, reject water. The values are mainly 

accounting the chemicals, the electricity and the fuel used during the processes. The costs for transporting are not 

taken into account since it is considered similar to all processes. According to what the survey states, for air 

stripping operation, a great amount of sulphuric acid (H2SO4) is required for each kg of N treated to absorb the 

gaseous NH3 (H2SO4:NH3 molar ratio of 1.1:2). The process requires, in addition, calcium oxide (CaO) to 

increase the pH above 10. High energy is also needed considering the heat provided to the air/steam used in this 

technology. Struvite precipitation requires a molar Mg:P:N ratio of 1.3:1:1 that can be considered as adding 2.3 

kg Mg and 2.2 kg P for each kg of NH4-N treated. The presence of competitive cations (e.g. calcium) can produce 

some sort of influence on the process performance, resulting in the formation of other phosphate salts rather than 

struvite and arising the costs for further chemicals utilisation. During the concentration for vacuum evaporation 

great amount of energy is used to reach the right temperatures and pressures used during the process. In reverse 

osmosis systems, the retention of NH4
+ is better than that of the uncharged NH3, therefore acid addition to the 

supernatant enhances the separation performance, but at the same time increases the costs for chemicals. The 

energy for replacement of membranes should also be taken into account to calculate the costs of this technology. 

 

Table 1.3 - Estimation of running energy demand for digester supernatant treatment, N content in the supernatant 

assumed to be 2.3 g NH4-N L-1; source:(Magrí et al., 2013). 

Process Primary energy consumption (MJ m-3) 

 
per volume unit of 

supernatant processed 

per mass unit N processed (specific 

energy) 

PN/A 43 19 

Nitritation-denitritation 130 57 

Air stripping 114 50 

Struvite precipitation 136 59 

Concentration by vacuum 

evaporation 
319 139 

Concentration by reverse osmosis 124 54 

 

Based on the results of the cited survey, it is possible to understand how the biological partial 

nitrification/ANAMMOX technology represents a very promising and cost-effective technology in the 

wastewater treatment. The costs for investment in this technology are very site-specific since existing reactors 

and machinery of the WWTW could be used, instead of building new ones. These results show how PN/A and 

SNA are very promising technologies for nitrogen wastewater treatment by overcoming the high costs of 

operation and chemicals for both previous traditional biological processes and physicochemical technologies. 
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1.2. Research objectives 

1.2.1. Fast start-up of partial nitrifying granules reactor and its long-term stable operation 

Due to the importance of applying partial nitrifying technology to the removal of ammonium from high and 

middle strength wastewater, it is necessary to implement strategies that could shorten the time needed for the 

process start-up. In addition, compared to the previous research done on this topic, certain autonomy of WWTWs 

is needed and reduction of external inocula purchasing is essential. 

For these reasons, a novel strategy will be proposed in which partial nitrifying granules are quickly produced by 

using heterotrophic granules as biomass retention factor. Conventional activated sludge will be inoculated into an 

SBR reactor to quickly produce heterotrophic granules. A specific operational strategy will be used to accumulate 

nitrifying bacteria and avoid starvation of heterotrophic bacteria, granules structure disintegration and AOB 

inhibition. This will be done by adjusting the COD/N ratio during the first part of the experiment. In addition, 

since this strategy could be applied for typical anaerobic digesters effluent, the temperature effects on the fast 

heterotrophic granulation and formation of partial nitrifying granules will be investigated. 

1.2.2. Physical, chemical and biological characteristics of partial nitrifying granules treating 

middle strength ammonium wastewater with high water hardness 

Precipitation of calcium phosphate as hydroxyapatite within granular sludge represents an interesting way to 

remove and at the same time recover P from wastewater. The bio-precipitation mechanism is still not quite 

understood and most of all, no description of such process was described before in a partial nitrifying system with 

a AOBs-dominant community. 

Therefore, since minerals precipitation was observed within the granules produced in the first objective, the 

characterisation of different size partial nitrifying granules will be done. Hence, physical features, morphology 

and bioactivity will be investigated and the factors inducing bio-precipitation and the crystalline architecture of 

the precipitates discussed. 

1.2.3. Study on EPS extraction from sludge with high mineral content and relevant factors for 

reliable protein measurement 

EPS plays a fundamental role in wastewater treatment by biological systems and mostly in granular sludge 

processes. Due to the contradictory results from literature on the EPS composition, a further improvement of the 

extraction methodologies and analytical protocols is needed. The modified Lowry method determination is 

widely used for measuring the proteins content analysis in wastewater treatment; however, it is known that 

soluble cations could interact with its reagents and create erroneous measurements. When EPS is extracted by 

chemical procedures such as formaldehyde plus NaOH from granular sludge that shows mineral precipitation (i.e. 

calcium carbonate or calcium phosphate), it is thought that both minerals and soluble calcium could be found in 

the final extracted solution and interfere with the Lowry method. 

Since there is no mention of a possible interference of this kind in literature, a series of experiments will be done. 

The chemical formaldehyde/NaOH procedure will be first compared to a physical extraction, i.e. heat; then, the 

influence of calcium concentration on Lowry method will be investigated. From these studies, an optimised 

procedure to measure PN from EPS extracted from high ash content granular sludge will be produced. 



Chapter 1 - 27 

1.2.4. Reactivating ammonium removal activity of nitrifying biomass after inhibition using 

external electrostatic field 

The inhibition by chemicals contained in the wastewater is, together with the bacteria slow growing metabolism, 

another factor that explains the long time needed for nitrifying systems start-up. The positive effects of electric 

field application on the enhancement of activity and growth rate in different biological systems have been 

reported. However, no literature was found on the possible effect of this technology to recover the NH4
+ removal 

activity of nitrifying biomass after inhibition. Therefore, by using batch tests, the effects of duration and intensity 

of static electric field on activity will be investigated; then, the biomass will be fed with synthetic wastewater 

with two different inhibitors (i.e. NaCl and phenol) and the ammonium removal activity will be measured. 

Finally, the biomass will be treated by electric field technology and the activity will be analysed again. A possible 

novel application of electric field technology for enhancement of nitrifying biomass activity will be described. 

The present study investigated the effects of the electric field application on inhibited nitrifying biomass by a 

series of batch tests. First, preliminary tests will be done to find the optimal duration and intensity of the EF; then, 

the biomass will be fed with different concentrations of known inhibitors (i.e. salinity and phenol) and the 

ammonium removal will be controlled. Finally, the EF will be implemented and the effects on the inhibited 

nitrifying biomasses will be described by measuring the ammonium removal once more.
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2.1. Introduction 

For the two-stages nitrogen removal processes such as partial nitrification followed by denitrification or partial 

nitrification followed by ANAMMOX, the enrichment of ammonia oxidising bacteria (AOBs) and the inhibition 

or elimination of nitrite oxidising bacteria (NOBs) in the first stage, are of main importance (Lackner et al., 2014, 

Agrawal et al., 2018). AOBs are slow growing bacteria (Wiesmann, 1994), sensitive to many environmental 

conditions such as pH, free ammonia (FA), free nitrous acid (FNA), and other toxic compounds (Anthonisen et 

al., 1976). Therefore, how to retain AOBs in the reactor and to overcome their inhibition by the environment, 

have been extensively investigated (Soliman and Eldyasti, 2018). Compared with biomass retention technology 

(i.e. biofilm and membrane bioreactor), aerobic granular sludge is relatively new; anyhow, it shows considerable 

potential to replace activated sludge technology due to the process simplicity, great settling skills, high biomass 

retention and tolerance to inhibition (Sarma and Tay, 2018a). 

A few studies have been done on partial nitrification with aerobic granules technology and positive results have 

been obtained for real application in the practice. Due to the slow growth rate of AOBs and the combined 

requirement of both granulation and only enrichment of AOBs, however, the granulation of suspended activated 

sludge still takes long time; this was usually described as 3 - 5 months in lab-scale reactors and might take longer 

in pilot- and full-scale systems (Song et al., 2013, Wei et al., 2014). When nitrifying sludge is used as inoculum, 

the time taken to form nitrifying granules can go down to 70 days (Kim and Seo, 2006). To ensure a short 

granulation period for full scale application, different strategies were studied during the last decade. For instance, 

static magnetic field was applied to shorten nitrifying granulation period from 41 to 25 days, due to the 

enhancement of settling skills and production of extracellular polymeric substances (EPS) content in the granules 

(Wang et al., 2012). Tsuneda et al. (2004) observed a quicker nitrifying granules formation after metals addition; 

the precipitating minerals worked as nucleation sites for the bacteria to attach and the granules to develop. Both 

these two strategies are effective but need accessory approaches such as magnetic field or chemical dosage to 

accelerate nitrifying granulation, resulting in extra costs of operation. On the other hand, manipulating the reactor 

operation would involve lower costs and would be thus preferred. By stepwise increase of nitrogen (N) loading 

rate and applying short settling time, Chen et al. (2015) could reduce the nitrifying granulation period to 55 days. 

The inoculation of heterotrophic granules could specifically enhance the retention of AOBs present in 

wastewater, while NOBs were washed out (Wang et al., 2016); however, also to form heterotrophic granules 

takes time and, if considering both the heterotrophic granules formation and their enrichment with AOBs, the 

final time to achieve partially nitrifying granules would still be too long. It has been reported that combined short 

settling time and high organic loading rate (OLR) can form heterotrophic granules within 24 hours and the reactor 

can reach steady state within one week (Liu and Tay, 2015) by seeding activated sludge with a wide range of 

settling ability (i.e. from poor to good). Thus, if the short settling time and high OLR strategy was used to form 

heterotrophic granules and then they were enriched by AOBs, the total start-up period for the formation of partial 

nitrifying granules could be shortened. A strong selection pressure strategy was adopted in this study and it is 

believed that the slow growing bacteria would be easily washed out of the reactors. Thus, converting quickly 

formed heterotrophic granules to partial nitrifying granules might still take some time and some operational 

strategies have to be optimized to accelerate the enrichment process, as well as maintaining the structure of the 

formed granules. 

Therefore, this study aims to shorten the overall formation period of partial nitrifying granules by quickly 

forming heterotrophic granules first; then, they will be transformed into nitrifying granules with a specific 

operational strategy, which is mainly a step-wise decrease of COD/N, to avoid sudden starvation of heterotrophic 

granules, disintegration of granules and AOB inhibition. Since side streams after anaerobic digestion usually have 
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high temperatures (35 °C and above), this study will also investigate temperature effects on the fast formation of 

partial nitrifying granules. Furthermore, the produced partial nitrifying granules will be characterized to 

investigate the effects of the proposed strategy on their properties.  
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2.2. Materials and methods 

2.2.1. Reactors operation and inoculum 

Four Perspex columns (R1, R2, R3 and R4) with a working volume of 2.6 L and a column height to diameter ratio 

of 20 (Ø 60 mm) were operated sequentially with a cycle time of 4 hour (Figure 2.1). The cycle consisted of 10-

min feeding, 227-199 min aeration, 2-30 min settling time and 1-min discharging. The effluent was discharged 

from the middle port of the reactors, corresponding to a volumetric exchange ratio of 50%. The air was provided 

from the reactor bottom with a flow rate of 5 L min-1 (superficial velocity = 2.948 cm s-1). 

 

 

Figure 2.1– SBR configuration of reactors used in the experiment. 

 

 

The reactors were started up by inoculating 3.2 g L-1 conventional activated sludge from Portswood Municipal 

WWTP, Southampton, UK. The reactor operation was divided into four phases: phase 1, the inoculated activated 

sludge was converted into heterotrophic granules by providing high OLR and short settling time; phase 2, the 

nitrifying bacteria were enriched within heterotrophic granules by decreasing COD/N ratio until no organic 

carbon was provided; phase 3, NH4
+ concentration was quickly elevated to speed-up the AOBs enrichment; phase 

4, long-term stability of nitritation system with constant parameters. The operational conditions are also listed in 

Table 2.1. The reactors were maintained at the specific temperatures for at least three months, after which they 

had a slight increase due to summer days, i.e. 25-27 and 34-35, within R1/R3 and R2/R4, respectively. 
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Table 2.1 – Operational conditions of experiment. 

  Units R1 R2 R3 R4 

 Temperature ºC 18-23 30-33 18-23 30-33 

Phase 1 
(0-21) 

COD mg L
-1

 1000 1000 1000 1000 

NH4
+
 mg N L

-1
 50 50 200 200 

COD/N  20 20 5 5 

Phase 2 
(22-37/49

a
) 

COD mg L
-1

 1000 to 0 1000 to 0 1000 to 0 1000 to 0 

NH4
+
 mg N L

-1
 50 to 400 50 to 850 200 to 150 200 to 750 

Phase 3 
(38/50

 a
-107) 

NH4
+
 mg N L

-1
 Varied influent ammonium concentration

b
 

Phase 4 
(108-171) 

NH4
+
 mg N L

-1
 500 65 650 850 

a Phase 2 lasted till day 37 for R2 and R4 and till day 49 for R1 and R3. 

b The NH4
+ concentration was fluctuating until the values in phase 4 (R2 collapsed so the NH4

+ needed 

to be reduced). 

 

2.2.2. Medium  

The nitrogen, carbon and phosphorous sources were provided by addition of ammonium sulphate, sodium acetate 

and mono-potassium phosphate (15 mg PO4
3--P L-1), respectively. For nitrifying bacteria enrichment during phase 

2, the organic carbon concentration was stepwise reduced together with ammonium and inorganic carbon increase 

(14 mg NaHCO3 mg-1 NH4
+-N L-1 or 7.14 mg CaCO3 mg-1 NH4

+-N L-1); the bicarbonate was representing both 

the carbon source for autotrophic biomass growth and the buffer solution for neutralisation of protons produced 

by nitritation process. During phase 4, the ammonium concentrations were kept constant since the nitrifying 

granules had reached the process stability. 

Apart from carbon, nitrogen and phosphorus sources, micronutrients to the synthetic wastewater were added as 

(per litre prepared): 25 mg CaCl2•2H2O, 20 mg MgSO4•7H2O, 10 mg FeSO4•7H2O. The trace elements were (per 

litre prepared): 0.12 mg MnCl2•4H2O, 0.12 mg ZnSO4•7H2O, 0.03 mg CuSO4•5H2O, 0.05 mg 

(NH4)6Mo7O24•4H2O, 0.1 CoCl2•6H2O, 0.1 mg NiCl2•6H2O, 0.05 mg AlCl3•6H2O, 0.05 mg H3BO3. Tap water 

was used to prepare the synthetic wastewater with a total Ca2+ concentration of around 100-150 mg Ca2+ L-1. 

From phase 3 (day 47), both CaCl2 and MgSO4 were removed from feedstock, since an excessive inorganic 

carbonate precipitation within the granules occurred. The synthetic wastewater pH was not adjusted but it was 

around 7.2-7.4.  

2.2.3. Analytical methods 

The pH in the columns (during aeration) and from the effluent, was daily monitored by using a bench pH meter 

(Mettler Toledo). Sludge volume index (SVI), ash content, mixed liquor volatile suspended solids (MLVSS) and 

mixed liquor suspended solids (MLSS) and COD were measured by using standard methods (APHA, 2012); the 

settled sludge volumes were recorded after 5 and 30 minutes within a 100-mL graduated cylinder (SVI5 and 

SVI30, respectively). After granules formed, the standard method for MLVSS and MLSS analysis was replaced by 

the density method used by Beun et al. (1999) due to difficulty for homogenous sampling. Ammonium was 

measured spectrophotometrically by following the procedure in accordance with that in the manual BSI (1984), 

and using the UV-Visible spectrophotometer Cecil 3000 series (Cecil Instruments Ltd., UK). The concentration 

in solution of free ammonia and free nitrous acid (FA and FNA) was calculated by Equation 2.1 and Equation 2.2 

(Ford et al., 1980): 
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𝑁𝐻3 =
[𝑁𝐻4−𝑁]∗10𝑝𝐻

𝐾+10𝑝𝐻
        (2.1) 

 

𝐻𝑁𝑂2 =
[𝑁𝑂2−𝑁]∗10−𝑝𝐻

𝑌+10−𝑝𝐻
        (2.2) 

 

Where 

 

𝐾 = 𝑒
6334

273+𝑇         (2.3) 

 

𝑌 = 𝑒
−

2300

273+𝑇         (2.4) 

 

Anions (NO2
-, NO3

-, PO4
3-) and cations (Ca2+ and Na+) were measured by the ionic chromatographer 882 

Compact IC plus (Metrohm, Switzerland). For the anions a Metrosep A Supp 5 - 150/4.0 column was used and 

the eluent was a solution of 1 mM NaHCO3 and 3.2 mM Na2CO3. For cations the Metrosep C4 250/4.0 column 

was used with the eluent containing 1.7 mM HNO3 and 0.7 mM C7H5NO4 (dipicolinic acid or Pyridin-2,6-

dicarboxylic acid). The nitrite accumulation rate (NAR) was evaluated by using Equation 2.5, in which NO2
- and 

NO3
- are the concentrations of effluent nitrite and nitrate. 

 

𝑁𝐴𝑅 (%) = (
𝑁𝑂2

−

𝑁𝑂2
−+𝑁𝑂3

−) × 100      (2.5) 

 

2.2.4. Granules physical characteristics 

The morphology of granule external and internal surfaces was observed by halving the particle and using the 

Quanta 250 scanning electron microscopy (SEM) (FEI, Oregon, USA). Samples were first fixed overnight with a 

solution of 3% glutaraldehyde + 4% formaldehyde in 0.1 M PIPES buffer with a pH of 7.2 (even if one-hour 

incubation would be still enough for this kind of samples). Then, the specimens were washed twice for 10 

minutes with 0.1 M PIPES buffer with pH of 7.2, followed by a series of dehydration steps of 10 minutes’ washes 

with ethanol 30%, 50%, 70% and 95%; finally, two rinses with absolute ethanol lasting 20 minutes each were 

done. The samples were then dried by a Balzers CPD 030 Critical Point Drier, before being carbon coated by a 

high resolution sputter and high vacuum carbon coater (Quorum, Q150T ES. West Sussex, UK). In addition, the 

coupled energy dispersive X-ray spectroscopy (EDX) was used with SEM (EDAX, New Jersey, USA) to analyse 

qualitatively the chemical elements present in the granule. 

When particle size was smaller than 2000 μm, it was measured by a laser particle size analyser system (PSA, 

Malvern Mastersizer 2000); for particle size over 2000 μm, photos of sludge taken by Leica MZ16F 

stereomicroscope were analysed by ImageJ software. 
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2.2.5. Elemental and mineralogical analyses 

The samples were lyophilised and then ground into fine powder for qualitative element analysis by X-ray 

diffraction (XRD), using a Bruker D2 phaser (Bruker AXS Gmgh, Karlsruhe, Germany).   

Quantitative elemental composition within the granules was obtained by using a multi collector inductively 

coupled plasma emission spectrometer (X-SERIES 2 ICP-MS, Thermo Fisher Scientific, Bremen, Germany). 

Before the analysis, the sample was dried overnight at 105 °C and then ground into powder. The sample (50 mg) 

was then digested by adding 2 mL of aqua regia (a 1:3 mixture of 68% nitric acid and 36% hydrochloric acid) and 

0.5 mL perchloric acid (68%) in a Teflon digestion vessel on a hotplate (150 °C) overnight. After digestion, the 

sample went completely dry and the vessel was opened to add 10 mL of concentrated hydrochloric acid (36%); 

after evaporation of the acid, prior to ICP-MS analysis, 3% nitric acid was added to the sample. The elements 

investigated were mainly the ones contained in the synthetic feedstock solution (e.g. Na, Mg, P, K, Ca and Fe). 

Since the analyses were sensitive to minimal amounts of metals, the all procedure was done by avoiding any 

source of metals and glass (e.g. spatulas, aluminium crucibles, glass vials, etc.). The data processing was done 

using the Plasmalab software. 

The software Statistical Package for Social Science (SPSS V24, Inc., USA) was used to run a one-way ANOVA 

test to determine if the difference of ash content within the 4 reactors from day 100 to 150 was significant. 

2.2.6. Saturation index 

The saturation index (SI) of different minerals was calculated by using the software Visual MINTEQ (version 

3.3), which uses the Davies equation to calculate the activity coefficients based on the chemicals contained in the 

feedstock (Mullin, 2001). The SI for each mineral was calculated as:  

 

SI = log
IAPa

𝐾𝑠𝑝𝑎

         (2.6) 

 

Where IAPa is the ion activity product of the elements in a and Ksp is the solubility product constant of a; at 

values of SI above the zero, the compound was considered oversaturated, which means that the conditions in the 

system could favour its precipitation; on the other hand, under saturation was considered when the calculated 

values of SI were below zero. The SIs were calculated separately for R1, R2, R3 and R4 during phase 1, due to 

the different ammonium sulphate concentrations and temperatures in each. Then saturation index was also 

measured for R3 and R4 on day 70, when sodium bicarbonate and ammonium sulphate concentrations in the 

feedstock were highest. The SIs were calculated only within two reactors due to the similarity in chemicals 

concentration and pH values reported in both R1 and R2. The parameters used for SI calculations were 

temperature, pH and alkalinity and the concentrations of acetate, NH4
+-N, PO4

3--P, Ca2+, Mg2+, Fe2+, Na+, Mn2+, 

K+, Zn2+, Cu2+, Co2+, Ni2+, Al3+, H+, SO4
2-, Cl-, Mo- and BO3

-.  
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2.3. Results 

2.3.1. The fast formation of heterotrophic granules at different temperatures and COD/N ratios 

Temperature effects on granulation were studied at two different influent COD/N ratios, i.e. 5 and 20. It was 

found that the effects of COD/N ratios on graduation were similar at two different temperatures. In this case, only 

results with COD/N ratio of 5 from R3 and R4 were discussed. Figure 2.2 shows the profiles of SVI5, MLVSS, 

sludge volume percentage with particle size smaller than 200 μm (volume <200 μm) and sludge mean size in R3 

at 18-23 °C and R4 at 30-33 °C, during the granulation period from day 0 to day 21 (phase 1). It can be seen that 

SVI5 increased sharply in both reactors in the first 3 days and then decreased quickly to less than 100 mL g-1 after 

day 7. This phenomenon is in agreement with Liu et al. (2010b) and Liu et al. (2011), indicating a typical change 

of SVI5 for fast granulation. Once SVI reduced to less than 100 mL g-1, the average sludge size started to increase 

quickly (Figure 2.2d) along with the decrease in sludge volume percentage with particle size smaller than 200 μm 

(Figure 2.2c). Although SVI5 in both reactors are similar, sludge size increased more quickly in R3 at 18-23 °C 

(Figure 2.2d), resulting in higher biomass concentration in R3 (Figure 2.2b). On day 21, MLVSS in R3 at 

ambient temperature reached 4.6 g L-1 while it was only 3.0 g L-1 in R4 at 30-33 °C. Based on the definition of 

granulation by Liu and Tay (2007) that sludge volume percentage with particle size smaller than 200 μm below 

50% represents the formation of granule dominant sludge, granular sludge formed on day 9 in R3 at 18-23 °C 

while it was on day 11 in R4 at 30-33 °C. 
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Figure 2.2 - a) profiles of SVI5, b) MLVSS, c) sludge volume percentages with size smaller than 200 μm and d) 

sludge mean size over time during phase 1 in R3 (18-23 ºC) and R4 (30-33 ºC) with 200 mg NH4
+-N L-1 of 

influent N and COD/N of 5. 

c) 

d) 

b) a) 
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This suggests that higher temperature has a slightly negative effect on granulation in the lab-scale reactors, but 

this effect might be magnified in larger scale reactors because larger scale reactors took longer time to form 

granules (Ni et al., 2009, Liu et al., 2010b). If side-stream from digester was directly used to start up a granular 

sludge reactor, it is expected that granulation would be slower.  

For real wastewater treatment in the practice, it is less likely to adjust COD/N ratio by reducing N concentration. 

Thus, it is necessary to study if high influent ammonium nitrogen concentration affects the rapid formation of 

granules. Since effects of COD/N ratio on granulation were not affected by temperature, only the results from 

reactors run at 30-33 °C were shown in Figure 2.3. Both SVI5 values increased within the first 3 days with a 

following quick decrease to less than 100 mL g-1 within a week. The sludge in R4 with influent ammonium at 200 

mg NH4
+-N L-1 showed a quicker increment in size, reaching 1000 μm on day 14. Based on the definition of 

granule dominant sludge mentioned above, granular sludge formed on day 11 in R4, while after day 13 in R2 run 

with influent ammonium concentration of 50 mg L-1. Because of faster granulation, R4 achieved higher biomass 

accumulation with a concentration of 3.0 g MLVSS L-1, whereas it was 1.8 g MLVSS L-1 in R2 on day 21. These 

results suggest that 200 mg NH4
+-N L-1 in influent and a lower carbon to nitrogen ratio facilitate a slightly 

quicker granulation. This is good for the start-up of such systems because it means that the variable ammonium 

concentration range, especially a high influent ammonium concentration and a low COD/N ratio, will not limit 

the process applicability. 
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Figure 2.3 - a) profiles of SVI5, b) MLVSS, c) sludge volume percentages with size smaller than 200 μm and d) 

sludge mean size over time during phase 1 in R2 (COD/N at 20 and 50 mg NH4
+-N L-1) and R4 (COD/N at 5 and 

200 mg NH4
+-N L-1) at operational temperature of 30-33 ºC. 

a) 

c) 

d) 

b) 
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In these four reactors with different operation temperatures and influent ammonium concentrations, only 

heterotrophic bacteria grew dominantly as short settling time was adopted for the rapid granulation without 

ammonia oxidizing bacteria accumulating. The growth rate of heterotrophic bacteria at higher temperature and 

high COD/N ratio (low ammonium concentration without inhibition from ammonium) is higher than that at lower 

temperature and low COD/N ratio. The higher growth rate of heterotrophic bacteria in the study range resulted in 

slower granulation. Therefore, ambient temperature and higher ammonium concentration are favourable to the 

formation of heterotrophic granules. 

2.3.2. Transforming heterotrophic granules into nitrifying granules by enriching nitrifying 

bacteria in rapidly formed heterotrophic granular sludge during phase 2  

On day 14, both R3 and R4 showed pure granules, whereas sludge in R1 and R2 was a mixture of granules and 

suspended sludge.  On day 20, all sludge in 4 reactors was almost pure granules. To transform heterotrophic 

granules to nitrifying granules, a step-wise increase in influent NH4
+-N and decrease in COD were carried out 

from day 21. The influent ammonium concentration was increased from 100 mg NH4
+-N L-1 step wisely with 

COD decreased concurrently over the time (Figure 2.4). COD supply to R2 and R4 was completely stopped in the 

synthetic wastewater from day 38, and from day 47 and 49 for R1 and R3, respectively. By the end of phase 2, 

heterotrophic granules were completely transformed into autotrophic nitrifying granules with 400, 850, 150 and 

750 mg L-1 influent NH4
+-N in R1, R2, R3 and R4, respectively. 
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Figure 2.4 - Profiles of nitrogen species and COD over the time during phase 2 in a) R1 and R2 and b) R3 and 

R4. 

a) 

b) 



Chapter 2 - 40 

On day 21, the removed COD over the removed N ratios for R1 and R2 were 23.19 and 19.19, respectively, 

which are very close to the typical COD/N ratio, i.e. 20, for assimilation of  heterotrophic sludge (Metcalf and 

Eddy, 2003). However, the removed COD/N ratios were around 10 in both R3 and R4 from day 0, suggesting that 

ammonium oxidizing bacteria were already present in the inoculum and quickly accumulated within the systems 

with influent NH4
+ concentration of 200 mg NH4

+-N L-1. The nitrifying bacteria were able to enrich quickly in 

granules once granules formed due to the retention of granular sludge and long sludge retention time. 

Nitrification activity was observed on day 27 and 35 in R2 and R1, respectively.  

On day 58, NH4
+ removal efficiency was 92.15, 96.19, 95.87 and 99.14% for R1, R2, R3 and R4, respectively, 

with influent NH4
+ concentrations of 700, 900, 600 and 1000 mg NH4

+-N L-1, corresponding to 1.89, 2.45, 1.61 

and 2.72 g NH4
+-N L-1 d-1 nitrogen loading rates (NLRs). This indicates that higher temperature in R2 and R4 is 

beneficial for the rapid enrichment of nitrifying bacteria due to the higher specific growth rate of nitrifying 

bacteria at higher temperature. In all reactors, ammonium was mainly oxidized to nitrite with negligible nitrate 

production (less than 10 mg L-1). Within 37 days, heterotrophic granules were completely transformed into partial 

nitrifying granules to treat nitrogen rich wastewater with influent NH4
+-N concentration as high as 950 mg L-1 at 

30-33 °C and 650 mg L-1 at ambient temperature. Similar results were also reported by Chen et al. (2015) where 

nitrifying granules could treat 1000 mg NH4
+-N L-1 in less than 55 days from reactor start-up. However, nitrifying 

sludge was inoculated in their reactors while activated sludge was inoculated in our study. The strategy used in 

this study to form heterotrophic granules rapidly first and then transform heterotrophic granules to nitrifying 

granules, results in the quicker formation of  partial nitrifying granules compared with 70 and 146 days reported 

in other studies (Kim and Seo, 2006, Song et al., 2013, Wei et al., 2014). 

After day 58, influent NH4
+ concentration was further increased (Figure 2.5) but all reactors gradually showed 

reduced ammonium removal efficiency with high effluent ammonium concentration (even >400 mg NH4
+-N L-1). 

The reactors instability was explained by the concomitant increase of free ammonia (FA) concentration, as 

showed in Figure 2.6a; the reached FA in R2 and R4 was higher than 120 mg N L-1 on day 52, which was 

previously described in literature as the highest concentration at which AOB activity could be inhibited 

(Anthonisen et al., 1976). On the contrary, the free nitrous acid (FNA) was shown not to be a reason for the 

partial nitrification inhibition, as showed by the lower concentration in Figure 2.6b. Most seriously, R2 almost 

collapsed and the influent ammonium concentration had to be reduced to 50 mg NH4
+-N L-1. From day 70, 

influent NH4
+ concentrations in other reactors were decreased to get low effluent ammonium concentration, and 

from day 107, influent NH4
+-N concentrations were supplied stably at 500. 50, 650 and 850 mg L-1 in 4 reactors, 

respectively, with stable performance. These performances are comparable to similar granular systems from 

previous research (Kim and Seo, 2006, Vázquez-Padín et al., 2010, Song et al., 2013, Shi et al., 2011), although 

unlike the mixed metabolisms in those studies a pure nitrifying community was achieved in our experiment. 
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Figure 2.5 - Profiles of nitrogen species over the time during phases 2-4 with COD reduced quickly to 0 and 

NH4
+-N increased to certain values in a) R1 and R2 and b) R3 and R4. 

 

 

 

 

Figure 2.6 – Concentrations of a) free ammonia (FA) and b) free nitrous acid (FNA) over the operation time with 

the inreased influent NH4
+-N concentration. 
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2.3.3. Mineral accumulation in partial nitrifying granules over the operation time 

During the long-term operational period, it was found that mineral was accumulated in granular sludge, leading to 

high ash content of granules. As shown in Figure 2.7, the sludge in four reactors showed excellent settleability 

with SVI5 lower than 70 mL g-1 during granules formation. At the same time, the ash percentage in all reactors 

increased slightly from an average value of 17.86 ± 0.32 % on day 0 to 19.16-35.31 % in 4 reactors on day 21, i.e. 

the end of phase 1 for graduation (Figure 2.7a). Once granules formed, ash contents of granules increased steeply 

during phase 2, resulting in dense granules with SVI5 of 14, 5, 23 and 8 mL g-1, respectively, on day 59 (Figure 

2.7b). A similar high ash accumulation within aerobic granules coupled with such low SVIs was also described 

by other research in literature (Liu et al., 2015). Ash content remained constant from this moment until the end of 

the experiment. It is to note that partial nitrifying granules in R2 and R4 at temperature of 30-33 °C showed the 

lower SVI5 and the higher ash content compared with those at ambient temperature. Since Ca2+ concentration in 

tap water is around 100 mg L-1, additional dose of Ca2+ and Mg2+ for the preparation of synthetic wastewater 

were removed from day 47. But ash content kept rising till day 70-90 with ash content of 52.0, 79.9, 45.4 and 
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Figure 2.7 – a) ash content, b) SVI5 and c) MLSS-MLVSS along the whole experiment in the four reactors; in the 

first plot the three distinct stages, from left to right, of ash generation are shown (slight, high and negligible ash 

increase rate, respectively). 
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67.2 % in R1, R2, R3 and R4, respectively. One-way ANOVA test showed there was statistically significant 

difference (p<0.05) between the ash content in the four reactors during phase 4. 

Since granules ash content, reactor operation and performance were stable after day 106 during phase 4, nitrogen 

removal performance of the four reactors on days 58 (the end of phase 2), 106 (the end of phase 3) and 121 (a 

typical day during phase 4) were compared. As shown in Table 2.2, specific ammonium oxidation rate (sAOR) in 

all reactors dropped from day 58 to day 106, suggesting reduced nitrifying activities. During this period, ash 

content increase in partial nitrifying granules was noticed. From day 106 to day 121, sAOR in all reactors were 

relatively stable although there was still a slight decrease. That the increased ash content in granules led to the 

reduced microbial activities was already reported in continuous reactor operation with heterotrophic granules by 

Liu et al. (2015b). There is great possibility that the reduced nitrifying activity in this study was also due to the 

high ash content in granules. 

 

 

Table 2.2 - Ammonia removal performances and nitrite accumulation before and after biomass instability during 

phase 3 and after stable conditions were achieved during phase 4. 

 
Unit R1 R2 R3 R4 

Day 58 106 121 58 106 121 58 106 121 58 106 121 

NLR mg NH4
+-N L-1 d-1 1889 1318 - 2454 134 - 1614 1726 - 2719 2438 - 

AOR mg NH4
+
-N L

-1
 d

-1
 1615 1307 1280 2114 29.00 156 1449 1710 2040 2450 2178 1638 

sAOR mg NH4
+
-N mg

-1
 VSS d

-1
 0.906 0.537 0.460 1.095 0.049 0.293 0.733 0.543 0.598 0.606 0.478 0.346 

NH4
+
 

removal 
% 92.15 99.19 99.88 96.19 22.00 11.68 95.87 99.10 99.87 99.14 98.69 99.84 

NAR % 98.09 97.98 95.58 97.94 54.14 29.72 96.60 98.22 94.32 98.68 98.87 94.87 

R1 and R3: 18-23 °C; R2 and R4: 30-33 °C. NLR = Nitrogen Loading Rate, AOR = Ammonium Oxidation Rate, 

sAOR = specific Ammonium Oxidation Rate, NAR = Nitrite Accumulation Rate. Day 121 corresponds to a cycle 

analysis. 

 

Table 2.3 - ICP-MS analysis. Preliminary results on the concentration of main elements within R3 and R4 

granules ash on day 107, at the end of phase 3. 

 Unit Na Mg P K Ca Fe 

R3 mg g-1 TSS 12.79 0.59 76.80 0.94 172.30 2.94 

R4 mg g-1 TSS 11.42 0.91 40.86 0.36 254.40 3.05 

Tap water mg L-1 13.95 2.18 0.10 1.70 102.70 0.027 

Feedstock elements mg L-1 7210.00-3285.71 1.97 15.20 19.28 7.76 2.00 

 

2.3.4. Characterization of partial nitrifying granules 

To investigate the ash in nitrifying granules and possible reasons for the excessive ash accumulation, ICP-MS 

analyses were carried out for granules from R3 and R4, and mineral results are shown in Table 2.3. It was found 

that contents of elements Na, Mg, K, and Fe in granules are comparable to those reported in aerobic granules (Liu 
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et al., 2015b, Liu et al., 2016a) , but elements P and Ca are extremely high. A typical P content in activated 

sludge is usually less than 1% (Metcalf and Eddy, 2003), but in this study, P content in granules from R3 and R4 

reached 7.7% and 4.1%, respectively, which are comparable to those in the sludge from EBPR with the 

accumulation of poly-phosphate (Mañas et al., 2012b). From P and Ca content in nitrifying granules, it is 

reasonable to speculate that CaP precipitates might be accumulated. According to Ca/P molar ratio of 1.74 in 

granules from R3 and 4.83 from granules from R4, it can be speculated that hydroxyapatite could be the main 

calcium precipitate as 1.74 is very close to 1.67, the theoretical Ca/P ratio of hydroxyapatite.  In contrast, Ca/P 

molar ratio in granules from R4 was as high as 4.83, indicating other calcium precipitate such as calcium 

carbonate might be formed together with CaP. The main difference between R3 and R4 is reactor operation 

temperature, which could affect the precipitate species in nitrifying granules with higher temperature facilitating 

other calcium precipitates. To identify the calcium source, tap water was also analysed, and it was found that 

calcium concentration in the tap water was as high as 102.70 mg L-1, because of chalk aquifer in Southampton, 

UK.  

The saturation indexes calculated at the specific reactors’ conditions confirmed the high calcium and phosphorus 

concentrations measured by ICP analyses. Table 2.4 shows that calcium phosphate as hydroxyapatite was the 

main mineral expected to precipitate in all reactors and during all experiment phases (SI higher than 9). 

Accumulation of calcium carbonate under the forms of calcite, aragonite and vaterite were also expected but in 

much lower extent. The high SI for hydroxyapatite was previously described in a similar autotrophic system 

without COD and with a pH higher than 8 (Johansson et al., 2017). On the other hand, much lower SIs were 

achieved in mixed bacteria systems (Mañas, 2011, Cunha et al., 2018a, Cunha et al., 2018b) where pH was lower 

than 8 and COD was provided.  

To understand the element distribution in granules, they were halved and both exterior surface and core part were 

analysed by SEM/EDX.  It can be seen from Figure 2.8 that the main element on the exterior surface in granules 

from R3 and R4 is carbon, followed by sulphur, oxygen, nitrogen, phosphorus and other metals but with very 

little calcium content. This indicates that the exterior surface is mainly composed of organic matters which could 

be biomass. However, the element distribution in the core part is quite different from that exterior surface. It was 

found that calcium and phosphorus were the main elements, which are much more than others, indicating the 

 

 

Table 2.4 – Saturation index results  

D
a
y

  HYDROXYAPATITE  CALCITE ARAGONITE VATERITE 

 Ca5(PO4)3(OH)  CaCO3 

21a 

R1 12.494  0.215 0.068  

R2 12.626  0.314 0.173  

R3 11.939  0.015   

R4 12.070     

70b 
R3 9.913  1.569 1.422 0.99 

R4 9.508  1.712 1.572 1.159 

108 

R1 10.491  2.152 2.005 1.573 

R2 12.619  1.555 1.414 1.001 

R3 9.894  2.148 2.000 1.568 

R4 8.941  2.209 2.071 1.663 
a pH considered for calculations was 8.7 and temperature was 20 °C for R1/R3 and 30 °C 

for R2/R4. 
b pH considered for calculations was 8.65 and temperature was 20 °C for R3 and 30 °C for 

R4. 
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Figure 2.8 – EDX analysis; preliminary elemental composition of the a) external and b) internal surfaces of R3 

granules and c) external and d) internal surfaces of R4 granule during phase 4 (day 126). 

b) 

a) 

c) 

d) 
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dominance of CaP precipitates. The similar element distribution was previously described for both heterotrophic 

aerobic granules (Ren et al., 2008) and EBPR granules with 30-35% of ash contents by other researchers (Mañas, 

2011), who reported that external layers of granules were mainly composed of microorganisms with high contents 

of C, N and O, whereas inorganic matter such as Ca and P elements were much higher towards the core of the 

particles.  There are two assumptions to explain this phenomenon. One is that inorganic precipitates form in the 

wastewater first, which then act as carriers for bacteria to attach and form granules. The other possibility is that 

granule structure and high EPS content in granules could provide favourable micro-environment for 

biomineralization. No matter which assumption is tenable, the bacteria tend to grow on the surface due to easy 

access to nutrients and oxygen in water without mass transfer resistance. 

Although XRD is not able to detect amorphous precipitates, it is a good way to study which crystals could be in 

the ash. From Figure 2.9 it can be seen that mainly hydroxyapatite (Ca10(PO4)6(OH)2) and calcite (CaCO3) were 

identified in granules from R3 and R4. XRD results in Figure 2.9 are highly in agreement with ICP results, 

showing more calcite than hydroxyapatite in R4 granules but much less calcite in R3 granules. This further 

confirms that CaP is the main precipitate in R3 granules while both CaCO3 and CaPO4 are dominant precipitates 

in R4 granules. 
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Figure 2.9 - XRD analysis; the inorganic solid phases present within granules ash from R3 and R4 (day 121).  
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Figure 2.10 - SEM microscopy of R4 granules on day 113. a) External and b) internal surface of half cut granule, 

c) detail of a spherical structure on the granule external surface, c.1) crystal agglomeration on top of spherical 

structure, d) detail of external surface around the spherical structure on granule, e) details of bacillus and coccoid 

bacteria surrounded by an unknown clear material (arrow) and f) other bacteria embedded in EPS (white arrows). 

 

 

In Figure 2.10a and b, SEM photos are shown of the external and internal surface of half cut granules. A granule 

from R4 on day 113 shows similar cauliflower structures on the surface with curds as reported by others (Liu et 

al., 2004a, Lemaire et al., 2008, Gonzalez-Gil and Holliger, 2014), although they look sparser (Figure 2.10a). 

These curds (Figure 2.10c) are mainly composed of tightly aggregated bacteria, with some inorganic precipitate-

like substance scattered on the surface (Figure 2.10c.1). This indicates that some precipitation could occur in the 

bulk solution and then deposit on the surface of granules by some forces. Also, in the area surrounding the curds 

d) c) 

a) b) 

c.1) 

e) f) 
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the bacteria showed precipitate-like substance, but the cells looked less compact (Figure 2.10d). Meanwhile, it 

was noted that bacteria were embedded in EPS substances with scattered clusters of amorphous precipitates 

(arrows). It is still unclear, but it is speculated that these precipitates were facilitated to form by EPS and bacteria 

by creating favourable local conditions such as high pH, high calcium, phosphate and carbonate concentrations 

(Lin et al., 2012, Sarma and Tay, 2018a). The clusters were also observed in the core of granules as shown in 

Figure 2.10e (arrow), and the precipitates size was around 1-2 μm. It has been verified by other experiments in 

our laboratory that organic molecule such as EPS can enhance precipitation (data not shown). Therefore, there is 

still possibility for precipitates form inside of granules as well. 

For the morphology of granules from different reactors on day 142 with the average ash content of 82.0 and 

67.2% in R2 and R4, and 57.7 and 59.8 in R1 and R3, respectively, stereoscopy observations were done (Figure 

2.11). Although influent NH4
+-N to R2 was just 50 mg L-1, but 850 mg L-1 to R4, it was observed that granular 

sludge looked like similar with lighter colour at 30-33 ºC compared with granules from R1 and R3 at ambient 

temperature. In addition, more fragments were observed in R2 and R4. The calcified granules usually exhibit 

lighter colour (Liu et al., 2015b, Johansson et al., 2017). Also, there is possibility that calcified granules at high 

temperature are easier to break into pieces for the growth of new granules; granules structure instability due to 

reduced nutrients mass transfer was already described in literature (Lemaire et al., 2008, Yuan et al., 2017).  

 

 

 

  

 

Figure 2.11 - Stereomicroscopy images; granular biomass from a) R1, b) R2, c) R3 and d) R4, during stable 

operation on day 142. Black and white arrows represent a granule fragment and a normal entire granule, 

respectively. Bar = 1000 μm. 

 

b) a) 

c) d) 
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2.4. Discussion 

2.4.1. Temperature and COD/N ratio effects on quick granulation 

Since granulation is a gradual process in which suspended sludge turns into granular one, it may be hard to find a 

common rule in literature to describe the exact moment when this change takes place; anyhow, in this study three 

main requirements were selected to describe achieved granulation: (a) SVI5 and SVI30 lower than 80 mL g-1 and 

difference between them lower than 10%; (b) 50% or more of biomass within the reactor represented by particle 

size greater than 200 μm; (c) well defined and clear particles outline, visible by microscope or naked eye 

(Dangcong et al., 1999, de Kreuk et al., 2007a, Liu and Tay, 2007, Liu et al., 2010b). The SVI pattern showed by 

all reactors during phase 1 was well in agreement with the ones reported by Liu et al. (2010b) and Liu et al. 

(2011), indicating that SVI increase followed by a decrease is a kind of adaption behaviour of sludge under 

selection pressure for granulation. 

2.4.1.1. Temperature 

From our study, a higher temperature influenced negatively the granulation process, as shown by the slower rate 

of R4 to reach 90% of sludge volume of particles with size greater than 200 μm; at the same time, R4 was 

described by both smaller granules mean size and slower size increase rate than R3, with a lower biomass 

concentration at the end of phase 1 compared to the reactors run at lower temperature. The failure of granulation 

in systems run at higher temperatures was already described in literature. For instance, stable granules were 

obtained in Ebrahimi et al. (2010) in a SBR column with a starting temperature of 20 °C and a stepwise increase 

up to 30 °C; on the other hand, the reactor run at 30 °C from the beginning produced fluffy granules with poor 

settling skills. In Syutsubo et al. (1997) it was cited an experiment in which a thermophilic UASB system run for 

300 days produced granules with a delay of 200 days due to the poor settleability of sludge which remarkably 

deteriorated during the first 100 days. To overcome this problem, mesophilic sludge was used instead as seeding 

material and then transformed to thermophilic by increasing the temperature stepwise. It has been described by 

van Loosdrecht et al. (1995) that an efficient way to enhance the stability of granules, or biofilm in general, is to 

slow down the growth rate of the microorganisms within it. de Kreuk and van Loosdrecht (2004) choose to select 

slow growing phosphate accumulating organisms (PAO) to achieve a smooth, dense and more stable granular 

sludge, while studying the effects of both high and low oxygen concentrations on the process. This would also be 

confirmed by Picioreanu et al. (1998) in which biofilm’s stability was negatively affected by biomass at 

maximum density in biofilm, maximum specific microbial growth rate and granule radius or biofilm thickness. 

The slower growing bacteria in the reactors run at lower temperature in the present study could generate more 

stable granules, which consequently could shorten the granular sludge formation period.  

During phase 4 at stable conditions, although R4 was run at 33 °C, a higher sAOR was observed in R3 which was 

kept at room temperature for the entire experiment. The main reason that explains this discrepancy may be the 

greater amount of inorganic matter accumulated in the former, as also described by ICP results; the presence of 

precipitates in aerobic granules was already described in  Liu et al. (2016a) to reduce the bacteria activity. In 

addition, the replacement of the microorganisms with inorganic matter increased the nutrients mass transfer 

limitations in the granule internals, which consequently reduced its structure stability. It was reported that the 

excessive precipitation in both aerobic granules (Liu et al., 2015b) and in lithified layers of natural marine 

stromatolites (Kawaguchi and Decho, 2002), could induce the bacteria to start degrading polysaccharides. These 

were described in literature as a possible organic source for biomass growth in case of nutrients scarcity (Wang et 

al., 2010, Sadri Moghaddam and Alavi Moghaddam, 2015). Therefore, their removal could produce empty spaces 
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in the granules and reduce the whole particle structure strength. This would explain the reduced stability observed 

in R4 during granulation at higher temperature and consequently the particles fragmentation in phase 4, which 

generated a further lower ammonium activity. 

2.4.1.2. COD/N ratio 

The reactors run at lower COD/N ratio showed a quicker increase of the amount of sludge with a size greater than 

200 μm, with both biomass concentration and granule mean size reaching higher values and in a shorter time than 

the reactors fed with higher COD/N ratio. As already described by Liu et al. (2004a), lowering the COD/N ratio 

could enhance the nitrifying bacteria population at the expenses of the heterotrophic community within activated 

granular sludge treating synthetic wastewater. Since the maximum growth rate of nitrifying microorganisms was 

described ten times lower than the one for heterotrophic bacteria (Wiesmann, 1994), it could be confirmed that 

the enrichment of slow growing nitrifying bacteria within the system could achieve a quicker granulation due to 

the higher granules stability (van Loosdrecht et al., 1995, Picioreanu et al., 1998). 

2.4.2. Novel strategy to quickly produce nitritating granular sludge 

To maximise the slow growing nitrifying biomass enrichment in the system, in our study good biomass retention 

was provided; the heterotrophic granules were produced in short time by using stringent reactor operations (i.e. 

settling time and high OLR) as previously described (Liu and Tay, 2015). This strategy selected only the bacteria 

able of creating cells-to-cells connections, which formed heavier particles able to settle quickly and to be retained 

within the reactor (Liu and Tay, 2002); then, the high OLR provided the feed to allow fast heterotrophic bacteria 

growth and consequently the formation of mature granules (Moy et al., 2002). The special structure of the 

granules could act to retain the bacteria and avoid the washout of the slow growing AOBs. Then, COD/N was 

quickly decreased to enrich the granules with autotrophic bacteria as also reported by Liu et al. (2004a), but this 

was possible also thanks to the step-by-step NH4
+ increase in the influent whenever its concentration in effluent 

was negligible, which could avoid the inhibition of the sensitive AOBs by free ammonia (Chen et al., 2015). The 

maximum or max FA concentration within the reactors was measured as high as 70.90 mg L-1 during granulation, 

which has been previously described as inhibiting either the bacteria activity and/or the granulation process 

(Yang et al., 2004b, Wang et al., 2007a, Peyong et al., 2012). However, the obtained quick granulation 

demonstrated that no inhibition was observed at the present study’s conditions, showing the strength of the 

strategy. From literature, the shortest time nitrifying granules were produced from common activated sludge were 

described in the range of 80-150 days. Specifically, nitrifying activity was detected after 80 days and partial 

nitrifying granules were produced after 146 days in a SBR treating synthetic wastewater (Wei et al., 2014). Partial 

nitrifying suspended biomass and partial nitrifying granules were observed in a sequencing batch air-lift reactor 

after 60 and 83 days from start-up, respectively (Song et al., 2013). Shorter times, i.e. 70 days, were described 

when a sequencing batch airlift reactor (SBAR) was inoculated directly with nitrifying sludge (Kim and Seo, 

2006). When stepwise NLR increase (from 0.4 to 2 g L-1 d-1) and short settling time (from 10 to 7 min) were 

applied to a nitrifying sludge SBR, quicker granulation of nitrifying biomass was achieved in 55 days (Chen et 

al., 2015). In the present study, in which the heterotrophic granules acted as a biomass retaining factor, the start-

up time of granular nitritating system was reduced as never described before in literature and complete nitritation 

could be confirmed in around 29 days in R2 and R4, 36 and 46 days within R1 and R3, respectively. All reactors 

showed mainly production of nitrite and the achieved biomass activity at the different conditions resulted in 

agreement with the ones found in literature for NO2
- production (Kim and Seo, 2006, Vázquez-Padín et al., 2010, 

Shi et al., 2011, Song et al., 2013).  
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The presented strategy showed to produce a nitritating system in very short time, which could be helpful to 

achieve fast start-ups of failed systems treating high-N loaded waste streams. In addition, this strategy could be 

applicable in most of WWTPs, since the autotrophic granules could be easily formed by using general activated 

sludge from the aeration tank, without a nitrifying biomass source; finally, there was no need to use expensive 

reactors setups or synthetic carriers or complicated equipment (e.g. magnetic field), or adding chemicals (e.g. 

lime, calcium or iron). 

2.4.3. Mineral precipitation 

Bulk precipitation is induced by specific conditions, generally ruled by factors such as pH, ions concentration 

(e.g. Ca2+, PO4
3-, CO3

2-, Mg2+ and Fe2+), temperature and the presence of nucleation sites (Hammes and 

Verstraete, 2002, Dupraz et al., 2009, Mañas, 2011, Peng et al., 2018). As explained by Maurer et al. (1999), 

solubility of calcium phosphate is lower than 15 mg P L-1 at pH between 7.4 and 7.5 (T=20 °C and Ca=60 mg L-

1); whereas, the solubility of calcium carbonate is around 13 mg L-1 in pure water, but at ambient CO2 pressure 

(pCO2 = 3.5 x 10-4 atm) it increases up to around 47 mg L-1 (19 mg Ca L-1) (Geyssant et al., 2001). Therefore, it is 

expected that at the conditions studied in the present research and in most common WWTP processes, bulk 

precipitation could occur. 

In literature, both calcium carbonate precipitation (Ren et al., 2008, Juang et al., 2010, Liu et al., 2016a) and 

phosphorous accumulation as hydroxyapatite (HAP) (Mañas, 2011, Huang et al., 2015, Mañas et al., 2012a, 

Johansson et al., 2017) within granular sludge due to microorganisms-induced precipitation (MIP) have been 

described. Although a clear mechanism has not yet been illustrated in literature, five main factors were 

considered in the present study to induce or modulate MIP within the granular sludge instead of in the bulk 

solution: a) temperature, b) activity of specific microorganisms, c) mass transfer resistance, d) granules retention 

time and e) EPS structure. 

It is to notice that the inorganic material accumulated much more quickly at higher temperature in R2 and R4 at 

33 °C than in R1 and R3. For what concerns CaCO3, this can be justified by the increased CO2 stripping through 

evaporation (Castanier et al., 1999). A decreased pCO2 would indeed lower the CaCO3 solubility, whereas at 

constant CO2 pressure the CaCO3 solubility is reduced with a higher temperature (Miller, 1952). In addition, 

greater mineral accumulation would be emphasised by the increased AOBs activity that could further deplete 

pCO2 within the granules. On the other hand, CaPO4 minerals solubility generally increases with temperature, but 

for some forms like HAP and octacalcium phosphate the solubility decreases at higher temperatures (House, 

1999). A higher temperature would also mean faster heterotrophic metabolism of acetate-consuming bacteria 

which would produce alkalinity, as previously described by Ren et al. (2008) and Liu et al. (2016). COD was 

removed from all reactors at the end of phase 2, therefore a consequent increase of bicarbonate and carbonate 

concentration would be expected. Beside the amount of precipitation, different temperatures induced different 

speciation of precipitates in our study. Although the medium for R3 and R4 in phase 4 were almost the same, 

hydroxyapatite was mainly found in the former, whereas a mixture of HAP and calcite was found in R4 run at 

higher temperature. In a similar way, precipitation of mainly hydroxyapatite was described in a granular 

simultaneous partial nitrification/ANAMMOX system run at  25 °C (Johansson et al., 2017). When the 

temperature of the autotrophic process was then increased to 35 °C both hydroxyapatite and calcite were 

encountered (Gonzalez-Martinez et al., 2017).  In addition, it was showed that the increased process temperature 

from 25 to 50 °C could raise the chemical precipitation of calcite over other minerals of around 90 % (Weiss et 

al., 2014). Therefore, the present study outcomes suggest that temperature plays an important role for 
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precipitation in granules and the higher temperature facilitates both more precipitation and more diverse species 

accumulation. 

From the EDX analyses (Figure 2.8) we could confirm previous investigations results, showing that it is within 

the core of granules that the conditions are perfect for the minerals to accumulate (Mañas et al., 2012b, Huang et 

al., 2015). It has been described indeed that due to both activity of microorganisms and mass transfer resistance, 

the pH and the concentration of specific ions can be different from the bulk solution, showing a gradient pattern. 

Gieseke et al. (2006) measured that the pH within a biofilm could reach lower values compared to the bulk 

solution due to the bacteria proton release. Ren et al. (2008) and Liu et al. (2016a) showed that the acetate 

metabolism of heterotrophs producing carbon dioxide, could shift the equilibrium CO2/CO3
2- to the carbonate 

production; then, because of the granule mass transfer resistance, carbonate concentration would show higher 

values within the granule’s core than in the bulk solution. Higher phosphate concentrations and/or pH values 

within the granule interior were reported also in EBPR (Mañas, 2011, Mañas et al., 2012a, Winkler et al., 2013a), 

and partial nitrification/ANAMMOX processes (Gonzalez-Martinez et al., 2017, Johansson et al., 2017); in the 

former, the PAOs would be releasing phosphate and at the same time increasing the pH after the acetate 

utilization, whereas in the latter the ANAMMOX activity would be the main factor increasing the hydroxide ions 

concentration within the granules, which would produce a subsequent pH increase. During phase 1, the pH values 

at the beginning of cycle within all reactors were recorded continuously as close to 9, due to the heterotrophic 

metabolism of acetate-consuming bacteria producing alkalinity (Ren et al., 2008, Liu et al., 2016a). At the same 

time, the calcium concentration of tap water provided for the feedstock preparation was in the range 100-150 mg 

Ca2+ L-1. Therefore, as stated before, the pH and concentration of calcium and carbonate would be higher within 

the granule core than in the bulk solution, explaining why precipitation would be expected within the granules. 

Although calcite accumulation was expected at the studied conditions, for hydroxyapatite precipitation a further 

explanation is needed. Even though many natural water environments are oversaturated and should show HAP 

precipitation, this does not happen very often; because of the quite slow kinetics of hydroxyapatite precipitation, 

precursors of it are generally the first to form (Moutin et al., 1992, House, 1993). As also described by Ostwald’s 

law of stages, it is not the most thermodynamically stable phase that forms first, but the more soluble in water 

instead (Nývlt, 1995). Since the hydroxyapatite precursors (i.e. amorphous calcium phosphate and octacalcium 

phosphate) have higher solubility product constants than HAP (Cunha et al., 2018a), they will accumulate first 

within the granules; then, because of the long retention time of granules within the system (Winkler et al., 2012a), 

the more stable and least soluble HAP will form. Therefore, even with high pH and calcium concentration within 

the granules, the main limiting factor for the hydroxyapatite accumulation in the systems stays in the long 

retention time that granular sludge can provide. 

Different pHs in the same system have showed in literature to generate different precipitation of HAP and calcite. 

For a process with pH between 9 and 10, in presence of carbonate, calcium phosphate was the only mineral found 

to precipitate, whereas at lower pH than 8 or higher than 10 the two minerals would co-precipitate (Song et al., 

2002). During phase 4, when stable conditions were provided, R4 granules showed an average particle size 

smaller than the one in R3 of 1 mm (data not shown). It could be speculated that the different sizes could generate 

different pHs within the granules. This could eventually explain the precipitation of solely hydroxyapatite within 

a larger particle where pH ranged 9-10. Although the cycle analyses showed a pH of at least 8.6, a higher granule 

internal pH due to mass transfer limitations and to dissolution of minerals as a protons consuming process (Plant 

and House, 2002) would be expected. In addition, it is also speculated that nitrifier denitrification activity was 

present in all reactors, since part of the NH4
+ in the influent was not converted to NO2

-, but to N2O instead 

(Colliver and Stephenson, 2000, Desloover et al., 2011). The AOBs can indeed switch to this pathway, especially 
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with conditions of low O2 concentrations. Due to the larger diameter in R3, the granules generated a higher mass 

transfer limitation for O2, which would increase the nitrifier denitrification activity and consequently explain the 

higher pH within larger size granules. On the other hand, the smaller particles in R4 would show lower nitrifier 

denitrification and therefore a lower pH due to the normal proton generating nitrification pathway of AOBs. 

Therefore, different precipitates species could be generated due to the different granules size and consequently 

pH values within the particles. CaCO3 precipitation would take place together with calcium phosphate within the 

smaller particles in R4, whereas only CaPO4 would be found within larger granules. 

It has been described in literature how Ca2+ plays an important role in the granular structure adjustments (Yu et 

al., 2001, Jiang et al., 2003, Li et al., 2009, Huang et al., 2015); the alginate-like exopolysaccharides (ALE) 

contained in EPS have negative groups that can bind bulk cations (e.g. Ca2+, Mg2+, Na+, K+). ALEs find the 

highest affinity with Ca2+, which can create bridges among other ALE chains. These crosslinks act as the granules 

backbone and are the reason of the gel-like conformation of granular sludge (Lin et al., 2012, Wang et al., 

2014b). The present study showed that the precipitating material was well in contact with the EPS surrounding 

the bacteria. It is possible that a very strong connection could be formed between the EPS molecules and 

precipitating deposits, as also shown by their persistent presence after several washes with ethanol and the whole 

SEM samples preparation. Sarma and Tay (2018b) hypothesised that an increasing cations amount, the absence of 

bulk chelating agents (e.g. VFAs as acetate) and an increase of pH, could together change the bridge 

conformation to a more suitable one able to host a molecule of phosphate; Huang et al. (2015) found that 17.6% 

of total removed P was actually accumulating in the EPS. In Sarma and Tay (2018b) there is no mention about 

carbonate as molecule binding to the calcium bridges at the above-mentioned conditions; anyhow, carbonate 

anions could behave as phosphate in reacting with Ca2+ and producing the calcium carbonate precipitates due to 

the atomic structure similarity (two negative charged oxygen). It is therefore confirmed once again in the present 

study the fundamental importance that EPS structure and composition may play in mineral precipitation.  

Calcium phosphate precipitation as HAP due to MIP was previously described mainly in EBPR granular systems, 

where a high concentration of phosphorus was present due to PAOs release in anaerobic conditions (Mañas, 

2011, Filali et al., 2012, Mañas et al., 2012a, Winkler et al., 2013a); the only studies describing this precipitate in 

an autotrophic system were done by Gonzalez-Martinez et al. (2017) and Johansson et al. (2017) in a one-step 

partial nitrification/ANAMMOX process. MIP was also described in a pure ANAMMOX full-scale reactor, 

where HAP and whitlockite were found to accumulate within the granules which gained a stronger structure and 

good settleability (Lin et al., 2013a). Investigations on precipitation within pure partial nitrifying granular 

systems are missing now in literature, which explains why the present study can be of importance to the scientific 

community. Preliminary results from ICP-MS analyses showed molar Ca/P ratio for R3 granules as high as 1.73, 

which is close to the literature value 1.67 for hydroxyapatite (Mañas et al., 2012b, Peng et al., 2018); this could 

also confirm the results obtained from the XRD analyses (Figure 2.9), in which the best matching phase for R3 

granules was indeed almost pure HAP. The concentration of P used in the synthetic wastewater in our study (15 

mg P L-1) was much lower than the literature values, which are ranging between 30 and 50 mg P L-1 (Lin et al., 

2003, Mañas, 2011, Li et al., 2014b, Cunha et al., 2018a). Anyhow, the total inorganic P accumulated (41 and 77 

mg P L-1 in R3 and R4, respectively) was similar to the other studies, confirming that the specific process was 

able to accumulate a fair amount of P even though it was fed with low P-content wastewaters.  

These are still preliminary results but it can be speculated that the production of HAP granules would be 

convenient as it could be a suitable substitute of phosphate rock in the already present industrial market (e.g. 

implants filling and coating, synthetic bones, corrosion resistant materials, drug delivery, etc.) (Peng et al., 2018, 

Tervahauta et al., 2014). The production of hydroxyapatite by aerobic granules would show convenient 
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advantages over previous technologies (i.e. struvite precipitation by MIP), since no pH adjustment or need of 

chemicals addition (e.g. MgCl2, lime, etc.) or carbon dioxide degassing would be needed, with obvious reduction 

of the WWTP costs (De-Bashan and Bashan, 2004, Desmidt et al., 2015, Nancharaiah et al., 2016, Peng et al., 

2018, Sarma and Tay, 2018b). Although HAP is considered a slightly soluble compound in soil, it has been 

suggested as a slow releasing fertiliser for direct application to land (Singh and Agrawal, 2008); indeed, there are 

acidic soils where solubilisation could be enhanced (Qiu et al., 2015) or HAP could be pre-treated with a slightly 

acid solution before application, or even phosphate-solubilizing bacteria or fungi (PSB or PSF) could be used to 

overcome the solubility problem (De-Bashan and Bashan, 2004). 

2.5. Conclusions 

The results described in Chapter 2 showed the possibility of cultivating partial nitrifying granules in a lab-scale 

SBR in the remarkable short time of 30 days. In addition, compared to other previous research, conventional 

activated sludge from the aeration tank of urban wastewater treatment works was used as inoculum. This showed 

basically that operation costs for starting-up a partial nitrifying granular system can be radically reduced since no 

chemicals nor special biofilm carriers nor expensive equipment were used. NOB activity was efficiently inhibited 

for more than three months, but it is speculated that a different strategy be used to keep nitrate production low. 

This was also confirmed by the results obtained in Chapter 5, where partial nitrifying granules stored for 6 

months at 4 °C showed that NOB activity had recovered. However, those granules were cultivated for only 2 

months and stored for 6, whereas the granules in Chapter 2 were cultivated for 5 months and stored for three, 

which are quite different and difficult to be compared. 

Literature about the granulation process at different temperatures is missing at the moment but interesting results 

were found during the experiment described in Chapter 2; it can be affirmed that aerobic granules stability could 

be enhanced in systems run at lower temperature 18-23 °C and COD/N ratio=5, compared to the ones from the 

reactor at 30-33 °C with higher organic carbon. This could be justified by the general bacterial reduced growth 

rate induced by the lower temperature and enrichment of slow growing nitrifying bacteria, which could produce 

granules in shorter time and with a denser structure. An important consequence of these findings is the possibility 

to use this technology at reduced operational costs since milder temperatures would be implemented. In addition, 

lower temperatures could ensure a more stable long-term granular sludge system able to recover to loading stress. 

2.6. Experimental weaknesses 

During phase 2, when N load was step-wise incremented, the slow increasing concentration of ammonium (and 

most importantly ammonia) measured in the effluent was underestimated. For this reason, the nitrifying bacteria 

faced a load shock that likely generated the granules instability and ended with their fragmentation. A slower 

ammonium increase in the feedstock and the continuous measurement of ammonia in the effluent would be 

advisable for future application of the presented quick granulation strategy. 

Although the controlled lab-scale experiment revealed interesting outcomes about temperature and COD/N 

influence over granulation, it would have been useful to compare the synthetic feedstock to real wastewater 

streams or in presence of specific contaminants and toxins. Also, a synthetic wastewater with diluted calcium 

content or a different pH range, could have clearly shown their role played during granulation. 

The decision of removing completely the COD from the synthetic feedstock at the end of the experiment was due 

to the need to use the autotrophic granules for the following ANAMMOX bacteria accumulation. Unfortunately, 

resources and time were insufficient and ANAMMOX activity within the systems could never be detected. 

However, after more literature review, it was understood that low amount of COD in the anaerobic environment 
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could have actually helped the accumulation of ANAMMOX. Therefore, the complete removal of COD only at 

the end of the experiment from the synthetic wastewater was considered a misjudgement.  

The experiment lasted 5 months but this period appeared to be not enough to confirm the stability of the just 

produced granules. This was also seen with the fragmentation of R4 granules and the increase of biomass 

concentration in R1 and R3 at the end of experiment. A longer trial would have probably shown more stable 

granules. 

During SEM and EDX analyses, only a small number of granules were analysed. Unfortunately, the resources 

and the time were not enough, but it would have been advisable to test a larger number of samples for a reliable 

comparison. In addition, elemental analysis was performed essentially after the granules have matured in the 

system. The continuous monitoring and the mass balance of elements like calcium, phosphorus and bicarbonate 

during the experiment early stages would have likely helped understanding their involvement in the granulation 

time and in the stability of the process.
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3.1. Introduction 

Compared with conventional oxidation of ammonium to nitrate by full nitrification, partial nitrification is able to 

save costs on aeration, sludge management and the provision of external organic carbon source (Lackner et al., 

2014, Agrawal et al., 2018). Nitrifying bacteria are sensitive to environmental stresses such as toxic compounds, 

temperature and extreme pH; however, this can be reduced when granular sludge technology is applied, due to 

mass transfer resistance resulted by large size and high density (Sarma and Tay, 2018a). Granules have played an 

important role in the wastewater treatment during the last decade thanks to great settling properties, the high 

tolerance to shock loadings and the possibility to contain different microenvironments (aerobic and anaerobic). 

Bacteria induced precipitation of inorganic matter within granular sludge has been controversially described in 

literature. The uncontrolled precipitation within the granules could on one hand represent a disadvantage for the 

wastewater treatment, since it may cause decreased biological activity (Ren et al., 2008, Liu et al., 2016a) and 

increased costs of energy for mixing (Van Langerak et al., 1998). On the other hand, in synergy with nutrients 

removal from wastewater, controlled biological precipitation within granular sludge would serve as a new 

technology to remove and collect those minerals that otherwise would generate scaling issues in pipes and 

reactors (Rathinam et al., 2018). Scaling is normally linked to the presence of soluble salts like calcium phosphate 

and calcium carbonate in the waste streams; recovery of calcium phosphate within the granules could be 

convenient since they could be suitable substitutes of phosphate rock in the already present industrial market (e.g. 

implants filling and coating, synthetic bones, corrosion resistant materials, drug delivery, etc.) and been processed 

using the existing infrastructures (Tervahauta et al., 2014, Peng et al., 2018). 

It is common understanding that the main factors promoting bulk precipitation are pH, ions concentration (e.g. 

Ca2+, PO4
3-, CO3

2-, etc.), temperature and the presence of nucleation sites (Hammes and Verstraete, 2002, Dupraz 

et al., 2009, Mañas, 2011, Peng et al., 2018). The biological processes for wastewater treatment in which 

bacteria-induced precipitation was previously described are quite various; accumulation of calcium phosphate 

minerals was observed in enhanced biological phosphorus removal (EBPR) (Mañas, 2011, Mañas et al., 2012b), 

one-step partial nitrification/ANAMMOX (Gonzalez-Martinez et al., 2017, Johansson et al., 2017) and 

ANAMMOX (Lin et al., 2013a). Calcium carbonate precipitation was reported among the others in aerobic 

granular sludge processes (Ren et al., 2008, Liu et al., 2016a). It is speculated that bio-precipitation is mainly 

caused by bacteria activity, micro-environments created within the granules due to mass transfer resistance and 

the extracellular polymeric substance (EPS) composition. 

Recent studies have reported precipitation of both calcium phosphate and calcium carbonate in anaerobic 

granules treating black water (Cunha et al., 2018a) and partial nitrifying granules treating high ammonium 

strength synthetic wastewater (Chapter 2). In both these studies, high calcium content in the influent was 

provided; hence, it is thought that the cation concentration could also play an important role in the precipitation 

within granular sludge. 

Although much research was done on bio-precipitation, its mechanism remains as yet, not completely clear; in 

addition, to the best of our knowledge, no study was described before on the relationship between excessive 

inorganic accumulation and granule size in a partial nitrifying system with an ammonia oxidising bacteria 

(AOB)-dominant community. Therefore, this study aims to investigate the minerals precipitation within AOB-

dominant partial nitrifying granules treating middle strength ammonium wastewater with high water hardness; in 

addition, the physical features, morphology and bioactivity of different size granules will be described. The 

factors inducing bio-precipitation and the crystalline architecture of the precipitates will be also discussed.  
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3.2. Materials and methods 

3.2.1. Medium  

The synthetic wastewater was made every day and it was composed by ammonium sulphate (400 mg NH4
+-N L-1) 

and di-potassium phosphate (15 mg PO4-P L-1) as nitrogen and phosphorus sources, respectively. Slightly lower 

sodium bicarbonate than the theoretical one (10.8 g NaHCO3 g
-1 NH4

+-N L-1) was provided as explained in 

Chapter 2 to provide both the carbon source for biomass growth and the buffer solution. The metals were added 

as (per L wastewater prepared): 0.02 g MgSO4•7H2O, 0.01 g FeSO4•7H2O; whereas the trace elements were (per 

L wastewater prepared): 0.12 mg MnCl2•4H2O, 0.12 mg ZnSO4•7H2O, 0.03 mg CuSO4•5H2O, 0.05 mg 

(NH4)6Mo7O24•4H2O, 0.1 CoCl2•6H2O, 0.1 mg NiCl2•6H2O, 0.05 mg AlCl3•6H2O, 0.05 mg H3BO3. The 

synthetic wastewater was made by using tap water in which Ca2+ concentration ranged between 100 and 150 mg 

L-1, whereas other main elements (i.e. Na, Mg, P, K and Fe) content was only negligible; the pH was not adjusted 

but it was constant at around 7.2-7.4. 

3.2.2. Inoculum and granules reactor operation 

Two Perspex columns with a working volume of 2.6 L and a column height to diameter ratio of 20 (Ø 60 mm) 

were operated sequentially with a cycle time of 4 hours including 10 minutes feeding, 227 minutes aeration, 2 

minutes settling time and 1 minute discharging. The effluent was discharged from the middle port of the reactor, 

corresponding to a volumetric exchange ratio of 50%. The air was provided from the bottom of the reactor with a 

flow rate of 5 L min-1 and the temperature was kept constant at 30 °C. 

The partial nitrifying granules had been stored at 4 °C for 3 months, from a previous experiment (Chapter 2). 

Then, they were left for 5 hours at room temperature and placed back into the SBR reactors for reactivation with 

an initial MLSS concentration of 1.79 ± 0.15 g L-1 (MLVSS/MLSS=0.45); the granules were left overnight with 

wastewater containing 100 mg NH4
+-N L-1 and the day after ammonium was increased as above. After two-

month operation the partial nitrifying granules were still efficiently oxidising ammonium to nitrite only, when 

they were sorted into different size ranges and characterized. 

3.2.3. Sorting of granules 

The granules were washed thrice with tap water to remove residual chemicals before the wet sieving was 

employed for granule sorting by size. Granules with a diameter range of 150-250, 250-300, 300-425, 425-500, 

500-600, 600-710, 710-1180, 1180-1400, 1400-2000, 2000-2800 and >2800 μm, with an average size of 200, 

275, 362.5, 462.5, 550, 655, 945, 1290, 1700, 2400 and >2800 μm, respectively, were sorted using metal sieves 

with a corresponding pore size in diameter. 

3.2.4. Biological batch tests of granules with different sizes for wastewater treatment 

performance 

After sorting, to recover the activity, granules of four different size ranges were cultivated in 300 mL-flasks for 

overnight with synthetic wastewater as explained above, except for ammonium concentration that was changed to 

100 mg NH4
+-N L-1. Lowering the ammonium concentration avoided the bacteria inhibition by FA which could 

limit the activity during the batch test This was run within the same flasks at 30 °C, with final biomass 

concentration of 0.93, 2.01, 2.01 and 1.58 g MLVSS L-1 for <600 μm, 710-1180 μm, 1400-2800 μm and >2800 
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μm, respectively. The air was supplied via air stones placed at the bottom of the flasks with an aeration rate of 2 L 

min-1. During the batch test period, 1 ml of liquid sample was taken from each flask every 30 minutes for the 

analysis of NH4
+, NO2

-, NO3
-, PO4

3-, Ca2+ and Na+ to evaluate nutrients removal. The specific ammonia oxidation 

rate (sAOR) was calculated based on ammonium removed divided by the time spent to remove it over the 

biomass concentration. For all size ranges investigated, the time used for calculations was 120 minutes, just 

before the ammonium removal rate was slowing down. 

3.2.5. Analytical methods  

Sludge volume index (SVI), mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids 

(MLVSS) and the specific oxygen utilization rate (SOUR) were analysed by standard methods (APHA, 2012). 

Granule density was measured according to the method reported by Beun et al. (1999). Ammonium was analysed 

spectrophotometrically by following the procedure described in BSI (1984). Anions (NO2
-, NO3

- and PO4
3-) and 

cations (Ca2+ and Na+) were measured by the ion chromatogram 882 Compact IC plus (Metrohm, Switzerland).  

A Metrosep A Supp 5 - 150/4.0 column and the eluent 1 mM NaHCO3/3.2 mM Na2CO3 were used for anion 

analysis; whereas a Metrosep C4 250/4.0 column and the eluent 1.7 mM HNO3/0.7 mM C7H5NO4 (dipicolinic 

acid or Pyridin-2,6-dicarboxylic acid) were used for cation measurement instead. 

To describe the NOB activity inhibition, the nitrite accumulation rate (NAR) was evaluated by using Equation 3.1 

in which NO2
- and NO3

- are the concentrations of effluent nitrite and nitrate; a higher NAR value means a higher 

activity of AOBs over the NOBs. 

 

NAR (%) = (
NO2

−+NO3
−

NO2
− ) × 100      (3.1) 

 

The images of granules were taken by Leica MZ16F stereomicroscope for more detailed morphology 

observation. In addition, the granule images were uploaded to the software ImageJ for size analysis.  

3.2.6. Morphology analysis with Scanning electron microscopy (SEM) 

Bacteria composition within the granules and possible inorganic precipitates were qualitatively observed by the 

Quanta 250 SEM (FEI, Oregon, USA); samples were first fixed overnight with a solution of 3% glutaraldehyde + 

4% formaldehyde in 0.1 M PIPES buffer pH 7.2. The specimens were then rinsed twice for 10 minutes with 0.1 

M PIPES buffer pH 7.2 and a dehydration step by serial washes with ethanol followed; each wash lasted 10 

minutes (30%, 50%, 70% and 95%), whereas at the end two rinses with absolute ethanol lasting 20 each were 

done. The samples were then dried by a Balzers CPD 030 Critical Point Drier, before being gold/palladium 

coated by a high-resolution sputter and high vacuum coater (Quorum, Q150T ES. West Sussex, UK). For particle 

sizes 1400-2000 μm and >2800 μm, the granules were cut in halves by using a sharp scalpel before going through 

the fixing process. 
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3.2.7. Elemental and mineralogical analyses 

3.2.7.1. Saturation index 

The software Visual Minteq 3.1 (KTH, Sweden) was used to estimate the saturation index (SI) by using Davies 

model for activity coefficients calculation (Mullin, 2001). Values below zero were considered as undersaturation 

conditions, whereas they were considered oversaturated when a value above the zero was calculated, which 

meant that the conditions in the system were favourable for precipitation of the specific mineral. The inputs used 

for the calculations are showed in Table 3.1 and correspond to the values measured during two months of granule 

cultivation, before the characterisation experiment. 

 

 

Table 3.1 – Saturation index calculation parameters 

Chemical mg L-1 

(NH4)2SO4 1884 (400 mg N L-1) 

NaHCO3 4320 (10.8 mg mg-1 N L-1) 

KH2PO4 67 (15.23 mg P L-1) 

MgSO4•7H2O 20.00 

FeSO4•7H2O 10.00 

MnCl2•4H2O 0.12 

ZnSO4•7H2O 0.12 

CuSO4•5H2O 0.03 

NH4)6Mo7O24•4H2O 0.05 

CoCl2•6H2O 0.10 

NiCl2•6H2O 0.10 

AlCl3•6H2O 0.05 

H3BO3 0.05 

Ca2+ (from tap water) 102.70 

pH (cycle begin) 8.01 

Temperature 30 °C 

 

 

3.2.7.2. Energy dispersive X-ray spectroscopy (EDX) 

Qualitative analysis of elements within and on surface of particles was done by Quanta 200 SEM (FEI, Oregon, 

USA) coupled with EDX (EDAX, New Jersey, USA); the samples were first treated as previously described for 

SEM image analysis but being coated with carbon instead of gold/palladium. For sizes 1400-2000 μm and >2800 

μm, the mass percentage of elements was analysed along the granule thickness (5 points: outer layer, core and 

three more points in between, as shown in Figure 3.6), whereas for the smaller granules the analysis was done 

basically on the surface only. 
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3.2.7.3. X-ray diffraction (XRD) 

Mineralogical composition of nitritating granules has been studied by XRD technology and by using a Bruker D2 

phaser (Bruker AXS Gmgh, Karlsruhe, Germany); the samples were first washed thoroughly with deionised 

water, to remove any soluble chemical from the feedstock or any biomass by-product, then kept at -20 °C 

overnight before being freeze dried (lyophilised) for a couple of days. Before the analysis, the dry granules were 

ground in a mortar to a fine powder, but unfortunately the amount of sample available could not be similar for all 

specimens. The resulting phases were finally compared with the database phases containing elements such as 

carbon, oxygen, calcium and phosphorus. 

3.2.7.4. Inductively coupled plasma (ICP) 

Quantitative elemental composition within the granules was obtained by using a multi collector ICP emission 

spectrometer (X-SERIES 2 ICP-MS, Thermo Fisher Scientific, Bremen, Germany). Before the analysis, the 

sample needed to be dried overnight at 105 °C and then ground in a mortar; 50 mg of it were digested in a Teflon 

digestion vessel on a hotplate overnight with 2 mL of aqua regia (nitric acid and hydrochloric acid) and 0.5 mL 

perchloric acid. After the digestion, 10 mL of concentrated HCl were added to the completely dry sample; after 

this solution went dry, it was rediluted in 3% nitric acid and analysed by ICP-MS. The elements investigated were 

mainly the ones contained in the synthetic feedstock solution (e.g. Na, Mg, P, K, Ca and Fe). Since the analysis 

was interfered by presence of metals, the all procedure was done by avoiding any source of metals and glass (e.g. 

spatulas, aluminium crucibles, glass vials, etc.). The data processing was done using the Plasmalab software. Raw 

data were blanked and internally corrected and then calibrated against matrix matched synthetic standards. 

3.2.7.5. Extracellular Polymeric Substance (EPS) analysis with formaldehyde/NaOH extraction 

For the extraction of extracellular polymeric substance (EPS) from partial nitrifying granules, the sample was first 

washed with tap water, then frozen overnight and finally dried for a couple of days by freeze drier 

(lyophilisation). Part of the sample was used to measure ash content and total solids, whereas the rest was 

weighed in a 15 mL centrifuge tube; to which 10 mL of PBS were then added and the sample was incubated on a 

shaker (150 RPM) for 1 h at 4 °C with 0.06 mL of formaldehyde (36.5 %) and then for 3 h at 4 °C with 4 mL of 

sodium hydroxide (1 M). After the first incubation, the sample was centrifuged for 10 minutes at 10000 g (4 °C) 

and the supernatant obtained was regarded as loosely bound-EPS (LB-EPS); after the second incubation the 

centrifuge was instead set for 20 minutes at 20000 g (4 °C) and the supernatant this time was considered as 

tightly bound-EPS (TB-EPS). After each centrifuge, the supernatant was analysed or discharged and the sample 

resuspended with a PBS solution to the starting volume. Both LB-EPS and TB-EPS extracted solutions were first 

filtered with a 0.22 μm syringe filter, and then placed at -20 °C until analyses for proteins (PNs) and 

polysaccharides (PS) content were done. PNs were analysed by Lowry’s method (Lowry et al., 1951, Shen et al., 

2013), whereas the PSs were measured by phenol-sulfuric acid method (Dubois et al., 1956). Phosphate Buffer 

Saline (PBS): 8 g L-1 sodium chloride, 0.2 g L-1 potassium chloride, 1.15 g L-1 di-sodium hydrogen phosphate, 0.2 

g L-1 potassium di-hydrogen phosphate, pH 7.3 ± 0.2 at 25 °C, using HCl to adjust. 

3.2.7.6. Extracellular Polymeric Substance (EPS) analysis with Excitation and emission matrix 

(EEM) 

EPS content was also analysed qualitatively by measurement of EEM spectra, using a Cary Eclipse Fluorescence 

Spectrophotometer (Agilent Technologies, USA); in this study, the spectra were collected with subsequent 

scanning emission spectra from 280 to 700 nm at 2 nm increments, by varying the excitation wavelength from 



Chapter 3 - 65 

200 to 600 nm at 5 nm sampling intervals. The excitation and emission slits were maintained at 5 nm. The EEM 

data were processed as described by Chen et al. (2003b) and Guo et al. (2017). The X and Y axes represent the 

emission and excitation spectra, respectively; the contour lines represent the fluorescence intensity, which is the 

third dimension. The six main EPS components found within the samples are listed in Table 3.2. A UV1800 

spectrophotometer (Shimadzu, Japan) was used to detect the dilution needed for EEM analyses; the scanning 

range used was from 200 nm to 700 nm, with 2 nm interval between each scan. 

 

 

Table 3.2 - Excitation and emission ranges detected with EEM for EPS analysis (Chen et al., 2003b, Wang and 

Zhang, 2010, Wang et al., 2014a). 

Excitation/Emission (nm) 

Region Ia Region IIa Region III Region IV Region V Region VI 

220-240/ 

280-360 

220-290/ 

280-360 

300-330/ 

360-390 

220-240/ 

410-450 

260-290/ 

420-460 

330-370/ 

420-460 

Tyrosine and 

tryptophan 

amino acid 

Tyrosine and 

tryptophan 

protein 

Polysaccharides 

Fulvic acid-

like 

substances 

Polyaromatic-

type humic acid 

Polycarboxylate-

type humic acid 

a The regions I and II can be further divided by a vertical line on Em = 320 nm. For Em < 320 nm mainly tyrosine 

is detected, whereas for Em > 320 nm is mainly tryptophan.  
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3.3. Results 

The stored partial nitrifying granules were reactivated in SBRs and operated for 2 months. Before the 

characterisation experiment, a batch analysis was done on the reactivated mixed partial nitrifying granules; the 

granules activity as specific ammonia oxidation rate (sAOR) decreased during storage from 2.21 to 1.58 ± 0.04 g 

g-1 MLVSS d-1, yet showing a complete removal of NH4
+. The nitrite shunt was efficiently maintained, and 

negligible amount of nitrate was detected in the SBR effluent, with pH decrease from 8.04 ± 0.05 to 7.69 ± 0.17. 

The MLSS increased marginally from 2.20 to 2.27 ± 0.46 g L-1 (MLVSS/MLSS=0.40 ± 0.06) during the two-

month operation. As showed later, the ash content of some particle size ranges reached values higher than 80%, 

which may contradict the 40% of organic matter measured at beginning of experiment. This was explained by the 

fact that most of heavier granules with great ash content would be located under the sampling valve, for which the 

MLVSS/MLSS was likely overestimated. 

3.3.1. Biological activity of nitritating granules with different sizes 

The SOUR test showed that the bacteria activity, described as oxygen depletion together with NH4
+ substrate 

utilisation, was inversely proportional to granules size and that the highest bacteria activity was measured within 

the smaller size range (Figure 3.1), with over 150 mg O2 g
-1 MLVSS h-1; a similar finding was previously 

observed by Ren et al. (2008) and Liu et al. (2016a), with the latter describing particles of size 106-212 μm 

showing SOUR = 120 mg O2 g
-1 MLVSS h-1. The SOUR results were also confirmed by the batch test, where the 

specific ammonium oxidation rate (sAOR) was described to be closely related to the particles size (Figure 3.2a). 

The highest activity was observed in the <600 μm range granules, whereas a lower ammonium removal activity 

was detected within particles with greater size. The <600 μm granules were able to reduce NH4
+ to a negligible 

concentration within 180 minutes, whereas it took 210, 257 and 407 minutes for ranges 710-1180 μm, 1400-2000 

and >2800 μm, respectively (Figure 3.17). The corresponding sAOR were 0.843, 0.328, 0.299 and 0.236 g NH4
+-

N g-1 MLVSS d-1. In a similar way, NO2
- production was quicker within smaller granules, with specific nitrite  
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Figure 3.1 – Specific oxygen utilization rate (SOUR) of granules with different size ranges (y: yellow, b: brown). 
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Figure 3.2 – a) sAOR, PO4
3- and Ca2+ removal and Na+ production in different sizes granules during batch tests; 

b)c) examples of batch test results from <600 um. 

 

 

production rate (sNPR) as high as 0.652, 0.232, 0.149 and 0.130 g NO2
--N g-1 MLVSS d-1, respectively. On the 

other hand, 150-250(b) μm showed almost negligible bacteria activity, which could be explained by the fact that 

mainly inorganic material was represented by that range. These results suggest that the bacteria activity will be 

reduced in larger diameter particles and the possible cause may be linked to the mass transfer limitation of 

substrate and oxygen. In addition, also the inorganic precipitation could somehow interfere with the activity, 

although this could not be confirmed by the PO4
3- and Ca2+ removal rates. The ranges <600 μm, 710-1180 μm, 

1400-2000 μm and >2800 μm showed 62.4, 50, 40 and 61.2% PO4
3- removal and 33.7, 21, 12.9 and 24.1% Ca2+ 

removal, respectively. This means that the nitritating granules fed with inorganic synthetic wastewater were able 

to remove P and Ca by internal accumulation or by transforming them into insoluble form. However, to 
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understand the effect of particles size on PO4
3- and Ca2+ removal further investigation elsewhere would be 

needed, since a clear trend was not observed. 

Since the batch test showed a similar pattern in the four size ranges, only <600 μm results are illustrated (Figure 

3.2b and Figure 3.2c). While NH4
+, NO2

- and NO3
- changes are typical for a nitritating system, it is interesting to 

observe the PO4
3- and Ca2+ trends. All batches showed a quick decrease of both elements during the first 30-60 

minutes of experiment, which is closely related to the rapid increase of pH due to CO2 degassing; then, as soon as 

the pH starts lowering, due to nitrification activity and production of protons, both PO4
3- and Ca2+ stop decreasing 

and they remain stable until again a quick pH change is observed (Figure 3.18). These results suggest that the 

bulk concentration of the two elements could be strongly influenced by changes in protons concentration (Maurer 

et al., 1999). On the other hand, Na+ showed a slow and constant increase until the end of test, especially with 

larger size granules (Figure 3.2a and Figure 3.18). 

3.3.2. Physical characteristics of nitrifying granules with different sizes 

3.3.2.1. Density, ash content, elemental contents and their distribution  

Two distinct types of granules with different colours were found within range 150-250 μm during the sorting 

process; one type showed yellow/light brown colour and settled relatively slowly, while the other had deep brown 

colour and could settle quickly. Based on experience, the former were newly formed biomass while the latter 

were old granules with long sludge retention time (Gao et al., 2011a, Yuan et al., 2017). They were carefully 

separated and annotated as 150-250(y) μm and 150-250(b) μm, respectively. The average density for size ranges 

<600 μm, 710-1180 μm, 1400-2000 μm and >2800 μm is shown in Table 3.3; as also previously reported, it was 

found that granules density increased linearly with the particles diameter up to size 2000 μm, then it started 

slowing down until size range >2800 μm (Toh et al., 2003). This suggests that the accumulation of heavy matter 

was somehow depending on the particles size and the specific conditions within. In between the ranges 150-

250(b) μm and 600-710 μm, granules achieved ash contents of around 90%, whereas granules of ranges between 

710-1180 μm and >2800 μm described a slightly decreased inorganic material percentage, with a mean value of 

around 72%. Interestingly, 150-250(y) μm described a completely different pattern, with only 3% of inorganic 

matter. This last result suggests that mainly organic matter, therefore biomass, would be included in that range 

size. On the other hand, high inorganic matter would be present in the other ranges. This was also confirmed by 

ICP-MS analyses, which showed that calcium and phosphorus were in excess within most of the size ranges 

except for the smallest 150-250(y) μm (Table 3.3). The other analysed elements seemed to have no obvious 

difference among the size ranges, except for iron, which showed a higher concentration within 150-250(y) μm, 

probably explained by the fact that the element may be a common factor in enzymes and biological systems.
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Table 3.3 – Density, ash content and ICP-MS results of main elements concentrations within different size granules. 
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Density g L-1 - - - - - - 172.3 - 264.7 - 358.0 - 402.3 

Ash content % 2.9 91.0 91.2 88.7 90.3 87.1 75.2 89.2 70.6 75.4 70.5 66.4 80.0 
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-1
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S
 71.4 309.4 317.1 323.5 315.5 324.9 276.9 316.4 269.4 282.3 216.5 253.7 244.1 

P 34.9 68.15 63.9 64.6 67.8 67.7 61.20 72.2 84.5 91.8 83.4 95.3 95.7 

Na 0.9 2.4 2.2 2.4 2.4 2.5 2.15 2.6 2.8 2.9 2.5 2.9 2.6 

Mg 0.9 1.0 1.0 1.0 1.0 1.0 1.01 1.0 0.9 0.9 0.8 0.9 0.9 

K 1.2 0.2 <0.1 <0.1 <0.1 <0.1 0.27 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Fe 9.9 2.7 1.5 0.8 0.9 0.7 2.76 0.7 0.9 0.9 1.9 0.9 0.9 

Ca/P molar ratio 1.58 3.51 3.83 3.87 3.59 3.71 3.50 3.39 2.46 2.38 2.01 2.06 1.97 
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3.3.2.2. Granules morphology by stereomicroscopy 

From stereomicroscopy analyses, different size granules showed a quite diverse appearance. Figure 3.3a and b 

represent the yellow portion of 150-250 μm, which is mainly formed by light brown flocs (blue arrows) and two 

types of rounded particles, one with a darker brown centre (white arrows) and one with a lighter brown colour 

(grey arrows) (also see Figure 3.20, Figure 3.21 and Figure 3.22). These were described later in the Discussion 

paragraph as to be mature and young granules, respectively. In addition, also another particle is visible in Figure 

3.3b (red arrow), which shows a cauliflower-like shape. Figure 3.3c and d show the granules found in the brown 

portion of 150-250 μm; in this picture less rounded particles could be identified that can likely be granules 

fragments, which were either dark or light brown colour. Also a transparent type of particle with bright 

appearance was encountered, which resembles a crystal (green arrows). Before separation by size, the mixture of 

granules investigated in the present study looked like in Figure 3.23. Due to instability of some granules, 

fragmentation of the larger particles was observed and smaller and lighter brown particles were formed. The 

stereomicroscopy pictures would explain how flocs and little granules represent young and active biomass, 

whereas the fragments could be either dead granules formed by little bacteria activity or de novo inorganic 

precipitates formed at the system conditions. This also explains the high difference in activity between the two 

portions encountered in this size range. The size range 600-710 μm was described by not-rounded particles of 

dark and light brown colour (Figure 3.3e and f); also these granules look similar to fragments of greater size 

granules, some of which showing dark surfaces. Finally, Figure 3.3g, h and Figure 3.3i, j show 1400-2000 μm 

and >2800 μm granules, respectively; the particles from the two sizes look similar except for the diameter, they 

are light brown colour and the surface is covered by light (orange arrows) and dark (yellow arrows) brown spots. 

In the Discussion paragraphs they were described as attached cauliflower-like particles or buds and the cracks left 

from their detachment from the granule, respectively. Further details of these structures can be seen in Figure 

3.19, Figure 3.20, Figure 3.21, Figure 3.22 and Figure 3.23.   
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Figure 3.3 - Stereomicroscopy images of different sizes granules. a)b) 150-250(y) μm, c)d) 150-250(b) μm, e)f) 

600-710 μm, g)h) 1400-2000 μm and i)j) >2800 μm granules. Blue, white, red, grey, green, orange and yellow 

arrows are flocs, mature granules, cauliflower-like particle, young granules, crystals, buds and cracks 

respectively. Bar = 1000 μm. 

a) b) 

c) d) 

e) f) 

g) h) 

i) j) 
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3.3.2.3. Saturation index and inorganic crystalline phases 

From the SI calculations the most probable minerals precipitating at the specific conditions were predicted to be 

calcium phosphate in the form of hydroxyapatite (HAP, 14.761), calcium carbonate as calcite (3.667) and 

aragonite (3.265). To confirm the ICP and SI previsions, the crystalline composition of the granules was analysed 

by XRD. Figure 3.4a shows no particular phase in 150-250(y), which suggests the presence of amorphous matter 

only. On the other hand, in a similar way for all the other size ranges, the granules showed a clear crystalline 

composition, mainly formed by hydroxyapatite (Ca10(PO4)6(OH)2) and in lower extent by calcite (CaCO3) (Figure 

3.4b-d and Figure 3.5 a-c). The intensity of each phase is described by an arbitrary unit (a.u.) since the 

methodology is rather qualitative than quantitative; however, it is possible to notice how a higher amount of 

crystalline inorganic phase was present within the granules larger than 500 μm (6000 a.u.). This suggests that, as 

was also revealed by the density results, it was within larger particles that heavier crystalline matter had 

accumulated as hydroxyapatite. 
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Figure 3.4 - XRD results of different sizes granules; a) 150-250(y) μm, b) 150-250(b) μm, c) 300-425 μm and d) 

500-600 μm. 
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Figure 3.5 – XRD results of different sizes granules; a) 710-1180 μm, b) 1400-2000 μm and c) >2800 μm.  
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3.3.2.4. Granules morphology by SEM 

 

 

Figure 3.6 – Hypothetical description of granule’s surface (left) and internal layers (right) from SEM and SEM-

EDX results; the different structures found within samples are illustrated just for convenience and to make the 

following pictures clearer. 

 

 

In Figure 3.6 the outline of the proposed structures found within and on the surface of SEM analysed granules is 

presented; the microscope was directed to different areas which are described on the figure and that will be 

recalled during the next paragraphs. The terms used to name the layers (e.g. core, outer-middle, etc.) or the 

peculiar structures (e.g. crystal bar, bud, crack, etc.) and their representations are used in this description for the 

sake of clearness. Figure 3.7a and b show an almost cubic particle and its surface, respectively, from the 150-

250(y) μm specimen; it is possible that one of the crystal-like granules seen by stereomicroscopy analysis within 

150-250(b) μm (Figure 3.3c and d, green arrows) had accidentally mixed with the 150-250(y) μm, since sampling 

was hard with the naked eye. Unfortunately, there is no proof whether this was ever an active granule or if it was 

created by inorganic precipitation, but as noted in the EDX analyses (see later), it was concluded that it was likely 

something else. On Figure 3.7c and d are shown what possibly could be a granule fragment and the granule 

fragment surface, respectively. It is still not clear why the surface of the granule showed such appearances, but it 

is plausible that the low pressure during the pre-treatment for SEM analyses could have caused such behaviour. 

However, few bacteria cells were visible on the surface of the granule’s fragment in Figure 3.7d. Unfortunately, 

since it was quite hard to manage so little particles, a better picture of a floc or an entire round granule was not 

available from this specimen. More interestingly, in Figure 3.8 is shown sample 150-250(b) μm, in which three of 

the structures suggested in Figure 3.6 could be found. As Figure 3.8a shows, the analysed granule had a peculiar 

not-round shape (similarly to some particles noticed in stereomicroscopy, Figure 3.8 a.1), formed by visible 

fingers-like arrangements of material which are named for convenience as crystal structure in this text, and of 

which a detailed picture is visible in Figure 3.8b. 
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Figure 3.7 – SEM morphology of 150-250(y) μm granules; a) crystal-like particle overview and b) its surface, c) 

granule fragment overview and d) its surface. 

 

 

Figure 3.8 – SEM morphology of 150-250(b) μm granules; a) granule overview, a.1) granule with 

stereomicroscopy for comparison, b) crystal structure, c) plate-like spherical aggregate and d) crystal bar. 

d) c) 

b) 

a.1) 

a) 

d) c) 

b) 

a) 
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In the picture no microorganisms are visible and the solid organisation suggests a possible inorganic composition. 

In Figure 3.8c, from the same particle, a plate-like spherical aggregate is shown, surrounded by bacteria and 

extracellular polymeric substance; this special structure was also previously described in a partial 

nitrification/ANAMMOX system (Johansson et al., 2017) and other studies (He et al., 2003, Han and Louhi-

Kultanen, 2018), which may suggest that it is not produced by a single type of microorganism or environmental 

conditions. Finally, in Figure 3.8d, it was observed a crystal bar, which was covered and surrounded by bacilli 

and EPS. A similar structure was also identified in a study where calcite precipitation was encountered in 

presence of organic matrixes (Mann et al., 1990). On Figure 3.9a is illustrated a normal granule from the 300-425 

μm range, on which again crystal structures were observed (not shown); from the same size range but quite 

different from the other granules it was found what is shown in Figure 3.9b, which in the present research is 

considered a bud, as it will be described later. The bud is described by two portions, the base (left side of picture) 

and the external surface or dome (right side of picture). The composition of the base is shown in Figure 3.9c, 

where a surprisingly high amount of microorganisms was found and no amorphous or inorganic structure were 

observed. On the other hand, in Figure 3.9d the bud external surface is illustrated, where many bacteria covered 

with both a film and a great amount of little clumps of not-identified matter are shown. For the range 500-600 μm 

more granules could be analysed, as shown in Figure 3.10a, and two quite different kinds of particles were 

detected: one with a not-round shape (Figure 3.10b), characterised by several cracks and crystal structures 

(Figure 3.10c) spread all over the surface; the other one displayed in Figure 3.10d, with a much spherical form 

and a peculiar surface architecture. 

 

 

 
 

Figure 3.9 – SEM morphology of 300-425 μm granules; a) granule overview, b) bud overview, c) left and d) right 

portion of the bud. 

b) 

c) d) 

a) 
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Figure 3.10 – SEM morphology of 500-600 μm granules; a) group of granules, b) mature granule overview and c) 

crystal structure on its surface, d) young granule overview and e)f) its right portion and g) left portion. White and 

black arrows indicate the inorganic layer and clumps, respectively, formed on top of bacteria cells. 

 

 

a) b) 

c) d) 

g) 

f) e) 
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Indeed, the granule looked almost split in two portions, the right one formed by bacilli surrounding globular 

structures (Figure 3.10e and f), and the left one formed by coccoid bacteria on which a not recognised clear 

matter is visible (Figure 3.10g). Figure 3.11a represents a not-spherical granule from size range 710-1180 μm, in 

which some cracks can be seen; when the microscope was pointed to the internal of the cracks , a surprising great 

amount of bacteria was found surrounding globular structures (Figure 3.11b and c), as also seen previously in 

Figure 3.10e and f. In Figure 3.11d and e are shown a still attached bud and its surface, respectively, where 

several bacteria are visible; the surface in this picture can be easily compared to the one of the bud shown in 

Figure 3.9d. Furthermore, crystal structures were found at the base of this bud and they were covered by EPS 

Figure 3.11f. 

 

 

 
 

Figure 3.11 – SEM morphology of 710-1180 μm granules; a) granule overview, b)c) bacteria and globular 

structures in a crack, d) bud and e) its surface, f) crystal structure at the bud base covered with EPS. 

a) 

f) e) 

d) c) 

b) 
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As explained before, 1400-2000 μm granules could be cut in halves and SEM analyses were carried out on both 

external and internal surface; Figure 3.12a and b show, respectively, the entire external surface granule half, with 

visible buds, and the internal one with the core. SEM pictures were taken in three different points on the internal 

surface: outer layer, where compact amorphous material-formed globes were dominant (Figure 3.12c); middle 

layer, where less compact forms of globes were present (Figure 3.12d); and core, where the globes became even 

sparser and left space to the solid crystal bars already found within 150-250(b) μm and to dense agglomerations 

of not-recognised clumps (Figure 3.12e and f). In Figure 3.12f.1 is a detail of a smooth-steps appearance on the 

lateral face of the crystal bar. 

 

 

 
 

Figure 3.12 – SEM morphology of 1400-2000 μm granules; a) entire granule overview, b) halved granule 

overview, c) external layer of the granule half, d) middle layer of the granule half and e)f) core of the granule 

half. f.1) shows a zoomed in of the inorganic crystal bar present in the granule half core. 

f) e) 

c) d) 

b) a) 

f.1) 



Chapter 3 - 80 

Figure 3.13a is showing the external surface of a half granule with a size >2800 μm; it seems that the structure 

could not resist the fixing and drying procedures and eventually got flat. Anyhow, buds could still be observed on 

the surface and in Figure 3.13b a white globule on top of one of these buds was described. The external surface 

was also analysed by SEM and a dense concentration of bacilli surrounded by EPS and a not-recognised clear 

matter were observed (Figure 3.13c). Unfortunately, during the drying procedure, which preceded the SEM 

analyses, the >2800 μm granule half that was supposed to be analysed for the internal surface, got completely 

shattered and high-quality images could not be taken. On the other hand, the granule half used for EDX analyses 

did not break and eventually a couple of pictures could be taken (Figure 3.13d and e); in the first picture is shown 

the entire half granule, whereas from the second one, even though the quality is not optimal, it is easy to detect 

the solid crystal bars already seen within previous specimens. 

 

 

 
 

Figure 3.13 – SEM morphology of >2800 μm granules; a) granule overview, b) a white globule and c) bacilli on 

the granule surface, d) halved granule overview and e) crystal bars in its core. 

d) 

b) 

c) 

a) 

e) 
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3.3.3. EPS of partial nitrifying granules with different sizes 

3.3.3.1. Proteins and polysaccharides 
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Figure 3.14 – EPS content from different sizes granules of a) proteins and b) polysaccharides. Extraction with 

formaldehyde/NaOH method; Lowry’s and Dubois’s procedures used for PNs and PSs determination, 

respectively. LB=loosely bound-EPS, TB=tightly bound-EPS. 

 

 

The amount of proteins (PNs) and polysaccharides (PS) extracted from the EPS of each size range are shown in 

Figure 3.14a and b, respectively; they are assembled in the subgroups loosely- and tightly-bound EPS (i.e. LB 

and TB), depending on the strength of their binding to the granular structure. The extracted TB-EPS resulted in 

greater amount than the LB-EPS, describing a more important role of the former in the granules architecture. A 

gradual decrease of both PNs and PS in parallel with the reduction in particle size was described. The PS were 

observed (Figure 3.14a and b) in higher amounts compared to PNs, with PN/PS ratio of 0.29, 0.71, 0.78 and 0.88; 

at the same time, with increasing particles diameter the PN/PS ratio showed an increase, showing less PS in larger 

granules. This was previously described as a response of the bacteria community within the granules to the 

increasing mass transfer limitation (Liu et al., 2015b), where the PS present in EPS could be used as nutrients 

a) 

b) 
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(Wang et al., 2010, Sadri Moghaddam and Alavi Moghaddam, 2015). Anyway, the two EPS components resulted 

almost similar in amount and they showed a trend that is contradictory to literature. This result could be linked to 

two main reasons: the excessive precipitation described within the granules and the inefficacy of extracting EPS 

from the granules. For proteins measurement, the samples were incubated with sodium carbonate and sodium 

hydroxide present in the Lowry’s protocol reagents. The presence of carbonate and the alkaline pH could likely 

facilitate the precipitation of Ca contained in the granule during the test; this was likely the reason why the 

standard deviation encountered in PNs analyses of TB samples was a bit high. Besides, interference of proteins 

measurement due to the presence of cations was already described in literature (Lucarini and Kilikian, 1999, Shen 

et al., 2013). A strong interior structure within the granules could be the reason for a not complete EPS release by 

the formaldehyde plus NaOH procedure; Adav and Lee (2008) showed a more efficient EPS extraction by 

treating the sludge with a physical method (sonication) prior to the chemicals incubation.  

3.3.3.2. Excitation and emission matrix (EEM) spectra 

The composition of granular sludge LB- and TB-EPS was monitored by EEM spectroscopy and representative 

spectra are shown in Figure 3.15. Two main patterns could be described that were formed by two peaks each for 

both LB and TB: peak I and II were mainly found in LB samples, whereas peak III and IV were present in TB 

samples. Peak I is generally related in literature (see Table 3.2) to the tyrosine aminoacids, whereas peak II 

represents the tryptophan aminoacids; peak IV is commonly described as fulvic acid-like substances, whereas 

peak III was described as polysaccharides (Chen et al., 2003b, Yamashita and Tanoue, 2003, Wang and Zhang, 

2010, Wang et al., 2014a). Although EEM was used as a non-quantitative analysis in this study, it can still 

provide information on approximate extent of a certain fluorophore in contrast to the other size ranges. Among 

different granules sizes, it can be observed that for both LB- and TB-EPS there is a quite high fluorescence from 

sample 1400-2000 μm, whereas a lower intensity was found in 710-1180 μm and >2800 μm, which were similar 

to each other; on the other hand, very limited fluorescence was detected into sample <600 μm, which was also the 

sample with lower dilution compared to the others.  
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Figure 3.15 – EEM results from a) LB-EPS and b) TB-EPS in <600 μm, c) LB-EPS and d) TB-EPS in 710-1180 

μm, e) LB-EPS and f) TB-EPS in 1400-2000 μm, g) LB-EPS and h) TB-EPS in > 2800 μm. Except for TB in 

<600 μm, which was diluted 16 times before analysis, all TB samples were diluted 64 times. The different 

regions encountered are described in Table 3.2. 

a) b) 

c) 
d) 

e) f) 

g) h) 
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3.3.4. Elements disposition 

The EDX measurements done for the different size ranges are described in Figure 3.16; In the case of the 

granules with a diameter greater than 1400 μm the inner layers were also analysed, since the particles could be 

cut in halves. As described in Figure 3.16a and b, in both 150-250(y) μm and 150-250(b) μm two types of 

granules were found, a squared-shape granule (similar to the one found in SEM picture) and a common spherical 

one. The outer surface of the former showed a peculiar signal for silicon and oxygen, with low or absent carbon 

and nitrogen, and also negligible calcium and phosphorus; they could be coming from the fiberglass air stones 

used for aeration of the SBRs and they could have detached and be retained in the system because of their weight. 

On the contrary, the analysed rounded-shape granules in both size ranges showed presence of carbon, nitrogen 

and oxygen; interesting, also phosphorous and calcium were present, even though, in different percentage from 

the 150-250(y) μm, calcium percentage weight was higher than the carbon, nitrogen and oxygen within 150-

250(b) μm. Furthermore, within 150-250(y) μm range a floc was described and it showed no granular structure 

and low calcium and phosphorus, but high percentage of carbon, nitrogen and oxygen. Similarly to 150-250(y) 

μm, 300-425 μm (Figure 3.16c) and 710-1180 μm (Figure 3.16e) showed carbon, nitrogen and oxygen with 

higher percentage than phosphorus and calcium; instead, 500-600 μm (Figure 3.16d) had a pattern closely related 

to 150-250(b) μm, with more calcium than any of the other elements present (i.e. carbon, nitrogen, oxygen and 

phosphorus). Figure 3.16f shows the size range 1400-2000 μm, of which the internal surface could be analysed as 

well as the outer one; the core was basically represented by a rather high percentage of calcium and in little extent 

phosphorus. By moving the laser towards the external layers, carbon, nitrogen and oxygen concentrations seemed 

to slowly increase, until the outer layer where phosphorous and calcium were almost negligible. A quite similar 

pattern was shown within the outer layers, the outer surface and the bud surface, where almost only carbon, 

nitrogen and oxygen were present. The analyses of >2800 μm interior layers showed similar pattern to the 

previous range, but this time calcium percentage showed a much higher value compared to the other elements in 

almost all layers (Figure 3.16g). The crystal bar, also described by SEM analyses as crystal bar, was analysed 

within the core and it was described mainly by calcium and, in lower extent, carbon and oxygen. When analysing 

the outer surface of the greater size granules, a great percentage of carbon, nitrogen and oxygen was detected, 

whereas only little phosphorous and calcium were present. A similar pattern was also found both on the outer 

surface and on a couple of buds of the same granule; finally, also a white globule was analysed and appeared 

constituted by carbon, nitrogen, oxygen, phosphorous and calcium. 
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Figure 3.16 – SEM-EDX spectroscopy results of the elements weight percentage of external and internal granule 

surface in a) 150-250(y) μm, b) 150-250(b) μm, c) 300-425 μm; d) 500-600 μm, e) 710-1180 μm, f) 1400-2000 

μm and g)h) >2800 μm granules. For reference of the analysed granule portions see Figure 3.6. 

 

d) c) 

a) 

f) 

a) b) 

c) 

g) 

e) 

d) 

h) 

f) 



Chapter 3 - 86 

3.4. Discussion 

3.4.1. Biological activity of partial nitrifying granules with different sizes and excessive 

precipitation 

In this study the characterisation of different size partial nitritating granules cultivated using hard water (100-150 

mg Ca2+ L-1) was described. The activity of nutrients removal measured for these particles was described as 

sAOR and SOUR, which were inversely proportional to the granule size and ash content; similar results were 

previously reported in Liu et al. (2016a) and Ren et al. (2008), where the higher mass transfer limitations within 

the larger granules limited the diffusion of O2 and nutrients (Li and Liu, 2005, Liu et al., 2005b). In addition, also 

the presence of precipitates, although in lower extent, could induce a lower removal activity (Liu et al., 2016a). 

Generally, a mixed bacterial community was used in those studies, whereas the granules in the present 

investigation were mainly formed by autotrophic partial nitrifying bacteria, as also confirmed by cycle analyses; 

this means that, despite the found similarity in activity, a thorough comparison with previous literature is not 

possible. However, before the characterisation experiment, the mixed granules showed a fair ammonium removal 

activity (sAOR) of 1.58 ± 0.04 g g-1 MLVSS d-1, but it is well established that the activity of high ash content 

granules will likely be reduced compared to granules with lower inorganic matter (Liu et al., 2015b). High AOB 

activity was observed by the complete oxidation of NH4
+ to NO2

- (absent NOBs); however, the produced NO2
- 

was lower than the oxidised NH4
+ and this was more emphasised within larger granules (Figure 3.17). NH4

+ for 

assimilation in similar processes was described to be around 8% (Bassin et al., 2012), therefore another 

metabolism was using NO2
-; it is known that in presence of high NO2

- and NH4
+, a low COD/N ratio and limiting 

O2, AOBs are able to oxidise NH4
+ using NO2

-, instead of O2. This process is generally called nitrifier 

denitrification (Colliver and Stephenson, 2000, Desloover et al., 2011) and causes the N2O release. This 

metabolism was observed mainly in larger granules due to the more stringent O2 mass transfer limitations (Li and 

Liu, 2005, Liu et al., 2005b). In addition, the transfer limitation also explained the slower activity of those larger 

particles, which needed a longer time to completely remove NH4
+ during the test. At the same time, this could 

help the NOBs activity inhibition in larger granules, as visible from negligible NO3
- production; by contrast , as 

soon as all NH4
+ was oxidised in the smaller granules, nitrate was observed (Volcke et al., 2010, Isanta et al., 

2012).  

From the batch tests, both P and Ca accumulation within different size partial nitrifying granules could be 

described. The quick PO4
3- and Ca2+ depletion in the first 30 minutes and the further decrease in the last part of 

test confirmed that precipitation took place in those very moments; these also coincide with a pH increase due to 

CO2 stripping. After partial nitrification started, pH was reduced due to proton production, which counteracted 

the CO2 stripping effect. In agreement with Maurer et al. (1999), the decrease of pH generates minerals 

dissolution, which is described by the slower rate of both PO4
3- and Ca2+ decrease. At this point Ca2+ remains 

stable, whereas PO4
3- keeps decreasing, likely due to bacteria assimilation. P removal in systems similar to the 

one presented was already described in literature (Gonzalez-Martinez et al., 2017); polyphosphate accumulating 

organisms (PAOs) Accumulibacter-like bacteria were observed in those systems, where both ammonium and 

phosphorus were removed with no COD provided (i.e. CANON process). Although EPS as main carbon source 

for bacteria growth in starvation conditions was previously observed (Zhang and Bishop, 2003, Wang et al., 

2006), the possibility that denitrification or accumulation of phosphate by those metabolisms could take place in 

the nitritating granules could not be confirmed, but it was thought to be unlikely or quantitatively negligible. 

Therefore, the main reason for P removal in the investigated system is to be related to precipitation with Ca. This 

is interesting since previous reports on inorganic precipitation in systems like the one presented are missing at the 

moment in literature. 
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3.4.2. Excessive precipitation in different sizes partial nitrifying granules 

3.4.2.1. Inorganic precipitation, P accumulation as HAP and segregation of different sizes granules 

The granules described a density increase in parallel to their size increment, with linearity up to around 2000 μm, 

after which density increase rate plateaued (Toh et al., 2003). This is generally due to prevention of biomass 

growth by higher substrate mass transfer limitation within larger granules, which consequently creates void 

spaces (SEM pictures) due to bacteria decay (Lemaire et al., 2008, Gonzalez-Gil and Holliger, 2014). Similar 

density increase within granules with bacteria-induced precipitation was also reported in anaerobic (Van 

Langerak et al., 1998) and aerobic (Liu et al., 2015b) systems; a parallel ash content increase to extraordinary 

high values (>80%), as in this study, was described. The ash content for characterised particles between 150-

250(b) μm and 600-710 μm was as high as 90%, which disagrees with most previous research, which showed 30-

35% inorganic matter for such sizes (Li et al., 2014a, Liu et al., 2016a, Cunha et al., 2018a). In 150-250(b) μm 

the high content of Ca and P and the XRD crystalline phases reveal that what was observed by SEM were not 

common granules nor suspended sludge (Metcalf and Eddy, 2003). Indeed, they could be either pure inorganic 

particles, as previously reported in wastewater treatment processes with high Ca-content feedstock (Van 

Langerak et al., 1998, Cunha et al., 2018a), or fragments produced from breakage of large granules, which would 

explain the not-round shape. This would explain the peculiar crystal-like appearance of some particles under the 

stereomicroscope and the almost absent bacteria removal activity in 150-250(b) μm. The fragments could be due 

to both stability and strength reduction of structure in large sizes granules (Toh et al., 2003, Wu et al., 2012). The 

lower stability was also confirmed by higher PN/PS detected within the larger particles, which would be justified 

by degradation of EPS polysaccharides as a substrate, due to nutrient scarcity in inner layers (Wang et al., 2010, 

Sadri Moghaddam and Alavi Moghaddam, 2015). The low biomass content within these fragments could be 

explained by the consequent bacteria wash-out. For these reasons, because of the presence of both inorganic 

particles and fragments, the proportionality between granules ash content and diameter increment could not be 

compared to other research in literature (Ren et al., 2008, Liu et al., 2016a). However, since 3% ash was found in 

150-250(y) μm and around 70-80% from size 710 μm and up, it is plausible that a similar trend was present also 

in the present study. In addition, ash content was constant in diameters greater than 710 μm, confirming that 

higher inorganic matter would mean granules instability. Minor fluctuation of ash content in larger particles was 

due to re-population of void spaces and channels by bacteria, to overcome the increasing mass transfer limitations 

(Ivanov et al., 2005). This was also observed on EEM results, where 710-1180 μm and 1400-2000 μm showed 

proportional fluorescence intensity to granules size, whereas >2800 μm showed a similar signal to 710-1180 μm. 

Similarly to ash content, both Ca and P increased in parallel with size raise except for sizes 150-250(b) μm to 

600-710 μm. It is reasonable that ash accumulation was due to precipitation of the two elements only, since the 

other elements were negligible in ICP results. The higher Ca in larger granules can be explained by the greater 

EPS produced by the bacteria; alginate-like exopolysaccharides (ALEs) contained in EPS have negative groups 

that bind Ca2+ (Lin et al., 2012, Sarma and Tay, 2018a), which can subsequently create bridges among other ALE 

chains. The greater P within larger diameters can be expected as a result of the presence of biological complexes 

(i.e. cell membrane, DNA, etc.) (Longnecker et al., 2010, Huang et al., 2015); in addition, ALE-Ca-ALE bridge 

conformations can chelate a molecule of phosphate if the right conditions are provided (Sarma and Tay, 2018b). 

The conditions described in literature to generate bulk precipitation are mainly pH, temperature, ions 

concentration (e.g. Ca2+, PO4
3-, CO3

2-) and the presence of nucleation sites (Hammes and Verstraete, 2002, 

Dupraz et al., 2009, Mañas, 2011, Peng et al., 2018). Calcium phosphate solubility at pH 7.4-7.5 and Ca= 60 mg 

L-1 (T=20 °C) is around 15 mg P L-1 (Maurer et al., 1999) and the calcium carbonate solubility at ambient CO2 

pressure (pCO2 = 3.5 x 10-4 atm) is around 47 mg L-1 (19 mg Ca L-1) (Geyssant et al., 2001). This means that in 
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most wastewater treatment processes and especially at the conditions studied in the present research, bulk 

precipitation will occur. However, the precipitation observed within the characterised granules needs a more 

thorough explanation. Calcium carbonate can precipitate as different polymorphs, but calcite crystals need 

relatively short time to form (Simkiss, 1964, Besselink et al., 2017). On the other hand, HAP generally needs 

longer retention time to form because of the intermediate polymorphs (Boskey and Posner, 1973, Maurer et al., 

1999, Mañas, 2011). The most soluble one in water will be the first to form, followed by the most 

thermodynamically stable phases (Nývlt, 1995). Therefore, only the precursors will accumulate at first within the 

partial nitrifying granules, but thanks to the granules long retention in the system (Winkler et al., 2012a), the least 

soluble and more stable HAP will form. This was also confirmed by the XRD and ICP results and by other 

research (Lin et al., 2013a), in which the older (and larger) granules showed higher HAP signal with no other 

precursor and a Ca/P ratio = 2 close to theoretical (1.67). 

To explain further why a preferential precipitation within the particles was observed, it is necessary to look at the 

specific conditions created by the bacteria activity within the granules. It is plausible that AOBs uptake of 

inorganic carbon for cellular growth could deplete the pCO2 within the particle and consequently reduce the 

CaCO3 solubility. At the same time, although slowly, the already precipitated minerals in the granule could 

dissolve and by doing this, the protons would be consumed and consequently the pH increased (Plant and House, 

2002). This was also showed by the batch test pH (7.9-8.0), slightly higher than the prepared synthetic 

wastewater (7.2-7.4), and which is likely to be higher within the granule, due to mass transfer limitations. The 

mass transfer limitations for O2 would also increase nitrifier denitrification activity, which generated an even 

higher bulk pH in the larger granules batch (8.6) (Figure 3.17). 

The strong hydroxyapatite phase encountered within larger size granules is to be related to the pH conditions. 

Song et al. (2002) reported that at pH higher or equal to 9, in presence of CO3
2-, CaPO4 precipitation would be 

preferred to CaCO3; whereas at pH lower than 8 or higher than 10 the two minerals would interfere or co-

precipitate, respectively. Hence, the CaCO3 precipitation would be favourable within the smaller particles mainly 

because of the reduced mineral solubility and the lower measured pH; on the other hand, more CaPO4 would be 

described within larger granules due to a slightly alkaline pH. For an improved CaPO4 precipitation over CaCO3 

in presence of carbonate, a higher influent Ca/P ratio would be needed, but only up to a limit of 5  (Cunha et al., 

2018a). This would agree with the results obtained in this study, where the influent Ca/P ratio was slightly higher 

than 5, hence justifying the presence of little CaCO3. Therefore, lower influent calcium content would probably 

reduce the CaCO3 precipitation for a better P recovery as HAP. 

3.4.2.2. Characterisation of HAP and calcite precipitates 

The precipitates of both HAP and calcite were recognised by this research within different sizes granules and 

were characterised by distinct shapes and dispositions. As previously observed in partial 

nitrification/ANAMMOX (Johansson et al., 2017) and other research fields (He et al., 2003, Han and Louhi-

Kultanen, 2018), crystallisation of calcium phosphate was identified as a sequential process and mainly under the 

plate-like form. No distinct shape but only clumps of amorphous calcium phosphate were present during 

nucleation (Figure 3.10g, black arrow); then, more mineral would accumulate in layers over the bacteria (Figure 

3.10f, white arrow), after which some sort of ridge could form from which the plate-like shape becomes visible 

(Figure 3.8c). At this stage, HAP could grow into the very crystalline structures found on the external granules 

surface (Figure 3.8b and  

Figure 3.11f). On the other hand, calcium carbonate was found in lower amount and mainly as crystal bars and 

white globules. The former were similar to the ones encountered in a study on calcite precipitation in presence of 
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organic matrixes (Mann et al., 1990); a smooth-steps pattern was found in common to the structures in SEM 

pictures (Figure 3.12f.1). EDX mineral composition also confirmed that C, O and Ca were the main elements 

found on both crystal bars and white globules; in addition, their Ca/O weight ratio resulted 0.29 and 0.30, 

respectively, which are quite close to the calcite one (0.33) (Mañas, 2011). Although formation of visible crystals 

within anaerobic and aerobic granular sludge was described in literature (Van Langerak et al., 1998, Liu et al., 

2016a), the report of crystalline structures within partial nitrifying granules was still missing. These results could 

demonstrate how the same crystals could be encountered in much different biological systems, which confirms 

how their shapes would be species-independent. At the same time, the importance of this research is represented 

by the opportunity to expand the knowledge on the bacteria-induced precipitation mechanism, by which the 

abiotic precipitation can be distinguished. 

3.4.2.3. Budding theory 

In 150-250(y) μm, in addition to flocs, light and dark brown granules, also rooted particles were found; these are 

also described in literature as a portion (called bud in this study) of a cluster-like granule (also known mushroom-

like or cauliflower-like). They were reported in different biological processes: anaerobic digestion (Gonzalez-Gil 

et al., 2001), aerobic granular system for COD and N removal (Liu et al., 2004a), simultaneous nitrification, 

denitrification and phosphorus removal systems (Lemaire et al., 2008), OLAND (Vlaeminck et al., 2010) and 

EBPR (Barr et al., 2010, Gonzalez-Gil and Holliger, 2014). The special biofilm growth, although slightly 

different to what was observed in 1400-2000 μm and >2800 μm, has been reported to be caused by specific 

environmental stresses, among which nutrients and O2 were the most common (Picioreanu et al., 1998). In our 

partial nitrifying granules, the vast accumulation of inorganics could represent a stress that eventually forced the 

bacteria to start growing out radially, in order to have access to food. Due to impacts with other particles or 

because of the fluid shear force, or even for general instability of the whole arrangement, the bud detached from 

the granule; this would reveal a dark spot (crack) on the particle surface, visible on both SEM and 

stereomicroscopy. The mechanism of detachment from granules was already described in literature as budding 

theory (Vlaeminck et al., 2010). The size of the buds that featured a peculiar darker interior (Figure 3.20 to Figure 

3.22), were in agreement with other research. This mechanism could justify the observation of crystal structures 

essentially in every point of the granules, contrasting with opinions in literature where precipitation could only 

take place in the core (Ren et al., 2008, Mañas, 2011). On the one hand, it is possible that a specific metabolism 

in the outer layers could produce the right environment for inorganic precipitation, as also described by Mañas et 

al. (2012b) and Yuan et al. (2017). On the other hand, it is also plausible that the extent of precipitation could be 

too high to be contained only within the granule core, which would confirm the bacteria displacement and the 

budding observation. To the best of our knowledge, this special mechanism of granules formation was only 

hypothesised previously in literature, but never described as in this study; the results could reveal that not only 

conventional operating parameters could have an impact on the granule size but also the specific conditions  

within the granules (i.e. inorganic matter). 

3.5. Conclusions 

This is the first time that precipitation of both calcium phosphate (hydroxyapatite) and calcium carbonate (calcite) 

was observed in AOB-dominant partial nitrifying granules. The findings showed in Chapter 3 are of great 

importance because P removal from wastewater is a hot topic at the moment. In addition, the possibility to apply 

the partial nitrifying granules for both ammonium and P removal from waste streams and to recover the latter 

seem an appealing opportunity. 
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The granules characterisation revealed that no chemical or pH control was needed for the precipitation to take 

place. The mass transfer limitation within the larger granules was the main factor to create the suitable conditions 

for the minerals accumulation. This is interesting since further reduction of operation costs would be 

advantageous. The presence of little calcite was likely due to an unbalanced Ca/P in the influent synthetic 

wastewater, which was explained by the high hardness tap water used to make it. It is thought that either a higher 

concentration of P or lower content of Ca in the influent could improve the hydroxyapatite accumulation and 

reduce the calcite content. However, further investigation would be needed to disclose if the alkaline pH within 

the granules could generate a long-term accumulation although no chemicals are used. Indeed, the results 

presented here are referred to batch tests, whereas a continuous operation of this system would confirm its 

applicability. The direct application of hydroxyapatite granules as fertiliser is not yet approved, due to the 

presence of heavy metals, pathogens and recalcitrant organics; however, its recycling as a substitute of PO4
3- rock 

in industrial applications represents a real opportunity. 

The precipitation within AOBs-dominant partial nitrifying granules was mainly observed under the plate-like 

spheres of hydroxyapatite and the smooth-steps bars for calcite. These results could confirm previous research 

that specific crystal shapes were not bacteria-dependent, but could be found in biological systems quite different 

from each other. At the same time, the importance of these results is represented by the increased knowledge 

about the bio-precipitation mechanism and the possibility to help distinguish it from the abiotic processes. Due to 

the excessive minerals precipitation, it was possible to observe in this study a bacteria behaviour that was 

previously only hypothesised in literature, the budding theory. This could be confirmed by the presence of buds 

both attached to the larger granules and in solution; therefore, the great inorganic precipitation played an 

important role in this investigation on influencing the particles size in the system. 

3.6. Experimental weaknesses 

The characterisation was done on granules that were produced from different reactors at different operation 

conditions (Chapter 2). Then, they were mixed together and separated based on their different sizes. Although 

meaningful results were obtained in the study, it would have been similarly helpful to characterise the granules 

based on the different operation conditions at which they were produced. It is speculated indeed, as also 

confirmed by results in Chapter 2, that precipitation would be specific at different temperatures and wastewater 

composition. 

In addition, the ash, Ca and P content within most size ranges were not comparable to most literature. The reason 

for this is ascribable to the presence of granules fragments from the previous experiment. If those fragments were 

removed before the size separation and characterisation, for instance by not mixing the particles from the unstable 

reactors, it is likely that more explanatory results would have been obtained.  

As for Chapter 2, replicability of SEM and EDX results was not confirmed due to the analysis of only few 

granules. More resources would have be needed to do the tests again, but this was not possible for this 

experiment.  
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3.7. Appendix 
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Figure 3.17 – Ammonium, nitrite and nitrate concentrations along with pH during batch test of a) <600 μm, b) 710-1180 μm, c) 2000-2400 μm and d) >2800 μm granules. 
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Figure 3.18 – Ca2+ and PO4
3- concentrations during batch test of a) <600 μm, b) 710-1180 μm, c) 2000-2400 μm and d) >2800 μm granules.
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Figure 3.19 – Mixture of different sizes granules before characterisation study. The arrow indicates a bud. 

2 mm 
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Figure 3.20 - Mixture of different sizes granules before characterisation study. The arrow indicates a bud. 

2 mm 
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Figure 3.21 - Mixture of different sizes granules before characterisation study. The arrow indicates a bud. 

2 mm 
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Figure 3.22 - Mixture of different sizes granules before characterisation study. The arrow indicates a bud. 

2 mm 
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Figure 3.23 – Mixture of different sizes granules before characterisation study.

2 mm 
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Chapter 4  

STUDY ON EPS EXTRACTION FROM SLUDGE WITH HIGH MINERAL 

CONTENT AND RELEVANT ACTORS FOR RELIABLE PROTEIN 

MEASUREMENTS   
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4.1. Introduction 

It has been widely reported that EPS content in biofilm including granular sludge, is much higher than that in 

suspended sludge (Tay et al., 2001c). EPS plays an important role in the stimulation of bacteria aggregation and 

maintains the compact structure of biofilm (Adav and Lee, 2008). It is mainly composed of polysaccharides, 

proteins, humic-like molecules, lipids and nucleic acids. The procedures described in literature to extract these 

molecules include physical and chemical methods. The physical protocols normally used are centrifugation 

(Villain et al., 2010), heating (Wingender et al., 1999), cation exchange resin (Xie et al., 2012) and 

ultrasonication (Ramesh et al., 2006). The chemical ones instead are formaldehyde plus NaOH (Liu and Fang, 

2002), formamide plus NaOH (Adav and Lee, 2008), EDTA (Comte et al., 2006), ethanol (Adav and Lee, 2008) 

and glutaraldehyde (Comte et al., 2006). Each method has its advantages and disadvantages. In general, 

formaldehyde/NaOH extraction was reported to produce the highest extraction yield compared with the other 

physical and chemical methods (Comte et al., 2006, D’Abzac et al., 2010, Keithley and Kirisits, 2018). In the 

literature, the analytical methods used to measure polysaccharides, or carbohydrates, in EPS are mainly 

colorimetric and chromatographic. The most widely used methods due to their simplicity are the colorimetric 

Anthrone method (Gaudy, 1962) and Phenol-Sulfuric Acid protocol (Dubois et al., 1956, Kunacheva and 

Stuckey, 2014). For the proteins determination, the modified Lowry method (Frølund et al., 1995, Lowry et al., 

1951) represents one of the most preferred protocols. Although other colorimetric methods like Bradford 

(Bradford, 1976) and bicinchoninic (Smith et al., 1985) are also used. The Lowry method is preferred because the 

results are more accurate, with less interference by many compounds contained in wastewater and the possibility 

to measure, at the same time, the humic acid (Lucarini and Kilikian, 1999). However, there are studies that 

reported a certain extent of interference on proteins determination when the samples concentration of cations such 

as Ca2+ and Mg2+ was higher than 0.5 and 0.9 mmol L-1, respectively (Xie and Burnell, 1994) or even negative 

amount of proteins in the waste streams analysed (Westgate and Park, 2010). Alkaline conditions are created 

when using Lowry’s method reagents (5.7 g L-1 of NaOH and 28.6 g L-1 of Na2CO3, pH >12), hence generating 

cations precipitation. The pre-treatment of samples containing 3 mmol L-1 of Ca2+ and Mg2+ with technologies 

like dialysis and cation exchange resin proved to be useful to completely eliminate interference of Lowry method 

by cations removal over 90% (Shen et al., 2013). Basically, the cations were physically removed through the 

dialysis membrane pores (3.5 kDa), whereas the larger proteins to be measured were retained. The negatively 

charged ions in the cation exchange resin could bind the cations, hence leaving mainly the proteins in the treated 

sample. 

Dupraz et al. (2009) reported that EPS compositions could reduce the energy needed for the nucleation of 

inorganic matter and thus enhance the precipitation within biological systems. This was later confirmed by 

reporting the possibility of cations binding to alginate-like exopolysaccharides (ALEs) in EPS, due to interactions 

with their negative groups (Lin et al., 2012, Sarma and Tay, 2018a). High calcium concentration in the influent to 

granular sludge systems have been shown to induce excessive precipitation of minerals like calcium carbonate 

and calcium phosphate (Cunha et al., 2018a) (Chapter 2). It is thought that when EPS is extracted from this kind 

of biofilms, the bound Ca with EPS or dissolved Ca ion due to strong extraction solution such as 

formaldehyde/NaOH (F/NaOH) could also be found in the final extracted solution. In Chapter 3, EPS was 

extracted from high ash content, partial nitrifying granules by the chemical F/NaOH procedure (Liu and Fang, 

2002); during proteins determination by the Lowry method, a cloud of precipitates at the bottom of 

spectrophotometric cuvettes was observed that lowered the results reproducibility. For this reason, in this chapter 

a physical EPS extraction procedure, i.e. heat, will be compared to F/NaOH. The study aims to investigate the 

factors that could interfere in protein measurement by the Lowry method after EPS extraction from granular 

sludge by formaldehyde/NaOH or heat with high minerals content. 
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4.2. Materials and methods 

4.2.1. Extracellular polymeric substance (EPS) extraction 

In this study, suspended activated sludge (AS) and granular sludge with ash content of 20 and 47%, respectively, 

were used to extract EPS. For both F/NaOH and heat extractions, both granules and AS were first washed with 

tap water, then, after overnight storage at -20 °C, they were dried by freeze drying technology (lyophilisation). 

Ash content and total solids (TS) were measured for each sample and a portion of the biomass was weighted and 

placed in a 15 mL tube; 10 mL of phosphate buffer saline solution (PBS) were then added and the sample was 

centrifuged at 5000 g at 4 °C for 10 minutes. The saline solution was used in this experiment to avoid any stress 

to the bacteria that could produce unwanted cellular lysis. The only difference between the two methods at this 

stage was that PBS was heated up to 50 °C before the centrifuge in the physical extraction; the supernatant 

obtained after the first centrifuge was considered the lightly bound (LB) portion of EPS. At this point, for the 

chemical method, the pellet was resuspended with 10 mL of PBS and incubated on a shaker (150 rpm) for 1 h at 4 

°C with 0.06 mL of formaldehyde (36.5 %) and subsequently for 3 h at 4 °C with 4 mL of sodium hydroxide (1 

M). For the physical procedure, the pellet was resuspended with PBS and incubated for 30 minutes at 60 °C. For 

both methods, the sample was centrifuged for 20 minutes at 10000g at 4 °C, after which the supernatant was 

collected and considered as the tightly bound (TB) portion of EPS. The PBS solution, was composed of 8 g L-1 

sodium chloride, 0.2 g L-1 potassium chloride, 1.15 g L-1 di-sodium hydrogen phosphate, 0.2 g L-1 potassium di-

hydrogen phosphate, pH 7.3 ± 0.2 at 25 °C. Both LB- and TB-EPS extracted solutions were filtered with a 0.22 

μm syringe filter before being stored at -20 °C, until analyses for proteins (PN), humic acid (HA) and 

polysaccharides (PS) content were done as described below. A portion of both LB and TB-EPS extracted 

solutions was dialysed overnight at 4 °C in a SnakeSkin Dialysis regenerated-cellulose membrane, 3.5kDa 

MWCO-22 mm (ThermoFisher Scientific, USA). All samples were analysed in triplicates. 

4.2.2. PN, HA and PS analysis 

PN and HA were analysed by the modified Lowry method (Lowry et al., 1951, Frølund et al., 1995, Shen et al., 

2013). In this method, protein is pre-treated with copper (II) in a modified biuret reagent (alkaline copper solution 

stabilized with sodium potassium tartrate). In the absence of copper, colour intensity is determined primarily by 

the tyrosine and tryptophan content of the protein, and to a lesser extent by cysteine and histidine. Copper (II) has 

no effect on colour formation by tyrosine, tryptophan, or histidine, but reduces colour formation due to cysteine. 

Addition of the Folin reagent generates chromogens that give increasing absorbance between 550-750 nm. 

Normally, absorbance of 660 nm is used to quantify protein concentrations between 1-100 mg mL-1, while 

absorbance at 550 nm is used to quantify higher protein concentrations. 

For the analyses four reagents are prepared: reagent A: 28.6 g L-1 Na2CO3 (2.86%), 5.7 g L-1 NaOH (0.57%), 

reagent B: 9.1 g L-1 CuSO4 (0.91%) or 14.3 g L-1 CuSO4.5H2O (1.43%), reagent C: 35 g L-1 KNaC4H4O6.4H2O 

(Potassium sodium tartrate) (3.5%), reagent D: Folin reagent (2N) diluted 5:6 with distilled water. B and C are 

mixed and then added to A in order to prevent copper from precipitating in a 100:1:1 ratio (A:B:C) (Cu-solution). 

Reagent A is mixed with distilled water and reagent C with a 100:1:1 ratio A:H2O:C (noCu-solution). For PN 

analysis, 2 centrifuge tubes (2 mL) for each sample are prepared by placing 0.5 mL of sample (or blank or 

standard solution) in each tube. 0.7 mL of Cu-solution is added to one testing tube and 0.7 mL of non-Cu-solution 

(for humic compounds) is added to the other test tube. The tubes are well mixed by vortex stirrer, then 0.1 mL of 

diluted Folin reagent is added to each tube and quickly the tubes are mixed by vortex and incubated for 45 min in 
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the dark. After this time, the solutions can be transferred in 10 mm-cuvette to read absorption at 750 nm. The 

calculations used are: 

 

ABStotal = ABSProtein + ABSHumic 

ABSBlind = 0.2*ABSProtein + ABSHumic (only 20% coloration with non-Cu-solution) 

ABSProtein = 1.25*(ABStotal – ABSBlind) 

ABSHumic = ABStotal – ABSProtein 

 

Where: ABStotal = Total absorbance for sample with Cu-solution 

ABSBlind = Total absorbance for sample with non Cu-solution.  

ABSHumic = Absorbance from Humic compounds. Calculated. 

ABSProtein = Absorbance from protein. Calculated. 

 

Three calibration curves are needed, with Cu-solution and with no Cu-solution for PN, with non Cu-solution for 

HA. Bovine Serum Albumin (BSA) and Na-humic acid were used as standard stock solutions (2 g L-1) for PN and 

HA, respectively. Linearity of calibration curves for both proteins and humic acid is up to 80-100 mg L-1. The 

developed colour is stable for several hours before changing (not less than 5). 

PS were measured by phenol-sulfuric acid method (Dubois et al., 1956). Concentrated sulfuric acid is used to 

convert all non-reducing polysaccharides to reducing polysaccharides, and phenol reacts with reducing 

polysaccharides and develops a yellow-orange color which can be used to quantify the sugar concentration. To 

analyze the sample, phenol (5%) and sulphuric acid (95%, concentrated) are needed. 1 mL of sample (or blank or 

standard solution) are placed in 10-mL testing tubes (Round-bottom borosilicate tubes, 16 x 100-mm, with TFE-

lined screw caps). 1 mL of phenol is added into each tube and then 5 mL of concentrated sulphuric acid are 

rapidly poured into each tube (the stream of acid should be directed against the liquid surface rather than against 

the side of the test tube in order to obtain good mixing). The tub is lidded and left to stand 10 minutes, after 

which it is shaken for 10 to 20 minutes in an incubator at 25 °C to 30 °C. Finally, the solution is transferred to a 

10 mm cuvette and absorbance at 490 nm is read. The calibration curve is made by using glucose as standard and 

linearity is up to 16 mg glucose L-1. 

The absorbance of PN, HA and PS was measured by UV-Visible Scanning spectrophotometer (Cecil 3000 series, 

Cecil Instruments Ltd., UK). 

4.2.3. EPS content by Excitation and Emission Matrix (EEM) 

The EPS content was also analysed in a 1-cm quartz cuvette by measurement of excitation and emission matrix 

spectra, using a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, USA); the spectra were 

collected with subsequent scanning emission spectra from 280 to 500 nm at 5 nm increments by varying the 

excitation wavelength from 200 to 400 nm at 5 nm sampling intervals. The excitation and emission slits were 

maintained at 5 nm. The EEM data were processed as described by Chen et al. (2003b) and Guo et al. (2017) by 

using the fluorescence regional integration (FRI) technique. The peaks form EEM were divided in 5 regions “i” 

as in Chapter 3. The area beneath each EEM spectra was integrated as explained below: 
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𝛷1,𝑛 = 𝑀𝐹𝑖𝛷𝑖 = 𝑀𝐹𝑖 ∑ ∑ 𝐼(𝜆𝑒𝑥𝜆𝑒𝑚)𝛥𝜆𝑒𝑥𝜆𝑒𝑚𝑒𝑚𝑒𝑥     (4.1) 

 

𝛷𝑇,𝑛 = ∑ 𝛷1,𝑛          (4.2) 

 

𝑃1,𝑛 =
𝛷𝑖,𝑛

𝛷𝑇,𝑛𝑥100
%        (4.3) 

 

Where: 

Φi = volume beneath the region 

Φi,n, ΦT,n = normalised ex/em area volumes 

Δλem = excitation wavelength interval (5nm) 

Δλex emission wavelength interval (5nm) 

I (λemλex) = intensity of fluorescence (au) at each excitation-emission wavelength pair 

MFi = multiplication factor, or the inverse of fractional projected excitation-emission area 

Pi,n,% = percent fluorescence response 

 

A UV1800 spectrophotometer (Shimadzu, Japan) was used to detect whether dilution was needed for EEM 

analyses and TB-EPS samples were diluted 1:5; the scanning range used was from 200 nm to 700 nm, with 2 nm 

interval between each scan.  
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4.3. Results 

Three hypotheses were formulated: (a) erroneous colouration of samples when PN amount is too high due to as 

unreliable dilution procedure, (b) sample reaction with F/NaOH reagents or (c) sample reaction with Lowry 

method reagents. To investigate which of the above hypotheses could be true, different trials followed. 

4.3.1. BSA calibration curve and dilution test 

A series of different dilutions of EPS extracted from partial nitrifying granules were tried to see whether this 

could interfere with the results (Table 4.1); it was found that the lower dilutions of sample corresponded with an 

unexpectedly higher PN concentration in the range of dilutions 1 to 10; but when the dilution factor was greater 

than 10 a decrease and even negative concentrations were observed, as if a certain interference component could 

be diluted. Therefore, the standard curve made by using the standard protein bovine serum albumin (BSA) was 

extended to a concentration higher than suggested in the methodology; this was done to investigate whether the 

high concentration of proteins could somehow interfere with the colorimetric analysis and generate fluctuating 

results. Above 100 mg BSA L-1, the curve started plateauing, as shown in Figure 4.1, reaching an obvious too 

high absorbance for a reliable spectrophotometric analysis (normally < 1.0); however, no peculiar trend was 

observed for high BSA amount and fluctuations of absorbance was not observed.  

 

 

Table 4.1 –EPS extraction sample with different dilutions 

and relative PN amount measured by Lowry’s method. 

Absorbance Dilution factor PN (mg L-1) 

0.157 1 14.49 

0.184 5 136.74 

0.145 10 325.42 

0.12 100 -80.00 

0.119 1000 -1213.33 

 

 

 
 

Figure 4.1 – Extended calibration curve for proteins detection by Lowry’s method. 
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4.3.2. EPS extraction by physical heat method 

Once the first hypothesis was discharged, the possibility that the F/NaOH extraction procedure could interfere on 

the PN analysis was investigated. In Lowry method, alkaline reagents (i.e. Na2CO3 and NaOH) are used that 

could eventually react or have cumulative effects with either formaldehyde and/or NaOH; therefore, the chemical 

protocol was substituted with physical heat extraction. Once the extraction was completed and the filtered 

samples were analysed for PN content, interestingly no precipitation within the spectrophotometric cuvettes was 

found. This fact could show that interference could take place by using F/NaOH; in addition, since NaOH was 

already present within Lowry method, this means that the base presence could not explain the interference. From 

Figure 4.2a, b and Figure 4.2e and f the extracted EPS by heat protocol is shown as PN, HA and PS content in 

granules and AS, respectively. Similarly to previous results on partial nitrifying granules (Chapter 3), the EPS 

components showed higher amount in the TB-EPS portion compared to the LB-EPS one, which justifies the main 

importance of the latter in the granular structure. To confirm that the interference was removed or reduced by 

using the physical protocol, a higher concentration of PN than reported in Chapter 3 was observed, however, the 

PS was much lower than what was described in the previous Chapter 3. The EEM data (Figure 4.2c, d and Figure 

4.2g, h) confirmed the absence of PS, showing peaks I (tyrosine/tryptophan amino acids) and II 

(tyrosine/tryptophan proteins) well visible in both granules and AS, whereas peak III, representing the 

polysaccharides, was not present. Also peaks V (polyaromatic-type humic acids) and VI (polycarboxylate-type 

humic acid) were clear in the plots, although only a little amount of HA was shown by the chemical analyses. The 

literature behind the organic matter correspondence to each peak can also be read elsewhere (Chen et al., 2003b, 

Wang and Zhang, 2010, Wang et al., 2014a). Even though EEM results are considered qualitative, they showed 

that peaks I and II were found in larger amounts in TB-EPS than in LB-EPS, confirming the chemical analyses of 

EPS components; on the other hand, peaks V and VI showed an opposite trend, with lower amounts of TB-EPS 

and higher in LB-EPS. These findings could not be confirmed by the chemical analysis since only little HA could 

be measured in either LB- and TB-EPS. These results showed that replacing the chemical F/NaOH procedure 

could efficiently remove the cloud precipitation observation during proteins analysis; and this was also confirmed 

by the greater amount of extracted PN compared to that in Chapter 3. However, the low HA and PS 

concentrations in the extracted solution suggests that heat protocol extraction yield with regard to the two 

components was poor; this was also described by Adav and Lee (2008), where extracted PN were much higher 

than HA and PS in both heat treated sludge and granules samples.  
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Figure 4.2 – Profile of EPS extracted with heat procedure; proteins and polysaccharides amount with and without 

dialysis in a) LB and b) TB-EPS of granules. EEM spectra from granules in c) LB and d) TB-EPS. Proteins and 

polysaccharides amount with and without dialysis in e) LB and f) TB-EPS of sludge. EEM spectra from sludge in 

g) LB and h) TB-EPS. 
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4.3.3. Calcium ion effect on PN analysis with Lowry method  

The results in Chapter 2 and Chapter 3 showed more than 200 mg Ca g-1 MLSS in nitrifying granular sludge, 

which is much higher than that in typical suspended and granular sludge (Metcalf and Eddy, 2003). Thus, it is 

speculated that because of the bonds with negative charged groups in EPS (Lin et al., 2012, Sarma and Tay, 

2018a), high Ca2+ could be extracted too. To verify whether Ca2+ could be one of the factors to cause 

precipitation during PN determination, some tests on the effects of calcium addition to PN analysis were done. 3 

mmol L-1 of Ca2+ (120 mg L-1) were added to the BSA standard solution for the PN calibration curve. After all 

Lowry’s reagents were added, the samples were well mixed by vortex and 45 minutes incubation at room 

temperature in the dark followed, before spectrophotometric analysis. During the incubation of the calibration 

samples, clear precipitates were visible at the bottom of the spectrophotometric cuvettes (Figure 4.3a and b), as 

also described in Chapter 3. These results, especially the precipitates within the blank (deionised water plus 3 

mmol L-1 of Ca2+), could justify that, although F/NaOH was not used, also the reagents from Lowry method could 

likely react with calcium. Figure 4.4a and b show the results of two calibration curves made without and with 

addition of calcium, respectively. The presence of the metal shifts the curve to a higher absorbance, with a 

consequent increase of the intercept (Table 4.2); the spectrophotometric readings were underestimating the real 

proteins amount. These results could also explain why in the previous test the final PN concentration result was 

higher when diluted; possibly by reducing the calcium concentration in solution, which consequently lowered the 

interference effect on the spectrophotometric readings. The greater the concentration of the calcium (Figure 4.4c), 

corresponded a greater reading error in the PN analysis; this is shown in the correlation plot in Figure 4.4c, where 

increasing concentrations of Ca2+ were added to an extracted sample and added up to 60 mg Ca2+ L-1 and a 

proportional curve was generated. 

After the calcium role in the interference of the Lowry proteins determination was confirmed, a pre-treatment 

dialysis was used to reduce the element’s concentration within the samples. The removal of Ca2+ by dialysis was 

successfully described to eliminate interference of Lowry method in previous literature (Shen et al., 2013). 

Therefore, both LB- and TB-EPS samples were pre-treated by being left in the dialysis membrane overnight to 

allow mineral ions such as Ca2+ to pass through the membrane and be removed from the sample, which was 

supposed to reduce the interference on PN analysis. The results of the pre-treatment are described in Figure 4.2a, 

b and Figure 4.2e, f; contrary to what was expected, the PN content showed reduced concentrations of both LB- 

and TB-EPS, with a similar trend between granules and AS, hence dialysis could not eliminate the interference. 

In addition, these results indicate that great amount of proteins smaller than 3.5kDa could be present in the EPS 

sample and pass through the membrane during dialysis, which underestimated the protein contents by 50%. 

 

 

 

Figure 4.3 - Precipitates cloud observed during Lowry method incubation of a) blank (without and with Ca2+) and 

b) last point (without and with Ca2+) of BSA calibration curve. 

a) b) 
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Figure 4.4 – Proteins calibration curves done a) without and b) with 120 mg Ca2+ L-1 addition, c) correlation 

between added Ca2+ concentration and absorbance after 1 h incubation. 

 

Table 4.2 – Proteins calibration curves with and 
without calcium addition. 

BSA   Absorbance 

mg L-1  No Ca2+ 120 mg Ca2+L-1 

0  0.081 0.223 

10  0.148 0.293 

20  0.212 0.320 

80  0.483 0.596 

100  0.533 0.647 

 

 

After these results, cation chromatography analysis was done on the EPS extraction solutions following heat 

procedure; in this way the content of soluble Ca2+ in both LB- and TB-EPS could be measured. What those 

analyses revealed was that the cation, which was thought to be the main factor causing the precipitation during 

Lowry determination, was not present in any sample. Therefore, this could imply that the calcium interfering with 

the spectrophotometric proteins determination could not be present as cation in solution, but bound to EPS.  
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4.3.4. Effect of incubation duration on PN measurement with Lowry method  

At this point, since the poor reliability of colorimetric readings was probably due to the shielding effect from the 

precipitate cloud on the spectrophotometer, the incubation time in Lowry method was extended to first 2 hours 

and then to 3 hours, instead of one hour as suggested by the standard method. After this change was applied, 

comparable results were achieved for the calibration curve of protein with and without calcium addition; as 

shown in Figure 4.5a and b and Table 4.3, after 2 hours the interference extent was lowered but still visible, 

whereas after 3 hours the results were quite close to the control calibration curve. These results explain how 

calcium could be found bound to large organic molecules rather than in its cation form in solution when EPS was 

extracted, which would explain why it would be retained in the dialysis membrane. Changing the incubation time 

from 1 to 3 hours during Lowry determination could almost completely remove the interference and obtain 

reliable measurements. 

 

 
 

Figure 4.5 – Spectrophotometric results of calibration curve a) without Ca2+ addition (1 hour incubation) and b) 

with addition of Ca2+ (3 hours incubation). 

 

Table 4.3 – Comparison between calibration curves after 

different incubation times. 

BSA  Absorbance 

mg L-1  control 1 h 2 h 3 h 

0  0.081 0.223 0.090 0.082 

10  0.148 0.293 0.160 0.150 

20  0.212 0.320 0.208 0.201 

80  0.483 0.596 0.468 0.454 

100  0.533 0.647 0.540 0.533 

 

4.3.5. Optimisation of EPS extraction and PN analysis by Lowry method 

After the results obtained by the tests described in the previous paragraphs, 3 hours of incubation were applied to 

lower the interference of calcium on PN analyses, since precipitation was still visible during the incubation time; 

differently, no precipitation was observed during incubation of AS, due to the lower Ca2+ content. The results 

obtained by implementing this simple step are shown in Figure 4.6a, b and Figure 4.6e and f, where the extracted  
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Figure 4.6 – Profile of EPS extracted with formaldehyde/NaOH procedure; proteins and polysaccharides amount 

with and without dialysis in a) LB and b) TB-EPS of granules. EEM spectra from granules in c) LB and d) TB-

EPS. Proteins and polysaccharides amount with and without dialysis in e) LB and f) TB-EPS of sludge. EEM 

spectra from sludge in g) LB and h) TB-EPS. 
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EPS by F/NaOH are shown as PN, HA and PS content in granules and AS, respectively. The PN concentrations 

showed a similar trend to when physical extraction was used, except for a slightly lower amount; PN content in 

granules and AS resulted 88 and 64 mg g-1 MLSS, respectively, compared to 98 and 40 mg g-1 MLSS, 

respectively, measured after heat extraction. On the other hand, a great difference could be encountered between 

the PS extracted with the two methods; the amount was much higher this time and it resulted even greater than 

previously reported in Chapter 3. Also this time both PN and PS were shown to be mainly present in the TB-EPS 

portion compared to the LB-EPS. The EEM spectra confirmed the presence of the three components in the 

samples, especially PS in TB-EPS; as described for the heat extraction, the PN were represented by peaks I and II 

in Figure 4.6c, d, g and h. PS were described by peak III in both Figure 4.6d and h, which were expected since a 

stronger signal was measured by the chemical analysis. Also peak V was clearly described in Figure 4.6c and g, 

whereas its presence could not be certified in Figure 4.6d and h. Finally, peak VI was shown in Figure 4.6c, g and 

h but it absent in Figure 4.6d. In addition, between the two extraction procedures there could be a visible 

difference that made peaks I and II to move towards higher emission length in F/NaOH; this could imply that a 

different conformation of proteins contained in those two peaks could take place, possibly due to an increase of 

pH. To double check this, a sample was measured by EEM with and without first adjusting the pH to a neutral 

value. After NaOH is added for the extraction process, the pH increases up to 12-13; therefore, once pH was 

reduced to around 7.2-7.5, it was observed that both peak I and II were shifted to a lower emission wavelength, 

i.e. from 350-400 to 325-375. 

4.4. Discussion 

The EPS extraction by chemical method F/NaOH was described in literature as to show the highest extraction 

yield among several other physical and chemical methods (Keithley and Kirisits, 2018). In addition, it was shown 

to be the most reliable technique for leaving microbial cells undamaged, avoiding therefore the interference of 

intracellular molecules with following analyses. The role of formaldehyde is to fix the cells, binding to amino, 

hydroxyl, carbonyl and sulfhydryl groups of proteins and nucleic acids of the cell membrane, therefore 

preventing cell lysis. The EPS extraction is then possible due to the increase of pH after the addition of NaOH; 

the acidic groups contained in EPS dissociate creating many negative charges that repulse from each other, with a 

consequent crumbling of the EPS. The NaOH makes EPS more soluble to water. From the results described 

above it could be confirmed what other studies have previously reported, that the EPS extraction procedure 

F/NaOH could achieve better yields than the heat extraction (Comte et al., 2006, D’Abzac et al., 2010); similar 

results could be previously reported by Adav and Lee (2008), where the three components extracted by heat were 

found in lower amounts than in both AS and granules extracted with F/NaOH. Therefore, the poor extraction of 

both HA and PS means that the procedure would likely be underestimating their concentration, making the heat 

extraction as a not advisable procedure for both granular and activated sludge. In addition, it could be speculated 

that the inefficient extraction could result in lower calcium in the extraction solution. Indeed, no precipitation 

during the Lowry method incubation was observed when heat procedure was used. 

Compared to Chapter 3, the PN content in EPS in the present study was higher since Lowry method was 

optimised by using a 3 hours incubation time. A thorough comparison with the other experiment was not possible 

since the EPS was analysed for different size granules in that study; however, the average amount of PN for 

different diameters was roughly 50 mg g-1 MLSS, which is 35% lower than in the present study. In addition, the 

standard error between the triplicates achieved in the optimised procedure is visibly reduced compared to the one 

for the largest size, for instance. 

The PN and HA contents after F/NaOH extraction were similar in AS, whereas the humic material was much 

lower than PN in the granules. Adav and Lee (2008) described that the reason for generating a low concentration 



Chapter 4 - 113 

of HA by solely F/NaOH extraction, could be due to the humic material to be contained mostly in the internal 

layers of granular sludge. In addition, HA within AS could be higher using the same chemical procedure since the 

material could be better extracted from the loose flocs structure. Similarly, the HA in the present study was 

almost absent in granules when F/NaOH was used, whereas much higher amounts were measured in the AS. In 

Adav and Lee (2008) study the ultrasound technology could eventually increase the extraction by a deterioration 

of the compact granular structure before F/NaOH were used. This could justify that a more efficient extraction 

yield in the granules be investigated in this research could be achieved by using synergically both chemical and 

physical procedures, especially when inorganic material is expected to be present in the granules. 

The lower PS content in granules compared to AS could be explained by the PS degradation by the bacteria. A 

parallel decrease of PS and an ash content increase was previously described in a granular system with excessive 

inorganic precipitation (Liu et al., 2015b) and in lithified layers of natural marine stromatolites (Kawaguchi and 

Decho, 2002). PS are considered to be an organic carbon source for bacteria growth (Sadri Moghaddam and 

Alavi Moghaddam, 2015) and their reduction in these studies could be justified by high nutrients mass transfer 

limitations due to the accumulation of inorganic matter, as also reported in Chapter 3. Therefore, the lower PS in 

the granules in the present study could be due to the high ash content (47%), which was almost half in the AS 

(20%). The presence of inorganic matter could also justify the difficulties in extracting PS which would be 

strongly bound to calcium due to the ALE-Ca-ALE bridges. It is also interesting to notice that the dialysis pre-

treatment could drastically reduce the concentration of PS in both granules and AS. It was reported in literature 

that when using chemical extraction procedures, some of the used reagents could either interfere with the 

following analyses (i.e. Lowry, Dubois, etc.) or react with the extracted EPS components, producing misleading 

EPS characterisation (Comte et al., 2006, D’Abzac et al., 2010). Since formaldehyde can bind amine groups of 

proteins or amino sugars, the dialysis pre-treatment was used in some study to reduce its effects (Keithley and 

Kirisits, 2018). On one hand, it is possible that in this study a great amount of PS smaller than 3.5kDa could be 

part of the extracted EPS and could be lost through the membrane; but on the other hand, it could also be due to 

the depletion of chemical residues from extraction. This could not be confirmed in the study, but it should be 

further investigated because it means that the measured PS amount could be actually overestimated. 

However, these results are promising since the optimised Lowry method could improve the EPS characterisation 

in granular systems with high inorganic precipitation; in addition, synergic use of physical extraction procedures 

and F/NaOH may be further investigated, to have a deeper understanding on the EPS composition within biofilms 

with high ash content. It could not be confirmed in this study whether interactions between EPS and 

formaldehyde could result in interference on PS analyses, but in the future this should be addressed. 

In Chapter 2, the accumulation of high content of calcium in partial nitrifying granules was described. EPS 

contained in biofilm can facilitate inorganic matter precipitation (Dupraz et al., 2009) due to the Ca2+ bonds with 

negatively charged molecules in EPS (Lin et al., 2012, Sarma and Tay, 2018a). It could be speculated that once 

EPS is extracted, also the minerals will be found in the final extraction solution. Therefore, the presence of 

calcium and bicarbonate at pH >13 (because of NaOH) during the Lowry proteins determination would likely 

generate inorganic calcium precipitation. Importantly, since precipitation was not observed after heat extraction, 

although NaOH was still present in Lowry’s reagents, this means that it is not the concentration of the base that 

causes the precipitation, but the amount of calcium from the extraction instead. It is possible that the heat 

extraction yield does not release enough Ca-EPS to generate the precipitation. At these alkaline conditions the 

concentration of CO3
2- in Lowry reagents is roughly 4.5 mM, which in theory could react with around 180 mg 

Ca2+ L-1. However, if calcium in the extracted sample is low, no precipitation would take place or would be 

visible. The interference of Lowry method for proteins determination by Ca2+ and Mg2+ was already described in 

literature (Shen et al., 2013); they reported that the cations could precipitate after reacting with bicarbonate 
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present in Lowry reagents at alkaline conditions and interfere with the colorimetric analysis. However, by using a 

dialysis pre-treatment they could remove the cations from the sample, hence eliminating the interference. 

Similarly, the membrane was tried also in the present study, but the pre-treatment could not remove the 

interference, instead it generated a further decrease of proteins due to their lost through the membrane. For heat 

extraction, roughly 50% of the proteins extracted were smaller than the 3.5kDa membrane pore size, whereas 

only 20% were dialysed after F/NaOH. Heat extraction is a quite strong method that could destroy the bacteria 

cellular membranes with a following lysis (Comte et al., 2006), explaining the possibility to create a great amount 

of small proteins encountered with the chemical procedure. 

Therefore, in the present study calcium was described to be bound to organic molecules in the EPS extraction 

solutions; this result confirms the importance of Ca2+ bonds to EPS of granular sludge. In addition, this could also 

justify the absence of precipitation during Lowry method incubation after heat extraction. The poor efficiency of 

the physical method indeed resulted in lower calcium concentration due to less extracted EPS to which the cation 

would be bound. 

4.5. Conclusions 

The calcium present in EPS extracted from aerobic granules showing high minerals precipitation (200 mg g-1 

MLSS) was found to be the main factor to generate interference of proteins determination through Lowry’s 

method. Its reaction with the carbonate reagent and the alkaline pH could indeed induce the precipitation of 

CaCO3 within the cuvettes used for the spectrophotometric proteins measurement. However, the interference 

could be partially eliminated by extending the incubation time during Lowry’s method from 1 hour to 3 hours. 

Differently from previous research, chromatography analyses could not confirm the presence of the cation in the 

extracted solution; it is thought that calcium could be present bound to large organic molecules contained in EPS, 

under which form it cannot be detected. This would also justify the fact that dialysis pre-treatment inefficiently 

removed the interference, as it was instead reported possible in previous literature. In addition, by changing the 

chemical formaldehyde/NaOH procedure to extract EPS with the heat protocol, prevented this precipitation. It is 

possible that the less efficient physical extraction could free a lower amount of calcium; this would be justified by 

the fact that the chemical procedure could also show a greater amount of extracted proteins and polysaccharides. 

Further investigation in this way would be needed to understand precisely what could induce precipitation in 

samples extracted from high ash content granules. 

4.6. Experimental weaknesses 

A physical pre-treatment could have helped to facilitate the opening of the complex EPS structure in the granular 

sludge. For instance, sonication coupled with a chemical extraction could have been a possible candidate 

procedure to try dissolving the EPS. 

The absence of calcium from the solution of extraction as a free cation may be due to the element agglomeration 

with organic molecules. However, a mass balance of the element was missing in the study and elemental analysis 

by ICP-MS or element analyser would have been useful for clarifying this. 

In addition, a morphological aspect of the granules by SEM or also simple stereomicroscopy before and after the 

different extraction methodologies, would have been useful to compare their efficiencies in releasing the EPS 

structure. At the same time, DNA and lipids analyses were missing that could confirm if bacteria lysis was 

happening, which consequently could explain the measured low amount of proteins and polysaccharides. 

To confirm the specificity of the inorganic matter interference on both Lowry and Dubois methods, different 

methodologies should have been tested in parallel. 
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5.1. Introduction 

The efficient application of partial nitrification granules at full-scale depends mostly on the stable activity of 

ammonium oxidising bacteria (AOBs) (Agrawal et al., 2018). They are slow growing bacteria and sensitive to a 

great number of compounds, such as free ammonia (FA), free nitrous acid (FNA), toxic compounds (Anthonisen 

et al., 1976) and some environmental conditions like variations of pH, salinity and temperature. The granular 

sludge is represented by a much stronger and resistant structure than flocculent activated sludge and can reduce 

the extent of inhibition (Sarma and Tay, 2018a); anyhow, a sudden variation in stream quality and the increase of 

a specific toxic compound concentration could still generate the process failure of partial nitrification. In this 

situation the reactor could be augmented with new nitrifying granules, but their cultivation would not be quick 

since it took a month in a lab-scale SBR reactor (Chapter 2) and it could take much longer in a full-scale. In 

addition, the AOBs activity should be strongly enhanced over the nitrite oxidising bacteria (NOBs), to keep the 

partial nitrification shunt. Another option would be to augment the system with new purchased granules, which 

means higher costs for the plant and uncertainty on the fact that the new granules could still go back to complete 

nitrification (Turk and Mavinic, 1989, Peng and Zhu, 2006). These are only some of the reasons why further 

research would be needed on novel technologies able to avoid or to quickly reduce the nitrifying biomass 

inhibition effects. In literature, some studies have reported interesting results by using magnetic and ultrasound 

fields and published evidence of effects on the biomass activity (Filipič et al., 2015, Zheng et al., 2015). 

However, the complex theory behind them and special equipment needed would still make these technologies 

difficult to be implemented in most systems. On the other hand, the application of an electrostatic field was 

shown in the past to be simple enough and to represent a non-invasive technology. Most research on electric field 

(EF) applications was done on enhancement of bacteria activity in nitrifying (Qian et al., 2017), activated sludge 

(Alshawabkeh et al., 2004) and ANAMMOX (Yin et al., 2016) systems, among the others; on the other hand, to 

the best of our knowledge, EF application on the reactivation and enhancement of inhibited microorganisms 

activity by a toxic compound is still missing in literature. The recovery of nitrifying granules activity without the 

need of an external biomass source would obviously represent an interesting and cost-effective advantage; 

therefore, it is believed that EF application could be a promising treatment to improve nitrifying granular sludge 

activity after inhibition. 

The present study investigated the effects of the electric field application on inhibited nitrifying biomass by a 

series of batch tests. First, preliminary tests were done to find the optimal duration and intensity of the EF; then, 

the biomass was fed with different concentrations of known inhibitors (i.e. salinity and phenol) and the 

ammonium removal was evaluated. Finally, the EF was implemented and the effects on the inhibited nitrifying 

biomasses were described by measuring the ammonium removal once more.  
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5.2. Materials and methods 

5.2.1. Reactor operation 

A column reactor (Perspex) with a 2.6 L working volume and a column height to diameter ratio of 20 (Ø 60 mm) 

was operated in a sequencing batch mode, including 10 minutes feeding, 227 minutes aeration, 2 minutes settling 

time and 1 minute discharging, with a total cycle time of 4 hours. The volumetric exchange ratio was kept at 50% 

with the effluent discharged from the middle port of the reactor. Air was continuously provided with a flow rate 

of 5 L min-1 through an air stone at the bottom of the reactor; the temperature within the system was kept constant 

at 30 °C. 

5.2.2. Synthetic wastewater and inoculum 

The synthetic wastewater was prepared following the procedure explained in previous research (Chapter 2); 

briefly, organic carbon (1200 mg COD L-1) was provided during the first part of sludge cultivation to achieve a 

quick granulation and it was then substituted by inorganic sodium bicarbonate (10.8 g NaHCO3 g
-1 NH4

+-N L-1) 

to provide both carbon source for nitrifying biomass growth and buffer solution to the newly formed granules. 

Ammonium was increased step by step from 50 to 500 mg NH4
+-N L-1, in order to enhance nitrifying bacteria 

accumulation. Phosphorus was provided as 15 mg PO4-P L-1 and the metals were added as (per L prepared): 0.02 

g MgSO4•7H2O, 0.01 g FeSO4•7H2O; whereas the trace elements were (per L prepared): 0.12 mg MnCl2•4H2O, 

0.12 mg ZnSO4•7H2O, 0.03 mg CuSO4•5H2O, 0.05 mg (NH4)6Mo7O24•4H2O, 0.1 CoCl2•6H2O, 0.1 mg 

NiCl2•6H2O, 0.05 mg AlCl3•6H2O, 0.05 mg H3BO3. The synthetic wastewater pH was not adjusted and was 

constant at 7.2-7.4. 

The reactor was inoculated with conventional activated sludge from Portswood Municipal WWTP (Southampton, 

UK) for a final solids concentration of 3 g SS L-1 and 25% of ash content. After one month of cultivation, partial 

nitrifying granules were produced and the system was run for a further month at stable conditions. Then, the 

particles were washed with tap water to remove remaining feedstock and were stored at 4 °C for around 6 

months; after this time, the granules were placed back to the SBR with 200 mg NH4-N L-1 synthetic wastewater 

and during the next week the feedstock ammonium was increased up to 500 mg NH4-N L-1 and nitrate was still 

absent from effluent. The batch tests started after 45 days from reactivation of granules. 

5.2.3. Batch tests 

Part of the granules were ground and tested at the same time as intact particles; this would show whether the 

treatment could have a different influence in suspended rather than granular sludge. A first batch test with toxic 

chemicals was done and the sludge activity measured; then, the biomass was washed with tap water and by 

centrifugation, fresh inhibitor free-synthetic wastewater was added and the electric field treatment was 

implemented. Then, granules and sludge sAOR was analysed again during a second batch test, to investigate 

whether the treatment could recover or enhance the biomass activity. The batch tests were run within 0.25 L 

Erlenmeyer flasks and the final biomass concentration was between 0.8 and 0.9 g VSS L-1. The medium provided 

was as for the SBR during reactivation but with 45 mg NH4
+-N L-1 initial ammonium concentration. The batch 

test was run at a constant temperature of 30 °C by keeping the flasks in a water bath. Air was provided during the 

whole test with a flow of 1-2 LPM, which made the solution oxygen saturated. The bioactivity of the nitrifying 

biomass was measured by calculating the specific ammonium oxidation rate (sAOR) during the first hour of test, 

by measuring the ammonium concentration at intervals and dividing it by the time. The sludge inhibition was 
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provided by addition to the synthetic wastewater of different concentrations of either sodium chloride (2% and 

4%) or phenol (50 and 100 mg L-1). During the salinity inhibition test, two flasks with granules and toxic 

chemicals-free synthetic wastewater were used as controls, i.e. C1 and C2, with the only difference that the latter 

would be treated with electric field. On the other hand, when investigating the phenol inhibition, 100 mg L-1 of 

toxic chemical were added to a flask of granules that was not treated with electric field (G). 

5.2.4. Electric field treatment 

The uniform electric field was provided by the power supplier EP-603 (Manson Engineering Industrial Ltd, Hong 

Kong) which generated an electric potential difference between two graphite plates (9 x 7, 0.1 cm thickness), 

applied on the external wall of a 200 mL- Pyrex beaker (0.2 cm thickness); the distance between the two plates 

was 7 cm. The uniform electric field intensity was calculated by the equation E: Δφ/d, where Δφ is the electric 

potential difference between one plate and the other and d is the distance at which they were kept. The power 

supplier was used with a constant voltage (CV) setup. 

Preliminary tests without toxic chemicals inhibition were done on the biomass; these could tell which intensity of 

electric field and which duration of treatment would generate the maximum enhancement of bioactivity. In the 

first preliminary study, four durations of treatment were tried, i.e. 20, 60, 90 and 120 minutes, with a common 

electric field intensity of 2 V cm-1 (14 V); in a second trial, the durations 60 and 90 minutes were tried with 

electric field intensities 2V cm-1 and 3 V cm-1 (21 V). All tests were run at room temperature and the biomass was 

simply stirred every 10 minutes with a glass bar. The electric field treatment setup is shown in Figure 5.1. 

 

 

 

Figure 5.1 – Electric field setup showing power supplier and the samples containing beaker. 

 

 

5.2.5. Analytical Analyses 

The supernatant (1 mL) from the batch test was taken from each flask, centrifuged and analysed for NH4
+ 

concentration; then, the sample was kept at -20 °C, until next analyses for NO2
- and NO3

- could be done. 

Ammonium was measured spectrophotometrically by following the procedure described in BSI (1984) and using 

the UV-Visible spectrophotometer Cecil 3000 series (Cecil Instruments Ltd., UK). The anions NO2
- and NO3

- 

were measured by the ionic chromatographer 882 Compact IC plus (Metrohm, Switzerland); a Metrosep A Supp 
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5 - 150/4.0 column was used and the eluent was a solution of 1 mM NaHCO3 and 3.2 mM Na2CO3. The mixed 

liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS) were analysed by standard 

methods (APHA, 2012). The granulation process was followed by microscopy observations by Leica MZ16F 

stereomicroscope; the images were then processed by ImageJ (version: 1.8) to analyse the biomass morphology 

and size. 
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5.3. Results 

5.3.1. Formation of partial nitrifying granules and morphological characterisation 

In Figure 5.2, the morphology of biomass during the granulation process previous to the batch test is shown; three 

days of acclimation were used and for this reason the inoculum sample was represented as Day -3. Mostly 

flocculent sludge was observed, which was how the sludge would look in the wastewater works from where it 

was collected. On day 0, the settling time was changed from 25 to 5 minutes, to speed up the process of 

granulation; anyhow, few granules with hairy edges were visible at this moment, showing how at those conditions 

granulation had already started during acclimation. During next days, flocs number reduced and more granules 

were observed; the edges of the particles became clearer and their size greater. On Day 7, almost pure granules 

were detectable in the stereomicroscopy sample, with clear edges and with a darker yellow colour appearance. 

After this moment, COD/N ratio was reduced quickly to enrich nitrifying biomass in the young granules. 

Nitrifying activity was observed on day 23, when the COD/NH4
+ removed were clearly showing nitrification 

activity; the ammonium was completely oxidised to nitrite, meaning that partial nitrification was achieved. The 

specific ammonium oxidation rate of biomass ranged between 0.6 and 0.7 g NH4
+-N g-1 VSS d-1. The MLVSS 

and size of partial nitrifying granules kept increasing till day 32, when a stable operation was achieved and the 

particles diameter averaged 2500 ± 560 μm. Before the partial nitrifying granules were stored (day 51), the ash 

content measured within the granules was between 40-50 %. These results are in agreement with previous 

research (Chapter 2), where slightly increased ash-content granules were achieved in short time in a sequencing 

batch system. 

 

 

 

Figure 5.2 – Sludge morphology and granulation process showed by stereomicroscopy; bar = 1000 μm. 

Day -3 Day 0 Day 2 

Day 3 Day 4 Day 7 

Day 43 
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5.3.2. Electric field treatment 

5.3.2.1. Baseline experiment on the improvement of nitrifying activity using electric field  

Before the electric field reactivation/enhancement tests, some trials were done to investigate the most suitable 

duration and intensity to use in the following experiments. The EF treatment showed, except for a negligible 

negative effect on the granules treated for 20 minutes, that all samples had an increased ammonium removal. The 

most satisfactory result was obtained for 90 minutes at 2 V cm-1 (Figure 5.3a and b), where the sAOR of 

nitrifying granules showed an increase of 44% compared to the not treated control; to a lesser extent, 120 and 60 

minutes described an enhancement of 35 and 10%, respectively. After these results, the intensity of the EF to be 

used in the enhancement/reactivation test was investigated; in Figure 5.3c and d it is visible how the best EF 

intensity was encountered at 2 V cm-1 for 90 minutes, whereas the other granules showed a negligible increase if 

not a reduction of the activity. Both 60 and 90 minutes at 2 V cm-1 confirmed the previous tests results, whereas 

the effect of 3 V cm-1 for 60 minutes resulted almost negligible. On the other hand, treatment for a period of 90  

 

 

 

 

Figure 5.3 – Pre-trials to measure the most suitable duration and intensity for the electric field treatment. a) sAOR 

after different treatment durations (at 2 Vcm-1), b) the percentage increase/decrease of activity at the investigated 

duration compared to control, c) sAOR at different electric field intensities and durations and d) the percentage 

increase/decrease of activity at the investigated intensities and durations compared to control. 
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minutes at 3 V cm-1 resulted excessive and the ammonium removal activity described a reduction of 37 % 

compared to the control. The reason for trying 60 instead of 120 minutes at 3V cm-1 was due to uncertainty on the 

possible negative effects of a too long treatment at that high field intensity; this was eventually confirmed by the 

negligible effect on the sAOR of granules treated for 60 minutes at 3 V cm-1. These results explain how an 

optimal EF treatment should be chosen in a specific window of intensities and durations to achieve a consistent 

improvement of bacteria activity; at the same time, a lower or higher voltage or duration than the optimal window 

could either produce no effects or reduce the bacteria activity. After the preliminary trials, batch tests with 

addition of toxic chemicals followed by EF treatment in both intact and ground granules were done; the 

effectiveness of the EF treatment to re-activate or enhance the sludge activity was going to be validated. 

5.3.2.2. Using electric filed to improve nitrifying activity of nitrifying granules inhibited by high 

salinity   

Before the EF was used to investigate its effectiveness on reactivation of nitrifying sludge activity, two different 

NaCl concentrations were provided to the synthetic feed of both intact and ground granules, i.e. 2 and 4%, and 

the ammonium removal activity was measured during the batch test. Since all samples showed a similar pattern, 

only the control and G4% before and after electric field treatment were reported in Figure 5.4, where the changes 

of nitrogen species during the test are described. The first thing to notice is the loss of partial nitrifying activity of 

granules, described by the total NH4
+ oxidation to NO3

- (Figure 5.4a). After the storage period, the granules were 

able to completely remove ammonium by production of nitrite only, with negligible concentrations of nitrate; 

unfortunately, it seems that during the 50 days before the batch tests, the nitrite oxidising bacteria could resume  

 

 

 

 

Figure 5.4 – Ammonium, nitrite and nitrate concentrations change during salinity batch test of a) the control, b) 

G4% after inhibition and c) G4% after electric field treatment.  
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their activity in the SBR and produce a complete nitrification. In Figure 5.4b both AOBs and NOBs activities are 

shown to be inhibited by the 4% salinity, as visible by the not complete removal of NH4
+ and the low 

concentrations of both NO2
- and NO3

-. On the other hand, a clear increase of both ammonium and nitrate 

concentrations in Figure 5.4c is visible, explaining the recovered granules activity. 

In Figure 5.5a and b, the results of the salinity inhibition test are shown; the granules with addition of 2% and 4% 

of NaCl showed 15 and 61% less activity than the control, respectively; these results are in agreement with other 

studies on biofilm systems, where for higher concentrations of NaCl than 1%, nitrification could show inhibition 

(Bassin et al., 2011, Cortés-Lorenzo et al., 2015). A decrease in bioactivity was observed in all biomasses except 

for S2% that showed an activity 29% higher than the control; on the other hand, S4% showed a reduction of 

sAOR of 39%. 2% NaCl provided was likely not enough to cause any inhibition, as showed from these results. 

The controls C1 and C2 showed a close activity, with only 8.53% discrepancy. After the inhibition test, the 

sludge from different flasks were washed and treated with EF for 90 minutes and a batch test was run again to  

 

 

  

  

 

Figure 5.5 – Activity test after salt inhibition and electric field treatment. a) sAOR and b) the percentage of 

activity increase/decrease compared to control after salt inhibition. c) sAOR and d) the percentage of activity 

enhancement compared to control after electric field treatment. 
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check the possible effects; all biomasses showed a restored sAOR with some interesting results (Figure 5.5c and 

d); both ground granules could remove ammonium three times quicker than C1, which could be justified by the 

enhancement effect of the electric field on the suspended bacteria activity. C2, G2% and G4% showed a higher 

removal than the control, which is implying that, although no inhibition was provided (C2), the electric field 

could enhance the granules bioactivity compared to C1, as also shown previously in Figure 5.3c; in addition, 

G2% and G4% could efficiently recover from the inhibition. Specifically, C2, G2% and G4% activities were 

more than 33, 43 and 18% higher than control without treatment. 

5.3.2.3. Using electric filed to improve nitrifying activity of nitrifying granules inhibited by phenol  

Similarly to the salinity test, fresh sludge was used to run an inhibition batch test with two different 

concentrations of phenol, i.e. 50 and 100 mg L-1. During the test all biomasses showed a considerable decrease of 

ammonium removal (Figure 5.6a and b). Also this time, the granules showed a slightly higher inhibition (82-

90%) than the ground particles (76-84%); because of the greater phenol concentration, G100, G (also 100 mg L-1) 

and S100 showed a higher inhibition compared to respective similar sludge at lower phenol concentration. The  

 

 

   

   

 

Figure 5.6 - Activity test after phenol inhibition and electric field treatment; a) sAOR and b) the percentage of 

activity decrease compared to control after phenol inhibition. c) sAOR and d) the percentage of activity 

enhancement compared to control after electric field treatment. 
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inhibitor amount used in this experiment was probably a bit too high, as also previously described (Liu et al., 

2005c). This was also observed during the reactivation batch test when, after EF treatment was implemented, the 

biomasses could only partially resume their activity. It is interesting to notice that S50 showed almost no activity 

recovery (2%) and S100 could restore its activity only in lower extent (14%) than the intact granules; on the other 

hand, G50 and G100 could recover around 60 and 45%, respectively, of the activity previously lost. For what 

concerns G, which was inhibited by 100 mg L-1 of phenol but not treated with EF, the activity recovery was lower 

than G100; this would be justified by the enhancement effect of the electric field treatment in restoring the 

bioactivity of the inhibited granules. 

5.4. Discussion 

5.4.1. Fast partial nitrifying granules production 

In our experiment, small granules were already observed during the first 3 days of acclimation time with 25 

minutes settling time, agreeing with previous research where 30 minutes were used (Wan et al., 2011). A mild 

hydraulic selection pressure was used, by applying a step-wise decrease of settling time from 5 minutes on day 0 

to 2 minutes on day 7; the portion of granules in the reactor was greater than the flocs on day 4. Previous research 

confirmed that stable heterotrophic granules could be achieved in 3 days from start-up by using strong hydraulic 

selection and high OLR (Liu and Tay, 2015); although a high OLR was used in our study, the granules were 

obtained slightly later (7 days), which is probably justified  by the relatively slow decrease of settling time. After 

granulation, a quick decrease of COD/N ratio was used to quickly enrich the heterotrophic granules with 

nitrifying bacteria and at the same time avoiding free ammonia inhibition (Chen et al., 2015) and instability of the 

granules structure. Partial nitrifying granules were obtained after day 23, when the COD/N removed was lower 

than for typical heterotrophic sludge assimilation (Metcalf and Eddy, 2003). The granules nitrogen removal 

activity is in agreement with previous sAOR measured in similar systems (Vázquez-Padín et al., 2010, Shi et al., 

2011, Song et al., 2013); however, a precise comparison cannot be done since those studies used mixed bacteria 

systems, whereas our granules contained mainly AOBs and NOBs nitrifying bacteria. The results are well in 

agreement with previous formation of stable partial nitrifying granules (Chapter 2). 

Before the electric field treatment was implemented, it was noticed that partial nitrification activity was lost 

during the reactivation period. High ammonia and pH in the synthetic feed were used as strategy to produce the 

partial nitrifying granular sludge for the electric field treatment experiment; however, different cases in literature 

are known for describing the nitrite accumulation failure due to acclimation of NOBs biomass to the harsh 

conditions (Turk and Mavinic, 1989, Peng and Zhu, 2006). Similarly, it is possible that our granules lost the 

partial nitrifying activity during the storage and reactivation periods. 

5.4.2. EF effects on granular sludge nitrifying activity  

From preliminary tests, the range of durations and electric field intensities tried in a previous ANAMMOX 

system (Qiao et al., 2014) were confirmed, resulting in the improvement of removal activity in nitrifying biomass. 

These results are probably to link to the similarities that the two bacteria species share (Agrawal et al., 2018). The 

tests have shown that both duration and intensity of EF need to be chosen carefully, since only a little window of 

appropriate parameters will affect positively the system. This was also described by Alshawabkeh et al. (2004), 

where a voltage of 16V generated a higher COD removal than at 4 V, but at the same time lower than at 8 V. On 

the other hand, the positive effect of the treatment was possible only within the 24 h, after which inhibition of 

bacteria was encountered. These results are due to harmful effects of too high or long-lasting EF; studies were 
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reported where bacteria activity was reduced due to oxygen radicals generation (She et al., 2006) or to 

irreversible permeabilisation of cell membrane (Drees et al., 2003). 

5.4.3. EF effects on salinity inhibition of nitrifying biomass 

The salinity inhibition observed for intact granules in the test was in agreement with other literature on salt effects 

on biofilm (Cortés-Lorenzo et al., 2015), where nitrifying activity was completely lost when nitrifying granules 

were exposed to NaCl solution with a concentration higher than 2.4%. Differently, S2% showed no inhibition 

compared to the rest of samples and together with S4% they showed higher activity than the intact granules. This 

was likely due to their lower mass transfer limitations compared to the particles (Liu and Joo-Hwa, 2012). In 

several studies in the literature, the presence of flocculent sludge within granular SBRs is common. This is 

mainly due to the lower mass transfer limitation that justifies the flocs greater specific growth rate, biomass yield 

and specific O2 consumption rate. It is to note that the negligible inhibition of suspended sludge to 2% salt is in 

disagreement with previous research (Bassin et al., 2011), where higher NaCl concentration than 1% was already 

described to inhibit nitrification in suspended sludge. This could be due to the way ground granules and flocs are 

produced. Importantly, in the present study it was shown that full recovery of the nitrifying activity occurred. 

Previous research has described how nitrifying bacteria could not recover the removal activity as before NaCl 

was added to feedstock (Moussa et al., 2006); on the other hand, a complete recovery and, most interesting, even 

enhancement of ammonium removal activity in both intact and ground granules was observed in the present 

study, confirming the promising EF effects on inhibited nitrifying biomass. 

5.4.4. EF effects on phenol inhibition of nitrifying biomass 

The inhibition obtained in the test was in agreement with Liu et al. (2005c), where at concentrations of phenol 

higher than 15 mg L-1, there was a partial irreversible disruption of nitrification. However, in the present study the 

inhibition of the autotrophic biomass showed to be worse, likely due to the absence of heterotrophs able to 

degrade phenol (McCarty, 1999). As for the salinity test, the ground granules showed to be less inhibited by 

phenol compared to intact granules, which can be again justified by the lower mass transfer limitation than the 

thick structure of intact granules (Liu and Joo-Hwa, 2012). Differently, both S50 and S100 showed less or no 

recovery once the EF treatment was implemented compared to intact granules. Activated sludge was previously 

described as less tolerant to phenol in wastewater than granular sludge (Tay et al., 2005), which would explain 

why only the intact granules showed some recovery; the three-dimensional structure of the granules could 

generate a better protection of the bacteria from phenol toxicity. Although partially, it is clear that the effects of 

EF could speed-up the recovery in G100, showing a 46% recovery; differently, G that was fed with 100 mg 

phenol L-1 and was not treated with EF showed only 20% recovery. Therefore, even after an almost complete 

inhibition by phenol, EF was shown to improve the rate of granular sludge recovery; this was not possible for the 

ground granules, which confirms the advantages of using the strong and dense granular sludge in wastewater 

treatment. 

5.4.5. Mechanism of electric field effect and its future application 

An electrical potential difference is constantly present between the internal and the external solution of every 

bacteria cytoplasmic membrane (transmembrane potential) and it is generated by the differential amount of 

contained charges; potential difference ranges between few mV mm-1 to 100 mV mm-1 and it generally changes 

due to transportation of charged ions between the two compartments through channels or ions pumps; however, 

sometimes, this happens because of external electric stimuli (Thrivikraman et al., 2018). It is thought that an 
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external EF can affect the bacteria activity by three main mechanisms: a) changing the space disposition of 

cytoplasmic charged molecules, b) perturbing the transmembrane potential and c) moving charged molecules on 

the cytoplasmic membrane; in a synergic way, they all start a reaction cascade that stimulates the bacteria 

activity. 

In wastewater treatment and soil remediation literature, many studies have shown interesting effects of EF 

implementation; these effects are generally related to improvement of bacteria removal activity or to the 

increased growth rate. For instance, after an electrical stimulus was provided, the amount of adenosine 

triphosphate (ATP) was described to increase (Liu et al., 2015a, Ailijiang et al., 2016), whereas NAD/NADH 

ratio showed quick depletion (She et al., 2006). Both ATP and NADH are well-known energy molecules 

important for the bacterial activity; their increased production could therefore justify the reported higher 

microbial growth in those studies. In a nitrification system the activity of ammonia monooxygenase (AMO), 

hydroxylamine oxidoreductase (HAO) and nitrite oxidoreductase (NOR) were enhanced due to the EF applied 

(Qian et al., 2017). These enzymes catalyse the oxidation of NH4
+ to NH2OH, of NH2OH to NO2

- and of NO2
- to 

NO3
-, respectively (Ge et al., 2015); their increased activity could eventually stimulate both bacteria’s nitrogen 

removal activity and growth rate. Another example of electrically stimulated nitrification bacteria was described 

in Huang et al. (2014); in that experiment the biomass in the control reactor showed a typical switch from 

complete nitrification to partial nitrification, with a following nitrite accumulation, once the ammonium in the 

feedstock reached a concentration higher than 300 mg N L-1. On the other hand, when applying the EF, a 

continuous NOBs activity was observed and partial nitrification was not achieved. It is known that high NH4
+ 

concentrations can inhibit the NOBs activity more than AOBs due to free ammonia toxicity (Anthonisen et al., 

1976); on the contrary, the effect generated by the electric field could somehow improve the NOBs activity and 

avoid the free ammonia inhibition. In other research the change of structure of the organelle anammoxosome was 

described in ANAMMOX cells under effect of EF (Yin et al., 2016). The enlargement of the membrane surface 

of the anammoxosome was described in this study, with a consequent greater space for cytochrome c allocation; 

since this protein is essential for bacterial enzymatic activity (Jetten et al., 2009), the higher bacterial activity in 

nitrogen removal and consequently higher cells growth rate was justified. Also organic carbon removal was 

enhanced by using EF in a specific voltage window (Alshawabkeh et al., 2004) and a treatment longer than 24 h 

was described as inhibiting the removal in the activated sludge. 

For most of these studies it is speculated that the effects of the electric field was closely related to modifications 

of the cell membrane characteristics, as also described by Luo et al. (2005); indeed an external electric field 

generated the change of transmembrane potential described by the increase of both zeta potential and 

hydrophobicity of phenol-degrading bacteria; this was justified by the generation of an increase of external 

negative charges. In addition, Chen et al. (2006b) confirmed that electro-stimulation could change the membrane 

structure by creating little pores; also called membrane permeabilisation or electroporation, it is thought that in 

this way the EF could improve the transportation of nutrients into the cells. This process is normally reversible at 

low electric field intensities, but it is also used as bactericide technique for food sterilisation at higher voltage, by 

producing an irreversible membrane permeabilisation and other drastic effects (Wang et al., 2018). Therefore, the 

EF most probably generates a perturbation of cellular stability, which consequently produces a response; these 

effects could somehow be interpreted as a reaction of the bacteria to a stressful condition as it could be the 

provided electric field/current. This is also confirmed from the fact that other research has described heat shock 

proteins (HSP) production (Thrivikraman et al., 2018) and increased 16S rRNA gene copies (Yin et al., 2016) 

following an EF treatment. 
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5.5. Conclusions 

In Chapter 5 it was confirmed that the electric field application could improve the nitrifying granules ammonium 

removal activity of both intact and ground granules. This was justified by 33% increase in activity compared to 

the not treated control. More interestingly, the complete recovery of nitrifying biomass after inhibition by salinity 

(2% and 4% NaCl) was reported. All samples could show higher activity than the control after the electric field 

was applied and the ground granules could also measure a removal activity of roughly 164% more than the 

untreated control. When phenol was added to the feedstock, a stronger inhibition was induced and recovery was 

only partial in all biomasses. However, between two flasks of granules with the same concentration of phenol 

(100 mg L-1), a faster recovery (45%) was observed in EF-treated granules compared to the untreated ones (20%); 

this means that the electric field could shorten the time needed for biomass to recover after inhibition. In this case 

the ground granules showed almost no recovery, which is probably due to the harsh conditions to which only a 

granular structure could resist. These are only preliminary results but they are promising for a future application 

of the electric field technology for reactivation of inhibited biomass activity. In addition, although it was not 

confirmed, it is plausible that the improvement of removal metabolism in nitrifying system could also increase 

the bacteria growth rate, which would be consequently advantageous for shortening the process start-up. Further 

investigation would be needed to confirm these results and to prove that the technology could be applied to a 

continuous system or to different biological processes. Although the plates used in this study were applied 

externally, the field effects were still visible, which defines the possibility to build less invasive systems biomass 

treatment. 

5.6. Experimental weaknesses 

The granules used for the experiment were showing complete nitrifying activity and, since partial nitrifying 

systems represent a more interesting and cost effective option over complete nitrification in wastewater treatment, 

it would have been interesting to investigate the EF effects on the partial nitrifying granules. This could not be 

possible since the granules were produced in a system where NOB activity was not efficiently inhibited. 

Though the simplicity of the EF application, it was not possible to try the technology on a continuous system with 

or without biomass inhibition, whereas it was tried only on batch tests. For application at full scale, it would have 

been useful to also try the EF on a continuously run biological system. 

In addition, the EF benefits on nitrifying granules presented in the experiment cannot be fully comparable to other 

technologies, like magnetic field or ultrasounds, since these techniques were not tested at the same time with the 

same conditions. 

The electric field effects on real wastewater were not investigated. There are reasons to believe that the EF could 

act differently on the bacterial activity in presence of unidentified molecules in real streams. 

Finally, after the first interesting results were discovered, more tests did not follow for lack of time. Because of 

this, the experiment replicability and accuracy may be criticised. 
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6.1. Overall discussion 

6.1.1. Granulation mechanism and key factors 

The most critical factors described in literature for aerobic granulation were described as settling time, hydraulic 

retention time (HRT), hydraulic stress (shear stress), loading rate, periodic starvation time and height to diameter 

(H/D) ratio (Liu and Tay, 2002, Qin et al., 2004a, Qin et al., 2004b, Tay et al., 2004, Wang, 2005, Liu and Tay, 

2008, Gao et al., 2011b). It is speculated that the fast granulation described in this thesis and the observed 

characteristics of the produced granules may be partially due to the specific conditions used in the lab-scale 

experiment. 

6.1.1.1. Readily biodegradable organic source and water hardness 

Acetate is an easily degradable COD source chosen for heterotrophic biomass growth and added to the synthetic 

wastewater. Readily biodegradable organic substrates can generate an increase of hydrophobicity in the biomass, 

favouring the cell-to-cell interactions (Sarma et al., 2017). There are several reports showing that granulation 

could take place in a shorter time due to the readily biodegradable nature of the organic substrate (Sepúlveda-

Mardones et al., 2019). However, when real wastewater is used, the biomass behaviour in generating granules can 

be more challenging. This is mainly due to presence of different organic sources, inorganic matter, xenobiotic 

chemicals and suspended material. The results from the characterisation of the PN granules in Chapter 3 showed 

that the provided acetate was the main reason for the high alkalinity observed in the system. This, at the same 

time, affected the pH of the system where, also due to the hardness of water and to the warmer temperatures used, 

compared to previous work, gave the right conditions for mineral precipitation (hydroxyapatite and calcite). It has 

been reported in literature that little concentrations of metal ions in the wastewater could improve the bacteria 

aggregation and the granule structure stability and settling rate (Jiang et al., 2003, Lin et al., 2013a). Furthermore, 

mineral crystals can potentially act as nucleation factors for the bacteria colonisation, which would consequently 

enhance the granulation process (Zhou et al., 2015, Liu et al., 2019). Therefore, it is possible that the presented 

granulation strategy and the feature of the PN granules could be specific for the conditions used in the lab-scale 

experiment. Following research is needed at this point to understand if granulation could take place differently 

with other organic sources, lower concentrations of calcium, or if real streams were to be used. 

6.1.1.2. Solids-free synthetic wastewater 

Differently from real wastewater, the synthetic stream used in the experiments was containing no solids. It is 

reasonable that suspended matter may have an effect on the granulation process, however this may not represent a 

problem for the granules formation. It was observed in other studies that suspended material present in the 

influent was retained in the system after flocculating (Pronk, 2015). At the same time, particles entering the 

reactor were showed to be entrapped in the forming granules. As explained before, such flocs or particles may act 

as nucleation sites, enhancing the granulation process (Zhou et al., 2015, Liu et al., 2019). However, it is 

important to limit the proliferation of flocculent sludge in a granular system by carefully controlling the biomass 

settling skills. Flocs are basically present in most of the reported granular systems in literature, due to the physical 

friction on the granules surface, their fragmentation or simply due to de novo flocculation of particles present in 

the influent (Liu and Joo-Hwa, 2012). The mass transfer limitation of O2 and nutrients within the granules allows 

the flocculent sludge to grow faster, leading to a possible granulation failure (Li and Liu, 2005, Liu et al., 2005b). 

Therefore, to apply the presented fast granulation strategy to real wastewater, further understanding of the role 

played by suspended matter on granules formation is still needed. 
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6.1.2. Considerations on scaling up 

6.1.2.1. Settling time and solids in the effluent 

Moving the granulation process investigated in this thesis from the laboratory to the full scale implies that special 

attention is placed on few points. The settling time is necessary to impose the right hydraulic selection pressure 

on the biomass for a quick granulation. In the sequencing batch reactor (SBR) configuration, the sludge unable to 

settle on time below the discharging point will be removed from the system, while the settling particles will be 

retained and will start the aerobic granulation (Qin et al., 2004a, Qin et al., 2004b). As shown from the 

experiments in the thesis, the time would be set at around 20 - 30 minutes at beginning of experiment, then it 

would be quickly reduced to 2 or 5 minutes when clear and well settling granules are detected. However, these 

short times remain challenging at full scale where sludge can only settle between 15 and 60 minutes (Pronk, 

2015). Under this stringent selection pressure, a great part of the inoculum will be lost from the reactor during 

granulation. For example, after 24h from reactor start-up, only 10-36% of the biomass was retained in the system 

described by Liu and Tay (2015). Therefore, if the presented quick granulation strategy was to be used at full 

scale, during the first days further treatment of the reactor effluent from the solids would be necessary. 

6.1.2.2. Reactor size and shear stress 

A very important factor to take into account when scaling-up a granular sludge system is reactor size. Despite 

using the same conditions at both laboratory and full scale, granules will show only partially comparable 

characteristics (Pishgar, 2019). The particles produced in larger reactors are characterised by a greater size but 

much looser structure compared to granules produced in smaller reactors. In addition, a longer time is generally 

needed by the larger reactor for the granulation to take place. These results are normally attributable to the lower 

shear stress generated by the wall in the larger diameter reactors (Liu, 2010) and to the composition of the real 

wastewater. Shear stress can influence the granules production and their stability by removing filamentous 

biomass, reducing porosity and increasing density (Liu and Tay, 2002, Adav and Lee, 2008). In the SBR systems 

it is generated by aeration and wastewater flow through the biomass and it relies on the reactor design. Therefore, 

aeration intensities and H/D ratio of the tank will need to be carefully chosen to generate the perfect biomass 

granulation. On the other hand, there is a limit for their increase, after which only negligible effects on shear 

stress and on granulation are observed (Zhou et al., 2019). Due to the viscous resistance of the liquid, the bubbles 

from the aeration eventually reach a constant up flow velocity of 55.8 cm s-1. This needs to be taken into account 

when designing a granular sludge process because the high costs for the increased aeration or for the large size 

reactor may strongly affect the treatment plant economics. 

6.1.2.3. SBR vs continuous 

In WWTW the application of continuous systems remains appealing due to the easy design and to the possibility 

to retrofit the already present tanks used for activated sludge. The SBR configuration is generally preferred in 

most studies for investigating the aerobic granulation (Sarma and Tay, 2018a). In addition, the easy control and 

real-time monitoring of several parameters (e.g. pH, dissolved O2, settling time, etc.), make the SBR one of the 

most desirable systems for separate partial nitrification followed by denitrification or ANAMMOX (Nhat et al., 

2017). In literature, continuous systems have been compared to SBR for granular sludge treatments (Jahn et al., 

2019).  To keep the selection pressure on the quick settling biomass, a following separation process needed to be 

added to the continuous reactors. However, the results showed that the granules produced in the SBR were still 

better settling than the ones in the continuous system, explaining the higher selection pressure in the former. 

Although some authors have tried to use a hydrocyclone in continuous systems to improve the selection pressure 

(Wett et al., 2015), the SBR still remains the preferred option for producing full scale aerobic granular processes. 
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6.1.2.4. NOB inhibition 

In literature, many strategies were presented to develop a stable and efficient NOB activity inhibition, including 

the operation under limited oxygen concentrations, alternating oxic and anoxic conditions, short SRT, step 

feeding and use of real-time control of parameters like pH, O2, NH4
+ (Winkler and Straka, 2019). In the presented 

thesis, NOB activity was inhibited during 5 months due to two main factors: step increase of ammonium in the 

feed and relatively high reactor temperature. At a certain pH and temperature, ammonium is present in solution 

together with the deprotonated form free ammonia (FA). A slightly alkaline pH would increase the amount of FA 

over the ammonium. Both bacteria groups are inhibited by different FA concentrations. AOB were described to 

be affected at FA values of 8 - 120 mg L-1, whereas NOB showed to be more sensitive and were inhibited at 

values of 0.08 - 0.82 mg L-1. In addition, the activation energy for AOB and NOB was reported in the range of 

72-60 kJ mol−1 and 43-47 kJ mol−1, respectively (studies run between 7 and 30 °C) (Van Hulle et al., 2010). This 

means that AOB would be more active than NOB at the same temperature. Therefore, both the high ammonium 

in the feed and the wormer temperatures used in the systems in the experiments would explain the stronger 

activity of ammonium oxidising bacteria over the nitrite oxidising bacteria, which were consequently washed out 

from the system. However, such a strategy has already been shown by the literature to be unsuitable for stable 

partial nitrification for long time (Turk and Mavinic, 1989, Peng and Zhu, 2006), as it was also confirmed by the 

experiment in Chapter 5. The acclimation of NOB biomass to the system conditions was reported as the increase 

of NO3
- in effluent and the nitrite accumulation failure. Intermittent aeration, on the other hand, would represent a 

practical solution at full scale to keep the NOB inhibition for long time (Lackner et al., 2014, Winkler and Straka, 

2019). The NOB activity recovery after the anoxic period showed a delay of around 1.5 - 12 h (this time being 

function of the length of the anoxic stress) (Kornaros et al., 2010, Bournazou et al., 2013). The decay rate of 

AOB, on the other hand, resulted lower than that of NOB when exposed to anoxic conditions (Salem et al., 2006). 

In addition to this, whenever a simultaneous denitrification or ANAMMOX step was decided to be implemented 

in the partial nitrification granular system, the oxygen absence within the inner portion of the particles would 

induce the competition of a different metabolism for the same substrate. In case of denitrification, the COD 

provided would be degraded together with NO2
- by heterotrophic bacteria. In a similar way, ANAMMOX would 

remove NO2
- which would be no more available for NOB metabolism (Lemaire et al., 2008). Although this 

strategy was reported to be effective at full scale, the possibility of production of the greenhouse gas N2O at low 

dissolved oxygen and the necessity to remove it before discharging the effluent, should be carefully evaluated for 

the economics of the process (Massara et al., 2017). 

6.1.3. Real wastewater and examples of side-stream applications 

Compared to the conventional nitrification-denitrification process, that is widely used for middle and high 

ammonium strength wastewater treatment, the partial nitrification (PN), either followed by denitrification or 

ANAMMOX, can mitigate the costs for aeration energy and external carbon source addition (Cho et al., 2020). 

Application of PN has been reported for treating synthetic wastewater (Isanta et al., 2015, Poot et al., 2016), black 

water (De Graaff et al., 2011), digester liquor (Yamamoto et al., 2008, Qiao et al., 2010), reject water (Lackner et 

al., 2014) and landfill leachate (Ganigué et al., 2009, Nhat et al., 2017, Xu et al., 2020). The NH4
+-N content in 

these studies ranges between 500 and 4000 mg N L-1. The PN technology becomes preferable when a low 

COD/N ratio (generally < 2) is present in the stream to treat. In specific cases in literature, the digester liquors 

and reject water produced from sugar industries, paper recycling, bone processing and treatment of landfill 

leachates were also described to contain high Ca2+ concentrations (Van Langerak et al., 1998, Hammes et al., 

2003). The typical concentration of Ca2+ reported in these streams was shown to range between 100 and 500 mg 

Ca2+ L-1. At this calcium concentrations, uncontrolled inorganic precipitation can be problematic, leading to 
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scaling issues by clogging pipelines, boilers or heat exchangers (Rathinam et al., 2018). In addition, biological 

activity reduction was observed in aerobic granular systems (Ren et al., 2008, Liu et al., 2016a) and also the 

increase of energy costs for mixing were described (Van Langerak et al., 1998), due to solidification at the 

bottom of reactors. Nevertheless, there are reports in which the increased amount of minerals within the granular 

sludge could enhance the bacteria aggregation, showing faster settling rates and more stability of the granule 

structure (Jiang et al., 2003, Lin et al., 2013a). In addition, the simultaneous precipitation of phosphorus together 

with calcium has lately interested the scientific community, due to the possibility of recovering the elements in 

the solid form as a valuable product (i.e. struvite and hydroxyapatite) (Desmidt et al., 2015, Nancharaiah et al., 

2016, Peng et al., 2018, Sarma and Tay, 2018b). 

The fast granulation strategy and the PN system presented in the thesis would be possibly applicable on effluents 

coming from digesters treating streams like the ones described above, which show low COD/N ratio, high 

alkalinity, medium/high strength ammonium content and slightly high water hardness. It would be important to 

carefully adjust the COD/N ratio during the granulation, in order to achieve quick accumulation of nitrifying 

bacteria, but also without causing load stress on the ammonium oxidising bacteria and their washout. Adjusting 

the residence time of wastewater within the anaerobic tank would change the COD/N in the effluent. During the 

heterotrophic granulation, a shorter retention time should be used to produce an effluent with enough COD; after 

nitrifying bacteria are accumulating, the AD retention time should be step-wise extended, in order to reduce the 

COD/N ratio. However, further research should follow to understand if it would be economically feasible to use 

the PN reactor mainly for producing the right influent for a following denitrification or ANAMMOX reactor, or if 

calcium accumulation would be profitable. Calcification reactors were described in literature to accumulate Ca2+ 

in the biomass whenever they were fed with AD effluent; the alkalinity produced by the anaerobic reactor 

together with the specific biomass activity of the calcification reactor, helped establishing the right conditions for 

the Ca2+ removal from the wastewater (Van Langerak et al., 1997, Hammes et al., 2003). However, in these 

studies a following biological process was still needed for nitrogen removal before the stream was discharged. 

This is important because in the PN process investigated in the thesis, only one system would be needed after the 

anaerobic digester. 
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6.2. Overall conclusions 

6.2.1. Fast start-up of partial nitrifying granules reactor and its long-term stable operation at 

high calcium concentration 

• Our results demonstrate that partial nitrifying granules can be cultivated in a lab-scale SBR in a very 

short time of 30 days. 

• The presented strategy shows how the operational costs for partial nitrifying granular systems start-up 

can be reduced. By using conventional activated sludge from aeration basins as inoculum, more 

autonomy of the WWTW from purchasing expensive inocula for partial nitrifying granules start-up can 

be achieved. 

• To our knowledge, this is the first report that clearly shows enhanced granules stability during 

granulation at the temperature of 18-23 °C and COD/N ratio of 5, compared to when the process is run 

at 30-33 °C and higher organic carbon. In agreement with previous literature, it is confirmed that both 

the lower bacterial growth rate (lower T) and the enrichment of slow growing nitrifying bacteria (lower 

COD/N), produce granules in shorter time and with a denser structure. 

• Partial nitrification over the complete nitrification was shown by the NOB activity inhibition during the 

5 months the experiment lasted, due to the high ammonium in the influent. 

6.2.2. Physical, chemical and biological characteristics of partial nitrifying granules treating 

middle strength ammonium wastewater with high water hardness level  

• To our knowledge, this is the first time that the precipitation and accumulation of calcium phosphate (as 

hydroxyapatite) and calcium carbonate (as calcite) within AOB-dominant partial nitrifying granules is 

described. 

• From the presented results, the mass transfer limitation within the larger particles and the slightly high 

water hardness (100-150 mg Ca2+) showed to be the main factors for the mineral precipitation to take 

place within the autotrophic granules. 

• The direct application of hydroxyapatite as fertiliser and its use as a substitute of PO4
3- rock in industry 

represent an interesting opportunity. 

• The AOBs-dominant partial nitrifying granules show precipitation under the plate-like spheres of 

hydroxyapatite and the smooth-steps bars for calcite. These specific appearances were found in very 

different biological systems from the one studied in this experiment, which explains they may not be 

bacteria-dependent.  

• It is also described that the high accumulation of minerals within the granules showed a bacterial 

behaviour that in literature was only hypothesised before, the budding theory. The presence of buds 

both attached to the larger granules and in solution was confirmed by microscopy. This also shows that 

the great inorganic precipitation plays an important role in influencing the particles size in the system. 
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6.2.3. Study on EPS extraction from sludge with high mineral content and relevant factors for 

reliable protein measurements 

• High amount (200 mg g-1 MLSS) of calcium content in partial nitrifying granules is shown to be the 

main factor interfering with proteins determination by Lowry’s method. Alkaline pH and carbonate 

present in the method reagents induce precipitation during the analyses.  

• The results from the chromatography analyses show that calcium is not present in the extraction 

solution. It is speculated that it could be bound to organic molecules contained in EPS, which is also 

confirmed by the impossibility to remove the precipitation by dialysis pre-treatment. 

• The precipitation is reduced when a physical protocol for the extraction (heat method) is used. This can 

be explained by the lower extent of EPS extraction compared to the chemical procedure 

(formaldehyde/NaOH) and therefore to the lower amount of calcium released. 

6.2.4. Reactivating ammonium removal activity of nitrifying biomass after inhibition using 

external electrostatic field 

• In this experiment preliminary positive effects of the electric field (EF) application on the activity of 

nitrifying granules are shown. For instance, the ammonium removal rate of the particles after 90 

minutes of treatment at 2V is enhanced of 44% compared to the control. 

• The treatment is also shown to be capable of reducing the granules ammonium removal activity 

inhibition after salinity shock at 2 and 4% of NaCl. The granules that show inhibition of 15 and 61% to 

the two salinity concentrations, are able to completely recover and to improve the ammonium removal 

activity of 43 and 18% compared to the control that was not EF treated. 

• A stronger inhibition is shown by phenol addition to the granules and only partial biomass activity 

recovery is obtained. However, between two flasks of granules with the same concentration of phenol 

(100 mg L-1), a faster recovery of 45% of activity is observed if particles are EF-treated, whereas only 

20% recovery is shown for untreated ones. Therefore, it can be concluded that the electric field can 

shorten the time needed for biomass to recover after inhibition. 

• The difference in recovery rates between ground and intact granules shows how only the particles can 

stand harsh environmental conditions like high phenol concentrations in the feedstock and recover from 

the inhibition. On the other hand, the suspended biomass activity is not inhibited by NaCl, but on the 

contrary shows enhanced activity of 164%. 

6.3. Recommendations for future work 

• Despite the importance of the results on fast granulation of PN biomass, it is suggested that in future 

experiments the synthetic feedstock is replaced by real wastewater, to confirm the strategy under real 

conditions. This also means that different pH ranges and calcium concentrations in the waste streams 

should be tested to understand if the mineral precipitation found during the experiment could affect 

granulation. 

• The mass balance of nitrogen species and inorganic elements in the system would be advisable. It is 

speculated that nitrifier denitrification was taking place in the granules, together with calcium and 

phosphate accumulation. Being aware of the presence of specific bacterial systems or that some 

inorganic elements are consumed or generated, could help understanding if they play a role in the quick 

production of granules. 
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• For a longer NOB inhibition, it is recommended that a different strategy than high ammonium in 

influent, e.g. intermittent aeration and SRT control, is used to avoid the bacteria to accumulate again in 

the system. At the same time, for a stable process, it is advisable that the ammonium and ammonia 

concentrations in the effluent are continuously monitored, in order to avoid load stress on the bacterial 

community and a following system instability and failure. 

 

• It is thought that recovery of both hydroxyapatite and calcite from granules would be beneficial for the 

WWTW and more research in this direction, as techniques of solubilisation or extraction from the 

biomass, are needed. 

• Although no chemicals or pH control were necessary for mineral precipitation within PN granules, 

since these findings were observed in batch tests, it is recommended that further investigation be done 

to understand this behaviour in a continuous system. 

• The use of real wastewater would be critical to understand the mineral accumulation under real 

conditions and it is also speculated that the control of Ca/P ratio in the waste stream would be needed to 

improve the minerals accumulation. 

• Due to the short time available, only a limited amount of granules was analysed by SEM and EDX to 

describe the different mineral structures. In the future, a larger amount of granules should be tested for 

a more reliable description. 

 

• Although the calcium interference with the Lowry’s method can partially be removed if the incubation 

time during the procedure is extended from 1 to 3 hours, it is recommended that other methods be tried 

if high concentrations of calcium are expected. 

• Unfortunately, there was no time to confirm the hypothesis that calcium could be bound to organic 

molecules contained in EPS and further research is still needed in this direction. 

 

• It is speculated that electrostatic field (EF) results could be applied to other biological systems that are 

still missing, reason for which it would be interesting in the future to further understand the EF effects 

on partial nitrifying granules. 

• Although the EF results seem very positive, it would be recommended that more tests are run on 

continuous systems and with real conditions to confirm the possibility of electric field application in 

wastewater treatment. 
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