
 
 

 

Faculty of Science 

Department of Bioscience Engineering 

Research Group of Sustainable Energy, Air and Water Technology 

 

 

Bioreactor strategies for sustainable nitrogen cycling  

based on mineralization/nitrification, partial nitritation/anammox  

or sulfur-based denitratation 

 

Thesis submitted for the degree of Doctor in Bioscience Engineering at the 

University of Antwerp to be defended by 

Ir. Yankai Xie 

 

 

Promotor 

Prof. dr. ir. Siegfried E. Vlaeminck 

Antwerpen, 2021



 
 



 
 

Promotor: 

Prof. dr. ir. Siegfried E. Vlaeminck 

Department of Bioscience Engineering, Faculty of Science, University of Antwerp, 

Belgium 

 

Board of examiners: 

Prof. dr. ir. Pieter Billen (Chairman) 

Department of Chemistry/Biochemistry, Faculty of Applied Engineering, University of 
Antwerp, Belgium 

 

Prof. dr. ir. Ramon Ganigué  

Department of Biotechnology, Faculty of Bioscience Engineering, Ghent University, 
Belgium 

 

Prof. dr. ir. Jan Dries 

Department of Chemistry/Biochemistry, Faculty of Applied Engineering, University of 
Antwerp, Belgium 

 

Prof. dr. ir. Eveline Volcke 

Department of Green Chemistry and Technology, Faculty of Bioscience Engineering, 
Ghent University, Belgium 

 

Prof. dr. ir. Anuska Mosquera Corral 

Department of Chemical Engineering, School of Engineering, University of Santiago de 
Compostela, Spain 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

©  Yankai Xie, 2021 

 

ISBN: 978-90-5728-707-7 

 

Depot number: D/2021/12.293/28 

 

This research is supported by the China Scholarship Council (CSC). 

 

The author and the promotor give the authorization to consult and to copy parts of this 

work for personal use only. Every other use is subject to copyright laws. Permission to 

reproduce any material contained in this work should be obtained from the author.



i 
 

Notation index 
AerAOB                                          Aerobic ammonium-oxidizing bacteria 

ADS                                                 Anaerobic digestion sludge 

AMO                                               Ammonia monooxygenase 

Anammox                                      Anoxic ammonium oxidation 

AnAOB                                           Anoxic ammonium-oxidizing bacteria 

AOA                                                Ammonium-oxidizing archaea 

AOB                                                Ammonium-oxidizing bacteria 

AS                                                   Activated sludge 

BAF                                                 Biological aerated filter 

BAPN                                              BioAgenasol® profigreen 

bCOD                                              Biodegradable chemical oxygen demand 

BES                                                 Bio-electrochemical system 

BNS                                                 Baseline nutrient solution 

BSNLR                                            Biomass-specific NO₃⁻-N loading rate 

CAB                                                 Consortium of aerobic bacteria 

CDI                                                  Capacitor deionization technology 

CHP                                                 Combined heat and power 

COD                                                Chemical oxygen demand 

CSTR                                               Continuous stirred-tank reactor 

DHS                                                Down-flow hanging sponge 
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DM                                                 Dry matter 

DN/A                                              Denigration/anammox 

DO                                                  Dissolved oxygen 

EC                                                   Electrical conductivity 

EPS                                                  Extracellular polymeric substances 

ES                                                    Earth system 

EU                                                   European Union  

FA                                                   Free ammonia 

FBBR                                               Fluidized-bed biofilm reactor 

FNA                                                 Free nitrous acid 

FO                                                   Forward osmosis 

GHG                                                Greenhouse gas 

HAO                                                Hydroxylamine oxidoreductase 

HDH                                                Hydrazine dehydrogenase 

HDN                                                Heterotrophic denitrification 

HLR                                                 Hydraulic loading rate  

HNS                                                 Hoagland nutrient solution 

HRES                                               H₂ recycling electrochemical system 

HRT                                                 Hydraulic retention time 

HZS                                                 Hydrazine synthase enzyme 

IFAS                                                 Integrated fixed-film activated sludge 
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LCA                                                  Life cycle assessment 

MaB                                                Microalgae- Consortium of aerobic bacteria 

MABR                                             Membrane-aerated biofilm reactor 

MBBR                                             Moving bed biofilm reactor 

MBR                                                Membrane biofilm reactor 

MCO                                               Multicopper oxidase 

MEC                                                Microbial electrolysis cell 

MF                                                  Microbial fertilizer 

MFC                                                Microbial fuel cell 

NAE                                                Nitrite accumulation efficiency 

N/DN                                              Nitrification/denitrification 

NIR                                                  Nitrite reductase  

NOB                                                Nitrite-oxidizing bacteria 

NPS                                                 Non-point source 

Nr                                                   Reactive nitrogen 

NXR                                                 Nitrite oxidoreductase 

OPEX                                               Operational expenditure 

OTE                                                 Oxygen transfer efficiency 

PN/A                                               Partial nitritation/anammox 

PNSB                                               Purple Non-Sulfur Bacteria 

RBC                                                 Rotating biological contactor 
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SBR                                                 Sequencing batch reactor 

SCOD                                              Soluble chemical oxygen demand 

SDN                                                 Sulfur-driven denitratation 

SOB                                                 Sulfur-oxidizing bacteria 

SRT                                                  Sludge retention time 

TAN                                                 Total ammonia nitrogen 

TCOD                                              Total chemical oxygen demand 

TF                                                    Trickling filter 

TIN                                                  Total inorganic nitrogen 

TKN                                                 Total Kjeldahl nitrogen  

TN                                                   Total nitrogen 

TP                                                    Total phosphorus 

VSS                                                  Volatile suspended solids 

WWTP                                            Wastewater treatment plant
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Abstract 
   In the biogeochemical flows on Earth, the reactive nitrogen (Nr) level has three times 

surpassed the safe boundary. The severe transgression of this boundary goes against 

sustainable planetary development. The modern food production process excessively 

relies on synthetic Nr fertilizers from the Haber– Bosch process. However, the massive 

loss of valuable nitrogen resources (i.e., 78-89%) from agriculture has been causing 

severe nitrogen cascade. Besides, the domestic wastewater in some local areas is 

discharged without proper treatment, making it a nonnegligible source of Nr pollution 

for local water bodies. Anthropogenic activities keep pumping out Nr pollution via point-

source and non-point-source (NPS) emissions. Compared to the NPS emissions, point 

sources give visible and identified waste streams. It is vital to intervene the nitrogen 

cascade from point sources and facilitate humanity back to the safe Nr boundary.  

   The collected and collectible Nr streams from food production, waste management, 

and recycling secondary raw materials can be used as waste-based fertilizers for 

agricultural cultivation. Besides the well-investigated recovery of inorganic Nr, organic Nr 

accounts for a massive Nr proportion on the Earth. Proper handling and treatment make 

these useful organic fertilizers for soil-based cultivation. However, these organic Nr 

fertilizers cannot directly apply to fertigation or hydroponic cultivation systems, and 

further biological conversion via nitrogen mineralization and nitrification to nitrate is 

essential.  

   Besides the direct Nr cycling, the indirect Nr cycling ‘over the atmosphere’ should also 

be considered. In this way, the nitrogen cycle can be completed via converting the waste 

Nr back to nitrogen gas (i.e., Nr removal) and then synthesizing into Nr again. The 

municipal wastewater treatment plants receive a vast amount of low-strength Nr 

wastewater (mainly as ammonium) daily. Compared to the conventional 

nitrification/denitrification process, partial nitritation/anammox (PN/A) is considered a 

resource- and cost-effective technology for wastewater with a low COD/N ratio. 
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Moreover, the novel autotrophic denitratation/anammox process could be a good Nr 

removal process for wastewater containing both ammonium and nitrate. 

   This Ph.D. thesis aimed to develop Nr recovery, conversion, and removal bioreactor 

strategies for different types of waste streams and biomass. Nr recovery was investigated 

on high-strength Nr waste streams for fertigation or hydroponic applications in Chapters 

2 and 3. On the other hand, Nr removal was studied on the medium- to low-strength Nr 

waste streams in Chapters 4 and 5.  

   In Chapter 2, a novel mineralization and nitrification system was proposed, producing 

nutrient solutions from solid organic fertilizers for hydroponic systems. Batch tests 

showed that aerobic incubation at 35°C could realize the NO₃⁻-N production efficiency 

above 90% from a novel microbial fertilizer. Subsequently, in the stirred tank bioreactor 

test, NO₃⁻-N production efficiency stabilized in a range of 44-51% under the influent 

loading rate of 400 mg TN L⁻¹ d⁻¹ at a 5-day HRT. Using Ca(OH)₂ and Mg(OH)₂ as pH control 

reagents generated the nutrient solutions with different P, Ca, and Mg nutrient levels. 

After modeling the nutrient balancing process, the proportion of organic-sourced NO₃⁻-

N in the Hoagland nutrient solution (HNS) of Ca(OH)₂ scenario was 92.7%, while only 37.4% 

in the Mg(OH)₂ scenario. Compared to commercial scenarios, the total costs of the 

organic-sourced HNS can be cost-competitive for hydroponic cultivation. 

   In Chapter 3, the Nr recovery as nitrate (NO₃⁻-N) from diluted human urine (around 670 

mg N L⁻¹) was explored in a trickling filter (TF) for the first time. A novel concept of in-situ 

integrating the TF system into hydroponic systems was proposed as meaningful progress 

towards sustainable agriculture. The difference between synthetic and real urine in 

nitrification efficiency was found to be negligible. The full nitrification of alkalinized real 

urine was realized in the pH-controlled TF by calcium hydroxide (Ca(OH)₂) at around pH 

6. The TF could handle different urine collection batches and maintain relatively stable 

nitrification performance, with NO₃⁻-N production efficiency and rate of 88±3% and 

136±4 mg N L⁻¹ d⁻¹, respectively. The optimal HLR to realize this nitrification performance 

was 2 m³ m⁻² h⁻¹, with energy consumption of 1.8 kWh electricity kg⁻¹ NO₃⁻-N production. 

Ca(OH)₂, as a cheap base, its triple advantages on urine alkalinization, full nitrification, 
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and macronutrient supplementation were successfully demonstrated in our proposed 

concept. 

   In Chapter 4, towards more sustainable wastewater treatment, the feasibility of one-

stage partial nitritation/anammox (PN/A) was investigated in three parallel packed-bed 

trickling filters (TFs), with three types of carrier materials of different specific surface 

areas. Synthetic wastewater containing 100-250 mg NH₄⁺-N L⁻¹ was tested to mimic 

medium-strength household waste streams after carbon removal. Interestingly, the 

cheap carrier based on expanded clay achieved similar rates as commercially used plastic 

carrier materials. The top passive ventilation combined with an optimum hydraulic 

loading rate of 1.8 m³ m⁻² h⁻¹ could reach approximately 60% total nitrogen (TN) removal 

at a rate of 300 mg N L⁻¹ d⁻¹. A relatively low NO₃⁻-N production (13%) via PN/A was 

achieved in TFs. Most of the TN removal took place in the top compartment, where 

anammox activity was the highest. Energy consumption estimation (0.78 kWh electricity 

g⁻¹ N removed) suggested that the proposed process could be a suitable low-cost 

alternative for nitrogen removal. 

   In Chapter 5, coupling sulfur-driven denitratation (SDN) with anammox was proposed 

to treat the wastewater containing both NO₃⁻-N and NH₄⁺-N, like the secondary effluents 

of mainstream PN/A processes. To explore the feasibility of sufficient and stable NO₂⁻-N 

accumulation via SDN in the long term, the effects of pH setpoints, residual NO₃⁻-N level, 

and biomass-specific NO₃⁻-N loading rate (BSNLR) were investigated. Alternating the pH 

setpoints between 7.0 and 8.5 could temporarily stimulate the NO₂⁻-N accumulation. 

Both the residual NO₃⁻-N and BSNLR showed highly positive correlations with the NO₂⁻-

N accumulation efficiency. Under the control of pH 8.5, 1.0±0.8 mg NO₃⁻-N L⁻¹ and 150±42 

mg NO₃⁻-N g⁻¹ VSS d⁻¹, SDN could produce 6.4±1.0 mg NO₂⁻-N L⁻¹ in the short term. 

Thiobacillus members may play a crucial role in managing the NO₂⁻-N accumulation, but 

the reduction of abundance and possible adaptation significantly impaired the efficacy of 

control strategies in the long run. 

  Overall, novel technologies have been proposed to sustainably convert Nr in waste 

streams and biomass. The decision for Nr recovery versus removal and synthesis should 
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be based on specific cases with the best environmental, economic, and human-health 

sustainability. In the future, the Nr management concepts should be further improved to 

make the nitrogen cycle more sustainable with higher resource use efficiency and less Nr 

emissions to the environment. Although the thesis is mainly focused on limited types of 

Nr waste streams, it pointed out the direction of sustainable Nr management and could 

facilitate the Nr back to the safe boundary in the long run.



 
 

 

Chapter 1 : I nt r od uc t i on  

 

 

 

Introduction 



6 
 



Chapter 1 

7 
 

1. A planetary problem: too much reactive nitrogen (Nr) 

1.1 Planetary boundaries  

   The planetary environment on Earth has been relatively stable for the past 11,700 years 

1. This period of stability known as the Holocene epoch supports human civilizations to 

arise, develop, and thrive. During the Holocene, the environmental change occurred 

naturally, and the Earth's regulatory capacity maintained the conditions for human 

development. Now, the functioning of the Earth system (ES) may be under threat. Since 

the Industrial Revolution, human actions have become the primary driver of global 

environmental change 2, and the Anthropocene era has arisen 3. Human activities (e.g., 

over-reliance on fossil fuel and industrialized agriculture) threaten the ES resilience that 

keeps the Earth in a Holocene-like state. The consequences could be irreversible and 

detrimental for large parts of the world 4. 

   Facing the challenge of maintaining a Holocene-like state, Rockström et al. (2009) 

proposed a planetary boundary framework based on the planetary biophysical process 

regulating the ES stability, to identify levels of human perturbation to the ES 5. These 

boundaries define the safe operating space for global societal development. Nine ES 

processes were used to define the planetary boundaries, including climate change, 

biosphere integrity, land-system change, freshwater use, biogeochemical flows, ocean 

acidification, atmospheric aerosol loading, stratospheric ozone depletion, and novel 

entities (Figure 1.1). As long as the boundaries are not crossed, humanity has the freedom 

to pursue sustainable development. However, anthropogenic perturbation levels of four 

ES processes (i.e., climate change, biosphere integrity, biogeochemical flows, and land-

system change) have transgressed the proposed safe boundaries.  

   In the biogeochemical flows, the nitrogen has three times surpassed the safety level to 

avert the eutrophication of aquatic ecosystems 1. The control variable for interference 

with the nitrogen circle is the rate at which inert nitrogen (N₂ molecule) is removed from 

the atmosphere and converted to reactive nitrogen (Nr) for human use. Nitrogen gas (N₂) 

is harmless and highly abundant in the Earth's atmosphere, making up 78% of every 

breath we take. A robust triple bond between two N atoms makes the N₂ molecule stable 



Chapter 1 

8 
 

and chemically unreactive. The reactive nitrogen (Nr) includes all other nitrogen forms, 

such as nitrogen oxides (NOx), nitrous oxide (N₂O), ammonia (NH₃), and nitrate (NO₃⁻). 

Nr is essential for all biological systems 6. For example, nitric oxide (NO) is a crucial 

biological signaling compound, while ammonia (NH₃) is the foundation for amino acids, 

proteins, enzymes, and DNA. Nitrate (NO₃⁻) is a primary nitrogen nutrient form and 

essential for plant growth. Against these benefits, many types of Nr can also cause 

harmful impacts on the environment and human health. Nitric oxide (NO) and nitrogen 

dioxide (NO₂) are major air pollutants, which can decrease atmospheric visibility and air 

quality. Acute and chronic exposure to NO₂ induces severe respiratory and cardiovascular 

diseases 6. N₂O, as a greenhouse gas (GHG), is 300 times more potent than carbon dioxide. 

It also damages the stratospheric ozone and directly increases radiative forcing 5. In the 

hydrosphere, excess NH₄⁺ and NO₃⁻ cause eutrophication and affect biodiversity. 

Elevated NO₃⁻ level (>10 mg L⁻¹) in groundwater can pose a significant human health risk 

(e.g., bowel cancer and methemoglobinemia) via drinking water 7, 8. Nevertheless, the 

transgression of the planetary boundary may substantially alter the ES functioning and is 

not conducive to planetary sustainable development. 

 

Figure 1.1: The status of the control variables for the nine planetary boundaries. Figure adapted 
from 1. 
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1.2 Nitrogen fertilization in agriculture 

   The significant benefit of Nr compounds is to help produce food and animal feed. Until 

the end of the nineteenth century, the primary agricultural source of Nr was the fixation 

of N₂ by symbiotic bacteria in legumes planted and the limited amount of nitrogen in 

manure 8. There was a concern of Nr-fertilizer shortage for food production due to a 

growing world population. To tackle this concern, the Haber– Bosch process of artificial 

nitrogen "fixation" came up in 1908, N₂ from the atmosphere and hydrogen (H₂O from 

water) gases are reacted over an iron catalyst (Fe³⁺), and aluminum oxide (Al₂O₃) and 

potassium oxide (K₂O) are used as promoters9. The reaction is carried out under 250 

atmospheres (atm) and 450–500 °C (Reaction 1.1). 

       N₂ +  3H₂ →  2NH₃      ΔH (enthalpy at 25°C) = -92.4 kJ mol⁻¹                                     (1.1) 

   Haber– Bosch process allows the massive manufacture of Nr-fertilizers (e.g., ammonia, 

urea, and nitrate) on an industrial scale. Within one century, anthropogenic Nr 

production had more than doubled global rates of nitrogen fixation. Without Haber– 

Bosch process, around half of humanity would perish from hunger 10. In general, three 

types of Nr are fed into agricultural cultivation systems: (i) biologically fixed nitrogen, (ii) 

synthetic Nr fertilizers from Haber– Bosch process, and (iii) organic fertilizers (e.g., crop 

residues, animal manure, and human waste 11, 12. Among these three Nr sources, the first 

two are from inert N (N₂), and the third is from Nr of secondary sources. 

   For soil-based cultivation, all three Nr types mentioned above are applicable. The 

amount of Nr primarily determines the annual crop production added to the soil. On a 

global scale, about 120 million tons of new Nr and 50 million tons of previously created 

Nr (e.g., crop residue and animal manure) are added annually to cropland 7, 13. The global 

cropland receives about 63% of the anthropogenic fixation of N₂ to Nr 6.  

   However, due to the limited capacity of mineralization and nitrification in fertigation 

and hydroponic cultivation, only the inorganic Nr solutions (e.g., based on NO₃⁻-N) are 

applicable to higher plants' growth 14. In a NO₃⁻ -based nutrient solution, the presence of 

5% to 10% of the N as NH₄⁺-N can enhance the uptake of NO₃⁻-N, while the excess 
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proportion of NH₄⁺-N may exhibit ammonium toxicity symptoms, such as breakdown of 

vascular tissue at the base of the plant, lesions on stems and leaves, and increased 

occurrence of blossom-end rot on fruit 15. To avoid the risk of ammonium toxicity, the 

formulas of some universal standard nutrient solutions (e.g., Hoagland nutrient solution 

and Steiner nutrient solution) exclude the NH₄⁺-N 16-19. Thus, farmers can directly choose 

liquid nitrate-based fertilizers. 

   Compared to soil-based agriculture, the modern hydroponic systems are water, 

nutrient, and space-efficient. Especially in closed or recirculation systems, 85-90% of 

irrigation water and 80-85% of fertilizer can be saved due to control over nutrient levels 

20. Besides, hydroponic cultivation can be more controllable to the root environment, 

timely nutrient feeding, nutrient content, and pH. Furthermore, in greenhouse-type 

operations, the light, temperature, humidity, and composition of the air can be 

manipulated 15. Therefore, it is possible to practice continuous production throughout 

the year in the controlled environment along the growing season 21. 

   Looking into the future, the amount of anthropogenic Nr input to the agroecosystems 

is expected to grow, with global food demand anticipated to increase 60% by 2050 from 

2005 levels 22. Towards raising the Nr usage efficiency in fertilization, implementing 

controllable hydroponics can be one sustainable alternative to feed the world's growing 

population. 

1.3 Nitrogen cascade  

   Nr can move along its biogeochemical pathway from one environmental system (e.g., 

terrestrial ecosystems, atmosphere, freshwater, and marine systems) to another 7. The 

sequential transfer of Nr through environmental systems is called the nitrogen cascade 

23.  

   The artificial nitrogen fixation via the Haber-Bosch process is primarily used to produce 

fertilizers. However, about half of Nr-fertilizers (e.g., ammonia, urea, and nitrates) 

applied to the global crop production is directly transferred to the atmosphere as NH₃, 

N₂O, NOx, or N₂, or to the hydrosphere primarily as NO₃⁻, or lost to the environment 7, 12. 
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Furthermore, a final fertilizer-to-consumer efficiency of 11–22% N is achieved globally in 

the food supply chain 12, 24. The massive loss of valuable nitrogen resources (i.e., 78-89%) 

represents the Nr pollution. The more Nr added to the crop agroecosystems, the more 

Nr is transferred to other systems along the N cascade. In general, agriculture contributes 

to approximately 95% of NH₃, 63% of N₂O, and 3% of NOx emissions to the atmosphere, 

and 59% of Nr (primarily NO₃⁻) to the hydrosphere 8. Besides, the domestic wastewater 

in some local areas is discharged directly after septic tank treatment (e.g., Flanders in 

Belgium with around 27% of Nr), making the domestic wastewater a nonnegligible point-

source of Nr pollution to local water bodies. Altogether, the Nr cascade slowly erodes the 

Earth subsystem's resilience, making Nr one of the most critical pollution issues of the 

21st century 6, 8. 

   The UNEP 2014 Year Book emphasized the alarming consequence of excess Nr in the 

environment 25. The magnitude and complexity of the nitrogen cascade impede progress 

towards planetary sustainable development because the Nr pollution ranges from local 

(soil and water quality) and regional (air quality and biodiversity loss) to global scales 

(climate change and stratospheric ozone depletion) 6, 26. In economic terms, to reduce 

the risk of Nr pollution, the global economy of €285-2850 billion is invested annually 27. 

As anthropogenic activities continue to pump out Nr pollution, it is essential to intervene 

the nitrogen cascade and make humanity return to the planetary nitrogen boundary over 

the coming century. 

2. Nitrogen management in waste streams   

   There are two major categories of nitrogen emissions: non-point-source (NPS) and 

point source. The term "point source" means any discernible, confined, and discrete 

conveyance, including but not limited to any pipe, ditch, channel, tunnel, conduit, well, 

discrete fissure, container, rolling stock, concentrated animal feeding operation, or vessel 

or other floating craft, from which pollutants are or may be discharged 28. This term does 

not include agricultural stormwater discharges and return flows from irrigated 

agriculture. In contrast, the term "nonpoint source" is defined to mean any source of 

water pollution that does not meet the legal definition of "point source".  
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   The NPS pollution generally results from land runoff, precipitation, atmospheric 

deposition, drainage, seepage, or hydrologic modification. Unlike industrial and sewage 

treatment plants, NPS pollution comes from many diffuse sources, making remediation 

efforts extremely complex and challenging 29. As mentioned in section 1.3 (Chapter 1), 

one of the major agricultural NPS pollutions is the excess fertilizer use on farmlands. 

Switching to the controlled hydroponic system could alleviate this type of NPS pollution 

due to its high nutrient-using efficiency and feasibility on waste solution collection 20.  

   In this thesis, only the point-source Nr waste streams were studied, because they are 

more easily identifiable and collectible to be managed. There are two approaches to 

manage the point-source Nr in the nitrogen cycle: (i) "Nr recovery (conversion)"— 

substituting a portion of new Nr production, (ii) "Nr removal"— converting Nr back to N₂ 

following Nr synthesis, namely ‘recycling over the atmosphere’ (Figure 1.2).  

 

Figure 1.2: Waste streams: recycling routes for reactive nitrogen (Nr) species. 

3. Nitrogen recovery 

3.1 Collected and collectible waste streams containing Nr    

   Nitrogen recovery should be regarded as a solution to many current Nr pollution issues. 

The Circular Economy Package adopted by the European Union (EU) in 2015 aims to 

maximize resource-using efficiency in all the value chain steps, including production, 
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waste management, and recycling of secondary raw materials 30. The plan confirms the 

management and trade of waste-based fertilizers as key to recovering and recycling bio-

nutrients, such as nitrogen and phosphorus, back in the EU's economy.  

3.1.1 Inorganic Nr waste streams 

   The anthropogenic fixation of N₂ from the atmosphere is deemed a giant 'valve' that 

controls a massive flow of new Nr into the Earth. Inorganic Nr in waste streams exists 

mainly in the form of ammonia, nitrite, and nitrate. Ammonia is a primary inorganic Nr 

form; its separation from water is relatively easy based on its volatility and/or electrical 

mobility 31. The collected and collectible ammonia exists in many different waste streams, 

mainly classified into three types (industrial, agricultural, and domestic) (Table 1.1). Most 

of the studies focused on ammonia from agriculture and domestic source. 

      On a global basis, 33 million tons Nr yr⁻¹ of grain is fed to animals, while around 85% 

of Nr is lost as manure and waste 13, 32. In the agricultural source, the anaerobically 

digested and undigested animal (e.g., pig and cattle) manures are the primary ammonia 

source, containing up to 5140 mg N L⁻¹. In the domestic source, the digestate of food 

waste 33, landfill leachate 34, and municipal sidestream sludge 35, raw domestic 

wastewater 36, 37, and hydrolyzed urine 38-43 were covered. In many wastewater treatment 

plants (WWTPs), anaerobic digestion of municipal sludge is implemented to produce 

biogas and increase the dewaterability of the sludge. Digestate is the leftover of the 

anaerobic digestion, and reject water from digestate is the liquid phase left after the 

dewatering of anaerobically digested sludge 44. Reject water can contribute up to 30% of 

nitrogen load through recycling in the nitrogen treatment process 45. Compared to the 

reject water, human urine is not derived from the WWTPs. As the dominant Nr in urine, 

urea can be readily hydrolyzed to ammonia by the urease enzyme 46. Moreover, urine 

contributes 75–80% of the total nitrogen load in a WWTP, but only 1% of the total flow, 

making it a very concentrated stream for nitrogen recovery as well 47. Overall, except for 

the domestic wastewater, other waste streams, like anaerobically digested animal 

manures, hold ammonia in concentrations of several grams of nitrogen per liter, which 

are the most attractive for nitrogen recovery.  
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Table 1.1: Characteristics of collected and collectible waste streams containing NH₄⁺-N, recovery technique, and results. N.A. represents data not 
available. TLR represents technology readiness levels 48. Nr recovery (%) means the recovered mass of nitrogen divided by the total influent nitrogen 
mass. 

Source Form 
NH₄⁺-N 
(mg L⁻¹) 

COD/ 
NH₄⁺-N 

ratio 
Technique 

Nr recovery 
(%) 

Form of 
recovered Nr 

Reference 

Industry 
Ion exchange 
regeneration 
wastewater 

167 0.7 
Vacuum membrane 
distillation (TLR 3) 

100 NH₄OH 49 

Agriculture 

Anaerobic 
digestate of 

piggery 
wastewater 

1727 

N.A. 

Struvite precipitation 
(TLR 5) 

100 Struvite 50 

Anaerobically 
digested & 

undigested cattle 
manure 

600-1100 
Thermal stripping/ 

acid absorption (TLR 
4) 

100 

(NH₄)₂SO₄ 

 

51 

Dairy manure 
digestate 

1620 

Vacuum thermal 
stripping/acid 

absorption (TLR 7) 

100 33 

Anaerobically 
digested swine 

wastewater 
1465-2097 0.7-1.4 

Gas permeable 
membrane (TLR 4) 

76-98 52 
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Domestic 

Food waste 
digestate 

1804-6400 

N.A. 

Vacuum thermal 
stripping/acid 

absorption (TLR 6) 

100 33 
Retentate of 

landfill leachate 
5673-5760 

Municipal sludge 
digestate 

1093 

Reject water of 
sidestream at 

WWTPs 
1000 1.2 

Microbial electrolysis 
cell (MEC, TLR 3) 

100 NH₄Cl 35 

Zeolite 
regeneration 

solution 
2400 N.A. 

Hollow fiber liquid-
liquid membrane 
contactors (TLR 3) 

 

95-98 

NH₄NO₃ & 
(NH₄)₂HPO₄ 

53 

Landfill leachate 4540 2.0 
MEC/ forward 

osmosis (FO, TLR 3)  
54 

(NH₄)₂CO₃ & 
(NH₄)₂SO₄ 

34 

Raw domestic 
wastewater 

47 9.8 
Microbial electrolysis 

cell (TLR 3) 
62 

Struvite 

36 

Hydrolyzed urine 5490 N.A. 
Electrochemical cell/ 

stripping (TLR 3) 
68-87 54 
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3.1.2 Organic Nr waste streams 

   Organic wastes containing significant amounts of organic carbon (C) and Nr can be 

categorized into agriculture, agro-food industry, and domestically sourced waste streams 

(Table 1.2 and 1.3).  

   The agricultural wastes rich in organic Nr chiefly take the form of crop residues (e.g., 

residual stalks, straw, leaves, roots, husks, shells) and raw animal wastes (e.g., manure) 

55. For example, the vegetative parts of maize and soybean meal hold Nr of 6% and 7%, 

respectively (Table 1.2) 56, 57. The chicken manure and pig slurry can contain 2.9% and 3.7% 

Nr, respectively 56, 58. Besides, the organic carbon to Nr (C/Nr) ratio of crop residues is 

higher than animal waste. 

   The agro-food industry is divided into the food industry and the beverage industry 59. 

The food industry includes: the meat industry; fish, shellfish, and mollusk industry; dairy 

industry; manufacture of animal and vegetable oils and fats; fruit and vegetable industry; 

the making of grain, starches, and starchy products; animal feed production; and the 

preparation of sundry food products. The beverage industry includes the wine industry; 

the sundry alcoholic drinks industry; and the non-alcoholic drinks industry. The residues, 

by-products, and effluents are the agro-food industry waste rich in organic Nr. For 

example, the beet vinasse contains 2.0% to 3.0% of Nr with a C/Nr ratio of 6.0 (Table 1.2) 

60. The horn and hoof of animal waste can hold 17% of Nr with a C/Nr ratio of 3.0 61. 

Besides solid organic waste, the wastewater of the agro-food industry can contain 

organic Nr up to hundreds to thousands of milligrams per liter, such as distillery and sugar 

refinery wastewater (Table 1.3) 62.  

   The domestic waste streams rich in organic Nr mainly include household waste, 

(unhydrolyzed) human urine, and (undigested) sewage sludge. Household is the most 

important source of food waste (53%) 63. Most kitchen waste has an Nr fraction of 1.1% 

to 5.4% and a C/Nr ratio between 8.9 and 35.1. Urine is a widely available, relatively 

concentrated source of Nr. The major proportion of Nr in fresh human urine is urea 

(CO(NH₂)₂), accounting for 88% to 99% of total Nr (TNr), with a relatively low organic C to 

organic Nr ratio (0.2-1.5) 64. Recently, source-separated urine has gained great interest  
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Table 1.2: Characteristics of collected and collectible solid waste streams containing organic Nr. C/Nr ratio means organic carbon to organic Nr ratio. 
N.A. represents data not available. 

Source Waste Dry matter (DM)% Nr% (DM basis) C/Nr ratio Reference 

Agriculture 

Wheat straw 89.1 0.3 198.4 61 

Alfalfa N.A. 2.3 20.0 56 

Maize (vegetative parts) N.A. 6.0 80 56 

Soybean meal N.A. 7.0 6.1 57 

Cattle manure N.A. 1.65-2.9 16-29 56, 65 

Pig slurry N.A. 3.7 11 56 

Chicken manure 21.8 2.9 7.5 58 

Agro-food 

industry 

Sugar filter cake 90.0 1.8 14.0 66 

Beet vinasse N.A. 2.0-3.0 6.0 60 

Grape marc N.A. 1.1-1.8 37.5 60 

Horn and hoof 84 17.0 3.0 61 

Domestic 

Kitchen waste 10-40 1.1-5.4 8.9-35.1 63 

Mixed sewage sludge (primary and 

secondary) 
N.A. 7-12 4-7 67 
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Table 1.3: Composition of liquid waste streams from typical agro-food industry 62 and domestic source 64. C/Nr ratio means organic carbon to Nr ratio. 
N.A. represents data not available. * The wide range is because of the calcareous soil particles in some scenarios. 

Source 
Raw materials used 

for the production 

Wastewater 

Suspended 

matter (mg L⁻¹) 

NH₄⁺-N 

(mg L⁻¹) 

Organic Nr 

(mg L⁻¹) 

Organic Nr % 

(TNr basis) 
C/Nr ratio 

Agro-

food 

industry 

Distillery 

Sugar beet, molasses 1100-11200* 0-20 130-1250 87-100 11.5-16.9 

Wheat 1700 10 180 95 11.3 

Fruit 11000 20 260 93 24.9 

Sugar 

refinery 
Sugar beet 4100-362900* 0-50 50-1040 75-100 10.6-46.8 

Cannery Vegetables 1800-3800 160-180 150-290 48-62 6.2-6.7 

Starch 

factory 
Potato 14500-16100 120-190 480-530 72-82 11.0-12.4 

Winery Grapes 1500-6400 0-30 80-340 92-100 81.1-70.1 

Domestic 
Fresh 

urine 
Daily diet N.A. 125-600 4343-10881 88-99 0.2-1.5 
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as a valuable resource of nutrients, given its relatively high macronutrient concentration 

(∼9 g N L⁻¹, 0.7 g P L⁻¹, and 2 g K L⁻¹) 68. In the municipal wastewater treatment process, 

around 20% of N removal is assimilated in activated sludge 12, making the sewage sludge 

contain 7-12% of Nr with a C/Nr ratio of 4-7 67.  

3.2 Recovery technologies 

   The recovery of nitrogen from the Nr-rich waste stream is expected to reduce or 

substitute the need for synthetic nitrogen fertilizers, the production of which is energy-

intensive and fossil fuel-dependent 12, 69. Meanwhile, this will further help to reduce the 

Nr cascade in the environment. Furthermore, the recovery of nitrogen to produce value-

added and marketable products imply a significant economic opportunity towards a 

"nitrogen circular economy". 

3.2.1 Inorganic Nr recovery 

   The anaerobic (co-) digestion of activated sludge or manure, and hydrolyzed urine 

results in ammonium release. The ammonium-rich liquid allows for ammonia recovery. 

According to the volatility and/or electrical mobility 31, various methods have been 

reported to recover ammonia from waste streams (Table 1.1). The prevailing process can 

categorize ammonia recovery techniques as chemical, physical, biological, or combined 

(hybrid) processes.  

   The struvite precipitation with phosphate and magnesium is used as a common 

chemical technique 50, 70. Struvite (i.e., magnesium ammonium phosphate) is a relatively 

insoluble crystalline precipitate that contains an approximately equimolar ratio of 

magnesium, phosphate, and ammonium ions. Its formation requires a tight pH range (i.e., 

7-9) for optimal efficiency due to the potential volatilization of NH₃ at pH > 9.8 71, 72. 

   Physical processes explored for ammonia recovery include membrane processes, 

stripping, and adsorption. Membrane processes are proven effective to strip ammonia 

from ammonium wastewaters, including membrane contactors 53, gas-permeable 

membrane 73-75, and membrane distillation 49. The stripping process includes air 76, 

vacuum 51, and thermal stripping 33 techniques. Sludge and manure are challenging to 
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recover by any technology other than stripping because the solid concentration tends to 

interfere with those techniques, especially those involving membranes. For the NH₃ 

emission capture, acid adsorption (e.g., sulfuric acid) has proved effective in converting 

NH₃ into non-volatile NH₄⁺ salt fertilizer (e.g., ammonium sulfate). Alternatively, zeolite 

is a porous, naturally occurring mineral with preferential and reversible ammonium 

adsorption due to its high cation exchange capacity and selectivity 53.  

   Bio-electrochemical systems (BES) utilize electrochemically active microorganisms to 

catalyze reactions at either the anode or cathode of a cell to convert chemical energy to 

electrical energy (or vice versa) 44, 77. During electricity generation, NH₄⁺ is transported 

from the anode to the cathode to maintain charge neutrality 78. The high pH of the 

catholyte due to reduction reactions converts NH₄⁺ to NH₃ 79. Various BES including 

microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) have been studied to 

achieve ammonia recovery 35, 36. Compared to BESs, in electrochemical systems, all 

reactions are purely electrochemical, and no microorganisms are involved 39, 40, 54. 

   Overall, wastewater rich in NH₄⁺ is a target stream for recovery by the aforementioned 

technologies, which can be a catch-all term for industrial wastewater, food waste, landfill 

leachate, etc. Finally, the recovered ammonia can be a potential nutrient for food 

production as fertilizers.  

3.2.2 Organic Nr recovery 

3.2.2.1 General recovery strategies  

   The streams rich in organic Nr (e.g., proteins and urea) should be more appropriately 

regarded as secondary raw materials, which can be inexpensive and relatively abundant 

feedstocks. Proper (e.g., physical and biological) treatments can make them into many 

value-added organic fertilizers.  

   The most common and basic technology to recover organic fertilizers is physical drying 

and pelletizing, applicable to most solid-based waste streams rich in organic Nr. Based on 

this technology, various commercial solid-based organic fertilizers are available, such as 

Alfalfa meal (2%-4% Nr), soybean meal (7% Nr), pelleted chicken manure (2%-4% Nr), 
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horn and hoof meal (17% Nr), vinasse based organic fertilizers (5%-7% Nr) 61, 80, 81. As the 

national legislation does not permit the direct application of municipal sewage sludge on 

arable land, indirect Nr recovery via coupling anaerobic digestion (for ammonium release) 

with inorganic Nr recovery technologies mentioned in section 2.2.1 can be an alternative 

strategy 12. 

   Composting is a reliable recovery technology of organic waste materials (e.g., green 

wastes, animal manures) 82. Composting is a biological process that occurs under aerobic 

conditions, with adequate moisture (45-60%) and temperature (45-55°C), hygienically 

transforming organic wastes into a homogeneous and plant-available material (i.e., 

humus-like produce) 83. Compost is typically 1% to 2% N on a dry weight basis, less 

concentrated than commercial organic nitrogen fertilizers mentioned above 80. 

Compared to the conventional composting processes, vermicomposting is increasingly 

seen as a better viable eco-friendly technology. The vermicomposting process results in 

a better quality homogenous product with reduced mass, shorter process time, high 

humus content, reduced phytotoxicity, and more excellent fertilizer value in the 

microbiologically active manure, i.e., vermicompost 84, 85. 

   Recently, microbial protein production from agro-food industry wastewater has 

attracted broad interest. Effluents from potato processing and beer brewery are 

considered ideal grow media due to their relatively high carbon and nitrogen 

concentration (Table 1.3) but low contamination with pathogens and other harmful 

pollutants (e.g., heavy metals) 86, 87. The microbial biomass is ideally produced in high-

rate systems (i.e., maximum production, high N content) at a short sludge retention time 

(SRT) to assimilate high nutrients levels, after which it is harvested and dried (down to 

around 10% moisture content) 88. It was found that SRT strongly influenced the N (protein) 

content, i.e., the shorter SRT, the higher the protein content 89. Spiller et al. (2020) 

explicitly described the processes and mass balances used to produce three metabolic 

types of microbial protein on potato wastewater, namely, a consortium of aerobic 

bacteria (CAB, or a 7% Nr), microalga (Spirulina, 8.6% Nr), and Purple Non-Sulfur Bacteria 

(PNSB, 8.5% Nr) 90. The high Nr content in those types of dried microbial biomass has 
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driven them into an emerging class of organic fertilizers — microbial fertilizers (MFs). The 

MFs can be applied to the soil or growing medium, where the microbiome mineralizes 

MFs into NO₃⁻-N for plant growth 88, 91.   

3.2.2.2 Application of organic fertilizers 

   As we know, the recovered organic fertilizers, either in solid or liquid form, occur 

predominantly in the amino form (NH₂), which are applicable in soil-based cultivation. In 

contrast, only the liquid nutrient solutions are suitable for fertigation and hydroponic 

cultivation 14. Unlike soil-based cultivation, there are no abundant microorganisms in 

hydroponic systems and thus limited biological conversion capacity to produce inorganic 

Nr (i.e., NH₄⁺-N and NO₃⁻-N) 15, 92, 93. The plants in hydroponic systems require the 

preferable NO₃⁻-N directly for their favorable growth 94. Considering the benefits of 

greenhouse hydroponic cultivation aforementioned in section 1.2, applying the 

recovered organic fertilizers into hydroponics can significantly promote the "nitrogen 

circular economy" development. Therefore, to upgrade those organic Nr fertilizers to the 

high-end nutrient (i.e., NO₃⁻-N) for crops, biological conversion of organic nutrients 

(nitrogen mineralization and nitrification) is essential 95.  

   In the nitrogen mineralization process, microorganisms convert organic nitrogen (e.g., 

proteins) to inorganic form (i.e., ammonium) through hydrolysis (or aminization) and 

ammonification 96, 97. Hydrolysis (or aminization) is the first step of mineralization in 

which microorganisms break down complex proteins into simpler amino acids, amides, 

and amines (Reaction 1.2). Ammonification is the second step of mineralization. 

Ammonification refers to any chemical reaction (or hydrolysis reaction) in which NH₂ 

groups are converted into ammonia (NH₃) or ammonium (NH₄⁺) as an end product 

(Reaction 1.3). During the nitrification process, NH₃ or NH₄⁺ are oxidized to nitrite (NO₂⁻) 

and then nitrate (NO₃⁻) (Reaction 1.4). 

Proteins →  R ∗ −NH₂ + CO₂        (R*: a carbon chain of indefinite length)               (1.2) 
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H

│
R―C― COOH

│
NH2

  + H₂O → R − COOH+ CO₂ + NH₄⁺                                                          (1.3) 

0.98 NH₄⁺ +1.83 O₂ +0.1 CO₂ → 0.96 NO₃⁻ +0.02 C₅H₇O₂N +2.05 H⁺+ 0.82 H₂O (1.4) 

   Notably, the conversion of urea (CO(NH₂)₂) in the animal and human urine to NH₄⁺ 

(Reaction 1.5) is an ammonification process, which is commonly called “urea hydrolysis” 

46. The COD/N ratio of urine (i.e., around 1 g COD/g N) is equivalent to 0.22 mol acetic 

acid/mol N. Therefore, during the urine nitrification process, approximately 2.49 g CO₂ 

can be released when 1g NO₃⁻-N is produced (Reaction 1.6). 

0.5 CO(NH₂)₂ +0.5 H₂O +H⁺→NH₄⁺ +0.5 CO₂                                                                  (1.5) 

0.5 CO(NH₂)₂ + 0.22 CH₃COOH + 2.18 O₂ → 0.96 NO₃⁻+ 0.036 C₅H₇O₂N + 0.76 CO₂ 

+ 1.06 H⁺ + 0.73 H₂O                                                                                                             (1.6) 

   Since organic carbon is one of the main constituents of organic fertilizers (Table 1.2 and 

1.3), its mineralization occurs concomitantly with nitrogen mineralization 82, 98. During 

carbon mineralization, microorganisms (e.g., bacteria, archaea, and fungi) metabolize 

and release gaseous end products of heterotrophic respiration, i.e., CO₂ under aerobic 

conditions and CO₂ and CH₄ under anaerobic conditions. CO₂ is an essential component 

of photosynthesis, using light energy to convert CO₂ and water into sugars in green plants. 

It is well known that CO₂ supplementation within the greenhouse environment could 

remarkably improve plant growth and production 99. Except for burning carbon-based 

fuels such as natural gas, propane, kerosene, or directly from tanks of pure CO₂, the CO₂ 

recovery during the mineralization of organic fertilizers can add extra value for nitrogen 

recovery.   

4. Nitrogen removal 

   Anthropogenic activities have been intensifying the Nr cascade, eroding the resilience 

of the Earth subsystems, and making Nr a key pollutant to tackle from local to global 

scales 100. For this reason, the other choice for Nr intervention is to immediately convert 
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Nr to N₂ before it is distributed to the environment.  

4.1 Nitrogen and carbon removal processes 

   The municipal wastewater treatment plants receive domestic and industrial 

wastewater, also rain and groundwater infiltrating into the sewer network 12. Most Nr in 

sewage is in reduced form as NH₄⁺-N and/or larger organic molecules (e.g., urea, amino 

acid, and protein). The Nr removal pathways generally start with NH₄⁺, which is released 

from the hydrolysis of larger organic molecules 101. Biological wastewater treatment is 

carried out by microbial conversion processes. The following section will elaborate on 

those typical nitrogen transformations involved in the nitrogen cycle (Figure 1.3). With 

nitrogen treatment processes, organic carbon is oxidized to CO₂ in aerobic conditions 

(3.1.4) or anoxic conditions by denitrification (3.1.2). 

 

Figure 1.3: Typical nitrogen transformations in the nitrogen cycle regarding wastewater treatment. 

4.1.1 Nitrification  

   Classical nitrification is a two-step process, where ammonia-oxidizing bacteria and 

archaea oxidize ammonia to nitrite (i.e., nitritation) and then nitrite-oxidizing bacteria 

convert to nitrate (i.e., nitratation). Comammox means the complete conversion of 

ammonia into nitrate by a single microorganism. Only the classical two-stage nitrification 

is studied in this work.  



Chapter 1 

25 
 

4.1.1.1 Nitritation 

   As the first step of nitrification, nitritation denotes microbially mediating oxidation of 

ammonium to nitrite. Nitritation is deemed as a two-step metabolic process (Reaction 

1.7-1.8). Firstly, ammonia is oxidized to hydroxylamine (NH₂OH) using the membrane-

bound ammonia monooxygenase (AMO) enzyme. Secondly, NH₂OH is oxidized to nitrite, 

catalyzed by the periplasmic enzyme hydroxylamine oxidoreductase (HAO). 

NH₃ +  O₂ +  2H⁺ +  2e⁻ 
AMO
→   NH₂OH +  H₂O                                                                  (1.7) 

NH₂OH +  H₂O 
HAO
→   NO₂⁻ +  5H+ + 4𝑒⁻                                                                              (1.8) 

0.5 O₂ +  2H+ + 2𝑒−  
terminal oxidase
→             H₂O                                                                              (1.9) 

The total nitritation reaction: 

NH₃ + 1.5 O₂  →  NO₂⁻ +  H⁺ + H₂O                                                                                     (1.10) 

   Nitritation process is typically catalyzed by ammonium-oxidizing bacteria (AOB) from 

the genus Nitrosomonas,  and to a lesser extent ammonium oxidizing archaea (AOA) from 

archaeal phylum of Thaumarchaeota 101, 102. Metabolically, AOA differ from AOB as they 

do not contain any HAO homologue, cytochrome c, or enzymes to detoxify 

hydroxylamine 103. Therefore, two hypothetical mechanisms were suggested for AOA 

metabolization: (i) the hydroxylamine produced by AMO, is oxidized to nitrite via a 

periplasmic multicopper oxidase (MCO) protein; (ii) AMO does not produce 

hydroxylamine but nitroxyl (HNO), which is subsequently oxidized via an MCO protein 104, 

105.  

   Although ammonia (NH₃) is the actual substrate for AOB and AOA, it is in equilibrium 

with ammonium (NH₄⁺), a term commonly used to refer to AOB and AOA activity, as is 

done in this thesis. As autotrophic microorganisms, the central anabolic process in AOB 

and AOA is CO₂ fixation using the energy extracted from NH₄⁺ oxidation. 

4.1.1.2 Nitratation 

   As the second step of nitrification, nitratation means oxidizing nitrite to nitrate by 
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autotrophic nitrite-oxidizing bacteria (NOB). The enzyme nitrite oxidoreductase (NXR) 

transfers the two produced electrons to a terminal oxidase for respiratory purposes 

(Reaction 1.11). Most of the NOB belong to the genera of Nitrobacter, Nitrococcus, and 

Nitrotoga (phylum Proteobacteria), the genus Nitrospira (phylum Nitrospirae), and the 

genus Nitrospina (phylum Nitrospinae) 106.  

NO₂⁻ +  H₂O 
NXR
→   NO₃⁻ +  2H+ + 2𝑒⁻                                                                                   (1.11) 

Combined with Reaction 1.9, the total nitratation reaction: 

NO₂⁻ + 0.5O₂  →  NO₃⁻                                                                                                             (1.12) 

4.1.1.3 Nitrification = nitritation + nitratation    

   In the complete nitrification stoichiometry (Reaction 1.13), 4.26 g of oxygen is 

consumed per gram of N, and 0.16 g of cells are produced 107. Besides dissolved oxygen 

(DO), nitrification also requires sufficient alkalinity of 7.14 g CaCO₃ g⁻¹ N 108. 

NH₄⁺ + 1.863O₂ + 0.098CO₂  →  0.0196C₅H₇O₂N +  0.98NO₃⁻ +  1.98H+ +

 0.094H₂O                                                                                                                                    (1.13) 

   Several environmental factors can influence the nitrification process: pH, DO 

concentration, temperature, free ammonia (FA), and free nitrous acid (FNA). In general, 

the nitrification process in wastewater treatment plants is controlled between pH 7.0-

7.2, although the optimum pH for nitrification ranges between 8 and 9 109. It was reported 

that outside the range of pH 7.0 to 9.8, less than 50% of the optimum nitrification rate 

occurs, and between pH 5 and 5.5, nitrification could even cease 110. DO level above 2.0 

mg L⁻¹ is recommended for nitrification 111. In natural habitats, nitrification occurs at a 

wide temperature range from mesophilic (5-35°C) to thermophilic (>45°C) but is typically 

limited to mesophilic conditions 112. The specific growth rate of nitrifiers showed an 

exponential increase between 5 and 30°C. The high concentration of FA and FNA, rather 

than total ammonia or nitrite ion, can inhibit the nitrification. In general, the tolerance of 

AOB on FA and FNA is stronger than NOB. The concentration ranges of FA that begin to 

inhibit the nitrifying organisms are 10 to 150 mg N L⁻¹ (Nitrosomonas, AOB) and 0.1 to 1.0 

mg N L⁻¹ (Nitrobacter, NOB) 113. The concentration ranges of FNA that initiate to inhibit 
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the nitrifying organisms are 0.22 to 2.8 mg N L⁻¹ (AOB) and 0.06 to 0.83 mg L⁻¹ (NOB) 114. 

4.1.2 Denitrification   

   Denitrification is an anoxic respiration process in which nitrate is eventually reduced to 

nitrogen gas. The relevant enzymes are nitrate reductase (NAR), nitrite reductase (NIR), 

nitric oxide reductase (NOR), and nitrous oxide reductase (NOS) 115. 

NO₃⁻ 
NAR
→   NO₂⁻ 

NIR
→   NO 

NOR
→   N₂O 

NOS
→   N₂ 

   The denitrification rate is affected by pH and might be inhibited at values lower than 

6.8 116. Optimal pH conditions range from 6.8 to 8.2 117, and the optimal temperature is 

about 35°C 118. Denitrification can be performed both heterotrophically and 

autotrophically (Table 1.4). 

  Table 1.4: Stoichiometries of typical denitrification reactions 119-122. 

Electron 

donor 
Stoichiometric equation 

Methanol 1.08CH₃OH + NO₃⁻ +  0.24H₂CO₃  →  0.056C₅H₇O₂N +  0.47N₂ +  1.68H₂O + HCO₃⁻ 

Ethanol 0.69C₂H₅OH + NO₃⁻ +  H⁺  →  0.14C₅H₇O₂N +  0.43N₂ +  2.07H₂O + 0.67CO₂ 

Acetate 0.846CH₃COO⁻ + NO₃⁻ →  0.077C₅H₇O₂N +  0.462N₂ +  0.077H₂O + 1.308CO₂ + 1.846OH⁻ 

Glucose C₆H₁₂O₆ + 2.8NO₃⁻ + 0.5NH₄⁺ + 2.3H⁺ → 0.5C₅H₇O₂N + 1.4N₂+ 6.4H₂O + 3.5CO₂ 

Hydrogen 

sulfide 

0.421H₂S + 0.421HS⁻ + NO₃⁻ +  0.346CO₂ + 0.086HCO₃⁻ + 0.086NH₄⁺ →  0.086C₅H₇O₂N 

+  0.5N₂  + 0.842SO₄²⁻ + 0.434H₂O+ 0.262H⁺ 

Sulfur 1.11S° + 1.06NO₃⁻ +  0.785H₂O + 0.3CO₂ →  0.06C₅H₇O₂N +  0.5N₂  + 1.11SO₄²⁻ + 1.16H⁺ 

Thiosulfate 
0.84S₂O₃²⁻ + NO₃⁻ +  0.43H₂O + 0.35CO₂ + 0.87HCO₃⁻ + 0.087NH₄⁺ →  0.087C₅H₇O₂N 

+  0.5N₂  + 1.69SO₄²⁻ + 0.7H⁺ 

Hydrogen 3.03H₂ + NO₃⁻ + H⁺ + 0.23CO₂ →  0.05C₅H₇O₂N +  0.48N₂ + 3.37H₂O 

   

   Heterotrophic denitrification is a process that uses various organic carbon compounds 

as energy and electron sources. Stoichiometrically, 2.86g BOD is sufficient to reduce 1g 

nitrate (i.e., 2.86g O₂ g⁻¹ NO₃⁻-N) 123. It is mediated by many bacterial genera, including 

Pseudomonas, Paracoccus, Flavobacterium, Alcaligenes, and Bacillus spp 120, 124. 

Wastewater from the agro-food industry commonly contains significant amounts of 

organic carbon, favoring heterotrophic denitrification. However, for carbon-lean 
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wastewaters in industrial plants, such as mineral processing, electroplating, and power 

plants, additional carbon sources like methanol, acetate, and ethanol are required 120.  

   Alternatively, autotrophic denitrification processes need inorganic electron donors 

such as sulfur and hydrogen gas. The elemental sulfur (S°) and inorganic sulfur 

compounds, including sulfide (S₂⁻), thiosulfate (S₂O₃²⁻), tetrathionate (S₄O₆²⁻), and sulfite 

(SO₃²⁻) were studied. Elemental sulfur (S°) was studied most extensively due to its low 

price and ease of handling 120, 125. Sulfur-driven denitrification is known to be carried out 

typically by Thiobacillus denitrificans and Sulfurimonas denitrificans 126, 127. Hydrogen is 

also a promising electron donor for autotrophic denitrification because of its high 

selectivity for nitrate removal and the lack of a harmful by-product (only N₂ and H₂O). 

Most of the hydrogen-driven denitrifiers belong to Rhodopseudomonas sphaeroides, 

Paracoccus denitrificans, Alcaligenes eutrophus, and Pseudomonas pseudoflava 128. 

   In the absence of electron donors in the wastewater, autotrophic denitrification is 

considered superior to heterotrophic denitrification because of avoiding external carbon 

sources and lower sludge-handling costs 120, 129. Autotrophic denitrification is 

characterized by lower sludge yields of 0.4–0.57 g VSS g⁻¹ N 120, 130 compared to 

heterotrophic denitrification (0.8–1.2 g VSS g⁻¹ N) 131. In addition, since the price of sulfur 

and hydrogen gas is much lower than the cost of carbon sources such as methanol, 

ethanol, and acetate, the operational cost of the denitrification process could be reduced 

(Table 1.5). 

Table 1.5: Estimated costs of electron donors (i.e., substrates) for denitrification 120. 

Electron 

donor 

Price of 

substrate 

(€/kg) 

Consumption of substrate 

(kg kg⁻¹ NO₃⁻) 

Substrate cost of 

denitrification 

(€ kg⁻¹ NO₃⁻) 

Nitrate removal rate 

(g N m⁻³ day⁻¹) 

Methanol 0.78 2.08-3.98 1.52-3.03 1000-27000 

Ethanol 0.93 2 1.85 400-1200 

Acetate 1.41 2.7 3.68 600-1000 

Sulfur 0.08 2.5 0.21 50-560 

Hydrogen 1.85-2.61 0.43 0.8-1.1 500-2400 
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4.1.2.1 Denitratation 

   Nitrate reduction to nitrite is termed denitratation [122], although it was called "partial 

denitrification" in some studies. Several strategies have been investigated to achieve 

denitratation. 

   Denitrifying communities usually contain bacteria with different nitrate and nitrite 

reductase activities. Some denitrifiers can only reduce nitrate to nitrite as the only 

product; some can only reduce nitrite to nitrogen gas; others can reduce nitrate and 

nitrite to nitrogen gas 132. Thus, denitrifying communities that can only reduce nitrate to 

nitrite were selected to achieve denitratation 133. Otherwise, denitratation would rely on 

the maintained discrepancy of nitrate reductase activities upstream and nitrite reductase 

downstream 134. Several crucial factors for heterotrophic denitratation were proposed, 

including types of carbon source, the ratio of chemical oxygen demand and nitrate 

(COD/NO₃⁻-N), and pH value. Among the well-investigated carbon sources, including 

sludge fermentation liquid, methanol, acetate, ethanol, and glucose, acetate is 

considered the most easily biodegradable carbon source to maintain a high nitrite 

accumulation efficiency of 90% 135-140. The different denitratation performance via 

various carbon sources could be related to how and where electrons are donated 141. 

Nitrate reductase accepts electrons transferred through ubiquinone or cytochrome b in 

the upstream region of electron transfer chain. In contrast, nitrite reductase accepts 

electrons from cytochrome c in a more downstream region. Certain carbon sources (e.g., 

acetate) donate electrons in the upstream regions, while other sources (e.g., methanol) 

donate preferentially in the downstream region 141. 

Moreover, the COD/NO₃⁻-N ratio of 2.6–3.0 is usually selected to maintain denitratation 

140, 142, 143. Another critical factor is pH value. In general, a higher pH condition (e.g., pH 9) 

is taken, which can probably inhibit copper-type nitrite reductase (nirK) compared to pH 

5.0 and 7.0 144. 

   For autotrophic denitrataion, sulfur-driven denitratation processes using the reduced 

sulfur compounds (S₂⁻ and SO₃²⁻) and S° were studied 145-148. In the SO₃²⁻-driven 

denitratation process, the SO₃²⁻-S/N ratio is crucial for controlling nitrite accumulation. 
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Nitrate could be entirely reduced to nitrogen gas without nitrite when the S/N ratio in 

the influent was higher than 4.3 149. Therefore, it was suggested the SO₃²⁻-S/N ratio 

decreased to 1.5-2.0 would be favorable to maintain the denitrataion process 147, 148. In 

the S°-driven denitratation process, pH conditions, the preference of electron acceptors, 

and the attached biofilm thickness could affect the denitratation performance. Chen et 

al. (2018) showed pH 8.5 could be an optimal condition for denitratation 145. Wang et al. 

(2019) specified the maximum specific substrate utilization rate of NO₃⁻-N (3.54 g N g 

COD⁻¹·d⁻¹) was higher than that of NO₂⁻-N (1.98 g N g COD⁻¹·d⁻¹), indicating the S° more 

preferentially reacts with NO₃⁻-N to produce NO₂⁻-N 150. Based on the substrate counter-

diffusion model in the S°-driven denitrification process, the biofilm thickness could affect 

bulk NO₃⁻-N diffusion and reduced sulfur species, creating an opportunity for 

denitratation to occur 151. 

4.1.2.2 Denitritation 

   The reduction of nitrite to nitrogen gas is termed as denitritation 152. As a shortcut in 

the denitrification process, denitritation initiates the reduction chain at nitrite instead of 

nitrate. Thus, it represents a cost-beneficial alternative for denitrification through a 

reduced biological sludge production of 40%, a minor carbon requirement of 40%, and 

the achievement of higher rates and thus smaller bioreactors (Fux and Siegrist, 2004). 

4.1.3 Anammox 

   Anoxic ammonium oxidation (anammox) refers to anaerobically oxidize ammonium 

with nitrite as electron acceptor. Anammox bacteria complete this process in three steps: 

(i) NO₂⁻ is reduced to NO, catalyzed by the nitrite reductase (NIR) enzyme (Reaction 1.14); 

(ii) NO is combined with NH₄⁺ to hydrazine (N₂H₄) by a hydrazine synthase enzyme (HZS) 

(Reaction 1.15) 153; (iii) N₂H₄ is oxidized by a hydrazine dehydrogenase (HDH) enzyme to 

N₂ gas (Reaction 1.16) 154. In addition, nitrite is oxidized to nitrate via an NXR enzyme 

during anammox anabolism, yielding extra electrons for CO₂ fixation and growth 

(Reaction 1.17) 155, 156. 

NO₂⁻ + 2H+ + 𝑒⁻ 
NIR
→   NO +  H₂O                                                                                        (1.14) 
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NH₄⁺ +  NO + 2H+ + 3𝑒⁻ 
HZS
→   N₂H₄ +  H₂O                                                                      (1.15) 

N₂H₄   
HDH
→   N₂ + 4H+ +  4𝑒⁻                                                                                                    (1.16) 

NH₄⁺ + 1.32NO₂⁻ +  0.066HCO₃⁻ + 0.13H+   →  1.02N₂  +  0.26NO₃⁻ +

0.066CH₂O₀. ₅N₀. ₁₅ +  2.03H₂O                                                                                                 (1.17)                                            

   Anammox bacteria or AnAOB are exclusively affiliated with the phylum Planctomycetes, 

and five genera have been identified: Brocadia, Kuenenia, Anammoxoglobus, Jettenia, 

and Scalindua 157. The genus of Scalindua only thrives in marine or halophilic 

environments, whereas the other genera are geographically widespread in various 

ecosystem conditions 157. Anammox bacteria have an extremely slow overall growth rate 

with a doubling time of approximately two weeks 158. High FA (20-25 mg N L⁻¹) and FNA 

(0.5 µg L⁻¹) concentrations should be avoided to maintain the stable operation of 

anammox systems 159. A pH range of 6.5 and 9 is preferable for anammox bacteria, and 

an optimum pH of 8 is recommended 160. Nitrite concentrations above a range of 100 and 

250 mg N L⁻¹ can inhibit the activity of anammox bacteria 160-162. Sufficient anoxic 

condition is critical to guarantee their activity 114. Additionally, temperature also impacts 

the activity of anammox bacteria, and the optimum range is between 35 and 40 °C 114.  

4.1.4 Organic carbon removal 

   Nr waste streams usually contain organic carbon, such as proteins, amino acids, fatty 

acids, carbohydrates, polysaccharides, humic compounds 109. In the design and operation 

of treatment facilities and discharge legislation, organic compounds are often expressed 

by chemical oxygen demand (COD), indicating the amount of oxygen required to oxidize 

all organic matter in the wastewater and is expressed in mg O₂ L⁻¹. 

   Heterotrophic microorganisms use organic compounds as energy and carbon source for 

growth. Using a general formula for organic compounds (CxHyOz), the stoichiometric 

reactions during organic carbon removal are represented by the following half-reactions. 

Firstly, CxHyOz is partly oxidized to CO₂, protons, and electrons (Reaction 1.18). These 

electrons can use oxygen as the final electron acceptor and yield a proton motive force 
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to generate energy (Reaction 1.19) 115. Besides oxidation, part of CxHyOz is assimilated as 

biomass, usually represented by the empirical formula C₅H₇O₂N (Reaction 1.20) 163. The 

endogenous respiration of the cell material is shown as a simplified metabolic reaction 

(Reaction 1.21) 164. 

CxHyOz + (2x-z)H₂O  → xCO₂ + (4x+y-2z)H⁺ + (4x+y-2z)e⁻                                        (1.18) 

e⁻ + H⁺ + 0.25O₂   → 0.5H₂O                                                                                                  (1.19) 

CxHyOz + 0.2NH₄⁺  → 0.2C₅H₇O₂N +(z-0.4x)H₂O + (
𝑥

𝑦
 +y-2z)H⁺ + (y-2z)e⁻            (1.20) 

C₅H₇O₂N + 5O₂ + H⁺ → 5CO₂ + NH₄⁺+ 2H₂O                                                                     (1.21) 

   Besides oxygen, the aforementioned nitrate and nitrite are electron acceptors for COD 

removal during the denitrataion and denitritation processes. Hence, in anoxic conditions, 

the heterotrophic metabolism can shift from oxygen to nitrate or nitrite to remove 

organics. A broad range of heterotrophs can perform carbon removal. In wastewater 

treatment plants, Proteobacteria is the predominant phylum, of which 

Betaproteobacteria are the most abundant class. Following the phylum Proteobacteria in 

abundance are phylum Bacteroidetes, Acidobacteria, and Chloroflexi 115. 

4.2 Processes for nitrogen (and organic carbon) removal 

   The separate oxidation and reduction processes to convert NH₄⁺-N to N₂ gas and COD 

to CO₂ can be combined in biotechnology for wastewater treatment. Typical nitrogen 

removal combinations start from NH₄⁺-N, including nitrification/denitrification (N/DN, 

section 3.2.1), nitritation/denitritation (section 3.2.2), and partial nitritation/anammox 

(PN/A, section 3.2.3), while denitratation/anammox (section 3.2.4) acts on NO₃⁻-N and 

NH₄⁺-N. Depending on the COD/N ratios in receiving water body, the COD and energy 

requirement will be different. 

4.2.1 Nitrification/denitrification 

   Autotrophic nitrification and heterotrophic denitrification (N/DN) are the most 

commonly applied combination in wastewater treatment plants. The difference between 

nitrification (aerobic) and denitrification (anoxic) necessitates the implementation of 
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different conditions, separated in space or time, which can occur in a single-sludge a two-

sludge configuration 115.  

   Separation in space can take place in two different ways, both of which create an 

aerobic zone for nitrification and an anoxic zone for denitrification. Firstly, space 

separation can be realized within the microbial flocs via simultaneous 

nitrification/denitrification. Secondly, space separation can occur in zones, where a baffle 

splits the anoxic and aerobic zone, or two individual reactors are used (2-stage). The 

position of the anoxic zone in the biological reactor, namely post-denitrification and pre-

denitrification systems, significantly affects the denitrifying performance. For post-

denitrification, an additional external carbon source is usually needed to achieve 

complete denitrification. In contrast, a pre-denitrification system can use influent 

organics as the carbon source for denitrification via recycling the nitrate-rich effluent of 

the aerobic nitrification reactor to the anoxic reactor. Separation in time typically 

implements in a sequencing batch reactor (SBR). Different phases of aeration and non-

aeration are applied to enable nitrification and denitrification, with feeding in the anoxic 

phases. 

   For the denitrification process, sufficient carbon must be available to completely 

denitrify the nitrate formed during nitrification. For instance, according to the equation 

of glucose-based denitrification, 4.2 g COD g⁻¹ N is required for total nitrogen removal 

and assimilation 122. Considering a part of the COD in the N/DN process is oxidized by 

oxygen, the COD/N ratio required in practice should be higher, within a typical range of 

5-10 g COD g⁻¹ N.  

4.2.2 Nitritation/denitritation 

   Nitritation/denitritation is a shortcut version of nitrification/denitrification, going over 

nitrite instead of nitrate. The same configuration choices as described for 

nitrification/denitrification apply to nitritation/denitritation. 

   Preventing the oxidation of nitrite to nitrate, namely the suppression of NOB, is vital to 

establish Nitritation/denitritation, and can be achieved by several control strategies. 
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Firstly, compared to AOB, the higher susceptibility of NOB towards FA and FNA opens up 

opportunities for NOB inhibition 113, 114. Secondly, the lower oxygen affinity of NOB 

facilitates the NOB out-selection at low DO concentrations (<1 mg L⁻¹) 165. An increase in 

AOB activity can be obtained by adjustment of the oxygen supply and level. Yet, care 

should be taken not to use DO concentrations above 0.5 mg L⁻¹ since this will favor the 

development of NOB 114. Thirdly, the lower NOB growth rate at temperatures >20°C 

enables NOB washout by imposing a low sludge retention time (SRT) 166. Lastly, 

intermittent aeration patterns could outcompete NOB due to the NOB lag phase after 

the anoxic period 167. 

4.2.3 Partial nitritation/anammox (PN/A) 

   In partial nitritation/anammox process, about half of the ammonium is aerobically 

oxidized to nitrite by aerobic ammonium-oxidizing bacteria (AerAOB), and the residual 

NH₄⁺ is further oxidized with the produced NO₂⁻ to generate nitrogen gas (N₂) by anoxic 

ammonium-oxidizing bacteria (AnAOB) (Reaction 1.17) 114. The total PN/A reaction is 

shown as following (Reaction 1.22): 

NH₄⁺ +  0.792 O₂ +  0.080 HCO₃⁻ →  0.435 N₂ +  0.111 NO₃⁻ +  1.029 H⁺ +

 0,052 CH₁. ₄O₀. ₄N₀. ₂ +  0.028 CH₂O₀. ₅N₀. ₁₅ +  1.460 H₂O                                         (1.22) 

   In PN/A systems, competitions occur between aerobic autotrophs (AerAOB and NOB), 

anoxic autotrophs (AnAOB), aerobic heterotrophs (COD conversion), and anoxic 

heterotrophs (denitrifiers). To minimize the competition, applying PN/A to carbon-lean 

streams with a biodegradable COD (bCOD)/N ratio < 2 is advisable 168. Furthermore, 

besides the necessity to inhibit NOB activity, an excellent PN/A performance relies on 

maximum sustaining of slow-growing AnAOB.  

   Over 100 full-scale PN/A processes have recently been installed globally, with more 

than 50% of them in SBR and 88% of all plants being operated as single-stage systems 169. 

Currently, it is primarily applied for the sidestream treatment of municipal wastewater. 

However, mainstream PN/A processes have been encountering unsatisfying nitrogen 

removal performance because some inherent features, e.g., low ammonium levels, low 
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temperatures, and fluctuant loading rate, make the out-selection of NOB immensely 

challenging 170-172.  

4.2.4 Denitratation/anammox 

   There are two different application scenarios for denitratation/anammox. The first 

scenario is the typical municipal mainstream wastewater with ammonium as major Nr 173, 

174. In this scenario, around half of ammonium is first nitrified to nitrate, then reduced to 

nitrite via denitratation; eventually, the produced nitrite is removed with the residual 

ammonium via anammox process (i.e., PN/denitratation/anammox). The second scenario 

is the wastewater directly containing both nitrate and ammonium like the effluents of 

mine and mill, and fertilizer factory 146, 148. However, nitrite produced by denitratation 

could also be reduced to nitrogen gas through denitritation. Therefore, to achieve stable 

and sufficient nitrite production for anammox, denitratation should be effectively 

maintained via the possible strategies mentioned in section 4.1.2.1.  

   Overall, based on the properties of four process types, the oxygen demand (i.e., 

aeration), COD consumption, and biomass yields were compared for nitrogen removal 

from wastewater with ammonium as primary Nr (Table 1.6). PN/A process consumes the 

least amount of oxygen and COD and produces the least amount of biomass. However, 

for wastewaters with a COD/N ratio higher than the N/DN requirement, DN based on the 

COD in wastewater is preferred; otherwise, COD requires energy for aerobic removal. 

Therefore, if sufficient COD is available in wastewaters, N/DN saves more oxygen than 

other processes (e.g., PN/A) plus additional aerobic carbon removal. 
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Table 1.6: Comparison between different processes. COD consumption was calculated using 
acetate as an example 173, 175. 

Parameter N/DN 
nitritation/ 

denitritation 
PN/A denitratation/anammox 

Aeration 
(g O₂ g⁻¹ N 
removed) 

4.57 3.43 1.95 2.39 

COD 
consumption 

(g acetate COD 
g⁻¹ N removed) 

3.81 1.71 0 1.67 

Biomass yield 
(g VSS g⁻¹ N 
removed) 

0.86 0.39 0.14 0.29 

 

5. Bioreactor configurations 

   This section outlines some of the commonly available bioreactor configurations used 

for Nr removal, also applicable for Nr recovery. Based on the growth mode or structural 

organization of microbes, biological processes are classified into suspended growth and 

attached growth. Two different aeration pathways (i.e., active and passive) can be 

implemented for the biological processes consuming oxygen according to the 

corresponding bioreactor configurations. 

5.1 Growth mode  

5.1.1 Suspended growth 

   In suspended growth systems, microbial cells grow as planktonic forms in bulk liquid 

medium without any support to the substratum, such as activated sludge (AS), aerated 

lagoons, and anaerobic sludge 176. 

   A modified AS process is one of the most common biological processes used for carbon, 

nitrogen, and phosphorus removal/recovery. The AS is a brownish floc-like suspension 177, 

comprised of approximately 80-90% bacteria and 10-20% higher organisms (protozoa, 

rotifers, and some higher forms of invertebrates) and non-biological mass 178. These flocs 

are held together by naturally produced organic polymers and electrostatic forces 179. In 

addition, some suspended non-biological materials become enmeshed inside the flocs, 

beneficially increasing the AS density. The floc morphology ranges from pin-point floc to 
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largely diffuse floc with high water content within the flocs 178. 

   The suspended growth biomass systems are usually developed in the sequencing batch 

reactor (SBR) and continuous stirred-tank reactor (CSTR) with a settler. Good settleability, 

for instance, in the AS process, is crucial for efficient wastewater and sludge treatment. 

Otherwise, microbes can easily be 'washed out' from the reactor, influencing the 

wastewater treatment efficiency using suspended biomass. Furthermore, the 

settleability and nutrient removal efficiency are related to the density of flocs. Therefore, 

a selector based on biomass density is a practical application to enhance the AS process 

via returning the denser and more bioactive AS into the system 179. 

5.1.2 Attached growth 

   Most microorganisms in moist environments tend to proliferate on a biotic or abiotic 

substratum and develop a complex, three-dimensional, and resilient community called a 

biofilm 176. The species in biofilms, such as bacteria, fungi, algae, and yeast, form 

microcolony clusters, which are enclosed within a self-produced glue-like extracellular 

polymeric substances (EPS) matrix. EPS have multiple functions, including promoting 

biofilm mechanical and chemical stability, acting as a natural absorbent and sequester of 

metals, and protecting against external physicochemical and biological stresses 176. 

   There are several significant advantages of attached growth systems: (i) maintaining 

extremely robust environments to their colonizers against external stresses; (ii) quick 

adaptation to changes in the environment; (iii) providing a high active biomass 

concentration resulting in high removal rates at relatively short hydraulic retention times; 

(iv) automatic liquid and solid separation. The microbial biofilm reactors retain cells 

attached to fixed or moving carrying materials, except granular sludge systems. Over the 

last half-century, various types of biofilm reactors have been developed, mainly including 

trickling filter (TF), biological aerated filter (BAF), rotating biological contactor (RBC), 

moving bed biofilm reactor (MBBR), fluidized bed biofilm reactor (FBBR), membrane 

biofilm reactor (MBR), and granular sludge system. 

   A trickling filter (TF) is a fixed bed biofilm reactor where microorganisms grow on carrier 
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materials (e.g., rocks and plastic materials) as biofilm 180. Oxygen is provided in the TF 

system either by natural ventilation or forced aeration (using fan and blower), creating 

the aerobic condition for the biochemical conversion processes 181. When influent 

wastewater is sprayed from the top of the TF reactor, it percolates downward over the 

biofilm surface, where microorganisms degrade the organic substances and nitrogen 

from the liquid phase. The effluent drained out of the bottom of the reactor is usually 

recirculated to ensure complete biological conversion of carbon and/or nitrogen 180.  

   A biological aerated filter (BAF) contains packing granular media that provide a large 

surface area per unit volume for biofilm development. Opposite to TF reactors, the BAF 

is a submerged filter and can incorporate suspended solids removal 182.  

   In a conventional rotating biological contactor (RBC), multiple circular discs are fixed on 

a horizontal shaft continuously rotated by a motor 183. The packed-cage RBC is a rotating 

porous cage filled with carrier materials 184. The disc and carriers support the growth of 

microorganisms as biofilm. The oxygen diffusion is achieved by directly exposing the 

biofilm to the atmospheric air. The bulk DO level can be controlled by the rotation speed 

185 and the immersion level of the discs or cage 186. 

   The moving bed biofilm reactor (MBBR) incorporates the edges of both suspended and 

attached growth, where microorganisms grow on plastic carriers as biofilm 187. The 

biofilm carriers are moved either by the agitation produced by aeration (aerobic process) 

or mechanical stirrers (anoxic/anaerobic process) 187, 188. Like the MBBR, the fluidized bed 

biofilm reactor (FBBR) utilizes small, fluidized media for carrier immobilization and 

retention. In the concept of FBBR, wastewater passes up through a packed bed of 

particles at a velocity sufficient to impart motion to or fluidize the particles 189. 

   A membrane biofilm reactor (MBR) employs a gas-permeable membrane that delivers 

a gaseous substrate (e.g., oxygen, hydrogen, methane) to a biofilm formed on the outer 

surface of the membrane 180, 190. Unlike other biofilm technologies, the electron donor 

and acceptor substrates in MBR adopt the counter-gradient diffusion mode 191, 192. A 

membrane-aerated biofilm reactor (MABR) is one type of MBRs, where the air or oxygen 
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acts as the electron donor. Compared to the oxygen transfer efficiency (OTE) of the 

conventional  AS process (15–40%), MABR with closed-end operation allows almost 100% 

OTE, significantly saving aeration energy 180. 

   Granular sludge is the result of three-dimensional aggregate expansion by microbial 

growth based on species-specific physiology (e.g., DO affinity or inhibition) combined 

with globular surface erosion by hydrodynamic shear 193. Granular sludge is usually well 

compacted, forming different layers comprised of various functional bacteria. Compared 

to the suspended growth process, granular sludge shows excellent settleability 179. 

Granules can establish gradients of substrates, creating specialized niches where 

microorganisms with different metabolic functions can co-exist. For example, mature 

PN/A granules contain AerAOB in the aerobic rim and AnAOB in the anoxic core 193. 

   Besides, some hybrid growth systems involving both suspended and attached growth 

processes in one reactor have been developed. For example, integrated fixed-film 

activated sludge (IFAS) is a typical hybrid growth system. In the IFAS system,  solid media 

(e.g., suspended plastic carriers) are added to the suspended growth environment to 

provide attaching surface for biofilm, thereby increasing the microbial concentrations 

and contaminant degradation rates 194. For instance, the attached biofilm carriers in the 

IFAS can enrich the slow-growing autotrophs (e.g., AerAOB and AnAOB) central to 

nitrogen removal in wastewater treatment, thus improving the nitrogen removal capacity 

without building new reactors 172, 195. 

5.2 Aeration approach 

   Aerobic processes can occur either with active or passive aeration. Active aeration 

systems require additional energy consumption of forced aeration, while in passive 

aeration processes, the oxygen transferred to the biomass is provided naturally by 

diffusion from the air 196. Among all the bioreactor configurations described in section 

4.1, only the trickling filter (TF) and rotating biological contactor (RBC) can be 

implemented with passive aeration. Based on the configuration of several typical 

bioreactors, the overall costs, area requirement, ease of DO control, sludge content, ease 

of biomass retention, low hydraulic retention time (HRT) feasibility, the risk for 
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mechanical failure and clogging, and the operational complexity are qualitatively 

compared (Table 1.7) 114. Thereinto, the feasibility of low HRT is vital for treating 

wastewaters with low nitrogen levels (e.g., mainstream), in the order of hours and hence 

about 24 times lower than for side stream treatment 114. Applying low HRT can vastly 

increase the required settling time or settler volume for SBR and CSTR and the necessary 

number of membranes for MBR. In contrast, TF reactors have low HRT feasibility, passive 

aeration, and low operational complexity, rendering low overall costs. Therefore, TF 

reactors are interesting configurations used to explore the nitrogen recovery and 

removal.  
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Table 1.7: Qualitative comparison of typical reactor configurations (advantages indicated in the shade) 114. 

Biomass growth Suspended (flocs) Attached (biofilm) 

Reactor 
configuration 

SBR 
CSTR 

with settler 
TF 

RBC 
(fixed or 
moving) 

Bed reactor 
(fixed or moving) 

MBR Gas-lift 

Overall costs Medium Medium Low Low Medium High Medium 

Area requirement Medium High Medium High Medium Medium Low 

Aeration Active Active Passive Passive Active Active Active 

Ease of DO control High High Low Medium Medium/High High High 

Sludge content Low Low Medium Medium Medium High High 

Ease of biomass 
retention 

Low Low Medium Medium Medium High Low 

Low HRT feasibility No No Yes Yes Yes No Yes 

Risk for mechanical 
failure 

Low Low Medium High Low Medium Low 

Risk for clogging Low Low High Low High/Low High Low 

Operational 
complexity 

High Medium Low Low Medium High Medium 
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6. Research outline 

   The reactive nitrogen (Nr) has surpassed the planetary boundary three times in the past 

decades. The severe transgression of the safety level is not conducive to planetary 

sustainable development. As human activities keep generating Nr pollution, it is vital to 

sustainably manage the Nr on the Earth and restore humanity to the Nr boundary. In this 

thesis, both "Nr recovery (conversion)" and "Nr removal" were investigated to manage 

the point-source Nr in the nitrogen cycle. 

   This Ph.D. thesis aimed to develop different bioreactor strategies for Nr recovery, 

conversion, and removal from various waste streams. The Nr recovery and conversion 

was investigated on high-strength Nr waste streams towards fertigation and hydroponic 

application, while the Nr removal was studied on the low to medium strength Nr waste 

streams. Figure 1.4 depicts a structural overview of all research chapters. 

 

Figure 1.4: Overview of the research chapters in this thesis. 

   In Chapter 2, a concept of a novel controlled mineralization and nitrification system was 

proposed, which can be integrated into hydroponics systems. This system is suitable for 

the NO₃⁻-N recovery from solid organic fertilizers. The research was carried out in 4 steps. 

Firstly, batch tests were implemented to determine the optimal temperature and DO 

conditions for the mineralization of solid organic fertilizers. Then, informed by the batch 
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tests, the optimal operating conditions were applied to a controlled mineralization and 

nitrification bioreactor to convert a type of microbial fertilizer to a nitrate-rich nutrient 

solution. Furthermore, nutrient balancing strategies were proposed to make the 

produced solutions match a universal standard nutrient solution. Finally, the economic 

assessment of nutrient production from the bioreactor systems was compared to 

commercially available inorganic fertilizers. 

   Chapter 3 investigated Nr recovery from diluted urine (around 670 mg N L⁻¹) by 

controlled nitrification in a packed-bed trickling filter. In this concept, the TF, as a 

passively aerated configuration for nitrification, was proposed to produce nutrient 

solutions on-site for hydroponic or fertigation systems.   Firstly, synthetic urine was fed 

to the trickling filter. Then, after the stable complete nitrification performance was 

reached, the influent was switched to real human urine for feasibility and stability tests. 

Finally, based on the nutrient supplementing strategy proposed in Chapter 2, the NO₃⁻-

N-rich nutrient solution obtained from the trickling filter was balanced to a standard 

nutrient solution. Calcium hydroxide was used as a urine alkalization, nitrification pH 

control, and nutrient supplementation chemical. The optimal hydraulic loading rate (HLR) 

on nitrification performance and the electrical energy consumption were investigated. 

   In Chapter 4, packed-bed trickling filters were employed to explore the feasibility of Nr 

removal via the PN/A process. Synthetic wastewater containing 100-250 mg NH₄⁺-N L⁻¹ 

was tested to simulate household waste streams after carbon removal. Three types of 

carrier materials with different surface areas were tested in parallel. Towards a balanced 

PN/A process, the influence of passive ventilation approaches (top only vs. top and 

bottom) and hydraulic loading rate (HLR, 0.4 – 2.2 m³ m⁻² h⁻¹) were examined. The 

vertical activity stratification of functional bacteria in the trickling filters was compared. 

Besides, the optimal HLR and carrier materials on PN/A performance and energy 

consumption were investigated as well. 

   For the underdeveloped mainstream PN/A process, the effluent commonly contains 

above 10 mg L⁻¹ NO₃⁻-N and some residual ammonium. In Chapter 5, a secondary effluent 

polishing concept via sulfur-driven denitratation/anammox was proposed. The goal of 
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this research was to investigate the feasibility and stability of sulfur-driven denitratation 

in long-term operation. Parameters affecting the nitrite accumulation like pH setpoint, 

residual NO₃⁻-N level, and biomass-specific NO₃⁻-N loading rate were tested. The 

composition evolution of the microbial community in the biofilm was monitored as well.
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Abstract   

   Due to the high water- and nutrient-use efficiency, hydroponic cultivation is 

increasingly vital in progressing to environment-friendly food production. To further 

alleviate the environmental impacts of synthetic fertilizer production, the use of 

recovered nutrients should be encouraged in horticulture and agriculture at large. Solid 

organic fertilizers can largely contribute to this, yet their physical and chemical nature 

impedes application in hydroponics. This study proposes a bioreactor for mineralization 

and nitrification followed by a supplementation step for limiting macronutrients to 

produce nitrate-based solutions from solid fertilizers, here based on a novel microbial 

fertilizer. Batch tests showed that aerobic conversions at 35 °C could realize a nitrate 

(NO₃⁻-N) production efficiency above 90% and a maximum rate of 59 mg N L⁻¹ d⁻¹. In the 

subsequent bioreactor test, nitrate production efficiencies were lower (44–51%), yet 

rates were higher (175–212 mg N L⁻¹ d⁻¹). Calcium and magnesium hydroxide were 

compared to control the bioreactor pH at 6.0 ± 0.2, while also providing macronutrients 

for plant production. A mass balance estimation to mimic the Hoagland nutrient solution 

showed that 92.7% of the NO₃⁻-N in the Ca(OH)₂ scenario could be organically sourced, 

while only 37.4% in the Mg(OH)₂ scenario. Besides, carbon dioxide (CO₂) generated in the 

bioreactor can be used for greenhouse carbon fertilization to save costs of nitrate-rich 

liquid fertilizer production. An estimation of the total cost showed that producing a 

nutrient solution from solid organic fertilizers can be cost-competitive compared to using 

commercially available liquid inorganic fertilizer solutions.
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1. Introduction 

   Agriculture and food production take a major share in the consumption of global 

resources, with for instance about 90% of global freshwater 197 and > 80% of global 

ammonia produced through the Haber-Bosch process 198. However, during the artificial 

nitrogen fixation from N₂ to ammonia (NH₃) via the Haber-Bosch process, greenhouse gas 

and NH₃ emissions, and PM2.5 (particulate matter with a diameter less than 2.5 μm) 

formation can aggravate the global climate change and the air pollution, and thus 

threaten human health 199. Therefore, efficient use of nutrients and water is essential to 

progress towards an environmentally friendly agricultural system. Hydroponics in 

greenhouses is among the most water- and nutrient-use efficient agricultural systems, 

with up to 90% water and 85% nutrient saving 20. However, current hydroponic systems 

rely entirely on inorganic nitrogen supplied by the Harber-Bosch process, dosed as liquid 

fertilizers 14, 94. An alternative strategy is to increase the share of recovered nutrients in 

horticulture, and agriculture at large, to reduce the demand for synthetic fertilizers. Use 

of recovered nitrogen can reduce the amount of new N fertilizer synthesis via the Haber-

Bosch process. Therefore, reusing nitrogen and other nutrients derived from by-products 

or residues from the agro-food industry can further reduce the environmental impact of 

greenhouse hydroponic systems, and other crop production systems relying on liquid 

fertilizers or fertigation.  

   Solid organic fertilizers are conventionally produced from plant- and animal-based 

sidestreams from the agro-food industry, and the majority of their nitrogen content is 

organically bound. Decreasing the consumption of animal products was suggested to 

have a considerably beneficial impact on the environment (e.g., greenhouse gas emission) 

200; thus, plant-based fertilizers could be more environmentally friendly than animal-

based fertilizers. However, microbial fertilizers are considered a novel type of organic 

fertilizers, which can be produced on effluents from the food and beverage industry, for 

instance, on potato industry wastewater 88, 90. Resource recovery here typically occurs 

through the production and drying of microbial biomass, which can be based on several 

groups of microbes, such as microalgae, purple non-sulfur bacteria, and a consortium of 
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aerobic bacteria (CAB).  

   Given the physical (solid) and chemical (organic) nature of nitrogen in solid organic 

fertilizers, these are not directly usable in hydroponics and fertigation applications, 

where there is a demand for liquid and nitrate-based fertilizers. Indeed, the primary 

nitrogen form utilized by plants is nitrate (NO₃⁻-N) 15, 201. For organic nitrogen to become 

available for crops, the biomass must undergo a mineralization and nitrification process 

202. In the mineralization process, microorganisms convert organic nitrogen (e.g., proteins) 

to an inorganic form (i.e., ammoniacal nitrogen) through hydrolysis and ammonification 

96, 97. Parameters such as temperature and dissolved oxygen (DO) affect the hydrolysis of 

organic nitrogen 203, 204. The hydrolysis rate of biowaste was shown to increase at higher 

temperatures 205. Some studies suggested limited aeration (i.e., micro-aeration) could 

significantly enhance the hydrolysis of proteins 204, 206. However, micro-aeration could 

induce denitrification risk, resulting in the loss of NO₃⁻-N 207. In the nitrogen 

mineralization process, hydrolysis is considered the rate-limiting step 208. Therefore, it is 

indispensable to explore the optimal hydrolysis conditions (e.g., temperature and DO) of 

organic fertilizers to promote their mineralization performance. 

   Obtaining mineralization and nitrification within hydroponic systems poses several 

challenges hindering the use of organic nitrogen. Besides the practical difficulty of dosing 

solid fertilizer to the root zone over the whole production season, the release pattern of 

the macronutrients cannot really be controlled. The direct dosing of organic fertilizers in 

hydroponic systems was shown to limit plant growth due to the deficiency of NO₃⁻-N 201, 

209. When using organic growing media for the plants, pre-dosing organic fertilizers is 

sometimes practiced, yet it is challenging to control the bioconversion rates, even though 

a proper selection of the growing media constituents influences these 15, 210. Shinohara et 

al. (2011) proposed directly dosing organic fertilizers into a hydroponic pot and 

introducing inoculum with continuous aeration to bioconvert organic fertilizers 211. 

However, this technique cannot easily manage the solution quality (e.g., composition and 

concentration) in the rhizosphere immediately and flexibly, especially for large-scale 

hydroponic cultivation 15. Furthermore, direct dosing could stimulate heterotrophic 
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pathogens, increasing the competition for oxygen in the root environment and creating 

food safety concerns 14, 212. Disinfection of the fertigation water loop is typically in place, 

for instance, using ultraviolet radiation to control the proliferation of fungal and bacterial 

pathogens such as Fusarium spp. and Escherichia coli 15, 213, 214. 

   This study proposes a novel pH-controlled bioreactor system for mineralization and 

nitrification of solid organic fertilizers, followed by a chemical supplementation step to 

achieve a well-balanced hydroponic nutrient solution (Figure 2.1). This concept has the 

advantage of accurately tuning the composition and concentration of a more sustainable 

liquid nitrate-based fertilizer to match the plant needs (Figure 2.1a), while avoiding the 

entry of organic carbon, oxygen demand, and stimulation of microbial risks in the 

hydroponic system. Besides, carbon dioxide (CO₂) generated during the organic fertilizer 

mineralization can also be used for CO2 fertilization in the greenhouse. The proposed 

concept for the controlled mineralization and nitrification system comprises four parts: 

(i) an influent tank to mix the solid organic fertilizer with water; (ii) a bioreactor for 

mineralization and nitrification with pH control (base addition); (iii) a membrane module 

(e.g., microfiltration) to remove the solids and yield a baseline nutrient solution (BNS); 

and (iv) a nutrient balancing step to further tune the BNS macronutrient composition to 

the plant’s needs.  

   This research aims at a proof of concept for the bioreactor conversion performance and 

economic estimation of the overall concept. The specific objectives are to (i) optimize the 

mineralization performance by defining the best-operating conditions, (ii) realize the 

liquid nitrate-rich fertilizer production from solid organic fertilizer in a mineralization and 

nitrification bioreactor, where various pH control reagents were tested, (iii) investigate 

the microbial community in the bioreactor, (iv) model the nutrient balancing according 

to plant needs, and (v) assess the economic feasibility of the concept by comparing the 

costs for producing the nutrient solution from the bioreactor with that of inorganic 

fertilizer nutrient solutions.  
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Figure 2.1: Concept of a novel hydroponic nutrient supply system: (a) mineralization and nitrification of organic fertilizer to provide the suitable nutrient 

solution for (b) hydroponic cultivation in a greenhouse. The timers could automatically control the operation sequence and duration in each 
cycle.
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2. Material and methods  

   The research was carried out in 4 steps. Initially, batch tests were implemented to 

determine the optimal conditions (i.e., temperature and DO) for nitrogen mineralization 

(Section 2.2). Informed by the batch tests, the operating conditions were applied to a 

mineralization and nitrification bioreactor, which is fully aerated as well as pH and 

temperature-controlled (Section 2.3). Furthermore, a nutrient balancing strategy for the 

BNS was developed (Section 2.5). Finally, the economics of the nutrient solution 

produced from organic fertilizers was compared to commercially available inorganic 

fertilizer nutrient solutions (Section 2.5).    

2.1 Organic fertilizers 

   BioAgenasol® profigreen (BAPN) (AGRANA group, Austria) and CAB were tested in this 

study. BAPN represents a class of commercially available plant-based fertilizers and is a 

by-product of bioethanol production. The CAB represents a class of novel microbial 

fertilizers obtained from the company Avecom (Wondelgem, Belgium). CAB was 

produced through a patented aerobic fermentation process based on diluted process 

streams of food processing companies. Based on the dry weight, the total nitrogen (TN) 

content of BAPN and CAB are 4.8% and 8.2%, respectively. No inorganic nitrogen (i.e., 

NH₄⁺-N, NO₂⁻-N, and NO₃⁻-N) could be detected in TN. 

2.2 Batch tests  

   Batch tests were carried out in both anaerobic and aerobic conditions. Anaerobic 

digestion sludge (ADS) and nitrifying activated sludge (AS) were used as inocula for the 

anaerobic and aerobic tests, respectively. They were sampled from a municipal 

wastewater treatment plant (Aquafin Antwerpen-Zuid, Belgium). The inoculum of 0.4 g 

volatile suspended solids (VSS) L⁻¹ was added to 2L of tap water and mixed continuously 

by a magnetic stirrer. For anaerobic tests, the ADS inoculum was flushed with N₂ gas for 

30 mins to eliminate the residual DO in tap water. No aeration was provided during the 

whole batch period, resulting in a DO of around 0 mg O₂ L⁻¹ in the anaerobic tests. To 

explore the effect of DO on nitrogen mineralization, the aerobic tests were implemented 

in open glass flasks with the AS as an inoculum. The DO level in the aerobic test was 
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controlled at 3±0.5 mg O₂ L⁻¹ via air pumps (Tetra TEC APS 150). Two different reaction 

temperatures of 20°C and 35°C were implemented in anaerobic and aerobic tests. 

   An initial TN (i.e., organic nitrogen) concentration of 370 mg N L⁻¹ was set for all the 

batch tests. This concentration was determined according to the weight proportion of TN 

in BAPN and CAB in the dry biomass (section 2.1). The concentration of 370 mg N L⁻¹ was 

based firstly on the typical values in growing media (240-530 mg N L⁻¹) 88 and secondly on 

the TN requirements in hydroponic nutrient solutions (140-300 mg N L⁻¹) 15, while 

accounting for a potentially incomplete N mineralization. The pH in the reactors was 

continuously monitored by a pH probe (SP11X, Consort) and controlled at 7.0±0.2 via 

dosing hydrochloric acid (HCl) or potassium hydroxide (KOH) by a multi-parameter 

controller (R3610, Consort). To monitor the mineralization performance of each batch 

test, samples were taken periodically, filtered via 0.2 μm syringe filters (CHROMAFIL Xtra 

PVDF), and stored at 4°C until analysis. 

2.3 Nitrate conversion in a controlled mineralization and nitrification 

bioreactor 

   A controlled bioreactor system for converting solid organic fertilizers to liquid nitrate-

rich fertilizers is shown in Figure 2.1a. The solid organic fertilizer was mixed in an influent 

tank with water before a mineralization and nitrification bioreactor. The system was 

equipped with timer-controlled influent and effluent pumps (Seko peristaltic pumps, PR7) 

and overhead stirrers (ES Overhead Stirrer, Velp Scientifica). The bioreactor was operated 

with a cycle time of 8 h, including 2 min feeding, 446 min reaction, 30 min settling, and 2 

min decanting. The settling phase was only kept for a short period (day 0-42) to retain as 

much biomass as possible in the bioreactor. Following day 42 until the end of the 

experiments on day 170, the bioreactor was run with continuous mixing without settling 

due to the poor settleability of sludge, which meant the sludge retention time (SRT) was 

equal to the HRT. 

   Based on the batch test results, CAB was used in this step, and aerobic bioconversion 

at 3±0.5 mg O₂ L⁻¹  and 35°C was implemented in the bioreactor. The inoculum was taken 

from the aerobic batch test and added into the 3 L bioreactor with an initial concentration 



Chapter 2 

54 
 

of 0.4 g VSS L⁻¹. The influent TN concentration increased from 500 to 3000 mg N L⁻¹ and 

the loading rate from 100 to 400 mg N L⁻¹ d⁻¹, resulting in a volume exchange ratio of 4.4-

6.67% and a hydraulic retention time (HRT) of 5.5-7.5 days. The pH of the bioreactor was 

initially controlled at 7.0±0.2 (day 0-133), and then at 6.0±0.2 (day 134-170), which was 

directly consistent with the optimum pH range of most nutrient solutions (5.5-6.5) 14. To 

explore the optimal pH control reagent according to the nutrient composition and 

concentration for plant needs, various pH control reagents including KOH, sodium 

hydroxide (NaOH), calcium hydroxide (Ca(OH)₂), and magnesium hydroxide (Mg(OH)₂) 

were tested. The operational parameters are detailed in the top table of Figure 2.4. To 

monitor the performance of the bioreactor, samples were taken periodically from the 

influent and effluent.  

2.4 Physicochemical water, biomass, and microbiome analyses 

   The NH₄⁺-N, NO₂⁻-N, NO₃⁻-N, and phosphate (PO₄³⁻) were measured with the San++ 

Automated Wet Chemistry Analyzer. The TN, total phosphorus (TP), total chemical 

oxygen demand (TCOD), soluble chemical oxygen demand (SCOD) were photometrically 

determined using NANOCOLOR test tubes (Macherey-Nagel, Germany). The VSS was 

measured using standard methods 215. Elements of potassium (K), calcium (Ca), 

magnesium (Mg), and sodium (Na) were measured by inductively coupled plasma mass 

spectrometry (Thermo Scientific™ iCAP Q, Thermo Fisher Scientific). 

   To understand the microbial community working in the bioreactor, biomass samples 

were collected for microbiome analysis during the operation period. According to the 

manufacturer's instructions, DNA was extracted using a PowerFecal® DNA isolation kit 

(QIAGEN, Germany). The DNA extracts were sent to Novogene (UK) Co., Ltd for microbial 

amplicon-based metagenomics sequencing (Illumina Novaseq6000 PE250, Q30≥75%). 

16S rRNA genes of 16S V3-V4 were amplified used specific primers 341F 

(CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT). All PCR reactions were 

carried out with Phusion® High-Fidelity PCR Master Mix (New England Biolabs). For each 

representative sequence, Mothur software was performed against the SSUrRNA 

database of SILVA Database (see details http://www.arb-silva.de/) for species annotation 

http://www.arb-silva.de/
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216. The alpha diversity (Shannon’s) and beta diversity (Bray-Curtis dissimilarity) were 

analyzed in each sample and between different samples. 

2.5 Nutrient balancing strategy and economic assessment 

   The effluent of the bioreactor was filtered through the 0.2 μm filters to simulate the 

function of a membrane module. The filtrate was regarded as the BNS. Hoagland nutrient 

solution (HNS) is considered one universal nutrient solution for plant growth in 

hydroponics. The concentration of major elements in HNS is 210 mg NO₃⁻-N L⁻¹, 31 mg P 

L⁻¹, 235 mg K L⁻¹, 200mg Ca L⁻¹, and 48 mg Mg L⁻¹ 15. To model the nutrient balancing 

according to the HNS recipe, a nutrient balancing strategy was illustrated in Figure 2.2. 

The water of low salinity (< 0.75 mS cm⁻¹) is recommended in the dilution step 217. 

Commonly used chemical compounds for making nutrient solutions such as calcium 

nitrate (Ca(NO₃)₂), magnesium nitrate (Mg(NO₃)₂), magnesium sulfate (MgSO₄), calcium 

sulfate (CaSO₄), potassium sulfate (K₂SO₄) and dipotassium phosphate (K₂HPO₄) were 

selected to supplement relevant nutrients to the BNS (SI Table S2.1). The market 

reference prices of chemicals were obtained from two large global suppliers (i.e., 

https://www.alibaba.com/ and https://www.ec21.com/). The selection of compounds 

followed two major principles: firstly, the dosage of each compound should not exceed 

water solubility after the final dilution to HNS; secondly, the cheaper compounds 

according to the indicative market price should always be selected in priority, only using 

the relative expensive chemicals once other nutrient elements in the cheaper chemicals 

reached the required level. Based on the three types of pH control reagents used in phase 

VII, VIII, and IX, the nutrient balancing strategy was applied to three organic scenarios 

(i.e., NaOH, Ca(OH)₂, and Mg(OH)₂). Subsequently, the concentration of nonessential 

element sodium (Na) and the electric conductivity (EC) in balanced organic scenarios 

were checked.  

   Following the strategy to prepare HNS from the BNS organic scenarios, two types of 

commercially available inorganic fertilizers, YaraTera Kristalon Scarlet and Floraflex 

B1™/B2™ (composition and price in SI Table S2.2), were used to design the HNS as 

commercial scenarios for the convenience of further cost comparison with organic 
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scenarios. Besides, HNS composed of individual chemical compounds was set as a 

benchmark scenario. 

   The costs of nitrate-rich liquid fertilizer production were calculated based on the cost 

of CAB, commercial hydroponic fertilizers, supplemented chemical compounds, the 

aeration for COD removal and nitrification, the saved cost of CO₂ production for CO₂ 

fertilization, and the cost of membrane filtration. The price for CAB was 1 € g⁻¹ dry matter, 

communicated by the company Avecom. The O₂ consumption for complete nitrification 

was assumed to be 4.57 g g⁻¹ NO₃⁻-N 109. The average O₂ transfer efficiency and electricity 

cost were taken as 2kg kWh⁻¹ and 0.117€ kWh⁻¹ 218, 219. The heat produced via electricity 

generation was assumed to be recovered during the operation of combined heat and 

power (CHP) configurations in farms 220, 221. Thus, reactor heating was considered for free. 

The cost of a membrane module was assumed in a range of 0.36-1.25 € m⁻³, based on 

total project costs, annual operation, and maintenance costs 222, 223. 

 

Figure 2.2: Flow diagram of the methodology to carry out the mass balance of the baseline 
nutrient solution (BNS) according to the elemental composition and concentration in Hoagland 
nutrient solution (HNS). 
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3. Results and discussion  

3.1 Batch test screen for optimal mineralization conditions 

   In the batch tests, the performance of inorganic nitrogen (i.e., NH₄⁺-N, NO₂⁻-N, and 

NO₃⁻-N) release was employed to indicate the mineralization and nitrification of BAPN 

and CAB (Figure 2.3). The first-order kinetics fitted the total inorganic nitrogen (TIN) 

releasing performance in all the batch tests (R2 ≥0.92), and k is the kinetic rate constant. 

In the anaerobic tests, only NH₄⁺-N was detected as TIN. The mineralization performance 

of both BAPN and CAB at 35°C was better than at 20°C with higher rate constants and 

efficiencies (Figure 2.3a and 2.3b). In the anaerobic tests at 35°C, the TIN releasing 

efficiency of CAB reached 43% in two days, which was much higher than BAPN, with only 

9% released at day 2. Like the anaerobic tests, aerobic tests at 35°C showed higher rate 

constants than at 20°C (SI Figure S2.1) for BAPN and CAB. Compared to the anaerobic 

tests at 35°C, the improvement of mineralization in the BAPN batch was negligible (Figure 

2.3c). By contrast, the aerobic incubation further improved the mineralization efficiency 

of CAB to 91% and stabilized in 9 days. Therefore, CAB was more promising than BAPN as 

organic fertilizer in the bioconversion process. Figure 2.3d showed the dynamic changes 

of NH₄⁺-N, NO₂⁻-N, and NO₃⁻-N during the aerobic batch test of CAB. There was no NO₂⁻-

N detected during the whole batch period. NH₄⁺-N was seen in the first 5 days. Since day 

6, only NO₃⁻-N could be detected in the reactor, indicating the nitrification process could 

be completed under aerobic mineralization. Moreover, the maximum and average 

nitrification rates of the CAB aerobic test were calculated based on the increase in TIN 

concentrations over the corresponding periods (the first 4 and 9 days), which were 59 

and 38 mg N L⁻¹ d⁻¹, respectively. 
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Figure 2.3: Performance evaluation of batch tests; anaerobic mineralization with ADS at 20 °C and 35 °C (a) BAPN and (b) CAB; (c) aerobic mineralization 
with AS at 35 °C on BAPN and CAB; (d) dynamic changes of specific inorganic nitrogen during “AS-35 °C-CAB” test. “k” is the kinetic rate constant. “EFF” 
means the mineralization efficiency. 
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    The poor mineralization performance of BAPN could be attributed to some intrinsic 

characteristics, such as the potential hydrolysis inhibition by tannins in plants 224, 225 or by 

cellobiose from cellulose degradation 226. Besides the improvement via increasing 

temperature to 35°C, sufficient aeration could break the bottleneck of CAB hydrolysis. In 

our batch study, aerobic mineralization at 3±0.5 g O₂ L⁻¹ substantially improved the NH₄⁺-

N released and completely converted the NH₄⁺-N to NO₃⁻-N. Spanoghe et al. (2020) 

showed more than 70% of the organic nitrogen mineralized from CAB into ammonium 

and nitrate in 77 days88. This prolonged mineralization process should be attributed to 

the poor incubation conditions via blending CAB with a commercial organic growing 

medium and storing it at a relative humidity of 75% and temperature of 16 °C. 

3.2 Nitrate production in the mineralization and nitrification bioreactor 

   In the influent tank, TIN only accounted for 3±1% of TN (SI Figure S2.2). The 

performance of NO₃⁻-N production in the bioreactor was divided into nine phases (I to IX, 

Figure 2.4a). A new phase started when a parameter was changed to improve the 

performance of NO₃⁻-N production or balance the nutrient quality in BNS. In the 

bioreactor, the accumulation of NH₄⁺-N and NO₂⁻-N was detected only for short periods 

at the beginning of phases I, III, and IV (Figure 2.4a).    

3.2.1 Performance of nitrate production under various controlling 

parameters  

   The bioreactor was started with an influent loading rate of 100 mg TN L⁻¹ d⁻¹ in phase I. 

The concentration of NO₃⁻-N in the bioreactor gradually increased and stabilized at 275±8 

mg N L⁻¹ with a conversion efficiency of 55±2% after three rounds of HRT (i.e., 15 days) 

(Figure 2.4a). Under the same operational condition, doubling the loading rate to 200 mg 

TN L⁻¹ d⁻¹ in phase II (via increasing the influent concentration) further increased the 

NO₃⁻-N concentration. In this phase, the bioreactor obtained a stable NO₃⁻-N conversion 

efficiency of 54±2% after three rounds of HRT again, with 540±16 mg NO₃⁻-N L⁻¹. Due to 

the poor settleability of sludge with 6.5g VSS L⁻¹ in phase II, the 30 min settling was 

discontinued at day 42. Afterward, the HRT was always equal to the SRT.    

   In phase III, the TN loading rate was further increased to 400 mg TN L⁻¹ d⁻¹. The 
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bioreactor overflowed twice due to a foaming issue on day 49 and 61, resulting in a 

temporary TIN decrease in the bioreactor (Figure 2.4a). To tackle this foaming problem, 

Antifoam SE-15 (Sigma-Aldrich), as a typical active silicon antifoam, was applied to the 

reactor with the dosage of 0.1% (v/v of influent) 227. By the end of this phase, nitrate 

concentrations stabilized at 1060±26 mg N L⁻¹ with its production efficiency of 53±1% and 

rate of 212±6 mg N L⁻¹ d⁻¹. Since the potassium (K) concentration of bioreactor effluent 

was 3428±40 mg L⁻¹, the K to NO₃⁻-N ratio reached around 3.2. The influent K content of 

1581±49 mg L⁻¹ could obtain a K to NO₃⁻-N ratio of about 1.5 in the bioreactor, which was 

already 1.3 times higher than that in HNS. Thus, to avoid the excessive K supplement to 

the BNS, KOH was replaced by NaOH as a pH control reagent in phase V. In phase IV and 

V, prolonging the HRT to 7.5 days under the loading of 400 mg TN L⁻¹ d⁻¹ could achieve 

1301±45 mg NO₃⁻-N L⁻¹. Still, the TIN conversion efficiency only reached 46% without 

further improvement. Starting at phase VI, the HRT was decreased back to 5 days. 

Subsequently, the nitrate concentration was stable at 874±23 mg N L⁻¹ with a conversion 

efficiency of 44±1% and conversion rate of 175±5 mg N L⁻¹ d⁻¹ in phase VI to IX.  

   Starting in phase VII, the pH of the bioreactor was lowered to 6.0±0.2 to meet the 

optimum pH range of most nutrient solutions. Compared to Phase VI, decreasing the pH 

to 6.0±0.2 had no negative impact on the TIN conversion. Due to the deficiency of the 

elements Ca (around 42 mg L⁻¹) and Mg (about 46 mg L⁻¹) in the influent and subsequently 

in the BNS of phase VI and VII, Ca(OH)₂ and Mg(OH)₂ were used as pH control reagents in 

phase VIII and IX, respectively. In phase VIII of day 152, the dosage of Ca(OH)₂ could 

significantly increase the element Ca to 752 mg L⁻¹, but the PO₄³⁻ concentration dropped 

to 19 mg P L⁻¹ Figure 2.4b). The P recovery efficiency in the effluent was less than 10%, 

and therefore lower than previous phases with around 50% recovery. Presumably, the 

loss of PO₄³⁻ could be attributed to the chemical precipitation of calcium phosphates such 

as dicalcium phosphate (CaHPO₄) and tricalcium phosphate (Ca₃(PO₄)₂) at high calcium 

concentration 228. After replacing Ca(OH)₂ with Mg(OH)₂ as a pH control reagent, the 

PO₄³⁻ concentration in effluent gradually increased to 106±5 mg P L⁻¹, and its recovery 

efficiency reached around 50% again (Figure 2.4b).  
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Figure 2.4: The profile of the inorganic nitrogen conversion (a) and phosphate recovery (b) in the 
effluent of mineralization and nitrification bioreactor from day 0 to day 170. The major variables 
are shown on top. TIN conversion efficiency and P recovery efficiency represent the concentration 
ratios of TIN and PO₄³⁻-P in the effluent to TN and TP in the influent, respectively.  

   From phase I to III, stepwise increasing the TN loading rate could always obtain over 50% 

TIN production. The decreased NO₃⁻-N concentration and TIN releasing efficiency (phase 

V, day 112-119) compared to phase IV (day 90-96) were probably related to the influence 

of cations (i.e., K⁺ and Na⁺ from pH regents) on microbial activity and community. The 

nitrogen mineralization was suggested to be less tolerant to Na⁺ than K⁺ 229. Hence, the 

decreasing trend of NO₃⁻-N concentration in phase V was probably due to the switching 

of pH regent from KOH to NaOH.  

   Nevertheless, under the influent loading rate of 400 mg TN L⁻¹ d⁻¹ at 5-day HRT and SRT, 

NO₃⁻-N production efficiency and rate could stabilize in a range of 44-53% and 175-212 

mg N L⁻¹ d⁻¹, respectively. The NO₃⁻-N production rate in the bioreactor was significantly 

improved over the long-term operation, compared to the CAB aerobic batch test of 59 

mg N L⁻¹ d⁻¹ (section 3.1). By contrast, mineralization rates of organic fertilizers in soils or 

growing media were considerably slower (SI Table S2.4). Laboratory incubation of 
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common organic fertilizers (e.g., thermally-dried biosolids, manures, and composts) in 

soils only obtained nitrogen mineralization rates in a range of 0.13-1.88 mg N L⁻¹ d⁻¹) 230-

232. In most cases, even under these low rates, complete nitrification could not be 

guaranteed. Previous mineralization tests for CAB realized complete nitrification only at 

a rate of  5.12 mg N L⁻¹ d⁻¹ in organic growing media 88. These slow nitrogen 

transformation rates should mainly be attributed to the relatively low incubation 

temperature (16-25°C) as well as water and oxygen availability 233, 234. Similarly, the 

carbon mineralization rates in soil incubations were only 36-158 mg CO₂-C L⁻¹ d⁻¹ 235, 236. 

Assuming the microbial cell formula is C₅H₇O₂N, the corresponding carbon mineralization 

rates of CAB were 750-909 mg CO₂-C L⁻¹ d⁻¹ during the NO₃⁻-N production 237. Therefore, 

the proposed well-controlled bioreactor approach produced liquid nitrate-rich fertilizer 

more rapidly than was realized in soils. Additionally, the performance of SCOD removal 

was excellent over the whole operation period, especially the phase V-IX with above 90% 

removal (SI Figure S2.3), which could benefit the hydroponic cultivation by decreasing 

the risk of the proliferation of heterotrophic pathogens and biofilms 213, 238. 

3.2.2 The microbial community in the bioreactor 

   Three bioreactor samples from days 86, 133, and 161 (i.e., phase III, VI, and IX) were 

analyzed to identify the active microbial community working on nitrogen mineralization 

and nitrification (Figure 2.5). The influent CAB sample was regarded as a control group. 

In all samples, the most predominant genera were aerobic hydrolysis and fermentative 

bacteria, including Thermomonas, Permianibacter, and Acinetobacter. The relative 

abundance of these hydrolysis and fermentative bacteria stepwise decreased from 42% 

of day 86 to 17% of day 161, mainly related to the constant operating conditions (e.g., 

substrate and DO). The Shannon index of each bioreactor sample decreased from day 86 

to 161, indicating that the number of genera decreased during the bioreactor operation. 

The abundance of Thermomonas increased from 4% of day 86 to 14.7% of day 161, while 

Permianibacter and Acinetobacter decreased from 28.8% and 9.6% of day 86 to 0.9% and 

1.3% of day 161, respectively (Figure 2.5). Yang et al. (2011) revealed that the Shannon 

index was positively related to the number of utilizable carbon sources 239. Hence, the 
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observed decreasing species diversity could be related to the unitary organic carbon 

source (i.e., CAB) provided throughout the 170-day bioreactor operation. Furthermore, 

the Bray-Curtis dissimilarity between the first sample (day 86) and the following two 

samples (day 133 and 161) increased from 0.39 to 0.69. Thus, a community shift occurred 

during the experiment, indicating the inoculum structure may not be as decisive as the 

operating conditions in shaping the community. The decrease in diversity in bioreactors 

has been observed previously due to the acclimatization of inoculum to stable and 

optimized operating conditions 240, 241. The decreased abundance of hydrolysis and 

fermentative bacteria resulted in a slight decrease in nitrogen mineralization efficiency 

(phase VI-IX) compared to phase III. 

   The relative abundance of microorganisms correlated with nitrification was relatively 

low in all bioreactor samples. The total abundance of ammonium oxidizing microbes, 

including Nitrosomonas, Nitrosospira, and Candidatus Nitrocosmicus 242, was always less 

than 1% (Figure 2.5). Only two types of nitrite-oxidizing bacteria (NOB), i.e., Nitrospira 

and Nitrolancea, were detected in this study. The relative abundance of NOB in all three 

bioreactor samples was lower than 0.1%. Besides autotrophic nitrifying microbes, some 

identified heterotrophic nitrifying bacteria (HNB) were found in this study as well, mainly 

Pseudomonas, Bacillus, and Ochrobactrum 243, 244. Some studies suggested Acinetobacter 

could act as HNB as well 245, 246; in this case, the total relative abundance of HNB would 

reach around 2% to 11%. Over the bioreactor operation, the total relative abundance of 

these HNB was at around 1%. Among the nitrifying microbes, the autotrophic nitrifying 

genera failed to occupy a dominant position, probably due to the inhibition effect of high 

COD concentration 243. 
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Figure 2.5: The relative abundance of microbes in the mineralization and nitrification bioreactor 
at genus levels. CAB means the influent composed of CAB. BC dissimilarity represents the Bray-
Curtis dissimilarity between day 86 and each other sample. 

3.3 Nutrient quality balancing and economic analysis 

   The nutrient quality balancing was modeled in each BNS organic scenario (i.e., NaOH, 

Ca(OH)₂, and Mg(OH)₂) according to the proposed balancing strategy (Figure 2.2). 

Consequently, the sodium concentration of HNS reached 332, 74, and 28 mg Na L⁻¹ in 

NaOH, Ca(OH)₂, and Mg(OH)₂ scenario, respectively, and the salinity of HNS was 4.4, 3.0, 

and 2.8 mS cm⁻¹. Since the allowable nonessential element sodium and the salinity should 

not exceed 180 mg Na L⁻¹ and 4 mS cm⁻¹ 15, 247, the NaOH scenario was evidently out of 

the ranges.  

   The Sankey diagrams based on the nutrient mass flow in each section of the Ca(OH)₂ 

and Mg(OH)₂ organic scenarios are shown in Figure 2.6a and 2.6b. In the bioreactor 

section, the observed accumulative dosing of Ca(OH)₂ and Mg(OH)₂ until the sampling 

time (around 14 days) introduced 1656 mg Ca and 552 mg Mg into 1 L bioreactor content, 

respectively. As a result of the membrane filtration, nutrients are separated into liquid 

and solid fractions. A share of 57.5% or 1150 mg TN was retained in the solid fraction (i.e., 
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retentate), which can be applied to land as a fertilizer. According to the typical 

microfiltration process, the volume ratio of permeate and primary flow was assumed to 

be 0.98 109. After the membrane section, soluble nutrients could be recovered in 0.98 L 

permeate as the BNS. In the nutrient balancing section, element K was the limiting factor 

of Ca(OH)₂ scenario, and extra NO₃⁻-N (67 mg), P (117 mg), Ca (136 mg), and Mg (164 mg) 

should be supplemented into the BNS tank (Figure 2.6a). Eventually, after 4.5 times of 

dilution by H₂O, 4.38 L HNS could be obtained in the Ca(OH)₂ scenario, and the NO₃⁻-N 

sourced from CAB mineralization accounted for 92.7% of NO₃⁻-N in HNS. While in the 

Mg(OH)₂ scenario, element Mg was the limiting factor, and the additional NO₃⁻-N (1427 

mg), P (231 mg), K (1524 mg), and Ca (2129 mg) were supplemented (Figure 2.6b). After 

11.1 times dilution, 10.88L HNS could be obtained for the Mg(OH)₂ scenario. Compared 

to the Ca(OH)₂ scenario, the proportion of organic-sourced NO₃⁻-N (i.e., NO₃⁻-NOG) in HNS 

of Mg(OH)₂ scenario was much lower (only 37.4%).  



Chapter 2 

66 
 

 

 

Figure 2.6: Sankey diagram based on the mass of nutrients in different sections of (a) Ca(OH)₂ 
scenario and (b) Mg(OH)₂ scenario. TN, TP, and HNS mean the total nitrogen, total phosphorus, 
and Hoagland nutrient solution, respectively. 

   The costs of nitrate-rich liquid fertilizer production are shown in Table 2.1. All the 

expenditure was expressed as euro cubic meter of HNS. According to the Sankey diagram 

in Figure 2.6, approximately 25 g CAB was needed to obtain 1 L BNS. In the Ca(OH)₂ 

organic scenario, there was roughly 0.19 g NO₃⁻-NOG in HNS. Calculated from the 

stoichiometry of nitrification (i.e., 4.57g O₂ g⁻¹ N), 0.9 g O₂ L⁻¹ HNS was needed. Besides, 

the O₂ consumption for TCOD removal was around 14.9 g O₂ L⁻¹ BNS (SI Figure S2.3), 

namely 3.3 g O₂ L⁻¹ HNS. Based on the average O₂ transfer efficiency and electricity cost, 

the total aeration cost of 0.25 € m⁻³ HNS could be calculated. According to the microbial 

cell formula of C₅H₇O₂N, the aerobic mineralization of CAB was assumed to release CO₂ 

of 15.71 g g⁻¹ NO₃⁻-NOG 
237. Therefore, around 3.1g CO₂ L⁻¹ HNS could be produced in the 

Ca(OH)₂ scenario. Since the market price of liquid CO₂ is in a range of 0.08-0.15 € kg⁻¹ 248, 
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the HNS produced in the Ca(OH)₂ scenario could save a maximum of 0.46 € m⁻³ for the 

CO₂ fertilization. As a result of the lower NO₃⁻-NOG concentration in the Mg(OH)₂ organic 

scenario (around 0.08 g L⁻¹ HNS), the total aeration cost and CO₂ fertilization saving were 

only 0.1  and 0.18 € m⁻³ HNS, respectively. In addition, assuming 1 m⁻³ bioreactor effluent 

delivered to the membrane module (0.36-1.25 € m⁻³) can cost at least 0.37 € m⁻³ BNS, 

after final dilution, the cost of HNS would be 0.08 and 0.03 € m⁻³ for Ca(OH)₂ and Mg(OH)₂ 

scenario, respectively. 

   Among the three cost categories, the cost of CAB dominated the total costs of the 

organic scenarios, while chemical costs were four to seven orders of magnitude lower 

than that of fertilizers for either of the suppliers investigated (SI Table S2.3). The total 

expenses of commercial scenarios only included the costs of fertilizer and supplemented 

compounds. As a result, the costs of YaraTrea and FloraFlex scenarios were 1 and 34 € 

m⁻³ HNS, respectively. The cost of the chemicals-only blending scenario was the lowest 

(0.000 017 or 0.000 018 € m⁻³ HNS), highlighting that the cost of the organic fertilizer 

dominates the total costs of the proposed concept. 

   In Table 2.1, the total costs of the Ca(OH)₂ scenario were 2.5-fold the Mg(OH)₂ scenario, 

due to its higher NO₃⁻-NOG proportion. Compared to the commercial scenarios, the total 

costs of the Ca(OH)₂ scenario was 5.5-fold of the YaraTera scenario, but only 0.16-fold 

the FloraFlex scenario, indicating its potential to be cost-competitive in hydroponic 

fertilization. 
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Table 2.1: The cost categories for preparing Hoagland nutrient solution (HNS). “BNS” means the baseline nutrient solution. “N.A.” means the operation 
was not applicable. The costs of chemical compound supplementation were based on the market reference prices from two global suppliers (i.e., 
Alibaba or EC21, details in SI Table S2.3). 

Cost category  Ca(OH)₂ organic 
scenario 

Mg(OH)₂ organic 
scenario 

YaraTera FloraFlex 
Blending 

chemicals only 
scenario 

CAB or commercial 
fertilizer 

g CAB L⁻¹ BNS 25.0 25.0 N.A. 

€ m⁻³ HNS 5.6 2.3 1.0 34 N.A. 

Aeration 

g NO₃⁻-N
OG

 L⁻¹ HNS 0.19 0.08 

N.A. 

g O₂ L⁻¹ HNS 
(nitrification) 

0.9 0.4 

g O₂ L⁻¹ HNS (COD 
removal) 

3.3 1.3 

€ m⁻³ HNS 0.25 0.1 

CO₂ production g CO₂ L⁻¹ HNS 3.1 1.2 

 € m⁻³ HNS (CO₂ 
fertilization) 

-0.46 -0.18 

Chemical compound 
supplementation 

€ m⁻³ HNS 
0.000 066 or 0.000 

011 
0.000 15 or 0.000 

14 
0.000 005 9 or 

0.000 006 8 
0.000 003 or 

0.000 004 
0.000 018 or 

0.000 017 

Membrane module € m⁻³ HNS 0.08 0.03 N.A. 

Total costs € m⁻³ HNS 5.48 2.23 1.0 34 
0.000 018 or 

0.000 017 
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4. Conclusion   

   This study delivered a proof of concept for an approach based mainly on a bioreactor 

and a nutrient balancing step to produce a nitrate-rich liquid fertilizer from a solid organic 

fertilizer. In all the batch tests, CAB mineralization performance outcompeted that of 

BAPN.  The higher temperature (35°C) could always result in higher mineralization rates. 

Aerobic conditions could achieve higher mineralization efficiency compared to anaerobic 

tests. The nitrification performance of the microbial fertilizer at 35°C could reach an 

efficiency above 90% and a maximum rate of 59 mg N L⁻¹ d⁻¹, while completely oxidizing 

the released NH₄⁺-N to NO₃⁻-N. Subsequently, 35°C was chosen to operate a bioreactor, 

reaching a nitrate production rate of 212 mg N L⁻¹ d⁻¹, yet at a lower efficiency of 51%. 

According to nutrient balance estimation to simulate the Hoagland nutrient solution, the 

Ca(OH)₂ scenario was recommended due to a higher proportion of organically sourced 

NO₃⁻-N (92.7%) than Mg(OH)₂ scenario. The CO₂ generated in the bioreactor can be used 

for greenhouse CO₂ fertilization and lower the total costs. The Hoagland solution 

produced from the microbial fertilizer is potentially cost-competitive compared to the 

commercially available inorganic fertilizer nutrient solution (5.48 or 2.23 versus 34 € m⁻³ 

in total costs). 
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5. Supplementary information 

 

Figure S2.1: Performance evaluation of batch tests: aerobic mineralization with AS at 20 °C on 
BAPN and CAB; “k” is the kinetic rate constant. “EFF” means the mineralization efficiency. 

 

 

Figure S2.2: Inorganic nitrogen species in the influent of the bioreactor. TIN/TN represents the 
ratio of the total inorganic nitrogen and the total nitrogen of influent. 
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Figure S2.3: The profile of COD in the influent and effluent of the bioreactor. 
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Table S2.1: Reagents, formula, representative market price, and water solubility of commonly used compounds for making nutrient solutions. 

Chemical candidates Market reference price (excl. VAT) Price for calculation Solubility in water 249 

  (alibaba.com) (ec21.com) (Alibaba/ EC21) (20°C) 

Reagent Chemical formula (€ ton⁻¹) (€ kg⁻¹) (g L⁻¹) 

Potassium Hydroxide KOH 294-882 336-1386 0.29/ 0.34 1120 

Sodium Hydroxide NaOH 195-326 244-672 0.20/ 0.24 1110 

Magnesium Hydroxide Mg(OH)₂ 462-840 424-509 0.46/ 0.42 8.2 

Calcium Hydroxide Ca(OH)₂ 50-84 85-186 0.05/ 0.09 1.73 

Magnesium Sulphate heptahydrate MgSO₄·7H₂O 42-126 59-109 0.04/ 0.06 1130 

Calcium Sulfate CaSO₄ 185-420 280-424 0.19/ 0.28 2 

Potassium Sulfate K₂SO₄ 336-378 395-412 0.34/ 0.40 111 

Monopotassium Phosphate KH₂PO₄ 503-924 672-1047 0.50/ 0.67 226 

Dipotassium phosphate K₂HPO₄ 672-1008 848-1310 0.67/ 0.85 1493 

Calcium Dihydrogen Phosphate Ca(H₂PO₄)₂ 254-381 983-1000 0.25/ 0.98 20 

Magnesium hydrogen phosphate trihydrate MgHPO₄·3 H₂O 1271-2543 1270-1700 1.27/ 1.27 0.25 

Calcium Nitrate Tetrahydrate Ca(NO₃)₂·4H₂O 168-252 210-218 0.17/ 0.21 1290 

Magnesium Nitrate hexahydrate Mg(NO₃)₂·6H₂O 242-305 168-210 0.24/ 0.17 733 

Potassium Nitrate KNO₃ 551-661 294-672 0.55/ 0.29 316 

Ammonium Nitrate NH₄NO₃ 178-220 203-338 0.18/ 0.20 1900 
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Calcium Chloride CaCl₂ 76-126 101-126 0.08/ 0.10 745 

 

Table S2.2: Nutrient composition and price of commercial inorganic fertilizers. 

Commercial 

inorganic fertilizers 
 Nutrient Composition (g kg⁻¹) 

Price (€ kg⁻¹, 

excl VAT) 
Website 

  NO₃⁻-N P K Ca Mg SO₄²⁻-S   

YaraTera  Kristalon 

Scarlet 
 75 52 299 0 27 40 1.72 

https://www.yara.co.uk/crop-

nutrition/fertiliser/soluble/yaratera-

kristalon-scarlet/  

Floraflex B1™/B2™ 

B1™ 135 0 183 70 0 0 25 https://floraflex.com/product/bloom-

nutrients-combo-b1-b2/  B2™ 0 122 149 0 70 110 28 

 

 

 

 

 

 

 

https://www.yara.co.uk/crop-nutrition/fertiliser/soluble/yaratera-kristalon-scarlet/
https://www.yara.co.uk/crop-nutrition/fertiliser/soluble/yaratera-kristalon-scarlet/
https://www.yara.co.uk/crop-nutrition/fertiliser/soluble/yaratera-kristalon-scarlet/
https://floraflex.com/product/bloom-nutrients-combo-b1-b2/
https://floraflex.com/product/bloom-nutrients-combo-b1-b2/
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Table S2.3: Compound-supplementation design and cost calculation of different scenarios in stable periods. 

Control scenario     NO₃⁻-N   P  K Ca Mg     Remark 

HNS (mg L⁻¹ H₂O)  210 31 235 200 48 
 

Element Na and EC in SNS:  

• 41 mg Na L⁻¹, √ 

• EC: 3.0 mS cm⁻¹, √ 
  

 
 

     

Compounds for 
making HNS 

   Ca(NO₃
)₂·4H₂O 

Mg(NO₃
)₂·6H₂O 

KNO₃ K₂HPO₄ K₂SO₄ 

  (mg L⁻¹ H₂O)  1180.0 512.0 101.1 174.2 263.2 

  Cost (€)  3.6×10⁻
⁹/ 
4.5×10⁻
⁹ 

1.9×10⁻
⁹/ 
1.3×10⁻
⁹ 

5.5×10⁻⁹/ 
2.9×10⁻⁹ 

3.9×10⁻⁹
/ 
4.9×10⁻⁹ 

2.9×10⁻⁹
/ 
3.4×10⁻⁹ 

  Cost (€ m⁻³ HNS)  0.000 018/ 0.000 017 

YaraTera 
Kristalon Scarlet  

   NO₃⁻-N   P  K Ca Mg   Nutrient cost 
(Scarlet 1 kg 
m⁻³)* 

* Optimal concentration to 
minimize extra 
supplementation.  

Concentration (mg L⁻¹ H₂O)  75 52 299 0 27 
 

Element Na and EC after 
dilution:  

• 41 mg Na L⁻¹, √ 

• EC: 2.7 mS cm⁻¹, √ 
  

Compounds as 
supplementation 

 
 Ca(NO₃

)₂·4H₂O 
Mg(NO₃
)₂·6H₂O 

MgSO₄·7
H₂O 

K₂SO₄ 
 

  (mg L⁻¹ H₂O)  1994 396 174 220 
 

  Cost (€ m⁻³ H₂O)  6.0×10⁻
⁶/ 
7.5×10⁻
⁶ 

1.5×10⁻
⁶/ 
1.0×10⁻
⁶ 

1.2×10⁻⁷/ 
1.7×10⁻⁷ 

2.4×10⁻⁶
/ 
2.9×10⁻⁶ 

  
1.7 

Diluting time(s) (to HNS)  1.7 
   

  Cost (€ m⁻³ HNS)  1.0/ 1.0 

FloraFlex B1+B2  
 

 NO₃⁻-N   P  K Ca Mg 
 

Nutrient cost 
(1.1 kg B1+ 
0.3 kg B2 
m⁻³)** 

** Optimal combination to 
minimize extra 
supplementation.  

Concentration (mg L⁻¹ H₂O)  145.8 31.0 235.0 75.6 17.8 
  

Element Na and EC after 
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Compounds as 
supplementation 

 
 Ca(NO₃

)₂·4H₂O 
CaSO₄ MgSO₄·7

H₂O 

    
dilution:  

• 41 mg Na L⁻¹, √ 

• EC: 2.7 mS cm⁻¹, √ 
   

  (mg L⁻¹ H₂O)  541 111 310 
    

  Cost (€ m⁻³ H₂O)  1.6×10⁻
⁶/ 
2.0×10⁻
⁶ 

1.1×10⁻
⁶/ 
1.7×10⁻
⁶ 

2.2×10⁻⁷/ 
3.0×10⁻⁷ 

   
34.1 

Diluting time(s) (to HNS)  1.0 
   

  Cost (€ m⁻³ HNS)  34.1/ 34.1 

NaOH organic 
scenario (day 
135-137) 

 
 NO₃⁻-N   P  K Ca Mg Cumulative 

dosage of 
base 

Nutrient cost 
(kg CAB m⁻³) 

 

Concentration (mg L⁻¹ BNS)  863 111 1047 42 46 
  

Element Na and EC after 
dilution:  

• 332 mg Na L⁻¹, X 

• EC: 4.4 mS cm⁻¹, X 
  

Compounds as 
supplementation 

 
 Ca(NO₃

)₂·4H₂O 
CaSO₄ Ca(H₂PO₄

)₂ 
CaCl₂ MgSO₄·

7H₂O 
NaOH 

 

  (mg L⁻¹ BNS)  615 2094 103 309 1721 2005 
 

  Cost (€ m⁻³ BNS)  1.9×10⁻
⁶/ 
2.3×10⁻
⁶ 

2.1×10⁻
⁵/ 
3.2×10⁻
⁵ 

4.8×10⁻⁷/ 
1.8×10⁻⁶ 

1.9×10⁻⁶
/ 
2.5×10⁻⁶ 

1.2×10⁻⁶
/ 
1.7×10⁻⁶ 

2.4×10⁻⁴/ 
3.1×10⁻⁴ 

25 

Diluting time(s) (to HNS)  4.5 
  

  Cost (€ m⁻³ HNS)  5.6/ 5.6 

Ca(OH)₂ organic 
scenario (day 
150-152) 

 
 NO₃⁻-N   P  K Ca Mg 

 
Nutrient cost 
(kg CAB m⁻³) 

 

Concentration (mg L⁻¹ BNS)  867 19 1047 752 46 
  

Element Na and EC after 
dilution:  

• 74 mg Na L⁻¹, √ 

• EC: 3.0 mS cm⁻¹, √ 
  

Compounds as 
supplementation 

 
 Ca(NO₃

)₂·4H₂O 
MgHPO
₄·3 H₂O 

CaSO₄ MgSO₄·
7H₂O 

  Ca(OH)₂ 
 

  (mg L⁻¹ BNS)  575 671 140 772 
 

28866 
 

  Cost (€ m⁻³ BNS)  1.7×10⁻
⁶/ 

2.8×10⁻
⁵/ 

1.4×10⁻⁶/ 
2.1×10⁻⁶ 

5.4 
×10⁻⁷/ 

 
2.6×10⁻⁴/ 
4.5×10⁻⁴ 

25 
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2.2×10⁻
⁶ 

2.8×10⁻
⁵ 

7.5×10⁻⁷ 

Diluting time(s) (to HNS)  4.5 
  

  Cost (€ m⁻³ HNS)  5.6/ 5.6 

Mg(OH)₂ organic 
scenario (day 
163-165) 

 
 NO₃⁻-N   P  K Ca Mg 

 
Nutrient cost 
(kg CAB m⁻³) 

 

Concentration (mg L⁻¹ BNS)  869 107 1047 42 531 
  

Element Na and EC after 
dilution:  

• 28 mg Na L⁻¹, √ 

• EC: 2.8 mS cm⁻¹, √ 
  

Compounds as 
supplementation 

 
 Ca(NO₃

)₂·4H₂O 
K₂HPO₄ K₂SO₄ CaSO₄   Mg(OH)₂ 

 

  (mg L⁻¹ BNS)  12274 1326 2143 312 
 

11159 
 

  Cost (€ m⁻³ BNS)  3.7×10⁻
⁵/ 
4.6×10⁻
⁵ 

2.9×10⁻
⁵/ 
3.7×10⁻
⁵ 

2.4×10⁻⁵/ 
2.8×10⁻⁵ 

3.1×10⁻⁶
/ 
4.7×10⁻⁶ 

 
1.5×10⁻³/ 
1.4×10⁻³ 

25 

Diluting time(s) (to HNS)  11.1 
  

  Cost (€ m⁻³ HNS)  2.3/ 2.3 
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Table S2.4 The nitrogen and carbon mineralization performance of organic fertilizers in literature and this study. “N.A.” means data are 

not available. 

Bioconversion Scenario Organic fertilizer type 
Incubation 

temperature (°C) 
Incubation water-

holding capacity (%) 
Mineralization rate 
(average, mg L⁻¹ d⁻¹) 

Reference 

Nitrogen 

Soil 

Thermally-dried biosolids 25 N.A. 0.63-1.88 (NO₃⁻-N) 230 

cattle manure, compost, 
green manure 

20 55 
0.47-1.37 (NH₄⁺-N & NO₃⁻-

N) 
231 

Plant/ manure composts, 
granular fertilizers 

23 60 
0.13-1.46 (NH₄⁺-N & NO₃⁻-

N) 
232 

Organic growing 
medium 

Microbial fertilizer (CAB) 16±2.7 N.A. 5.12±0.81 (NO₃⁻-N) 88 

Controlled 
bioreactor 

CAB 35 Liquid 175-212 (NO₃⁻-N) This study 

Carbon 

Soil 
Compost, hen manure 25 60 36-87 (CO₂-C) 235 

Cattle manure 25 60 158 (CO₂-C) 236 

Controlled 
bioreactor 

CAB 35 Liquid 750-909 (CO₂-C) This study 
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Abstract  

   As a major stream of nitrogen mass flow in domestic wastewater, urine is widely 

available and rich in valuable nutrient resources for agricultural plant production. In this 

study, a novel concept consisting of urine collection, alkalinization, nitrate (NO₃⁻-N) 

production, and further nutrient supplementation to completely fulfill plant 

requirements was proposed as meaningful progress towards sustainable agriculture. The 

NO₃⁻-N production from real human urine was explored in a trickling filter (TF) for the 

first time. The full nitrification of alkalinized real urine to nitrate was realized in the pH-

controlled TF by calcium hydroxide (Ca(OH)₂) at around pH 6 and 21°C. The TF could 

handle different urine collection batches and maintain relatively stable nitrification 

performance, with NO₃⁻-N production efficiency and rate of 88±3% and 136±4 mg N L⁻¹ 

d⁻¹, respectively. The optimal hydraulic loading rate to realize this nitrification 

performance was 2 m³ m⁻² h⁻¹, with an estimated electricity consumption of 1.8 kWh kg⁻¹ 

NO₃⁻-N. Ammonium oxidation was the rate-limiting process. Additionally, high COD 

removal efficiency (≥94±3%) was always realized in the nitrification TF. This work 

showcases the triple advantages of Ca(OH)₂ in urine alkalinization, full nitrification, and 

macronutrient supplementation.
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1. Introduction 

   Increasing resource use efficiency is a primary step towards sustainable agriculture. 

Compared to conventional soil-based agriculture, the greenhouse hydroponic system 

could realize up to 90% water and 85% nutrient saving 20. Nitrogen (N), as a key nutrient 

element for crop growth, mainly comes from synthetic chemical fertilizers via the Haber-

Bosch process 198. However, in the past decades, the massive manufacture of artificial N 

fertilizers has aggravated air pollution and global climate change, and further threatened 

human health 199. Therefore, substituting less-damaging N nutrients for synthetic N 

becomes another effort to develop sustainable agriculture 250. 

   Urine is widely available on the Earth, containing the majority of nutrients present in 

human excreta: 80–90% of the nitrogen (N), 55-67% of phosphorus (P), and 50–80% of 

potassium (K) 251. As a relatively concentrated solution (i.e., up to 9 g N L⁻¹, 0.7 g P L⁻¹, and 

2 g K L⁻¹), urine contributes for 70-80% of N, 40-56% of P, and 60-63% of K load in 

domestic wastewater, but less than 1% of volume 252, 253. Therefore, recovering those 

nutrients from urine may shorten nutrient cycles on the Earth, lessen the ecological 

burden of fertilizer production, and lower the nutrient loads and costs of domestic 

wastewater treatment 251, 254. 

   Separating urine at the source is a practical approach to recover nutrients from 

wastewater 255. Urea, as a dominant nitrogen form in fresh urine, can be readily 

hydrolyzed into ammonia (NH₃) or ammonium (NH₄⁺) and bicarbonate (HCO₃⁻) by 

bacterial urease, causing a pH increase 256. Consequently, during the storage, transport, 

and application of urine, nitrogen can volatilize as free ammonia (FA), causing significant 

N losses and environmental and health concerns 257, 258. On the other hand, since nitrate 

(NO₃⁻-N) is the preferent N nutrient for most plants 16, the direct use of hydrolyzed urine 

as a medium for hydroponic plant production is phytotoxic due to its high ammonia 

concentration 201. Moreover, control strategies, such as heat treatment, UV radiation, 

and membrane filtration, are commonly used to avoid nuisances of fungal and bacterial 

pathogens such as Fusarium spp. and Escherichia coli 213, 214. Thus, the nitrification 

capacity of hydroponic systems could be pretty limited. Overall, the direct use of 
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hydrolyzed urine in hydroponic systems would limit plant growth due to the deficiency 

of NO₃⁻-N. 

   All the challenges mentioned above indicate the necessity for urine treatment before 

applying to hydroponics. To this end, urine alkalinization is considered a practical 

approach to prevent N loss via urea hydrolysis during storage and transport 259. The 

corresponding pH increase could even inactivate the potential viruses and pathogens in 

urine 259. Subsequently, urine nitrification can be used to transform NH₄⁺-N (from urea 

urease) to bioavailable NO₃⁻-N for plants. During the urine nitrification process, alkalinity 

is needed to counteract the proton released by nitritation (about 2 mol alkalinity per mol 

NH₄⁺-N) 260. However, urea hydrolysis only releases 1 mol alkalinity per mol NH₄⁺-N, 

allowing only half nitrification without base addition. Therefore, both urine alkalinization 

and nitrification require base addition. As a common base, sodium hydroxide (NaOH, 

about 0.61 € kg⁻¹ OH⁻) was employed in most studies (Table 3.1). Although dosing NaOH 

could facilitate reactor operation at stable pH, sodium (Na), as a nonessential element 

for plant growth, can only increase the salinity of the produced nutrient solution 15. In 

contrast, calcium hydroxide (Ca(OH)₂), as a cheap base (about 0.37 € kg⁻¹ OH⁻), could 

provide calcium that is also a critical macronutrient for plant growth 15, while effectively 

stabilize fresh urine in a pH range of 11 and 13 259.  

   Urine nitrification has been implemented in various bioreactors under different urine 

types, total nitrogen (TN) loading, pH, temperature, and hydraulic retention time (HRT) 

conditions (Table 3.1). Compared to the suspended growth systems (e.g., SBR), the 

attached growth (biofilm) systems, such as moving bed biofilm reactor (MBBR),  and 

membrane-aerated biofilm reactor (MABR), were preferred in most literature, probably 

due to the advantages of easy biomass retention, high HRT feasibility, and the robustness 

against external physicochemical and biological stresses 176. Besides those primary 

advantages, trickling filters (TFs) commonly require lower operational complexity and 

maintenance compared to other biofilm systems. More importantly, the passive aeration 

approach of TFs could avoid energy consumption by aeration pumps in other nitrification 

systems. Bornemann et al. (2015) and Bornemann et al. (2018) investigated the 
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nitrification process of unhydrolyzed synthetic urine in TFs, applying pumice grains as the 

filter material and mussel shells as a buffer 261, 262. However, the high temperature (about 

30°C) and long HRT (23-128 d) could not guarantee high final nitrification efficiency. 

Additionally, the extremely low pH of nitrified urine (around pH 3) cannot satisfy the 

requirement of plant growth in practice (pH 5.5-6.5) 263. Compared to synthetic urine, the 

composition of the real urine is complex and fluctuant, depending on individuals and their 

daily diet 64, and may thus induce different nitrification behaviors. Nevertheless, to our 

best knowledge, nitrification tests using real urine in TFs have not been reported yet. 

   This study proposed a novel concept of a controlled urine nitrification TF that can be in-

situ integrated into hydroponic systems (Figure 3.1). The proposed concept consists of 

three sections: (i) fresh urine alkalinization, (ii) urine nitrification in TF for producing 

nitrate-rich nutrient solution, (iii) nutrients balancing for direct application in hydroponic 

systems. Since the suggested pH range for most hydroponic solutions is between 5.8 and 

6.5 15, the pH of the TF was controlled at around 6 to sustain nitrification while minimizing 

the need for further pH adjustment. The phosphate (PO₄³⁻-P) recovery, chemical oxygen 

demand (COD) removal, and optimal hydraulic loading rate (HLR) during the urine 

nitrification were studied as well. 
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Table 3.1: Overview of typical urine nitrification processes tested in the literature. SBR: sequencing batch reactor, MBR: membrane bioreactor, MBBR: 
moving bed biofilm reactor, MABR: membrane-aerated biofilm reactor, MEC: microbial electrolysis cell, PBBR: packed-bed bioreactor, TF: trickling filter, 
N.A.: not available. HR-urine: hydrolyzed real urine; UR-urine: unhydrolyzed real urine; US-urine: unhydrolyzed synthetic urine. 

Reactor Influent Effluent 

Reference 
Growth mode Type pH Type 

TN 

(mg L⁻¹) 

Loading 

(mg N L⁻¹ 

d⁻¹) 

Product Nitrification (%) 
COD 

removal (%) 

Suspended 

growth 

SBR 7.3-7.6 HR-urine 1500 1100 NaNO₃ 99.6±0.2 89.2±1.1 264 

MBR 6.9 - 7.1 

UR-urine 

6300 225 ± 33 NaNO₃ 95 96 265 

Attached 

growth 

MBBR 6.7-6.8 
1080 & 

2160 
215 NaNO₃ 92 92 266 

MEC & 

MABR 
6.85 760 & 1850 129 &247 NaNO₃ 100 85 267 

PBBR 8 650 46.5 NaNO₃ 94.9±1 N.A. 268 

TF 3-8 

US-urine 

520 & 1555 93 & 229 CaNO₃ 90 & 81 N.A. 261 

TF 3-9 3110-7780 304-409 
CaNO₃ & 

NH₄NO₃ 
59-97 N.A. 262 

TF 7-6 
UR- & 

US-urine 
685±38 50-176 CaNO₃ 80-98.7 94-98 This study 
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Figure 3.1: A concept of nutrient recovery from urine to a nitrate-rich fertilizer solution: (a) fresh urine collection and alkalinization, (b) nitrate-rich (i.e., 
baseline) nutrient solution production from trickling filter system, (c) suitable fertilizer solution for hydroponic cultivation in a greenhouse. “X%” urine 
means the urine volume in a water-diluted solution. 
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2. Materials and methods 

2.1 Urine collection and alkalinization 

   Fresh urine from healthy male donors was collected using 0.8 L polyethylene buckets 

and stored for a maximum of 12h at 4°C to prevent urea hydrolysis before the 

alkalinization treatment. Urine collection was approved by the Ethical Committee of the 

University of Antwerp (registration number B3002021000034). The urine was diluted 

with tap water (33.3 vol% urine; 66.6 vol% water), simulating the diluting effect of flush 

water in urine-diverting toilets 269. The 3-fold diluted urine was further alkalized with 

1.4±0.2 g Ca(OH)₂ L⁻¹, resulting in a pH increase to around 12 (20°C). The alkalized urine 

was then stored at 4°C before being fed into the TF. After urine alkalinization, 

precipitation occurred, attributed to the calcium and magnesium salts triggered by pH 

increase 259. Ten collection batches (NO.1-10) were obtained, and key components of 

each batch were shown in SI Figure S3.2.  

2.2 Bioreactor setup 

   The bioreactor system consists of an influent tank and a TF reactor. The precipitates 

triggered by the alkalinization treatment were homogenized in the influent tank and fed 

into the reactor. 

2.2.1 Reactor operation 

   The TF was built from polyvinyl chloride cylinders with an inner diameter of 10.4 cm. 

The TF was 156 cm in height and consisted of three separate compartments, each 52 cm 

in height. The total volume of the TF was 13.2 L. The TF was filled with Kaldnes K1 carriers, 

which had a high specific surface of 950 m² m⁻³ and porosity of 84%. At the top of the TF, 

a 6-channel dripping system was installed to distribute the urine homogeneously over 

the carrier material. At the bottom of the TF, a 5 L reservoir was installed. The urine was 

recycled from the reservoir to the top of the TF. 

   The TF system was operated in a temperature-controlled room at 21±1 °C and equipped 

with timer-controlled influent and effluent pumps (Seko peristaltic pumps, PR7). The 

reactor was run in 12 cycles d⁻¹, including 8-25 min continuous feeding and 4 min 

decanting in each cycle. The flow rate of the influent pump was fixed at 10ml min⁻¹ limited 
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by the pump capacity. When the TN loading rate increased, the feeding time was 

prolonged to minimize the pH peak caused by the high pH of the influent (i.e., pH 12). 

Around 16.5 ml cycle⁻¹ of deionized water was added into the reservoir to compensate 

for water evaporation (about 220 ml d⁻¹) in the TF system.  

   The HLR was determined by the flow rate of continuous recirculation pumps and the 

sectional area of the TF, expressed as 'm³ m⁻² h⁻¹'. During the reactor operation, the DO 

concentration in the TF was indirectly controlled by adjusting the HLR. A portable digital 

oxygen meter HQ30d (Hach Lange, Germany) was used to measure the DO in the 

reservoir. The turbid liquid of 1.5 M Ca(OH)₂ was used to provide additional alkalinity for 

full nitrification (i.e., complete ammonium conversion to nitrate without nitrite 

accumulation) and control the bulk pH at around 6. Acid dosing (i.e., 1M HCl) was barely 

used over the whole experiment unless the bulk solution exceeded pH 7 (SI Figure S3.1). 

The pH in the reservoir was continuously monitored by a pH controller (Consort R3610, 

Consort, Belgium). The electrical conductivity (EC) was measured using a conductivity 

meter (Hanna edge® HI-2030 edge, USA). 

2.2.2 Reactor inoculation and start-up 

   The inoculum was a mixture of sewage-activated sludge (74% volatile suspended solid 

(VSS), Aquafin Antwerpen-Zuid, Belgium) and industrial activated sludge (26% VSS, PB 

Leiner, Belgium). The inoculum sludge was recirculated in the TF for 48 h, and then 4.9 g 

VSS L⁻¹ TF was retained. 

  In the start-up period, the TF was run with synthetic urine solution. The synthetic urine 

was prepared by dissolving 1.37g urea and 0.15g ammonium sulfate ((NH₄)₂SO₄) as N 

source (a total of 670 mg N), 0.98g sodium acetate, 0.5g potassium chloride (KCl), 0.32g 

monopotassium phosphate (KH₂PO₄), 0.05g calcium chloride (CaCl₂), and 0.05 g 

magnesium sulfate (MgSO₄) in 1 L tap water. Then, 0.97g L⁻¹ of Ca(OH)₂ was added into 

the synthetic urine, increasing the pH to 12. The TN loading rate was initiated from 50 

mg N L⁻¹ d⁻¹ and finally reached 100 mg N L⁻¹ d⁻¹. During this period, the HLR increased 

from 1.5 to 2.0 m³ m⁻² h⁻¹ (in the top table of Figure 3.2). 
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2.2.3 Reactor operation with real urine 

   After full nitrification was achieved with synthetic urine at 100 mg N L⁻¹ d⁻¹, the alkalized 

real urine was fed to the TF. To be consistent with the synthetic urine influent, the real 

urine was diluted to around 670 mg TN L⁻¹, and extra Ca(OH)₂ of 1.0±0.1 g L⁻¹ was added 

to maintain pH 12. In this stage, the TN loading rate increased up to 176 mg N L⁻¹ d⁻¹. 

Meanwhile, the HLR increased to 2.5 m³ m⁻² h⁻¹ (in the top table of Figure 3.2). One 

bioaugmentation (1g VSS L⁻¹ TF) was implemented on day 126, with the same sewage-

activated sludge used for reactor start-up. 

   Since the urine composition may fluctuate depending on the donators and their daily 

activity, the impact of different collection batches on the stability nitrification 

performance was tested. Among the urine collection batches (NO.1-10), three batches, 

named as batch A, B, and C, were selected over the whole collection timespan of 38 days, 

i.e., beginning (NO.1- A), middle (NO.6- B), and end (NO.10- C) (SI Figure S3.2). 

2.3 Sampling and analytical methods 

   Influent and effluent samples were taken periodically, filtered through 0.22 µm 

Chromafil® Xtra filters (Macherey-Nagel, USA), and stored at 4°C before analysis. The 

NH₄⁺-N was determined by the Nessler method 270. The nitrite (NO₂⁻-N), NO₃⁻-N, PO₄³⁻-P, 

potassium (K⁺), calcium (Ca²⁺), magnesium (Mg²⁺), and sodium (Na⁺) were determined on 

ion chromatography (Eco IC, Metrohm, Switzerland). 

   The TN, total phosphorus (TP), COD of influent samples are measurements of unfiltered 

urine with precipitates. The TN, TP, and COD of effluent samples are filtered over the 0.22 

µm Chromafil® Xtra filters to avoid the interference of biomass in the TF reservoir. The 

TN and COD concentrations were measured with the Nanocolor® tube test kits (TN220 

and COD1500, MachereyNagel, USA). The total phosphorus (TP) was measured with the 

Spectroquant® phosphate cell test (Merck KGaA, Germany).  

2.4 Calculation of the element supplementation for nutrient balancing 

   The TF effluent was filtered through the 0.2 μm filters here to simulate the function of 

a membrane module. The filtrate was regarded as the baseline nutrient solution (BNS). 
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The Hoagland nutrient solution (HNS) is considered one universal nutrient solution for 

plant growth in hydroponics 15. The concentration of major elements in HNS is 210 mg 

NO₃⁻-N L⁻¹, 31 mg P L⁻¹, 235 mg K L⁻¹, 200 mg Ca L⁻¹, and 48 mg Mg L⁻¹. Based on the 

standard ratio of P, K, Ca, and Mg to NO₃⁻-N in HNS, the corresponding elements shortage 

in the BNS should be compensated by common compounds, such as calcium nitrate 

(Ca(NO₃)₂), dipotassium phosphate (K₂HPO₄), calcium sulfate (CaSO₄), and MgSO₄. 

Detailed nutrient balancing strategy can be found in section 2.5 of Chapter 2. The water 

of low salinity (< 0.75 mS cm⁻¹) is recommended for the final dilution of the balanced BNS 

to HNS 217. 

3. Results and discussion 

   As shown in Figure 3.1, the proposed concept illustrates the complete process from 

human urine collection to nutrient solution application in hydroponic systems. The urine 

is assumed to be collected from water-flush toilets, resulting in diluted urine (around 

33vol% urine, Figure 3.1 a). After the immediate alkalinization by Ca(OH)₂ to pH 12, the 

urine is transported to a TF beside a hydroponic greenhouse. The TF is fed with further 

diluted urine (around 11vol% urine). Due to the nitrification process, extra alkalinity will 

be required to avoid reactor pH dropping below 6 (Figure 3.1 b). The solid waste 

accumulated in the reservoir was mainly biomass and phosphorus precipitate, which can 

be applied to land as a fertilizer. After the nutrient balancing for the BNS, the diluted 

nitrate-based standard solution mainly from around 3 vol% urine is directly applied to 

the hydroponic system (Figure 3.1 c). This concept allows the urine-sourced standard 

nutrient solution produced by TFs to directly supply to hydroponic systems. 

3.1 Reactor start-up and nitrification performance on synthetic urine 

   In the start-up stage, the TF was fed with the Ca(OH)₂ alkalinized synthetic urine. The 

synthetic urine contained 662±12 mg TN L⁻¹, more specifically, negligible NO₂⁻-N and 

NO₃⁻-N, but 31±2 mg NH₄⁺-N L⁻¹ (SI Figure S3.3). The TN loading rate was initiated with 

50±1 mg N L⁻¹ d⁻¹, and complete nitrification was achieved after 4 days (Figure 3.2a), 

indicating a sufficient nitrification capacity of the inoculum at the initial loading strength. 

When the TN loading rate was increased to 106±1 mg N L⁻¹ d⁻¹ on day 23, NH₄⁺-N 
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immediately emerged and stabilized at 135±24 mg N L⁻¹. To avoid this incomplete 

nitrification, the TN loading rate was decreased to 75±1 mg N L⁻¹ d⁻¹. After this 

intermediate loading rate, it took around 26 days to get the full nitrification at a loading 

rate of 100±2 mg N L⁻¹ d⁻¹. 

   In the synthetic urine stage, the NO₃⁻-N production efficiency increased from 80±1% to 

95±3% (Figure 3.2b), indicating an increase of nitrifiers and a decrease of denitrifiers in 

the TF. The nitrifiers could get promoted due to the high DO level (above 6 mg O₂ L⁻¹) in 

most cases (SI Figure S3.4), while the denitrifiers were suppressed and probably washed 

out.  

 

Figure 3.2: The profile of nitrogen (N) conversion from urine. The urine types and hydraulic loading 
rate (HLR) are shown on top. (a) concentrations of total nitrogen of influent (TN(in)), NH₄⁺-N, NO₂⁻-
N, NO₃⁻-N, and total inorganic nitrogen (TIN) in the effluent. (b) volumetric TN loading rate, NO₃⁻-
N production rate, TIN production efficiency, and NO₃⁻-N production efficiency. Both efficiencies 
are based on the concentration of TN(in). TN(in) includes both organic nitrogen (mainly urea) and 
inorganic nitrogen, while TIN in effluent contains NH₄⁺-N, NO₂⁻-N, NO₃⁻-N. The color shading “A”, 
“B” and “C” mean three different urine collection batches.          
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3.2 Nitrification performance on real urine 

   From day 81 onwards, the alkalized real urine substituted for the alkalized synthetic 

urine as the TF influent. The TN in the influent was relatively stable at 695±40 mg N L⁻¹, 

with 58±7 mg NH₄⁺-N L⁻¹ but negligible NO₂⁻-N and NO₃⁻-N (SI Figure S3.3).  

3.2.1 Nitrification performance after switching to real urine 

   After switching from synthetic to real urine, the TN loading rate of 100±2 mg N L⁻¹ d⁻¹ 

was maintained for another 6 days. The full nitrification was not affected in this period, 

with the NO₃⁻-N production efficiency and rate of 94±6% and 92±1 mg N L⁻¹ d⁻¹, 

respectively (Figure 3.2b). Increasing the TN loading rate to 130±2 mg N L⁻¹ d⁻¹ could keep 

the full nitrification performance, and the NO₃⁻-N production rate increased to 118±3 mg 

N L⁻¹ d⁻¹. However, further increase of TN loading rate to 166±5 mg N L⁻¹ d⁻¹ immediately 

led to NH₄⁺-N accumulation, revealing the insufficient nitrification capacity of TF. 

   From day 102 to day 124, insect infestation was observed in the TF. The insects were 

speculated as water springtails from a subclass of Collembola 271. It was suspected that 

the insect infestation impaired the TIN release via urine hydrolysis and exacerbated the 

incomplete urine nitrification (Figure 3.2). Chemical control via dosing insecticide into the 

TF effectively eliminated this insect problem. 

   Increasing the TN loading rate could always trigger the NH₄⁺-N accumulation, but not 

affected the NO₂⁻-N accumulation and TIN production via urine hydrolysis (Figure 3.2a). 

Therefore, nitritation (i.e., NH₄⁺-N → NO₂⁻-N) should be the bottleneck of urine 

nitrification in this system. It was suggested the optimum pH for ammonium-oxidizing 

bacteria (AOB) and nitrite oxidizing bacteria (NOB) is neutral and slightly alkaline 272. 

Acidic pH could limit the nitrification, and NH₄⁺-N oxidation could be wholly inhibited at 

pH 5 110. Nevertheless, the whole experiment was still operated under the faintly acidic 

pH (around 6) to directly satisfy the pH requirement for hydroponic cultivation 15 and 

avoid further pH down-regulation. Moreover, maintaining the faintly acidic pH could 

favor the release of macronutrients (i.e., P, Ca, and Mg) in urine precipitate during the 

nitrification process 273. Although nitritation was the bottleneck, it was suggested that 

nitritation rate (AOB activity) was barely affected at low EC (<58 mS cm⁻¹). Furthermore, 
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the electrical conductivity (EC) of the effluent (6.2±0.2 mS cm⁻¹, SI Figure S3.1) was within 

the EC threshold of 9.5 mS cm⁻¹ for full nitrification 274, suggesting no adverse effect. In 

addition, the FA level in the effluent was much lower (0-1 mg N L⁻¹) to suppress AOB 

activity (FA 8-120 mg N L⁻¹) 114. 

   The reported maximum TN loading rate of attached growth systems for urine 

nitrification was 409 mg N L⁻¹ d⁻¹ in Table 3.1 262. They fed the TFs with undiluted synthetic 

urine of 7780 mg TN L⁻¹ and operated the TFs with HRT up to 128 days under a broad pH 

range (9.0-3.0). The low NO₃⁻-N production efficiency (59%) obtained after this long HRT 

could be attributed to the high urine concentration (i.e., high salinity) and the harmful 

pH (<pH 5), as high salinity and low pH could impair and even cease the nitrification 

process 110, 266. Additionally, an adequate acclimation period was needed for nitrifying 

communities to adapt to a high ionic environment 266. Since the nitrified urine is aimed 

to use as liquid fertilizer for plant growth eventually, and dilution is inevitable, the urine 

nitrification process started with diluted urine (around 11% dilution in this study) could 

be more efficient in NO₃⁻-N recovery. A previous study showed that lower TN 

concentration (520 mg N L⁻¹) and loading rate (96 mg N L⁻¹ d⁻¹) could result in a NO₃⁻-N 

production efficiency of 90% with an HRT of 27 days 261. Their slow full nitrification 

process could still result from poor pH control (pH 3-8). Compared to the mussel shells 

(CaCO₃ content: 70–80%) used in TFs 261, 262, the turbid liquid of Ca(OH)₂ employed in this 

study could control the bulk pH more timely and accurately. 

   As a whole, there was little difference in NO₃⁻-N production efficiencies between 

synthetic and real urine when full nitrification was achieved, which was consistent with 

the literature studies summarized in Table 3.1. The high nitrate production efficiency (80-

98.7%) makes urine an ideal nitrogen recovering source, probably due to the easily 

hydrolyzable urea and low COD to N ratio (0.88±0.06 in this study). Similarly, the COD 

removal efficiencies of synthetic and real urine were quite close, with 98±2% and 94±3% 

(Figure 3.3), respectively. The COD source of synthetic urine in this study was urea and 

sodium acetate, while that of real urine was relatively complex, including urea, creatinine, 

uric acid, citrate, and some other organic compounds 275. Taken together with the 
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relatively higher COD level of synthetic urine than real urine (730±29 versus 604±38mg 

L⁻¹) and lower COD removal efficiency with real urine, COD removal in real urine seemed 

more challenging. Nevertheless, the excellent COD removal efficiency could eliminate the 

odor nuisance and benefit hydroponic plant production by lowering the proliferation risk 

of heterotrophic pathogens and insects 213, 238. 

 

Figure 3.3: The COD concentration and removal efficiency. COD(in) means the COD concentration 
of unfiltered influent. COD(ef) means the COD concentration of filtered effluent. The COD removal 
efficiency is based on the COD(in) and COD(ef). 

3.2.2 Nitrification performance stability under different collection batches 

   The composition of human urine varies between and within individuals due to diet, 

health, environmental conditions, and daily activities 64. Among the characterized urine 

batches collected over a month, the relative concentration of COD, TP, and major ions 

(NH₄⁺, K⁺, Ca²⁺, Mg²⁺, Na⁺, SO₄²⁻, and Cl⁻) to TN showed visible differences (SI Figure S3.2). 

Three different batches of A, B, and C were selected over the whole collection period. 

The major differences of batch A, B and C were the relative concentration of COD (0.81, 

0.97, and 0.89 mg mg⁻¹ TN), Ca²⁺ (0.39, 0.33, 0.31 mg mg⁻¹ TN), K⁺ (0.25, 0.28, 0.31 mg 

mg⁻¹ TN), Na⁺ (0.38, 0.34, and 0.29 mg mg⁻¹ TN), and Cl⁻ (0.67, 0.61, 0.55 mg mg⁻¹ TN). 

These batches were tested from day 133 to day 154 under the TN concentration and 

loading rate of 687±30 mg N L⁻¹ and 154±8 mg N L⁻¹ d⁻¹. As shown in Fig 2, the NO₃⁻-N 
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concentration, production efficiency, and rate during the stability tests were constant at 

604±11 mg N L⁻¹, 88±3%, and 136±4 mg N L⁻¹ d⁻¹. Therefore, the nitrification performance 

in the TF was relatively stable and scarcely affected by the difference in urine batches, 

probably due to the little difference in concentrations of all the major compositions 

between each collection batch.  

   During this batch stability test, the total Ca(OH)₂ dosage as alkalinization and pH control 

reagent for urine storage and nitrification was recorded (SI Figure S3.5). The molar ratio 

of total hydroxide ion (OH⁻) supplementation and NO₃⁻-N production is around 1.0, 

consistent with the half alkalinity required for urine full nitrification 260. Thus, the function 

of Ca(OH)₂ as alkalinity supplier was proved for urine full nitrification in TF. 

3.2.3 Impact of hydraulic loading rate on urine nitrification and electrical 

energy consumption 

   Before day 155, the HLR was raised along with the increase of the TN loading rate. It 

was suggested that the typical HLR in TFs to keep the carrier material moist is between 1 

to 3 m³ m⁻² h⁻¹ 276. The HLR tested in this study (1.5 to 2.5 m³ m⁻² h⁻¹) is in the 

recommended range.  

   After increasing the TN loading rate from 50±1 to 106±1 mg N L⁻¹ d⁻¹, the lower bound 

of DO (DO(min)) in each operating cycle decreased from 8.1±0.3 to 3.0±0.3 mg O₂ L⁻¹, but 

increased to 6.6±0.3 mg O₂ L⁻¹ after increasing HLR from 1.5 to 1.75 m³ m⁻² h⁻¹ (SI Figure 

S3.4), indicating that raising HLR could increase the DO level in the TF. Controlling the DO 

in the biofilm was difficult as it was not directly measured in the TF. Only the DO in the 

reservoir was measured and considered a combined result of oxygen dissolved into the 

reservoir, ventilated into the TF, and consumed by nitrifiers and other aerobic 

microorganisms. The HLR control was related to the DO in the carrier biofilm. Presumably, 

increasing the HLR could induce more oxygen sucked into the reactor 277, 278. The nitrifying 

bacteria cannot grow if the oxygen content falls below 0.5 mg O₂ L⁻¹ in stream waters 279. 

A minimum oxygen level of 2 mg O₂ L⁻¹ was recommended in aquaculture nitrification 

reactors 280. Therefore, over the whole experiment period, the DO(min) in the reservoir 

was consistently above 2 mg O₂ L⁻¹ via controlling HLR and TN loading rates. Additionally, 
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the DO in the reservoir was always about 0.6 mg O₂ L⁻¹ lower than that in the drops from 

the bottom compartment, indicating the extra oxygen-consuming microorganisms (e.g., 

nitrifiers and aerobic heterotrophs) existed in the reservoir. 

   Besides controlling moisture and DO, HLR could also manage the contact time between 

urine and biofilm in the TF. The HLR of 2.5 m³ m⁻² h⁻¹ with a recirculation flow rate (Qrec) 

of 21.6 L h⁻¹ made the total 5 L urine circulate 8.5 times through the TF in each cycle (i.e., 

2 h). In comparison, the HLR of 2.0 and 1.5 m³ m⁻² h⁻¹ with Qrec of 17.1 and 12.7 L h⁻¹ 

could only circulate the urine 7.1 and 5.2 times, respectively. Thus, after decreasing the 

HLR from 2.5 to 1.5 m³ m⁻² h⁻¹, the NH₄⁺-N accumulation emerged and increased to 38±2 

mg L⁻¹, while raising the HLR from 1.5 to 2.0 m³ m⁻² h⁻¹ effectively eliminated the NH₄⁺-N 

accumulation and recovered the full nitrification of urine. Thus, under the TN loading rate 

of 152±7 mg TN L⁻¹ d⁻¹, the HLR of 1.5 m³ m⁻² h⁻¹ could guarantee enough DO for full 

nitrification but not provide sufficient contact times between urine and biofilm. Although 

HLR of 2.0 and 2.5 m³ m⁻² h⁻¹ could realize the full nitrification, from the perspective of 

electrical energy consumption, lower HLR means lower power consumption from 

recirculation pumps. 

   In contrast to the active aeration in other nitrification systems, the recirculation pump 

is the major energy-consuming item in TFs. To estimate its energy consumption, several 

operating parameters were assumed, including a daily nitrogen production per capita 

(person) of 3.7 g N d⁻¹ 281, reactor height of 156 cm, pump depth in the reservoir of 20 

cm, a pipe head loss of 0.33 m m⁻¹ pipe and pump efficiency of 80% 282. The calculated 

electrical energy consumption was 1.8 kWh kg⁻¹ NO₃⁻-N production under the NO₃⁻-N 

production rate of 0.136 kg N m⁻³ d⁻¹ (details in SI Table S3.1). At this stage, the NO₃⁻-N 

production rate could be further improved due to the high level of residual DO (4.1±0.1 

mg O₂ L⁻¹) in the reservoir (SI Figure S3.4). The energy consumption can still be further 

reduced by increasing the potential NO₃⁻-N production rate in the TF. 

3.3 Nutrient quality balancing for direct application in hydroponic systems 

   In the proposed concept, urine stabilization by dosing Ca(OH)₂ increased the pH to 12 

and triggered salt precipitation, e.g., hydroxyapatite ((Ca)₁₀(PO₄)₆(OH)₂) and struvite 
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(NH₄MgPO₄.6H₂O), resulting in reduced concentrations of PO₄³⁻ 259, 283. As shown in Figure 

3.4, the influent PO₄³⁻-P concentration was 0 in most cases. In the effluent of the TF, 

PO₄³⁻-P could be detected again, especially from day 132 to 151, which stabilized at 34±3 

mg P L⁻¹ with a PO₄³⁻-P recovery efficiency of 73±5%. Over the whole experiment, the 

effluent PO₄³⁻-P concentration and recovery efficiency fluctuated in a range of 2% to 91%, 

probably related to the effluent pH (pH(min)) in the TF system (SI Figure S3.1). 

Spearman's correlation analysis over the whole experiment period showed the 

association between the effluent PO₄³⁻-P concentration and pH(min) was moderate 

negative (rho= 0.57, p< 0.01). It indicated lower bulk pH could benefit the PO₄³⁻-P release 

from the precipitate, reducing the clogging risk of TF in the long term.  

 

Figure 3.4: Phosphorus concentration and recovery efficiency during urine nitrification process in 
TF. TP(in) means the total phosphorus concentration in the unfiltered influent. PO₄³⁻-P(in) and 
PO₄³⁻-P(ef) represent PO₄³⁻-P concentration in filtered influent and effluent, respectively. P 
recovery efficiency is calculated from the ratio of PO₄³⁻-P(ef) and TP(in). 

   According to the proposed balancing strategy in section 2.5 (Chapter 2), the nutrient 

quality balancing was modeled for the filtered TF effluent. The Sankey diagram based on 

the nutrient mass flow in each section of the proposed concept is shown in Figure 3.5. In 

the influent section, the diluted urine (about 11% v/v) was alkalinized by dosing Ca(OH)₂, 

introducing 528 mg Ca into 1 L urine flow. In the urine nitrification section, the bulk pH 

control with Ca(OH)₂ added 396 mg Ca into the flow. In this trickling filter and membrane 
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section, the TN loss of 70 mg may be attributed to the microorganism assimilation and 

the potential denitrification in some anoxic zone inside the TF; the 14 mg TP, 158 mg Ca, 

and 3 mg Mg loss could be due to the microorganism assimilation and precipitation. In 

the nutrient balancing section, element Ca was the limiting factor, and extra NO₃⁻-N (220 

mg), PO₄³⁻-P (89 mg), K⁺ (742 mg), and Mg (173 mg) should be supplemented into the 

BNS tank (Figure 3.5). The corresponding chemical compounds used to complete the HNS 

were shown in SI Table S3.2, referring to the principle in section 2.5 (Chapter 2).  

Eventually, after further dilution, 3.94 L HNS could be obtained, and the urine-sourced 

NO₃⁻-N accounted for 73.3% of the NO₃⁻-N in the HNS. Combined with the electricity cost 

of HLR control, the total cost of urine-sourced HNS was 0.033 € m⁻³ HNS (SI Table S3.2).  

   To minimize the external NO₃⁻-N supplementation, the overdosed element Ca coming 

from the Ca(OH)₂ as a pH-control reagent can be substituted by other bases that contain 

major nutrients. Since 91% of Mg was compensated in the end, a mixed pH control 

reagent of Mg(OH)₂ and Ca(OH)₂ could be an alternative. 

 

Figure 3.5: The Sankey diagram is based on the mass (mg) of nutrients in different sections. The 
nutrient quality balancing step and dilution step are according to the elemental composition and 
concentration in Hoagland nutrient solution (HNS). TN* loss includes the N accumulation in solids 
and potential denitrification.
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4. Conclusion  

   A new concept for nutrients recovery from human urine for hydroponic cultivation was 

proposed in this study. Full nitrification of real urine in a TF was realized, with a high NO₃⁻-

N production efficiency of 88±3% and a stable production rate of 136±4 mg NO₃⁻-N L⁻¹ 

d⁻¹. Similar nitrification and COD removal efficiencies were obtained after switching from 

synthetic urine to real urine. Relatively stable nitrification performance was maintained 

with different batches of real urine of variant compositions, further highlighting the 

stability of TF in treating real urine. The HLR control in TF could positively affect the 

nitrification performance via increasing DO level and the contact time between substrate 

and biofilm. The HLR of 2 m³ m⁻² h⁻¹ was the optimal condition to realize full nitrification 

under the TN loading rate of 152±7 mg TN L⁻¹ d⁻¹ with an electrical energy consumption 

of 1.8 kWh kg⁻¹ NO₃⁻-N production. The triple benefits of Ca(OH)₂ in urine alkalinization, 

full nitrification, and macronutrient supplementation were proved for the proposed 

concept. After nutrient balancing, the urine-sourced NO₃⁻-N accounted for around 73% 

of the NO₃⁻-N in the HNS for hydroponic plant production. 
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5. Supplementary information  

 

Figure S3.1: The profile of pH and electrical conductivity (EC) in TF reservoir. The pH(max) and 
pH(min) mean the pH threshold values in an operating cycle. pH(min) is the effluent pH of the 
trickling filter as well. 

 

Figure S3.2: The relative concentration of chemical oxygen demand (COD), total phosphorus (TP), 
and major ions to total nitrogen (TN) in each collection batch and their average values. The COD, 
TP, and TN are measured from unfiltered urine with precipitates. The Ca²⁺⃰ and Mg²⁺⃰ were 
measured after acidifying the unfiltered urine to pH <1 to ensure all the precipitates were 
dissolved. 
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Figure S3.3: Nitrogen profile and EC in influent. 

 

Figure S3.4: The temperature and dissolved oxygen (DO) monitoring during different hydraulic 
loading rates (HLR, m³ m⁻² h⁻¹). DO(max) and DO(min) mean the DO threshold values in an 
operating cycle. 
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Figure S3.5: Ca(OH)₂ as alkalinization and pH control reagent for urine storage and nitrification. 

 

 

Figure S3.6: FA level over the whole operation period, calculated based on the NH₄⁺-N level of 
effluent.
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Table S3.1: Electrical energy estimation of TF. The equation of pump power (P(Wel)= ρ*g*h*Q/ η,  ρ=1000 kg m⁻³, g=9.807 m s⁻², pump efficiency 
(η)=80%. The calculated values are in bold.  

Hydraulic load (m³ 
m⁻² h⁻¹) 

Volumetric 
production rate (kg 
m⁻³ d⁻¹) 

Per capita (person)  
(kg N d⁻¹)  

Height of filter (m) Section aera (m²) Flow rate (Q)  (m³ s⁻¹) 

2 0.136 0.0037 1.56 0.017 0.00001 

Depth of pump (m) Head loss pipes (m 
m⁻¹ pipe) 

Total height (m) Power of pump (kW) Designed NO₃⁻-N 
production rate (kg N 
h⁻¹) 

Energy consumption 
(kwh kg⁻¹ NO₃⁻-N 
production) 

0.2 0.33 2.341 0.00028 0.00015 1.80 

    

Table S3.2: OPEX estimation on the production of urine-sourced Hoagland nutrient solution (HNS). BNS means the baseline nutrient solution. The price 
of chemical compound supplementation refers to SI Table S2.1. 

 NO₃⁻-N P K Ca Mg 

Permeate content (mg L⁻¹ BNS) 606 33 183 787 16 

Compounds as 
supplementation 

 Mg(NO₃)₂·6H₂O KNO₃ K₂HPO₄ K₂SO₄ Ca(OH)₂ 

(mg L⁻¹ BNS) 1845 137 501 1037 1633 

(€ m⁻³ BNS) 0.0000064 0.000012 0.000011 0.000019 0.00005 

Diluting time(s) (to HNS) 3.94 

Electricity 
consumption 

(kwh kg⁻¹ NO₃⁻-N production) 1.80 

(kg NO₃⁻-Nurine L⁻¹ HNS) 0.00015 

(kwh L⁻¹ HNS production) 0.00028 

(€ m⁻³ HNS) 0.032 

Total cost (€ m⁻³ HNS) 0.033 
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Abstract  

   Partial nitritation/anammox (PN/A) is a resource- and cost-effective technology for 

biological nitrogen removal from wastewater low in organic carbon. As a passively 

aerated biofilm reactor, trickling filters (TF) can further reduce the energy demand 

associated with aeration. With the goal of extreme power-efficient nitrogen removal, the 

feasibility of a TF for one-stage PN/A was tested with synthetic wastewater containing 

100-250 mg NH₄⁺-N L⁻¹. Three parallel systems were each packed with other carrier 

materials of different specific surface areas. Passive ventilation approaches (top only vs. 

top and bottom) and hydraulic loading rates (HLR, 0.4-2.2 m³ m⁻² h⁻¹) were investigated. 

Interestingly, the cheap carrier based on expanded clay achieved similar rates as 

commercially used plastic carrier materials. The top-only ventilation combined with an 

optimum HLR of 1.8 m³ m⁻² h⁻¹ could reach approximately 60% total nitrogen (TN) 

removal at a rate of 300 mg N L⁻¹ d⁻¹. A relatively low NO₃⁻-N production (13%) was 

achieved for the first time via PN/A in TFs. Most of the TN removal took place in the top 

compartment, where anammox activity was highest. The results provide proof of the 

feasibility of a TF for one-stage PN/A. Estimated electricity consumption of 0.78 kWh kg⁻¹ 

N was 35% more energy-efficient than an actively aerating reactor, suggesting the 

proposed process could be a suitable low-energy alternative for nitrogen removal.
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1. Introduction  

   Minimizing energy consumption, greenhouse gas emissions, and sludge production are 

critical for progress towards sustainable wastewater treatment. Compared to 

conventional nitrification/denitrification, partial nitritation/anammox (PN/A) consumes 

almost 60% less oxygen associated with aeration energy, 100% less organic carbon, and 

saves 90% of the sludge handling and transport for nitrogen removal from waters low in 

biodegradable organics 284. In PN/A process, about half of the ammonium (NH₄⁺) is 

aerobically oxidized to nitrite (NO₂⁻) by aerobic ammonium-oxidizing bacteria (AerAOB), 

and the residual NH₄⁺ is oxidized with the produced NO₂⁻ to generate nitrogen gas (N₂) 

by anoxic ammonium-oxidizing bacteria (AnAOB) ( Reaction 4.1) 114. 

NH₄⁺ + 0.792 O₂ + 0.080 HCO₃⁻→ 0.435 N₂ + 0.111 NO₃⁻ + 1.029 H⁺ + 0,052 CH₁.₄O₀.₄N₀.₂ 

+ 0.028 CH₂O₀.₅N₀.₁₅ + 1.460 H₂O                                                                                      (4.1) 

   Two typical variations of the PN/A process are related to distinct microbial aggregates: 

(i) suspended growth and (ii) attached growth (e.g., biofilm). Different reactor 

configurations determine the way biomass is retained in the system. In one-stage PN/A, 

high biomass retention is a prerequisite of high process stability. Biofilm reactor 

technologies are conceived to be easier to retain the slow-growing AnAOB than 

suspended growth systems like sequencing batch reactors (SBR) containing suspended 

biomass and continuous stirred-tank reactors 114, 285. Various types of PN/A biofilm 

reactors have been established, including rotating biological contactor (RBC) 183, 286, 

membrane-aerated biofilm reactor (MABR) 287, 288, moving bed biofilm reactor (MBBR) 289, 

290, biological aerated filter (BAF) 291, 292, and granular sludge reactor 293, 294 (Table 4.1). In 

these systems, cells grow in biofilms attached to the added inert carrier materials, except 

for granular sludge. Among these biofilm-based technologies, the MBBR, BAF, and 

granular sludge belong to submerged reactors and rely on active bubble-aeration for 

oxygen supply, while RBC is a partially emerged reactor that alternately exposes a 

proportion of biofilm to atmospheric oxygen, passively providing aeration 186. Commonly, 

passively aerated reactors such as RBC and trickling filters (TFs) consume less energy and 

are more robust and less complex to operate 295, 296. Furthermore, TFs have been 
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suggested to have lower area requirements than RBC 114. In practice, TFs are used as a 

post-treatment step of anaerobic sewage treatment, especially in developing countries 

297. In this case, TFs are typically designed for carbon oxidation and nitrification 298, 

allowing them to achieve high ammonium removal but not necessarily total nitrogen (TN) 

removal. Therefore, implementing PN/A in TFs would greatly expand their applications 

and offer a cost-effective alternative for TN removal. Yet, the feasibility of PN/A in TFs 

has only been limitedly examined.  

   The complex dissolved oxygen (DO) control could be one major challenge for PN/A 

implementation in TFs, where the vertical flow of air through the filter media is induced 

by air draft. DO plays a vital role in balancing the PN/A process as sufficient oxygen is 

required for nitritation, whereas nitratation should be suppressed to allow good 

anammox activity 186. The feasibility of PN/A in TFs has only been tested in two studies 

using down-flow hanging sponge (DHS) reactors as TFs, with horizontally layered 

polyurethane sponge slabs as filter media 299, 300. In these DHS- TFs, each sponge sheet 

was supported by a perforated aluminum plate, and the natural air convection was 

realized through lateral openings above each sponge layer. The complicated strategies of 

DO via manipulating the influent DO and the lateral openings are unpractical in bigger-

scale applications. Compared to the DHS-TFs, solid packed bed TFs without lateral 

openings are more straightforward in structure and installation and thus more attractive 

for applications 301. Nevertheless, the feasibility of single-stage PN/A in the simpler 

packed-bed TFs has not been tested so far. 

   To the best of our knowledge, the implementation of single-stage PN/A in an 

uncomplicated packed-bed TF has not been tested yet. Three types of carrier materials 

with different surface areas were tested in three parallel TFs. The PN/A process was 

tested in the long term with medium-strength synthetic NH₄⁺ wastewater (100-250 mg N 

L⁻¹) devoid of organic carbon to mimic household waste streams after carbon removal. 

Besides the proper DO control, an optimal hydraulic condition is another prerequisite of 

a balanced PN/A process 114. It was suggested that the hydraulic loading rate (HLR) of TFs 

could affect carrier humidity and the amount of oxygen sucked into the reactor 276-278. 
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Hence, the effects of passive ventilation (top only vs. top and bottom) and HLR (0.4- 2.2 

m³ m⁻² h⁻¹) were explored. Besides, the vertical activity stratification in the TFs was 

investigated as well. 
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Table 4.1: Overview of typical operating conditions and nitrogen conversion performance in existing biofilm reactors for one-step PN/A processes and 
this study. N.A. means data are not available. 

Reactor type T Aeration COD 
Influent 

concentration 
N loading 

rate 
HRT 

N removal 
efficiency 

NO₃⁻-N production 
efficiency 

Reference 

 (°C)  
(mg 
L⁻¹) 

(mg NH₄⁺–N L⁻¹) 
(mg N L⁻¹ 

day⁻¹) 
(day) (%) (%)  

RBC 29 passive N.A. 60 850 0.08 54 7 286 

RBC 25 passive N.A. 66- 537 840 
0.08-
0.67 

51-79 13-31 183 

MABR 31 active N.A. 50-100 50-100 1 69-84 19-34 287 

MABR 20 active 7-230 31-120 74 0.3-1.2 89-97 10-26 288 

MBBR 25 active 
56-
404 

108-884 138-358 
0.78-
2.45 

44-86 8-45 289 

MBBR 25 active 210 568 500-700 1-0.67 62 7 290 

BAF 20 active N.A. 400 2622 0.04 80 13 292 

BAF 20 active N.A. 300 1467 0.04 75 12 291 

Granular 
sludge 

35 active N.A. 200 300 1 82 11 293 

Granular 
sludge 

32 active N.A. 84 2000 0.04 60 11 294 
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TF (DHS) 30 passive N.A 100 950-1680 
0.07-
0.12 

52-54 25-34 299 

TF (DHS) 30 passive N.A. 100 550 0.15 43 48 300 

TF-A 30 passive N.A. 255 514 0.1 54 13 This study 

TF-B 30 passive N.A. 260 508 0.1 60 15 This study 

TF-K 30 passive N.A. 254 460 0.1 57 19 This study 
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2. Materials and methods 

2.1 Trickling filter configuration 

   Three trickling filters (TFs) with the same dimension and configuration were built for 

this study. Each TF was constructed from polyvinyl chloride cylinders with a diameter of 

11 cm and a height of 105 cm, consisting of three separate compartments (each 35 cm in 

height) (Fig. 1). The volume of each TF was 10 L.  Each TF cap was evenly opened with 20 

small holes (0.5cm in diameter) to let the airflow draw through. A spaying apparatus was 

installed at the top of each TF to ensure that water was distributed homogeneously over 

the packed carriers. At the bottom of each TF, there was a 2 L reservoir. Water was 

recycled from the reservoir to the top of the TFs. 

   Each trickling filter (TF) was filled with a different carrier material: Argex crushed 

expanded clay aggregates (Argex, Belgium) as TF-A, polypropylene Bioball as TF-B, and 

polyethylene Kaldnes K1 as TF-K. The characteristics of the three carrier materials are 

shown in Table 4.2. 

2.2 Influent composition 

   Synthetic wastewater was used as the influent, consisting of (NH₄)₂SO₄, NaHCO₃, 

KH₂PO₄ (10 mg P L⁻¹), and 2 mL L⁻¹ trace element solution 302. The initial influent nitrogen 

concentration was approximately 100 mg NH₄⁺-N L⁻¹, with a dosage of 18 mg NaHCO₃ 

mg⁻¹ N. After day 158, their compositions increased to around 250 mg NH₄⁺-N L⁻¹ and 24 

mg NaHCO₃ mg⁻¹ N.  
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Figure 4.1: Schematic diagram of the packed-bed TF system: (a) influent tank; (b) trickling filter, 
consisted of three separate compartments (top, middle, and bottom); (c) spaying apparatus; (d) 
reservoir; (e) recirculation flow.   

Table 4.2: Characteristics of the carrier materials used in the TFs. 

Carrier material Argex (TF-A) Bioball (TF-B) Kaldnes (TF-K) 

Diameter (mm) 4-8 42 9 

Specific surface area (m² m⁻³) 500-1000 340 800 

Porosity (%) 88 78 84 

Cost (€ m⁻³, indicative) 42 1983 1590 

 

2.3 Trickling filter operation 

   A mixture of PN/A biofilm taken from a pilot-scale 185 and lab-scale RBC 186 was used as 

inoculum for all the three TFs. The TFs were operated in a temperature-controlled room 

at 30±1 °C. Influent was sprayed semi-continuously over the top of the filter (1.25 min on, 

8.75 min off), with a flow rate of 22±2 L d⁻¹. The hydraulic loading rate (HLR) was 

determined by the flow rate of continuous recirculation pumps and the sectional area of 
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the TF, expressed as ‘m³ m⁻² h⁻¹’. 

   The whole operation period was divided into nine phases (I-IX). A new phase started 

when a parameter was changed to improve the performance of the PN/A process. Every 

operational parameter change, including influent nitrogen concentration, HLR, passive 

ventilation, and pH, was simultaneously applied in these three TFs. The pH was measured 

by a portable, digital pH meter C833 (Consort, Belgium). The DO was measured by a 

portable digital oxygen meter HQ30d (Hach Lange, Germany). The DO concentration was 

indirectly controlled by adjusting the HLR, passive ventilation approaches (top only, top 

and bottom), or aeration in the reservoir. When no passive ventilation was carried out, 

the bottom of the TF was submerged in the reservoir, while the holes on the top cap were 

sealed entirely with tapes. Active aeration was only implemented in phase V via aeration 

pumps to introduce oxygen into the recirculation flow. The pH and DO in the reservoir 

were measured daily. The parallel operating conditions for all the three TFs are detailed 

in the top table of Figure 4.2.  

   The influent and effluent samples were taken periodically from the influent vessel and 

the reservoir, respectively. The samples were immediately filtered with 0.45 μm filters 

and stored at 4 °C until NH₄⁺-N, NO₂⁻-N, and NO₃⁻-N concentration analysis. 

2.4 Determination of microbial activity in each compartment  

   Microbial activity in three compartments of each TF was determined on day 259 (phase 

IX) via three rounds of batch tests. Before each round of batch tests, the recirculation 

pump of a TF was turned off. The columns were left to stand for 30 mins to drain the 

water out. The reservoir at the bottom of a TF was then filled with 2 L of tap water 

containing 100 mg NH₄⁺-N L⁻¹ and 24 mg NaHCO₃ mg⁻¹ N as a buffer to keep the pH at 

around 7.5. The recirculation pump was then turned on again with the same HLR as in 

phase IX (i.e., 1.8 m³ m⁻² h⁻¹). The first-round batch test was first carried out for the 

integrated reactor. In the second round, the bottom compartment was taken down, and 

the two upper compartments were kept for the activity test. Finally, the third-round 

batch test was performed only in the top compartment. The batch test in every round 

lasted for 180 mins and samples were taken from the reservoir every 30 mins. 
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2.5 Physicochemical water analyses and microbial activity calculations 

   NH₄⁺-N was determined according to the standard Nessler method 270. NO₂⁻-N, and 

NO₃⁻-N were determined on a 761 compact ion chromatograph equipped with a 

conductivity detector (Metrohm, Switzerland). 

   The microbial activities of the AerAOB, AnAOB, and NOB in the TFs were calculated 

based on the anammox stoichiometry (Strous et al., 1998) and mass balance of the 

nitrogen compounds (Eq. 4.1, 4.2, and 4.3) 114, 156. Heterotrophic denitrification was 

assumed to be neglectable as no COD dosage was added into the influent. The AerAOB 

activity was determined as the sum of the individual contributions of NO₂⁻-N consumed 

by the NOB, NO₂⁻-N consumed by AnAOB, and residual NO₂⁻-N production (PNO₂⁻-N). The 

AnAOB activity was determined by the TN removal (RTN, i.e., complete conversion to N₂) 

and the 11% NO₃⁻-N production by AnAOB (Reaction 4.1)). Finally, NOB activity was 

obtained from total NO₃⁻-N production (PNO₃⁻-N) subtracted by the NO₃⁻-N production by 

AnAOB.  

AerAOB activity (mg N L⁻¹ d⁻¹) = (PNO₂⁻-N ) + (PNO₃⁻-N − 
0.11

0.89
∗ RTN)+(

1.32

2.32
 ∗ (RTN + 

0.11

0.89
 ∗ RTN)) 

                                                                                                                                                      (4.1) 

AnAOB activity (mg N L⁻¹ d⁻¹) =RTN + 
0.11

0.89
 ∗ RTN                                                                      (4.2) 

 NOB activity (mg N L⁻¹ d⁻¹) = PNO₃⁻-N − 
0.11

0.89
∗ RTN                                                                     (4.3) 

3. Results and discussion 

   The performances of TF-A, TF-B, and TF-K were divided into nine phases (I to IX, Figure 

4.2 and 4.3) based on the changes of operation parameters. The observed DO levels in 

each reservoir are shown in the top tables of Figure 4.2 and 4.3. Since the overall trend 

of performance in TF-B and TF-K reactor was similar to TF-A, the results of TF-A were 

highlighted. More details about the TF-B and TF-K can be found in SI Figure S4.1 and S4.2.  

3.1 Startup periods: nitrate accumulation 

   Phase I and II are considered startup periods when ventilation was allowed only from 
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the top of TFs. The bulk solution was recirculated continuously with a hydraulic loading 

rate (HLR) of 0.8 m³ m⁻² h⁻¹ in phase I. The NH₄⁺-N removal efficiencies were around 54% 

in all the three TFs (Figure 4.2b0, while the TN removal efficiency was much lower (17±4%, 

19±2%, and 12±6%), mainly due to the high NO₃⁻-N production (relative to the removed 

NH₄⁺-N corrected for the NO₂⁻-N accumulation) of 71±6%, 54±3%, and 64±15% in TF-A, 

TF-B, and TF-K, respectively. The NO₃⁻-N production was significantly above the optimal 

level of 11% for the PN/A process 156, which could be attributed to NOB activity. The NO₂⁻-

N accumulation of around 60% (relative to the removed NH₄⁺-N) was initially observed in 

all the three TFs, indicating that NOB and AnAOB were both limited initially. Over time, 

NO₂⁻-N accumulation gradually decreased in phase I, and NOB won the competition for 

NO₂⁻-N over anammox due to the relatively high DO (0.6-1.1 mg L⁻¹, top tables of Figure 

4.2 and 4.3). 

   In phase II, under a lower HLR of 0.4 m³ m⁻² h⁻¹, the NO₃⁻-N production efficiency 

decreased to 30±2%, 44±2%, and 40±2%in TF-A, TF-B, and TF-K, respectively. Combined 

with the further increase of NH₄⁺-N removal and decrease of NO₂⁻-N accumulation, the 

TN removal efficiency increased to 51±3%, 31±2%, and 31±2% for TF-A, TF-B, and TF-K, 

respectively. By the end of phase II, the TN removal rates stabilized at 132±12, 75±5, and 

64±7 mg N L⁻¹ d⁻¹ in TF-A, TF-B, and TF-K, respectively.  

   The improved TN removal performance from phase I to II was related to the activity 

shift of functional bacteria (i.e., AerAOB, AnAOB, and NOB, Figure 4.2d), likely due to the 

decreased DO concentration in the reactors via reducing the HLR. Presumably, decreasing 

the HLR could induce less oxygen sucked into the reactor 277, 278. AerAOB have a higher 

oxygen affinity than NOB, with the half-saturation constant Ks of 0.6 and 2.2 mg O₂ L⁻¹, 

respectively 303. Thus, at low DO concentrations (< 1 mg O₂ L⁻¹), the oxygen would 

preferentially go to AerAOB, limiting the NOB activity. Another possible explanation could 

be the increased biofilm thickness over time, which created more anoxic zones that 

promoted the AnAOB activity 193, 304. Consequently, less NO₂⁻-N was available for NOB. 

Nevertheless, controlling the DO level in TFs was difficult as it was not directly measured. 

Only the DO in the reservoir was measured, which was a combined result of the oxygen 
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dissolved into the reservoir, ventilated into the TF, and consumed by AerAOB and NOB.  

 

Figure 4.2: Performance overview of TF-A in phase I-IX (day 0-300): (a) effluent concentration and 
FA level, (b) nitrogen conversion efficiency, (c) volumetric loading and conversion rate, and (d) 
relative activity of AerAOB, AnAOB, and NOB. The main variables per phase are shown on the top. 
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Figure 4.3: Performance overview of (a) TF-B and (b) TF-K in phase I-IX (day 0-300), including TN 
removal efficiency, NO₃⁻-N production efficiency, and TN removal rate. 

3.2 Effect of the top passive ventilation and TN loading rate 

   The top ventilation was stopped in phase III to further decrease the NO₃⁻-N production 

via reducing the DO in TFs. The NO₃⁻-N production significantly decreased to 12±4%, 

25±5%, and 25±1% in TF-A, TF-B, and TF-K, respectively (Figure 4.2b and 4.3). No NO₂⁻-N 

accumulation was observed in any TF. However, stopping the top ventilation caused the 

decrease of NH₄⁺-N removal efficiency to around 24% in all the TFs, probably attributed 

to the insufficient oxygen for AerAOB. The sharply steep drop of NH₄⁺-N removal 

efficiency offset the decrease of NO₃⁻-N production, causing the TN removal efficiency to 

drop to around 20% in all TFs (Figure 4.2b and Figure 4.3). 

In phase IV, the HLR was recovered to 0.8 m³ m⁻² h⁻¹ again, aiming to raise the DO and, 

consequently, the NH₄⁺-N oxidation in TFs. However, only increasing HLR failed to achieve 

these goals (e.g., Figure 4.2). Since the TFs were completely closed, no air could be sucked 

in, and the only DO source was the oxygen dissolved into the reservoir. Therefore, in 

phase V, aeration pumps were installed in the reservoir to actively introduce more DO 

into the recirculation stream. The active aeration successfully promoted the NH₄⁺-N 
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oxidation in all the TFs, particularly in TF-A (from 11±2% to 50±7%), indicating low oxygen 

concentration was the limiting factor.  

In phase VI, the top passive ventilation replaced the active aeration in the reservoir. 

Meanwhile, the influent concentration was increased to about 250 mg NH₄⁺-N L⁻¹. These 

two actions increased the NH₄⁺-N removal efficiency to around 60% in all the TFs. 

Compared with phase I at the same HLR, phase VI got similar NH₄⁺-N conversion efficiency 

but lower NO₃⁻-N production efficiency of around 32% (Figure 4.2b and 4.3). As a result, 

the TN removal efficiency increased to approximately 42% in TFs. Furthermore, due to 

the influent loading rate, the TN removal rate increased to about 184 mg N L⁻¹ d⁻¹ 

compared to 40 mg N L⁻¹ d⁻¹ in phase I for all the TFs (Figure 4.2c and Figure 4.3). 

   The highest NO₃⁻-N production observed during the startup periods indicated the most 

potent NOB activity. When the top passive ventilation was stopped, NO₃⁻-N production 

and NH₄⁺-N removal drastically dropped as limited amount of DO was introduced into 

TFs. Meanwhile, an increase in pH from around 7.0 to 7.5 was observed due to fewer 

protons (H⁺) production. With the rise of residual NH₄⁺-N and pH, the FA level in all the 

TFs increased from around 0.3 mg NH₃-N L⁻¹ to above 1.3 mg NH₃-N L⁻¹ in phase III and IV 

(e.g., Figure 4.2a). Since NOB are sensitive to FA 114, FA inhibition could be another reason 

for the almost vanished NOB activity in phase III and IV (e.g., Figure 4.2d). Nevertheless, 

passive ventilation was necessary to get enough oxygen into the reactors for partial 

nitritation.  

   Compared to the performance of period I, the increase of TN removal efficiency and 

the decrease of NO₃⁻-N production efficiency in phase VI indicated that AnAOB activity 

increased at the expense of NOB activity. Additionally, the higher loading rate promoted 

the NH₄⁺-N removal rate and intensified the DO consumption in TFs, as evidenced by the 

decreased DO concentration in the reservoirs (to around 0.3 mg L⁻¹). Consequently, 

AerAOB may have a competitive advantage for oxygen over NOB 305, and thus the NOB 

activity decreased. 
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3.3 Effect of hydraulic loading rate 

   In phases VII and VIII, the impact of HLR was investigated under the top passive 

ventilation condition. The HLR was increased to 1.8 m³ m⁻² h⁻¹ and 2.2 m³ m⁻² h⁻¹ in 

phases VII and VIII, respectively. In phase VII, NH₄⁺-N conversion was improved further, 

while the NO₃⁻-N production kept decreasing, especially in TF-A, with 64±8% and 13±1%, 

respectively. As a result, the TN removal efficiency increased to 52±7%, 59±4%, and 

55±3%, and the TN removal rate reached 269±34, 300±23 and 251±19 N L⁻¹ d⁻¹, in TF-A, 

TF-B, and TF-K, respectively (Figure 4.2c and 4.3). In phase VIII, after increasing the HLR 

to 2.2 m³ m⁻² h⁻¹, no further improvements of the NH₄⁺-N conversion and TN removal 

were observed. Since the higher HLR means more electrical energy consumption by 

recirculation pumps, the best HLR was considered 1.8 m³ m⁻² h⁻¹. 

   It was suggested the typical HLR in TFs to keep the carrier material moist is between 1 

to 3 m³ m⁻² h⁻¹ 276. The best HLR found in this study, i.e., 1.8 m³ m⁻² h⁻¹, was within this 

recommended range. Thus, the higher TN removal efficiency at 1.8 m³ m⁻² h⁻¹ could be 

partly because the carriers were more completely wetted, while a lower HLR could not 

make the bulk solution reach the carrier, resulting in some dry zones and substrate 

diffusion limitations. Besides, the relatively high FA level in phase VII, especially in TF-A 

(3.2±0.7 mg N L⁻¹, Figure 4.2a), could be another reason for the decreased NOB activity 

and improved PN/A performance.  

3.4 Effect of top and bottom ventilation 

   In phase IX, the bottom of the TFs emerged from the water of reservoirs; hence, the 

passive ventilation was carried out via the top and bottom of TFs. Compared to phase VII 

(same HLR but only via top ventilation), the TN removal efficiency and rate were roughly 

stable for all the three TFs in phase IX. 

   Allowing passive ventilation from the bottom resulted in the reservoir DO increase to 

1.0 mg O₂ L⁻¹ in TF-B and TF-K, probably related to the porosity of carrier materials (Table 

4.2). The high porosity of Argex in TF-A probably allowed more oxygen to reach the 

bottom compartment with only the top ventilation. Consequently, after further allowing 

the bottom ventilation, less oxygen was sucked in in TF-A than in the other two TFs. This 
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hypothesis was consistent with the relatively constant NH₄⁺-N and NO₃⁻-N conversion 

performance in TF-A (Figure 4.2) before and after allowing ventilation from the bottom. 

The FA level was relatively constant (2.3±0.7 mg N L⁻¹) in TF-B but decreased to 0.7±0.3 

mg N L⁻¹ in TF-K from phase VII to IX (SI Figure S4.2). Compared to the lower NO₃⁻-N 

production efficiency in TF-B, the rise of NO₃⁻-N production efficiency in TF-K could be 

related to the decreased FA level. Nevertheless, the TN removal performance was 

comparable to that in phase VII for all the three TFs, without regard to the increased 

NO₃⁻-N production in TF-K (Figure 4.2 and 4.3)). Therefore, it could be concluded that 

passive ventilation via the top and bottom of TFs could not facilitate TN removal and was 

unnecessary. 

3.5 Vertical activity stratification in trickling filters 

   The TFs used in this study consisted of three vertical compartments (top, middle, and 

bottom). Batch tests were carried out on day 259 to quantify the microbial activity of 

AerAOB, AnAOB, and NOB in each compartment (Eq. 4.1, 4.2, and 4.3, section 2.5).  

   In TF-A, the AerAOB activity increased from the top of 290 mg N L⁻¹ d⁻¹ to the bottom 

compartment of 461 mg N L⁻¹ d⁻¹ (Figure 4.4). The AnAOB activity was highest in the top 

compartment and accounted for about 65% of total AnAOB activity. The NOB activity 

decreased from bottom to top, with 46% activity in the bottom compartment. In TF-B, 

the AerAOB and AnAOB activities were highest in the top compartment with 291 and 403 

mg N L⁻¹ d⁻¹, respectively. The AnAOB activity in the bottom compartment was almost 

zero. The NOB activity was low and approximately equal in all compartments with 45±9 

mg N L⁻¹ d⁻¹. Similarly to TF-A, the highest AerAOB and AnAOB activities were in the top 

compartment of TF-K, while the highest NOB activity was in the bottom, accounted for 

46%. 
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Figure 4.4: The microbial activities of AerAOB, AnAOB, and NOB in each compartment of the TFs 
on day 259, phase IX. 

   In TF-A, the increasing AerAOB activity from top to bottom could be the combined 

effects of the DO and AnAOB availability. Presumably, the high porosity had resulted in 

relatively homogeneous ventilation in TF-A, but allowing the bottom ventilation further 

intensified the DO level in the bottom compartment, favored the prosperity of AerAOB. 

Besides, the lower AnAOB activity in the middle and bottom compartments resulted in 

less competition over AerAOB for NH₄⁺-N. The lower AnAOB activity in the bottom 

compartment of TF-A resulted in less competition with NOB for NO₂⁻-N, and thus the 

proliferation of NOB activity (around 50%) (Figure 4.4). In TF-B, it was striking that the 

microbial activities in the bottom compartment were much lower than in the other TFs 

(Figure 4.4). It was likely due to the washout of biomass from the bottom compartment. 

The low specific surface area of TF-B (Table 4.2) was suggested to grow ticker biofilms 306, 

which are much less stable and easier to be removed by the water flow 307. In TF-K, the 

AerAOB and NOB activity decreased in the middle compartment but increased again in 

the bottom compartment (Figure 4.4). The increased AerAOB and NOB activity in the 

bottom compartment might benefit from the bottom ventilation, which increased the 

oxygen concentration there. 
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3.6 Carrier materials and electrical energy consumption 

   Since oxygen is a crucial parameter for the microbial balance between AerAOB, AnAOB, 

and NOB, the thickness of biofilm and thus the oxygen penetration depth are crucial 308, 

309. The thickness of the biofilm is partly determined by the structure and shape of the 

carrier material. The lower the specific surface area, the less biomass can be exposed to 

oxygen per reactor volume. In the compartment activity tests, the total AerAOB activity 

in TF increased following TF-B < TF-A < TF-K. The lowest AerAOB activity in TF-B could be 

related to the lowest specific surface area of Bioballs (340 m² m⁻³, Table 4.2). 

   From another perspective, owing to the smaller specific surface of TF-B, the chance was 

greater to form thicker biofilms and thus more anoxic zones for AnAOB. In contrast to 

the Bioballs in TF-B, the Kaldnes K1 in TF-K, with a higher specific surface area of 800 m² 

m⁻³, showed a higher NOB activity. Nevertheless, the available specific surface area and 

tiny pores of Argex in TF-A could still provide sufficient anoxic zones to guarantee AnAOB 

activity. Therefore, it is concluded that a larger specific surface area is not necessarily 

preferable for higher PN/A performance. 

   For all the three TFs, the highest TN removal efficiency of 60% and TN removal rate of 

300 mg N L⁻¹ d⁻¹ were achieved in phase VII, with the top ventilation and the best HLR 

(1.8 m³ m⁻² h⁻¹) (Figure 4.2 and 4.3). Notably, a relatively low NO₃⁻-N production of 13% 

was achieved for the first time for PN/A in TF-A. The TN removal rate was moderate 

among those (35 to 2130 mg N L⁻¹ d⁻¹) obtained in other PN/A biofilm reactors according 

to their TN loading rate and removal efficiency (Table 4.1). Compared to those two PN/A 

studies in DHS-TFs, the higher TN removal efficiency and lower NO₃⁻-N production 

efficiency were achieved in this study. Although the difference in TN removal 

performance by the three carrier materials in this study was negligible, the lowest price 

makes Argex economically attractive among these three carrier materials to achieve 

PN/A in a TF (Table 4.2). 

   In the designed TFs, oxygen is passively introduced into the reactor. Instead of the 

energy-consuming active aeration, the recirculation pump becomes the energy-

consuming item. To calculate its electrical energy consumption, several parameters were 
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assumed, including a daily nitrogen production per inhabitant equivalent of 1.5 g N d⁻¹ 

310, reactor height of 105 cm, pump depth in the reservoir of 20 cm, a pipe head loss of 

0.33 m m⁻¹ pipe and a high pump efficiency of 80% 282. The estimated electricity 

consumption was 0.78 kWh kg⁻¹ N removal under the operation scenario of phase VII, 

which was 1.95-fold of an RBC (0.4 kWh kg⁻¹ N) 311, but 35% more energy-efficient than 

an SBR (1.2 kWh kg⁻¹ N) 312.  

   To realize a more economical PN/A process in TFs, further improving the TN removal 

efficiency is necessary. The NH₄⁺-N conversion efficiency was below 90% in most cases 

and around 70% in phase VII, indicating the overloading in TFs. Hence, a proper decrease 

in the TN loading rate may help the improvement of TN removal efficiency. Additionally, 

since most TN removal capacity was distributed in the top two compartments, reducing 

the height of TF may further increase the TN removal efficiency and cut the capital 

expenditure, which requires further demonstration in the future.   

4. Conclusions  

   This study demonstrated the feasibility of packed-bed TFs for one-stage PN/A. The tests 

on ventilation approaches showed that the top passive ventilation was sufficient to 

supply oxygen for PN/A. For all the three TFs, more than 56% of the AnAOB activity was 

found in the top compartment. Under the optimal HLR of 1.8 m³ m⁻² h⁻¹, a TN removal 

efficiency of 60% and a rate of 300 mg N L⁻¹ d⁻¹ were achieved. A relatively ideal NO₃⁻-N 

production (13%) was performed in the TF-PN/A process. Moreover, the cheap carrier 

based on expanded clay was recommended due to the similar TN removal rates as 

commercially used plastic carrier materials. The estimated electricity consumption of 

PN/A in TFs was 35% lower than an actively aerating reactor, making it a potentially 

economical alternative for nitrogen removal.
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5. Supplementary information 

 

Figure S4.1: Performance overview of TF-B in phase I-IX (day 0-300): (a) effluent concentration 
and FA level, (b) NH₄⁺-N conversion efficiency, NO₂⁻-N accumulation efficiency, TN volumetric 
loading rate, and NO₃⁻-N production rate, and (d) relative activity of AerAOB, AnAOB, and NOB. 
The main variables per phase are shown at the top. 
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Figure S4.2: Performance overview of TF-K in phase I-IX (day 0-300): (a) effluent concentration 
and FA level, (b) NH₄⁺-N conversion efficiency, NO₂⁻-N accumulation efficiency, TN volumetric 
loading rate, and NO₃⁻-N production rate, and (d) relative activity of AerAOB, AnAOB, and NOB. 
The main variables per phase are shown at the top.
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Abstract  

   Energy-positive sewage treatments, such as mainstream partial nitritation/anammox, 

are often confronted with effluent issues of accumulated nitrate (NO₃⁻) and residual 

ammonium. This study proposed a novel polishing strategy by coupling sulfur-driven 

denitratation with anammox. To simulate the effluent quality of the mainstream PN/A, 

low-strength synthetic wastewater was applied in two sulfur-packed bed reactors. To 

explore the feasibility of sufficient and stable nitrite (NO₂⁻) accumulation in the long term, 

the effects of pH setpoints, residual nitrate level, and biomass-specific nitrate loading 

rate (BSNLR) were investigated. Alternating the pH setpoints between 7.0 and 8.5 could 

temporarily stimulate nitrite accumulation. Both the residual nitrate level and the BSNLR 

showed highly positive correlations with the nitrite accumulation efficiency. Under the 

control of pH 8.5, 1.0±0.8 mg NO₃⁻-N L⁻¹ and 150±42 mg NO₃⁻-N g⁻¹ VSS d⁻¹, sulfur-driven 

denitratation could produce 6.4±1.0 mg NO₂⁻-N L⁻¹ over 30 days. Thiobacillus members 

may play a crucial role in managing the NO₂⁻-N accumulation, but their abundance 

reduction and possible adaptation significantly impaired the efficacy of control strategies 

in the long run. Probably, additional control tools need to be investigated for longer-

lasting nitrite accumulation.
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1. Introduction   

   Partial nitritation/anammox (PN/A) is considered a resource- and cost-effective 

technology for autotrophic nitrogen removal from wastewater 114. However, mainstream 

PN/A processes have faced effluent issues containing nitrate above 10 mg N L⁻¹. Several 

inherent features of the mainstream, e.g., low ammonium (NH4
+) levels, low 

temperatures, and fluctuant loading rate, make the out-selection of nitrite-oxidizing 

bacteria (NOB) quite challenging 170-172. Besides, to provide kinetic superiority for aerobic 

and anoxic ammonium-oxidizing bacteria over NOB, some residual NH4
+ (e.g., around 

5mg N L⁻¹) is required in the mainstream PN/A system 313. Therefore, to meet a stringent 

discharge limit of total nitrogen concentrations (<10 mg N L⁻¹) 314, an additional polishing 

step is essential to remove both NH4
+ and NO₃⁻  in mainstream PN/A effluent. Recently, 

an innovative denitratation /anammox (DN/A) technology has been proposed, where the 

nitrite (NO2
-) anoxically reduced from NO₃⁻ would be removed together with NH4

+ via 

anammox. Depending on the electron donor sources for denitratation, the technology 

can be classified as heterotrophic (i.e., COD-driven) 315-317 and autotrophic DN/A 

processes 146, 148, 318. Sufficient and stable NO₂⁻ accumulation via DN process is the crucial 

prerequisite for desirable polishing performance, as anammox process could be readily 

steered as long as NO₂⁻  is available 137, 319.   

  Heterotrophic DN has been explored with various carbon sources such as acetate, 

ethanol, and methanol 136, 137, 320. Although these electron donors could successfully 

realize DN performance, they are costly to apply to the effluent polishing scenario. 

Besides the cost of external carbon, their sludge yields (0.4-0.9 g cell g⁻¹ NO₃⁻-N ) are 

higher than autotrophic DN (0.4-0.5 g cell g⁻¹ NO₃⁻-N) 109, 130. Thus, autotrophic DN should 

be advocated as a more promising alternative.  

   Elemental sulfur (S⁰) could be an appealing electron donor for DN. It is more sustainable 

and cheaper than those carbon sources and can even serve as a biomass carrier 120, 321. 

Since S⁰ is poorly soluble in water, three possible mechanisms of electron donor 

production for  NO₃⁻  reduction were proposed: (i) some sulfur-oxidizing bacteria (SOB) 

with membrane-bound enzymes can obtain electrons via direct contact with the S⁰ 
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surface 322, 323; (ii) some SOB producing extracellular enzymes can convert S⁰ into soluble 

polysulfides (Sn²⁻), which can then diffuse into the biofilm as electron donors 150, 324; (iii) 

the produced Sn²⁻ could be further converted to biologically produced S⁰, which can be 

used as electron donors as well 146. 

   In the autotrophic denitrification process, few studies investigated the effects of pH 

setpoints on the nitrite accumulation efficiency (NAE), representing the ratio of 

accumulated NO2⁻-N to reduced NO₃--N. Chen et al. (2018) proposed that the optimum 

pH values for NO₃⁻ and NO₂⁻ reduction were 8.5 and 7.0 in the sulfur autotrophic 

denitrification process, as the nitrate reductase activity could outcompete that of nitrite 

reductase for electrons at alkaline condition 145. They found the effective NO2
--N 

accumulation (NAE > 80%) by setting pH at 8.5 in the short term (45 days). However, the 

long-term effects of pH control strategy on NAE and the associated microbial community 

structure have not yet been reported.  

   The kinetics of S⁰ based reduction of NO₃⁻ and NO₂⁻ has been investigated in several 

studies. It was found that the maximum specific substrate utilization rate of nitrate is 

around 1.8 times higher than that of nitrite 150. Thus, when NO₃⁻ is reduced in the S⁰ 

attached biofilm, NO2
- may accumulate and diffuse to the bulk liquid. It was found that 

bulk nitrate level could affect the extent of nitrite accumulation; namely, nitrite would 

be reduced once nitrate has been significantly or entirely converted 150, 151, 325, 326. 

Therefore, using the residual nitrate control to realize the sulfur-driven denitratation 

(SDN) would be possible. 

   Wang et al. (2016) proposed a substrate counter-diffusion model in the sulfur 

denitrifying process 151. The soluble sulfur species diffuse from the S⁰ surface into the 

attached biofilm, while NO₃⁻ diffuses from the bulk liquid into the biofilm. As the nitrate 

reductase has a greater affinity for reduced electron carriers (e.g., NADH) than the nitrite 

reductase 327, the diffusion extent of nitrate and reduced electron carriers in biofilm may 

influence nitrite accumulation. However, it is rarely feasible to maintain the desired 

thickness because of biofilm growth, detachment, and predation over time 150. The 

specific nitrate loading rate based on biomass could be a more accessible alternative to 
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manipulate the substrate counter-diffusion, consequently to the nitrite accumulation. 

   According to our knowledge, there is no study looking into the feasibility of SDN for 

stable nitrite accumulation in long-term operation. The long-term feasibility of pH 

setpoints (7.0 and 8.5), residual nitrate level (0 to 15 mg N L⁻¹), and biomass-specific 

nitrate loading rate (BSNLR, 113 to 507 mg N g⁻¹ VSS L⁻¹) were comprehensively 

investigated to realize stable SDN for the downstream anammox process. The 

correlations between the control strategies (residual nitrate level and BSNLR) and NAE 

were analyzed. In addition, the evolution of microbial community composition in the 

biofilm was studied.  

2. Material and methods  

2.1 Reactor setup 

   Two packed bed reactors (R-1 and R-2) were set up independently as duplicates in this 

study. Each reactor had a total volume of 1 L (inner diameter 6.4 cm and height 23.3 cm) 

but a bed volume of 0.8 L (including void volume), packed with pure S⁰ particles of 3-4 

mm diameter. The reactors were operated in up-flow mode. During the long-term 

operation, the continuous influent flowrates were 43 and 86 L d⁻¹, using peristaltic pumps 

(Seko Peristaltic Pumps, PR7). The flow rate of 86 L d⁻¹ was only imposed for short periods: 

day 0-44 and 75-101 in R-1, and day 109-124 and 165-177 in R-2. Thus, two HRT settings 

(i.e., 6 and 12 min) were used in this research, based on the S⁰ void volume and free 

reactor volume (tubing volume and upper space of S° bed). In addition, a recirculation 

rate of 1382 L d⁻¹ was imposed to give entirely mixed conditions with a recirculation ratio 

(i.e., the ratio of recirculation flow to influent flow) of 16 and 32 via peristaltic pumps 

(Etatron BH3-V Peristaltic Pump).  

2.2 Chemicals and influent 

   The synthetic influent contained 5.6±0.7 mg NH4
+-N L⁻¹ and 13.8±1.4 mg NO₃⁻-N L⁻¹ to 

mimic the poor-quality effluent of the mainstream PN/A process. During the operation 

of the second reactor (R-2), the concentration of nitrate once increased to 17.7±0.1 mg 

NO₃⁻-N L⁻¹ (day 81-88) and 22.4±1.0 mg NO₃⁻-N L⁻¹ (day 89-94). Bicarbonate (130 mg 

HCO3
- L⁻¹), phosphate (1 mg P L⁻¹), and 0.1 mL L⁻¹ of trace element solutions A and B 328 
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were added into influent to mimic the general secondary effluent and avoid the limitation 

of microbial growth. To simulate the anoxic condition of PN/A effluent, the influent tanks 

in this study were sealed, and the influent was maintained anoxic by regularly sparging 

with nitrogen gas (N2). 

2.3 Reactor operation 

   The reactors were inoculated with 1g VSS L⁻¹ activated sludge from a municipal 

wastewater treatment plant (Aquafin Antwerpen-Zuid, Belgium). The reactors were 

operated in a temperature-controlled room at 21±1 °C and continuously fed with anoxic 

influent (except day 0-45 of R-1 without dissolved oxygen control). Thus, the reactors 

could maintain the anoxic condition and suppress the consumption of NH4
+-N via aerobic 

ammonium-oxidizing bacteria (AerAOB).   

   Sodium hydroxide was added into the influent to indirectly maintain the reactor pH at 

7.0±0.2 or 8.5±0.1 in different operating phases. The pH in the reactors was periodically 

monitored with a Hanna Edge pH meter (HI2002-02) equipped with a Hanna pH electrode 

(HI-12301).  

   To explore the parameter of BSNLR (representing the ratio of the volumetric nitrate 

loading rate and biomass concentration in the reactor) and residual nitrate level on SDN 

performance, nitrate concentrations (13.8-22.4 mg NO₃⁻-N L⁻¹), and flow rate of influent 

(43 and 86 L d⁻¹) were adjusted as mentioned in 2.1 and 2.2. 

   Biomass control was implemented via washing off the biofilm attached to S⁰ particles 

using N₂ purged influent. To suppress toxic sulfide formation, the waste biomass was 

preserved at 4°C and supplied with nitrate (100 mg N L⁻¹) 114. Biomass renewal was 

performed on two occasions for the R-1 by replacing 33% of reactor biomass with an 

equal amount of stock biomass from biomass wasting, as indicated in Figure 5.1a.  

2.4 Analytical methods 

   To monitor the system performance, influent and effluent samples were collected 

periodically, filtered using 0.2 µm filters (CHROMAFIL Xtra PVDF), and stored at 4°C until 

analysis. NH4
+-N, NO2

−-N, and NO3
−-N were measured with the San++ Automated Wet 
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Chemistry Analyzer. Biomass in the reactor was sampled periodically from the mixed-well 

S⁰ bed material via taking 5ml biofilm-growing S° and collecting the biomass based on the 

aforementioned biomass-control process. Biomass level in reactor was measured based 

on volatile suspended solids (VSS) using standard methods 329. 

   When appropriate, Spearman's correlation was analyzed (IBM® SPSS® Statistics 26) to 

explore the correlation of control parameters (BSNLR and residual nitrate level) with NAE 

(i.e., the concentration ratio of nitrite accumulation and nitrate removal). Statistical 

significance was defined as a p-value of less than 0.05. 

2.5 Microbiome Analysis 

   To assess the evolution of microbial community composition, biomass samples were 

collected from each reactor for microbiome analysis during the operation period. 

Samples were stored at −20 °C before DNA extraction. According to the manufacturer's 

instructions, DNA was extracted using a PowerFecal® DNA isolation kit (QIAGEN, 

Germany). The DNA extracts were sent to Novogene (UK) Co., Ltd for microbial amplicon-

based metagenomics sequencing (Illumina Novaseq6000 PE250, Q30≥75%). 16S rRNA 

genes of 16S V3 were amplified used specific primers 338F (5'- ACT CCT ACG GGA GGC 

AGC AG -3') and 518R (5'- ATT ACC GCG GCT GCT GG -3').  All PCR reactions were carried 

out with Phusion® High-Fidelity PCR Master Mix (New England Biolabs). For each 

representative sequence, Mothur software was performed against the SSUrRNA 

database of SILVA Database (see details http://www.arb-silva.de/) for species annotation 

216. In addition, the alpha diversity (Shannon's) and beta diversity (Bray-Curtis 

dissimilarity) were analyzed in every sample and between different samples to 

characterize the variation in the microbial community, respectively. 

3. Results and discussion   

   The SDN process was carried out in two sulfur-packed bed reactors independently. The 

overviews of reactor performance in R-1 and R-2 are shown in Figure 5.1 and 5.2, 

respectively. The NAE is always below 1, indicating that the complete sulfur-driven 

denitrification (i.e., NO₃⁻-N → N₂) existed during the whole experiment. Due to the anoxic 

condition in the reactors (except day 0-45 of R-1), NH₄⁺-N loss was negligible (2±2%, in SI 

http://www.arb-silva.de/
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Figure S5.1). 

 

Figure 5.1: Overview of the reactor performance of R-1 from day 0 to day 290. Phases I to VII on 
top are divided based on different pH setpoints in the reactor. The green shadings in phases II, IV, 
and VI mean pH control at around 8.5. "↑" means the implementation of the biomass wasting 
process, "↓" means the biomass renewal. 
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Figure 5.2: Overview of the reactor performance of R-2 from day 0 to day 177. Phases I to VII on 
top are divided based on different pH setpoints in the reactor. The green shadings in phases II, IV, 
and VI mean pH control at around 8.5. The black shading in phase VIII represents a technical issue. 

3.1 Effects of the pH control strategy 

   The pH control strategy was implemented in both reactors via switching two pH 

setpoints (7.0 and 8.5) over the whole operation period. Both R-1 and R-2 were started 

running at pH 7.0. After the nitrogen conversion performance stabilized under anoxic 

conditions, reactor pH was switched to 8.5 for the first time. 
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   In R-1, after the switchover to 8.5, the nitrite accumulation appeared immediately and 

momentarily reached 6.0± 0.9 mg N L⁻¹ with NAE of 91± 2% as shown in phase II of Figure 

5.1a and 5.1b. The subsequent decrease of nitrate removal efficiency and nitrite 

concentration was suspected due to substrate-diffusion limitation. Some black biomass 

was observed in the reactor, probably due to an excessive amount of biomass clogging 

or diffusion limitation and subsequent anaerobic biomass decay 330. A biomass control 

process was implemented on day 97 to avoid the risk of fouling and short-circuiting. After 

the biomass wasting, the biomass level decreased from 6.5 to 2.3 g VSS L⁻¹, and the 

nitrate removal efficiency and nitrite concentration successively recovered. With the 

increase of nitrite accumulation concentration and efficiency, the nitrite accumulation 

rate could maintain at 262±63 mg N L⁻¹ d⁻¹ from day 107 to day 156. Subsequently, the 

performance of nitrite accumulation deteriorated with its concentration dropping from 

6.2 mg N L⁻¹ on day 153 to only 1.2 mg N L⁻¹ on day 173 (Figure 5.1b). The biomass renewal 

was implemented twice (i.e., on day 174 and 198). After the first biomass renewal, the 

performance of nitrite accumulation visibly improved. Interestingly, when around 33% of 

biomass was taken out on day 189, the performance of nitrite accumulation got impaired 

immediately. It indicated the reactor biomass before renewal either got community 

shifted or adapted to pH 8.5. In the following phases III, V, and VII, operation at pH 7.0 

instead of 8.5 could successfully stimulate the nitrite accumulation. However, switching 

from pH 7.0 to 8.5 could not further promote the nitrite accumulation but interrupt its 

accumulation in phases IV and VI. 

   Like R-1, switching to pH 8.5 successfully stimulated the nitrite accumulation in phase 

II of R-2 (Figure 5.2). The nitrite concentration gradually increased to 6.8 mg N L⁻¹, then 

decreased. In phase III, switching the pH back to 7.0 could immediately revive the nitrite 

accumulation and make it stable at 6.4±0.4 mg N L⁻¹. The ratio of accumulated NO₂⁻-N 

and NH₄⁺-N in reactor effluent was close to the ideal NO₂⁻-N/NH₄⁺-N ratio of 1.3 for the 

anammox process 114. However, this ideal SDN performance was unstable. In phase IV, 

the performance of nitrite accumulation could quickly recover from the shock of pH 8.5 

on day 32 and maintain at 6.4±1.0 mg N L⁻¹ with a relatively stable NAE of 54±9% over 30 
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days. However, the slightly declining trend in phase IV was accelerated by switching to 

pH 7.0 in phase V, but changing back to pH 8.5 in phase VI effectively reversed the 

decreasing trend.  

   It was proposed that nitrite could accumulate at high pH (e.g., 8.5 in this study) because 

nitrate reductase activity could outcompete that of nitrite reductase for electrons 145, 331. 

Meijer et al. (1979) suggested that the protons (H⁺) required for nitrate reduction come 

from inside the cytoplasmic membrane, whereas nitrite reductase receives the H⁺ from 

outside of the cytoplasmic membrane 332. At pH 8.5, H⁺ could be relatively scarce outside 

the cytoplasmic membrane, inhibiting nitrite reduction but not nitrate reduction 333. This 

theory supports the results in phase II of R-1 and phase II, IV, VI of R-2 but is not applicable 

for phase IV and VI of R-1. Nevertheless, nitrate reduction was still affected by pH 8.5, 

especially at the beginning of each pH-8.5 period in both reactors, resulting in a transient 

decrease of nitrate conversion efficiency. In this study, it seemed that the nitrate 

reductase could quickly adapt to the alkaline circumstance, whereas nitrite reductase 

was slower to get acclimated. In the long term, once the nitrite reductase got adapted, 

the performance of nitrite accumulation would start vanishing, which might explain the 

weaker effect of pH 8.5 on the nitrite accumulation in the later phase II of R-1 (day 156- 

173) and phase IV of R2. When the effect of pH 8.5 got weaker with NAE less than 15% in 

R-1 and the phase II of R-2, switching to pH 7.0 successfully stimulated the NAE. It is 

assumed the alkaline pH may inhibit both the nitrate and nitrite reductase activity, once 

recovering to neutral pH, the inhibition on these reductases could be relieved, but the 

relieving speed of nitrate reductase is faster than nitrite reductase. Yet, the conjectural 

microbial conversion mechanisms of pH alternation from 8.5 to 7.0 require to be 

confirmed in future study.  

    The effects of pH alternation on SDN also depended on the performance of nitrite 

accumulation itself. When the performance of nitrite accumulation deteriorated, the pH 

alternation could stimulate its accumulation; if the ongoing accumulation performance 

was still adequate, the pH alternation would interrupt it (phase IV and VI of R-1 and phase 

V of R-2). The SDN interruption in phase IV and VI of R-1 was probably attributed to 
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microbial community adaptation to the alkaline pH during phase II, which consequently 

cannot be stimulated to get nitrite accumulation by neutral pH. However, the reason for 

SDN interruption in phase V of R-2 was unclear yet.  

   To obtain stable nitrite accumulation at around 6.5 mg N L⁻¹ for subsequent anammox 

process, alternation of pH setpoints should be considered once the decreasing trend of 

NAE occurs. In this study, alternating pH setpoints between 7.0 and 8.5 could temporarily 

stimulate the nitrite accumulation, but this ongoing performance could be interrupted 

by the pH switching as well. The mechanism of pH alternation on behaviors of nitrite 

accumulation requires further investigation and demonstration in future studies. 

3.2 Effects of residual nitrate level control 

   The residual nitrate concentration in the reactors was controlled via the volumetric 

nitrate loading rate, as shown in Figure 5.1c and Figure 5.2c. The dynamic changes of 

nitrite concentration with residual nitrate level were relatively distinct in R-2. The nitrite 

concentration increased to 11.9±1.7 mg N L⁻¹ under 4.2±1.9 mg N L⁻¹ of residual nitrate 

in phase VI (day 83-94), but dramatically dropped to 4.3±0.8 mg N L⁻¹ when residual 

nitrate decreased to 0.6±0.5 mg N L⁻¹. Lowering the residual nitrate level weakened the 

nitrite accumulation, consistent with the past S⁰ driven denitrification studies 150, 326. 

However, in phase VII of R-2 (day 109-124), under a similar residual nitrate level of 

4.9±0.6 mg N L⁻¹, the nitrite concentration was only kept at 4.9±0.8 mg N L⁻¹, indicating 

the nitrite accumulation in phase VI was further reinforced by alkaline pH of 8.5. Actually, 

the performance of nitrite accumulation was not always affected by the residual nitrate 

level. In phase IV of R-2 (day 48-55), an ideal nitrite level of 6.7±0.2 mg N L⁻¹ could still 

obtain even no residual nitrate existed in the reactor, also mainly attributed to the effect 

of pH 8.5. Nevertheless, in whole phase IV, the relative ideal ratio of NO₂⁻-N to NH₄⁺-N 

(around for 1.3) for anammox (in SI Figure S5.2) together with the residual nitrate of 

1.0±0.8 mg N L⁻¹ could theoretically get the final effluent with only nitrate of 2.5±0.8 mg 

N L⁻¹.  

   At the beginning of phase VIII, the reactor recirculation was terminated accidentally, 

leading to the heterogeneous delivery of substrate and the subsequent biofilm decay and 
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sloughing from S⁰ particles 330. Since then, even increasing the residual nitrate above 

5.5±0.2 mg N L⁻¹ could never accumulate any nitrite. Compared to the nitrite 

accumulation under 5.5±0.2 mg NO₃⁻-N L⁻¹ in phase VII, it was deduced that the technical 

issues perturbed the microbial community structure in R-2.  

   To further understand the relationship between residual nitrate level and NAE, 

Spearman's correlation analysis was implemented in the whole and individual phases 

(Table 5.1). In R-1, the correlation coefficient of the entire periods (I-VII) was moderate 

positive (rho= 0.41, p< 0.0001), that of phase II to III was stronger with rho of 0.55; further 

zooming in on phase III, the correlation was much more substantial with rho of 0.64 in 

Table 5.1a. In R-2, the difference of correlation in the long and short term was more 

prominent. Compared to the weak correlation of phase I to VIII, there were very strong 

positive correlations between residual nitrate level and NAE in phase VI (rho= 0.87, p< 

0.0001) and VII (rho= 0.80, p< 0.0001). Due to the influence of different pH setpoints and 

uncertainty in the microbial community in the long run, there were stronger correlations 

in the short period but weaker in the long term. Besides the interference from pH 

setpoints, the primary influence was suspected from the microbial community 

adaptation and/or shift in long-term operation.
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Table 5.1: Correlation analysis of residual NO₃⁻-N and NO₂⁻-N accumulation efficiency in R-1 (a) and R-2 (b) during different operational phases. P-values 
and Spearman's rho are reported. 

(a) 

Phase I II III IV V VI VII I-VII II-III 

p-value 0.08 <0.0001 0.04 0.62 0.01 0.33 0.34 <0.0001 <0.0001 

rho 0.28 0.52 0.64 0.26 -0.69 0.28 -0.19 0.41 0.55 

(b) 

Phase I II III IV V VI VII VIII I-VIII IV-VII 

p-value 0.31 0.38 0.20 0.05 0.07 < 0.0001 < 0.0001 0.19 0.0002 < 0.0001 

rho 0.41 0.33 0.44 0.39 0.77 0.87 0.80 0.30 0.31 0.68 
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3.3 Effects of the BSNLR control 

   For both reactors, the dynamic changes of BSNLR were monitored periodically, as 

shown in Figure 5.1c and Figure 5.2c, respectively. The volumetric nitrate loading rate 

and biomass level could affect the BSNLR. The biomass concentration in R-1 and R-2 was 

3.9±1.0 and 3.8±1.0 g VSS L⁻¹, respectively (details in SI Figure S5.3). As shown in  Figure 

5.2c, the ideal nitrite accumulation of 6.4±1.0 mg N L⁻¹ for anammox was achieved at 

BSNLR of 150±42 mg N g⁻¹ VSS d⁻¹ in phase IV of R-2. To understand the association 

between BSNLR and the corresponding NAE more explicitly, Spearman's correlation 

coefficients were obtained in both the long and short periods (Table 5.2). There were 

very strong positive correlations between the BSNLR and NAE in phase II-III of R-1 (rho= 

0.81, p=0.003) and phase II-VII of R-2 (rho= 0.73, p< 0.0001). There was even a very strong 

positive correlation between the BSNLR and NO₂⁻-N accumulation concentration in phase 

II-VII of R-2 (rho= 0.83, p< 0.0001). The strong positive correlation indicated that 

increasing the strength of nitrate imposing on the biofilm could significantly promote the 

nitrite accumulation performance. According to the counter-diffusion theory, increasing 

the BSNLR means the nitrate penetration was intensified via the nitrate loading and/or 

biofilm thickness 151. Since the slow S⁰ oxidation rates could result in the insufficient 

supply of electron donors, the greater electron affinity of nitrate reductase could 

facilitate the nitrite accumulation 327. However, the long-term correlation between BSNLR 

and NAE was relatively negligible. It was deduced that the potential microbial community 

shift in the long-term operation affected the SDN process. It is noted that there was a 

very high positive correlation between BSNLR and residual nitrate level ((rho= 0.83, p< 

0.0001) in R-2 as well. Hence, increasing the BSNLR has the potential to cause the high 

residual nitrate level if the capacity of nitrate conversion is insufficient. 
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Table 5.2: Correlation analysis of BSNLR and NAE in R-1 and R-2. P-values and Spearman's rho are reported. The correlations of BSNLR with 
corresponding NO₂⁻-N accumulation and residual NO₃⁻-N concentration are also shown. 

  R-1 R-2 

 Phase I- VII II- III I- VIII II- VII 

BSNLR & NAE 

p-value 0.52 0.003 0.06 < 0.0001 

rho 0.14 0.81 0.31 0.73 

BSNLR & NO₂⁻-N p-value 0.67 0.09 0.96 < 0.0001 

 rho 0.10 0.54 0.01 0.83 

BSNLR & Residual NO₃⁻-N 

p-value 0.27 0.10 < 0.0001 < 0.0001 

rho 0.24 0.53 0.75 0.83 
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3.4 Evolution of the microbial community in the long term  

   The microbiome in R-1 and R-2 was analyzed to assess their contribution to SDN during 

the long-term operation. Based on the Bray-Curtis dissimilarity analysis, the variation in 

the microbial community between the first sample and each subsequent sample became 

more significant over time, indicated the community shift during the experiment (Figure 

5.3). 

   In R-1, the Shannon index ranged from 1.1 to 1.7 and showed a decreasing trend as a 

whole, meaning richness and diversity reduced over the long-term operation. Among all 

the putative sulfurotrophs shown in Figure 5.3a, Thiobacillus, Caldimonas, 

Chlorobi_bacterium_OLB5 were the three most abundant members. Thiobacillus is one 

of the most common genera in sulfur autotrophic denitrification system 334, using 

element sulfur (S°) or sulfide (S²⁻) as electron donors to convert both NO₃⁻ and NO₂⁻ 335, 

336. Compared to day 75 of phase I, day 141 showed a significant increase in the 

abundance of Thiobacillus (from 4.7% to 29.9), which was probably attributed to the 

relative ideal anoxic condition for autotrophic denitrifying bacterial community 

compared to the first 45 days in phase I. From day 141 to day 249, the relative abundance 

of Thiobacillus decreased stepwise from 29.9% to 4.3% (Figure 5.3a). According to 

Spearman's correlation analysis between the relative abundance of Thiobacillus and 

nitrogen (i.e., NO₃⁻-N and NO₂⁻-N) conversion performance (in SI Table S5.1), there was 

a very high positive correlation between its relative abundance and NAE (rho=0.878, 

p=0.004). Thus, the reduction of Thiobacillus abundance probably affected the nitrite 

accumulation in the reactor. Thiobacillus could be the critical community to control the 

nitrite accumulation, and further demonstrations such as SDN study with pure 

Thiobacillus microbes are necessary in the future. pH was considered a decisive factor for 

the survival of bacteria. There are two identified autotrophic denitrifying species in the 

genus Thiobacillus, i.e., Thiobacillus denitrificans and Thiobacillus thiophilus, and the 

growth pH are 6.8-7.4 and 6.3-8.7, respectively 127. The long-term operation out of the 

growth pH of Thiobacillus denitrificans could cause the shrinkage of relative abundance 

of genus Thiobacillus. To our knowledge,  the long-term effects of pH on microbial 
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community shift in SDN are barely reported in the past. 

 

 

Figure 5.3: The relative abundance of the sulfurotrophic community at genus levels in R-1 (a) and 
R-2 (b) during the experiment. BC dissimilarity represents the Bray-Curtis dissimilarity between 
the first and each subsequent sample. 

   In R-2, compared to the relatively high abundance in phase III (14.4% of day 30), 

(a)

Sample (day)

Phase I III IV VI

pH 7.0 8.5 8.5 7.0 8.5 8.5 7.0 7.0

Shannon index 1.6 1.6 1.7 1.2 1.5 1.1 1.4 1.2

BC dissimilarity 0.0 0.5 0.5 0.6 0.6 0.7 0.7 0.7
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Thiobacillus in phase IV (day 58) and VI (day 103) decreased to 3.8% and 1.5%, 

respectively, which could be ascribed to the adverse effect of pH 8.5 on its proliferation. 

The abundance increase of Thiobacillus from day 24 to day 30 revealed its possibility of 

enrichment at pH 7.0. However, in phase VIII, the relative abundance of day 149 and 172 

did not recover to the high level like phase III, with only 1.5% and 0.9%, respectively. 

Instead of Thiobacillus, Sulfurimonas showed visible prosperity. Sulfurimonas are the 

most commonly reported sulfur-based autotrophic denitrifiers as well 126, 127, 337. They 

competed with Thiobacillus for substrate and then became the dominant genera in 

phases VII and VIII. Like R-1, the relative abundance of Thiobacillus was positively 

correlated with NAE (rho= 0.857, p= 0.014). It is interesting to discover the highly negative 

correlation between the relative abundance of Sulfurimonas and NAE. This distinct 

community shift could support the speculation about the failure of nitrite accumulation 

under the residual nitrate level and BSNLR control in section 3.2 and 3.3.  

   Compared to the successful nitrite accumulation control in phase VI of R-2, the failure 

in phase VI of R-1 with a higher relative abundance of Thiobacillus could be attributed to 

bacteria adaptation to pH 8.5. The relative abundance of Thiobacillus in phase IV (3.8%) 

and VI (1.5%) of R-2 were much lower than that in phase II (29.8%) of R-1 (Figure 5.3). 

Still, the performance of nitrite accumulation was comparable to phase II of R-1. 

Therefore, it is speculated that only a limited amount of Thiobacillus was effectively 

working on SDN, and the residual Thiobacillus might be adapted to pH 8.5 in phase II of 

R-1. This conjecture could be supported by the subsequent worse performance of phase 

IV and VI in R-1 with high Thiobacillus abundance. 

   Overall, Thiobacillus could be the critical community to realize the nitrite accumulation 

under three control parameters. However, the inhibition effect of pH 8.5 might be the 

main reason for the stepwise reduction of Thiobacillus abundance in this study. In the 

long term, the adaptation effect and community shift would invalidate these control 

strategies on SDN. Thus, bioaugmentation with the new inoculum abundant in 

Thiobacillus could be a “renascent” strategy. In the full-scale application as a polishing 

step, the effective biomass that could realize high nitrite accumulation could be 
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appropriately collected and stored in low temperature, e.g., 4°C under nitrate 

preservation. Updating the reactor with the effective biomass should be a possible 

backup when the efficacy of control strategies gets weak. Nevertheless, more extra 

technologies that can maintain a stable SDN process for the downstream anammox 

treatment are needed to be explored in future studies. 

4. Conclusions  

   This study investigated the feasibility of sulfur-driven denitritation of secondary 

effluents for downstream anammox treatment via three control strategies ( pH, residual 

nitrate, and BSNLR) in long-term operation. Alternating pH setpoints between 7.0 and 8.5 

could temporarily stimulate nitrite accumulation. Both the residual nitrate level and 

BSNLR were strongly and positively correlated with NAE. Under the conditions of pH 8.5, 

1.0±0.8 mg NO₃⁻-N L⁻¹ and 150±42 mg NO₃⁻-N g⁻¹ VSS d⁻¹, sulfur-driven denitratation 

could produce 6.4±1.0 mg NO₂⁻-N L⁻¹ over 30 days. Thiobacillus might play a key role in 

nitrite accumulation. However, the effects of control strategies could be impaired by 

community adaptation and shift. It is hard to maintain stable nitrite accumulation only 

depending on these three strategies in the long term, and additional control tools need 

to be explored.
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5. Supplementary information 

 

Figure S5.1: NH₄⁺-N concentration in sulfur-driven denitratation (SDN) influent (“in”), effluent 
(“ef”), and the ratio of NH₄⁺-N loss to influent NH₄⁺-N concentration during the whole operation 
period of R-1 and R-2. 

 

Figure S5.2: The ratio of accumulated NO₂⁻-N to NH₄⁺-N in reactor effluent during the whole 
operation period of R-1 and R-2. The ideal ratio for anammox is 1.3. 

 

Figure S5.3: The biomass level monitoring during the whole operation period of R-1 and R-2. 
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Figure S5.4: Bray-Curtis dissimilarity of R-1 (a) and R-2 (b) analysis for every two samples at genus 
level; the gradation of color represents the dissimilarity. 

 

Table S5.1: Correlation analysis of the relative abundance of Thiobacillus and Sulfurimonas with 
corresponding NO₃⁻-N removal efficiency (NRE) and NO₂⁻-N accumulation efficiency (NAE) in R-1 
and R-2. P-values and Spearman’s rho are reported. 

 R-1 R-2    
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& NAE 
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& NAE 

p-
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0.12 0.004 0.26 0.307 0.645 0.014 0.482 0.036 

rho -0.595 0.878 -0.452 0.415 -0.214 0.857 -0.321 -0.786 
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1. Main research outcomes 

   The purpose of this Ph.D. thesis was to investigate different bioreactor strategies for Nr 

recovery and removal depending on the strength and form of Nr in the waste streams. 

The work can be divided into two major parts. In the first part, the focus goes to the NO₃⁻-

N recovery from microbial fertilizer via aerated suspended growth bioreactor (Chapter 2) 

and human urine via a trickling filter (Chapter 3). The second part was to develop Nr 

removal techniques for low to medium strength wastewater, including PN/A in trickling 

filters (Chapter 4) and sulfur-driven denitratation (Chapter 5). Here, the major findings 

are recapitulated chapter by chapter: 

   In Chapter 2, a novel controlled mineralization and nitrification system was developed, 

converting organic fertilizers to hydroponic nutrient solutions. Based on batch test results, 

an aerated bioreactor running with CAB could obtain a NO₃⁻-N production efficiency of 

51% under the TN loading rate of 400 mg L⁻¹ d⁻¹ at a 5-day HRT and 35°C. To control the 

pH of the bioreactor, both Ca(OH)₂  and Mg(OH)₂ were tested, which could provide 

nutrient elements (Ca and Mg) in the baseline nutrient solution as well. Nutrient 

balancing strategies derived from the Hoagland nutrient solution (HNS) were used to 

polish the baseline nutrient solutions. The HNS derived from the Ca(OH)₂ organic scenario 

contained a higher proportion of organic-sourced NO₃⁻-N than the Mg(OH)₂ scenario. 

Compared to the commercial inorganic fertilizers, the operational expenditure of the 

Ca(OH)₂ scenario has the potential to be cost-competitive in hydroponic fertilization.  

   In Chapter 3, human urine, a widely available Nr waste with a much lower COD/Nr ratio 

than the solid CAB used in Chapter 2, was investigated for nitrate conversion in a trickling 

filter. Full nitrification of real urine in the TF was realized, with NO₃⁻-N production at the 

high efficiency of 88±3% and a stable rate of 136±4 mg NO₃⁻-N L⁻¹ d⁻¹. There was little 

difference in nitrification and COD removal efficiency between synthetic and real urine. 

The TF could maintain relatively stable nitrification performance under different urine 

collection batches, which differed in major ion concentrations. The HLR control in the TF 

could positively affect the nitrification performance via increasing the contact time 

between substrate and biofilm. The HLR of 2 m³ m⁻² h⁻¹ was proved to be the optimal 
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condition to realize full nitrification of urine under the TN loading rate of 152±7 mg TN 

L⁻¹ d⁻¹, with electricity consumption estimation of 1.8 kWh kg⁻¹ NO₃⁻-N production. 

Besides, the triple benefits of Ca(OH)₂ in urine alkalinization, full nitrification, and 

macronutrient supplementation were demonstrated for the proposed nutrient recovery 

and use concept. 

   Chapter 2 and Chapter 3 focused on the nitrate recovery from organic Nr-rich streams. 

Instead of those high-strength streams, Chapter 4 investigated the feasibility of low to 

medium strength Nr (i.e., NH₄⁺-N) removal via the PN/A process in trickling filters. The 

DO control via top passive ventilation was proved reliable in the DO supply for the partial 

nitritation (PN) process. Around 60% of TN removal at a removal rate of 300 mg N L⁻¹ d⁻¹ 

was achieved with a proper HLR of 1.8 m³ m⁻² h⁻¹. The crushed expanded clay aggregates 

were recommended for a low cost among three types of tested carrier materials. In 

addition, the electricity consumption estimation of PN/A in TFs was 35% lower than in 

suspended growth SBR mode, making it a potentially economically viable option for 

nitrogen removal.   

   To remove Nr from low-strength wastewater containing nitrate and ammonium, a 

concept of sulfur-driven denitratation/anammox process was proposed in Chapter 5. 

Concretely, the goal was to demonstrate the feasibility of sulfur-driven denitratation for 

stable nitrite accumulation in the long term. All three control strategies, namely, pH, 

residual NO₃⁻-N, and high biomass-specific nitrate loading rate, could realize the stable 

NO₂⁻-N accumulation in the short term. In the view of the microbial community, 

Thiobacillus members may play a crucial role in denitratation. However, the effects of 

control strategies could be impaired by microbial community adaptation and shift in long-

term operation. Therefore, it is tricky to maintain stable NO₂⁻-N accumulation in the long 

term only depending on these three strategies. Additional control tools need to be 

investigated for higher and longer-lasting nitrite accumulation. 

2. Nitrogen management to make the N cycle more sustainable 

   Nitrogen as an essential element for agriculture is primarily produced by the Haber-

Bosch process based on the consumption of fossil fuels in modern society. However, since 
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anthropogenic activities keep making reactive nitrogen (Nr), the nitrogen level has three 

times surpassed the safe boundary of the Earth system. To relieve the Nr pollution during 

the nitrogen cascade and the consequent harm on planetary sustainability, nitrogen 

recovery and removal from waste streams are two major approaches. Therefore, there 

are two routes to make Nr available for farming: (i) direct Nr recovery and conversion 

into a reusable form (e.g., ammonia and nitrate); (ii) Nr conversion into N₂ plus the Haber-

Bosch process (i.e., ‘recycling over the atmosphere’) 338. However, only very limited 

knowledge is available to decide the proper pathway (removal or recovery) benefitting 

the sustainable nitrogen cycle. In this section, nitrogen management was discussed from 

three aspects: the process sustainability (environment, human health, and economy), the 

nitrogen strength of waste streams, and the technology performance and feasibility. 

2.1 Sustainability 

“Sustainability means transforming our ways of living to maximize 

the chances that environmental and social conditions will indefinitely 

support human security, well-being and health.” 

―McMichael, et al. 339 

2.1.1 Environmental sustainability 

  Environmental sustainability is the responsibility to conserve natural resources and 

protect global ecosystems to support health and wellbeing, now and in the future. 

Environmental sustainability covers a wide range of issues starting from a specific 

location to global. Global issues comprise concerns about GHG mitigation, climate change, 

and renewable energy, while the location-specific issues are soil erosion, water 

management, soil quality, and air and water pollution 340. The environmental 

sustainability of nitrogen management should be considered in the proposed concepts.  

   In Chapter 2, a consortium of aerobic bacteria (CAB) as a novel organic fertilizer was 

used to produce NO₃⁻-N nutrient solution in a novel hydroponic concept. Primarily, the 

ecosystem impacts of CAB production should be taken into account in terms of 

environmental sustainability. According to the life cycle assessment (LCA), CAB 

production caused lower ecosystem impacts (species/year) of 28% than the soybean 
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meal (as a type of plant-based fertilizer) 90. The main contributors to ecosystem impacts 

are climate change (mainly due to GHG emissions) and agricultural land occupation. The 

production of soybean meal shows a three times higher contribution in the farmland 

occupation than CAB. From this perspective, CAB is a sustainable alternative to soybean 

meal as a type of organic fertilizer. During the mineralization and nitrification process, 

CAB can release 15.7 kg CO₂ kg⁻¹ NO₃⁻-N according to the empirical formula C₅H₇O₂N of 

CAB (Reaction 1.19 and 1.11 in Chapter 1). Direct CO₂ emission into the atmosphere is 

adverse to the control of the greenhouse effect. After the proper collection, the produced 

CO₂ can be supplied to the greenhouse to stimulate the plant photosynthesis, reducing 

the cost of CO₂ supplementation by burning carbon-based fuels or directly from the liquid 

CO₂ tanks 99. In addition, the waste sludge obtained from the membrane filter could still 

be applied to arable land as a slow-release fertilizer, replacing a proportion of synthetic 

N fertilizers. 

   In Chapter 3, the Nr in source-separated urine was recovered via a trickling filter 

through urea hydrolysis and nitrification processes. Since urine is a major nitrogen 

contributor (75-80%) in municipal wastewater 47, urine nitrogen removal in municipal 

wastewater streams could increase the nutrient loads of WWTPs and the risk of the 

corresponding GHG releases, like nitrous oxide (N₂O, up to 2.6% of total nitrogen load) 

341. By contrast, the nitrate recovery in Chapter 3 could relieve the burden of WWTPS and 

reduce the N₂O production due to complete nitrification342. Compared to the high COD/N 

ratio of solid CAB (around 16) used in Chapter 2, human urine with a much lower COD/N 

ratio (about 1.0) requires less O₂ for COD removal, which is more suitable to be treated 

in passively aerated apparatuses, like trickling filters. Besides, the liquid urine and the 

less waste sludge yield later can result in a lower clogging risk and less burden of sludge 

disposal. According to the urine nitrification stoichiometry (Reaction 1.6 in Chapter 1), 

the CO₂ emission is assumed to be 2.49 kg kg⁻¹ NO₃⁻-N production, only around 16% of 

that during CAB mineralization. Hence, if no additional CO₂ collection is implemented, 

the environmental impact of urine-sourced N recovery is less than the CAB-sourced N 

recovery process. 



Chapter 6 

159 
 

   Currently, the removal of low to medium-strength NH₄⁺-N in WWTPs is dominated by 

the nitrification/heterotrophic denitrification (N/HDN) process. Depending on the COD/N 

ratio of the influent, the requirement of external carbon sources is determined for the 

N/HDN process. Anyhow, this conventional N/HDN route causes high global warming 

potential and accelerates ozone layer depletion due to high CO₂ emission (173-347 g CO₂ 

m⁻³ wastewater) 343, 344. Towards an energy-autarkic wastewater treatment process, 

avoiding external COD dosing and converting internal COD to CH₄ as recovered energy is 

much more environment-friendly. The subsequent NH₄⁺-N removal could be completed 

by the PN/A process. In Chapter 4, the feasibility of PN/A process was tested in trickling 

filters, which could convert approximately 60% of NH₄⁺-N to inert N₂. In some developing 

countries like Brazil, trickling filters are typically used to remove carbon and ammonium 

297. There is no restriction on NO₃⁻-N and TN in their discharge standards 345. The 

realization of PN/A in trickling filters could be significant progress to their wastewater 

treatment process. While in European countries, the discharge limitation of TN in 

municipal wastewater treatment plants is more strict, with a TN less than 10-15 mg L⁻¹ 

314. Mainstream PN/A processes are not mature in the current state due to the 

unsatisfying effluent quality with residual NH₄⁺-N and NO₃⁻-N. Therefore, a polishing 

concept for the effluent of mainstream PN/A was proposed in Chapter 5. The autotrophic 

denitratation driven by element sulfur was investigated rather than the heterotrophic 

denitratation to avoid the external organic carbon addition and excess sludge production. 

   Besides the possible emissions of GHG during the nitrogen removal process in WWTPs, 

the industrial nitrogen fixation via the Haber-Bosch process can emit a considerable 

amount of CO₂ (1.93-4.29 kg CO₂ kg⁻¹ NH₃-N) 346. Thus, if the CO₂ produced during the Nr 

removal plus industrial nitrogen fixation cannot be captured for CO₂ fertilization in 

greenhouse plant production, the in-situ CO₂ recovery during the NO₃⁻-N recovery from 

CAB and urine could be more sustainable in the view of environmental sustainability. 

However, the quantitive monitoring of CO₂ and other possible gas emissions (e.g., N₂O 

and nitrogen oxides) was not implemented in this thesis. Therefore, further study about 

this aspect is required in the future. 
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2.1.2 Human health and sustainability 

   The concept of human health is understood in a broader context than health as the 

absence of disease 347. Human health is part of the social dynamics of social organization, 

lifestyles, and consumption patterns, influenced by the biophysical environment. Many 

health and sustainability problems emerge due to society’s appropriation of natural 

resources and the overexploitation of environmental services. In other words, many 

public health and environmental issues are caused by the increased intensification of 

agriculture and food production. There is a growing recognition that food security is an 

essential dimension of healthy life 348. Besides, the current climate change has been 

bringing focus on the relationship between sustainability and health 349.  

   In Chapter 2, a type of microbial fertilizer (CAB) was employed as an organic example 

to test a novel concept of converting organic fertilizers to hydroponic nutrient solutions. 

When considering CAB as organic fertilizer in the concept, crop and consumer safety are 

crucial. Spiller et al. (2020) found that CAB caused lower impacts than soybean meal on 

human health, with only 52% soybean meal 90. The impacts of CAB production on human 

health are mainly a function of climate change indicators. Muys et al. (2020) 

systematically screened the safety of dried CAB biomass from full-scale activated sludge 

plants from 25 companies in the food sector 350. According to the EU limits for heavy 

metals in organic fertilizers 351, most CAB samples were safe. CAB biomass contamination 

with pathogens was not considered because the waste streams used to produce CAB 

typically exclude sanitary waste 350. Otherwise, those cultivated microorganisms cannot 

be blindly accepted as fertilizer due to the potentially elevated risk of pathogens and 

other contaminations in the biomass. In Chapter 2, the heavy metal levels in the filtered 

effluent of the CAB bioreactor were all below the EU limits for heavy metals in inorganic 

fertilizer (Table 6.1). 
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Table 6.1 Contaminants in CAB and urine-sourced Hoagland nutrient solution. Limit values of 
contaminants expressed in mg, in relation to the total micronutrient content (boron (B), cobalt 
(Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), and zinc (Zn)) expressed in kg. 
“N.D.” means not detected. 

Contaminant 
mg kg⁻¹ of total micronutrient content 

CAB-sourced Urine-sourced Limit value 

Arsenic (As) 150 201 1000 

Cadmium (Cd) 17 11 200 

Lead (Pb) 14 2 600 

Nickel (Ni) 839 1152 2000 

Mercury (Hg) N.D. N.D. 100 

    

   Some studies found the heavy metal concentrations of urine are lower than animal 

manure and industrial fertilizers 352, 353. In Chapter 3, the heavy metal concentrations in 

urine-sourced Hoagland nutrient solution were all lower than the EU limits for heavy 

metals in inorganic fertilizer (Table 6.1). Concerning the hygienic issues, the urine is 

sterile in the bladder of a healthy individual. When the urine is transported out of the 

body, some dermal bacteria can be picked up, and the freshly excreted urine typically 

contains less than 10,000 bacteria mL⁻¹ 354. Thus, the pathogens transmitted through 

urine are rarely sufficient and common to constitute a significant public health problem. 

Storage (e.g., 20°C for ≥6 months) is an easy method for urine disinfection in case of any 

contamination 354. To shorten the time of pathogen inactivation, dosing Ca(OH)₂ to 

increase urine pH (≥11.5) was suggested with an exposure time of less than 1 h 259, 355. In 

Chapter 3, the urine stabilization by Ca(OH)₂ at pH 12 was employed to disinfect urine 

and prevent enzymatic urea hydrolysis. Besides the heavy metal and pathogen issues, the 

possible existence of various pharmaceutical residues could be another potential risk, 

which is not involved in this study. Knowledge of their presence in urine and their 

behavior from urine nitrification to plant uptake is still limited. Some researchers claimed 

that many pharmaceuticals, especially antibiotics, are biodegradable 353 and 

photodegradable 356. Although some pharmaceuticals (e.g., carbamazepine) can 

accumulate in the plants, the amounts are so small that it has not been regarded as a 
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health risk 357. Anyhow, pharmaceuticals in urine can be a limiting factor for fertilizer use 

if found in large amounts or if any evident accumulation or other disturbance in edible 

plant parts occurs. Further study about the existence, level, and behavior of 

pharmaceuticals is necessary during using urine-sourced nutrients in agriculture. In 

principle, with proper treatment, there will be fewer restraints from the quality point of 

view to accept urine-sourced nutrients as a type of fertilizer. 

   For the Nr removal processes (Chapter 4 and 5), the final purpose is to convert Nr to 

inert N₂, which is harmless and chemically unreactive. The potential air pollution caused 

by GHG (e.g., CO₂, N₂O, and nitrogen oxides) emission may affect human health. 

   Overall, from the angle of heavy metal, pathogen, and pharmaceutical contamination, 

the nitrogen recovery from CAB and urine can satisfy the contamination limitation of 

inorganic fertilizer and subsequently cause no risk to human health. For the ‘nitrogen 

recycling over the atmosphere’, the air pollution should be adequately managed to 

mitigate its potential on human health.  

2.1.3 Economic sustainability 

   Ideally, we should minimize the capital expenditures and OPEX to recover the fraction 

of Nr suitable for fertilizers and then remove the residual fraction. Energy (actually exergy) 

is as essential to the functioning of the global economic system as gasoline is to a car or 

electricity to a light bulb 358. Therefore, one of the critical indicators of economic 

sustainability is the energy requirement of a specific process. Although energy 

considerations cannot completely represent the whole capital consumption, the energy 

consumption in the form of electricity and fuel is one of the key indicators to evaluate Nr 

management processes. 

   In Chapter 2, the major energy consumption is from aeration (electricity) and heating 

(fuel) in the bioreactor. We assume that the heat produced via electricity generation 

could be recovered during the operation of combined heat and power (CHP) 

configurations in farms 220, 221. Therefore, we considered heating is for free. The oxygen 

supplementation via aeration is mainly consumed by nitrification and the COD removal 
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process. The O₂ consumption for complete nitrification is 4.57 kg kg⁻¹ NO₃⁻-N production. 

Based on the NO₃⁻-N production performance in Ca(OH)₂ and Mg(OH)₂ scenarios, the O₂ 

requirement for COD removal is around 16.8 kg kg⁻¹ NO₃⁻-N production. Assuming the 

average O₂ transfer efficiency was 2 kg kWh⁻¹ 218, the electrical energy consumption by 

aeration is at least 10.7 kWh kg⁻¹ NO₃⁻-N (equal to 38.5 MJ kg⁻¹ NO₃⁻-N).  

   Besides the CAB mineralization and nitrification process, the energy consumption 

during the CAB production should also be considered to elevate the economic 

sustainability of the concept proposed in Chapter 2. According to the energy balance 

during the CAB production, the electrical (el) and thermal (th) energy demand is 6.48 and 

32.76 MJ kg⁻¹ crude protein 90. Apparently, the heat demand significantly exceeds the 

electrical energy demand and is dominated by the drying process. With an N-to-protein 

conversion factor of 5.5, the electrical and thermal energy demand is 35.64 and 180.18 

MJ kg⁻¹ N 350. Based on the nitrification efficiency in Ca(OH)₂ and Mg(OH)₂ scenarios 

(around 50%), the electrical and thermal energy demand is 71.28 and 360.36 MJ kg⁻¹ 

NO₃⁻-N. With the energy consumption by aeration, the total energy demand is 470.14 MJ 

kg⁻¹ NO₃⁻-N production. Unexpectedly, the heat demand is the dominant energy sink, 

with around 77% total energy consumption. Future research should further explore the 

energy-saving strategies in heat demand. One possible pathway to tackle energy-related 

issues in CAB production is to employ currently unused waste heat, such as the waste 

heat of refrigerator systems in food industries 359. 

   Compared to the CAB producing system, microalgae-CAB (MaB) cultivation systems are 

more energy-efficient due to a bidirectional product/substrate (i.e., O₂/CO₂) exchange 

between photolithoautotrophic microalgae and CAB 360. The biomass growth in the MaB 

system is partially autotrophic, and nitrogen is incorporated in microalgal biomass 

without COD demand. Therefore, compared to the CAB cultivation system, more COD 

can be anaerobically digested to obtain biogas, and energy is produced, with a positive 

generation of 792 MJ (el) and 1030 MJ (th) kg⁻¹ N 90, 361. Therefore, if CAB is replaced with 

energetically MaB in Chapter 2, the aeration energy consumption can be fully covered, 

and economic sustainability should be remarkably improved.  

   Several techniques of Nr recovery from urine have been explored in both full-sale and 
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lab-scale bases, such as struvite formation, ammonia stripping, and thermal volume 

reduction 338. In many cases, the analysis of different Nr recovery and removal techniques 

in urine has shown that recovery is energetically more efficient than removal plus new-

production via the Haber-Bosch process. For example, struvite production, stripping with 

air plus (NH₄)₂SO₄ production, and eliminating 90% water of stabilized urine with vapor 

compression require 81, 32, and 18 MJ kg N recovery, respectively 338. Suppose only the 

operating electricity, chemical, and fossil energy requirements are considered for the N 

removal and fertilizer production. In that case, the following specific energy 

requirements can be calculated: 87 MJ kg⁻¹ N for N/HDN with methanol as substrate and 

43 MJ kg⁻¹ N for N-fertiliser production. Suppose the anthropogenic produced NH₃ is used 

to generate NO₃⁻-N, the aeration for nitrification is around 8.2 MJ kg⁻¹ N. In that case, the 

energy consumption from anthropogenic nitrogen fixation to nitrate production can be 

51.2 MJ kg⁻¹ NO₃⁻-N. Therefore, the total energy demand of Nr removal plus new 

production (138.2 MJ kg⁻¹ N) is higher than the values derived for the recovery 

techniques mentioned above.  

   In Chapter 3, a novel concept of urine-based NO₃⁻-N production from a TF was 

proposed. The primary energy requirement is the recirculation pump, as no active 

aeration was needed. Based on the NO₃⁻-N production rate achieved and the operating 

conditions, the energy demand is 6.49 MJ kg⁻¹ NO₃⁻-N production, which can be further 

reduced via increasing the NO₃⁻-N production rate. It should be noted that the energy 

cost of urine transport was not taken into account for nitrate production here. The 

transportation cost was related to the collected urine volume and the distance between 

the collection location and the hydroponic farm. The collection should follow the 

principle of proximity. The concentration of collected urine (33% urine v/v) in this thesis 

tripled the transport cost. Installing water-saving urinals (e.g., vacuum urinals) in the 

collection area will further cut the cost of urine transport. 

   The conventional N/HDN process is generally used for low to medium strength NH₄⁺-N 

wastewater. If the COD/N ratio of wastewater (< 5-10) cannot satisfy the HDN process, 

an external carbon source would be required 122. Thus, the PN/A process is usually 

employed in treating waste streams with a COD/N ratio lower than 1, consuming 100% 
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less organic carbon and almost 60% less oxygen than the conventional N/HDN pathway 

114. The energy demand of some PN/A processes has been estimated, with 4.32 and 1.44 

MJ kg⁻¹ N removed in SRB and RBC reactors, respectively 311, 312. The large difference in 

the energy demand between SBR and RBC is mainly a function of the aeration approaches, 

i.e., active aeration in SBR and passive aeration in RBC.  

   In Chapter 4, the typical packed-bed trickling filters were employed to investigate the 

feasibility of the PN/A process. Since the trickling filters rely on passive aeration, the 

recirculation pumps are installed to control the DO level and wettability. Based on the 

nitrogen removal performance achieved in phase VII, the electricity consumption 

estimation was 2.8 MJ kg⁻¹ N removed, which was 1.9 times higher than the RBC, but 35% 

more energy-efficient than the SBR. Nevertheless, based on the performance in Chapter 

4, the total energy demand (Nr removal plus NO₃⁻-N production via the Haber-Bosch 

process) can be at least 54 MJ kg⁻¹ N. Compared to the energy demand for direct NO₃⁻-N 

production in a trickling filter (i.e., 6.49 MJ kg⁻¹ NO₃⁻-N production) in Chapter 3, the 

indirect NO₃⁻-N production here via Nr removal plus the Haber-Bosch process consumes 

over 8-fold of energy. Therefore, from the angle of energy demand, the economic 

sustainability of Nr recovery via trickling filter is much more significant than Nr removal 

plus new production. Notably, the energy consumption for artificial NO₃⁻-N production 

accounts for the major energy-consuming proportion. 

   The performance of the sulfur-driven partial denitrataion process investigated in 

Chapter 5 was not stable, and the subsequent combination with anammox process in 

long-term operation is still quite challenging. Thus, the energy demand analysis of this 

concept is not implemented.    

   Besides the energy consumption, the rough costs for nitrogen management with 

nitrate-based nutrients for agricultural fertilization were estimated. The preparation of 

Hoagland nutrient solution (HNS) was regarded as a uniform objective, and two types of 

commercial inorganic fertilizers were set as control. Only the costs of waste streams, 

supplemented chemicals, electricity consumption, and membrane filtration (Chapter 2) 

were involved in the total cost calculation (Table 6.2). For the biomass-based HNS 

production in Chapter 2, the cost-saving of CO₂ fertilization was considered as well. 
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Without regard to the transport cost of biomass, human urine, and commercial fertilizers, 

the total costs of urine-based HNS production were the lowest, while that of biomass-

based HNS was higher than commercial YaraTera fertilizer, mainly attributed to the cost 

of CAB biomass. As mentioned above, further lowering the energy consumption during 

the CAB production and recovery could decrease its total costs.  

Table 6.2 The costs of Hoagland nutrient solution (HNS) prepared from the waste streams studied 
in this thesis. The expenses of microbial fertilizer and commercial inorganic fertilizers refer to 
Table 2.1. N.A. means the process is not applicable.  

 Nr recovery & conversion  
Commercial 

inorganic fertilizer  

(€ m⁻³ HNS) 
Biomass (CAB, 

Chapter 2) 
Human urine 
(Chapter 3) 

YaraTera FloraFlex 

CAB/urine/ commercial 
fertilizer 

5.6 N.A. 1.0 34.1 

Chemical compounds 0.000 066 0.000 013 
0.000 
005 9 

0.000 
003 

Electricity (i.e., aeration, 
recirculation pumps) 

0.25 0.032 

N.A. Membrane module 0.08 N.A. 

CO₂ fertilization saving 0.46 0.031 

Total cost 5.48 0.0019 1.0 34.1 

 

   To evaluate the economic sustainability, this section mainly analyzed the energy 

consumption of Nr management, which can directly affect the costs of HNS production 

for fertilization. The scalability of techniques and the capital expenditures contained in 

hardware such as reactors and pumps are outside our scope. Given the limited scope of 

this analysis and the distinct characterization of each process, there may be unforeseen 

economic aspects, including energy, resources, and processing costs. This research has 

attempted to estimate the economic sustainability of Nr recovery and removal with 

energy consumption as an indicator, but the data are not robust. Future work should 

further assess each technique in their pilot-scale installations and operations. 

2.2 Nitrogen strength of waste streams  

   In practice, the nitrogen strength of waste streams can be a reference for nitrogen 
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management, closely related to the feasibility. Roughly three nitrogen concentration 

ranges can be distinguished: high (>1 g L⁻¹), medium (0.1-1 g L⁻¹), and low (<0.1 g L⁻¹) 

strength. 

   Like source-separated urine and reject water from digestate, high-strength waste 

streams can contain pure or highly concentrated Nr (e.g., urea and NH₄⁺-N) streams 

(Table 1.1 and 1.3) and should be considered targeted streams for nitrogen recovery. In 

principle, recovering the high-strength NH₄⁺-N stream is feasible via physical or chemical 

methods: stripping, adsorption, or struvite precipitation 362, 363. Most studies focus on 

nitrogen recovery in ammonia, but this thesis investigated nitrate recovery directly for 

hydroponic or fertigation applications. Therefore, the well-stabilized urine with 

concentrated urea was treated by biological method to get NO₃⁻-N nutrient in Chapter 3. 

   The medium-strength waste streams preferred biological treatments no matter via 

recovery or removal 284. Some waste streams from the agro-food industry (e.g., potato-

processing and brewery wastewater) contain medium-strength Nr (e.g., 0.1-0.5 g L⁻¹). 

Besides, these waste streams can also contain high concentrations of carbon (e.g., 4-15 

g COD L⁻¹) and other nutrients (0.04-0.08 g P L⁻¹), which have been recommended for Nr 

recovery via microbial fertilizer production 350. The produced microbial fertilizers can 

either be directly applied to the soil-based plant production or further biologically 

converted to NO₃⁻-N solution for hydroponic or fertigation application in Chapter 2. 

Some municipal wastewater with low to medium Nr strength is preferred to apply the 

nitrogen removal strategies (Chapter 4) due to complex contamination (e.g., viruses, 

pathogens, heavy metals, and polyaromatic hydrocarbons). 

   In general, the low-strength wastewater with Nr, less than 0.1 g L⁻¹, is suggested to be 

removed biologically as N₂ based on the large volume of water and the cost-effectiveness 

284, 364. Most of the municipal wastewater is within this low Nr strength range. Recovering 

Nr from low-concentration wastewater requires high-cost and high-energy consumption 

365. Pre-concentrating via membrane technology or capacitor deionization technology 

(CDI) could be a possible route. Still, the high cost of membrane materials and the size 

limitation of CDI electrodes significantly impede this route 364, 366. Therefore, biological 
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removal is still recommended considering the large water volume and low Nr level. 

According to different treatment processes used in global WWTPs, wastewater varies in 

nitrogen types (e.g., NH₄⁺-N, NO₃⁻-N) and concentrations, requiring targeted 

technologies (e.g., PN/A in Chapter 4, and denitratation/anammox in Chapter 5). 

2.3 Technology performance and feasibility  

   The bioreactor strategies proposed in this thesis were used to manage Nr in various 

Physical (solid and liquid) and chemical (organic and inorganic) forms. The technology 

performance (on Nr recovery, conversion, or removal) and feasibility are two 

fundamental factors to decide the sustainable nitrogen cycle. 

   The technology proposed in Chapter 2 is used for the Nr recovery and conversion from 

the solid organic waste streams (e.g., microbial biomass powder) via a suspended growth 

bioreactor. For the NO₃⁻-N production from CAB in a mineralization and nitrification 

reactor, the NO₃⁻-N production rate achieved at approximately 200 mg L⁻¹ d⁻¹ at a 5-day 

HRT (35°C), while the maximum NO₃⁻-N conversion efficiency only reached 51%. 

Compared to the higher NO₃⁻-N conversion efficiency (around 91%) in the batch test, 

doubling the HRT to 10 days could further elevate the efficiency. A trade-off between 

efficiency and production rate was made in this experiment. However, the further 

disposal of waste sludge containing the other half of nitrogen would still be challenging 

due to the large volume and transporting costs. One ideal disposal pathway is applying 

the sludge on the arable land as a slow-release fertilizer. Therefore, in practice, 

depending on the requirements of farmers, the specific trade-off between NO₃⁻-N 

production efficiency and rate should be made via controlling the HRT. 

   The concept of Chapter 2 can be implemented in three steps: (i) mixing the solid organic 

fertilizers with water (e.g., tap water and rainwater) in an influent tank, (ii) bioconversion 

including ammonification and nitrification in a stirred-tank reactor, (iii) solid-liquid 

separation by microfiltration or ultrafiltration modules to obtain the NO₃⁻-N solution. The 

second step requires several parameter controls (i.e., temperature, pH, and DO), which 

can be realized by automatic control panels. Therefore, this recovery concept is relatively 

feasible for farmers. 



Chapter 6 

169 
 

  The technology proposed in Chapter 3 is used for the Nr recovery and conversion from 

liquid waste streams (e.g., sourced-separated urine) via a trickling filter. The rate and 

efficiency of urine-sourced NO₃⁻-N production depends on the microbial activity, DO level, 

and HLR in the trickling filter. The obtained NO₃⁻-N production efficiency and rate were 

88±3% and 136±4 mg NO₃⁻-N L⁻¹ d⁻¹, respectively, at the hydraulic loading rate (HLR) of 2 

m³ m⁻² h⁻¹ (21°C). Since the reservoir DO was still above 4 mg L⁻¹, as long as the DO is 

above 2 mg L⁻¹ via controlling the HLR, the NO₃⁻-N production rate can be further 

increased. The functional microorganisms, such as urease-positive bacteria, AOB, and 

NOB can be inoculated from municipal and industrial activated sludge. During the reactor 

operation, the biomass level increased over time, and several parameters (e.g., pH, 

temperature, salinity, inorganic carbon, and DO) could affect their activity. Since both the 

top and bottom ventilation were allowed, the DO level in the carrier biofilm was 

determined by the HLR and the Nr loading rate. Without increasing the HLR, increase the 

Nr loading rate would lead to the DO decrease. Full nitrification would not be achieved 

once the DO drops below 2 mg L⁻¹ 367.   

   Similar to Chapter 2, the concept of Chapter 3 can be implemented in two steps: (i) 

influent pretreatment (optional, e.g., urine alkalinization) and (ii) Nr conversion in 

trickling filter. Due to the non-detectable TSS and VSS level in the effluent of trickling 

filter, purifying the nitrate-rich solution by microfiltration or ultrafiltration modules was 

unnecessary. The trickling filter used in the second step is low in maintenance and simple 

in operation. As a biofilm system, the trickling filter can be relatively robust in protecting 

against external physicochemical and biological stresses (Chapter 1, section 4.1). One 

typical disadvantage of trickling filters is the clogging issue during the long-term 

operation, especially for waste streams with high COD content. In fact, some 

pretreatment (e.g., anaerobic digestion) for the high COD waste streams can be 

considered, which can recover additional valuable products (e.g., methane). In Chapter 

3, the COD content is relatively low, with a COD/N ratio of around 1. Thus, no clogging 

issue occurred during the whole operation period. The other problem that might arise in 

trickling filters is insect infestation, which could severely impair the nitrification process. 
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Nevertheless, chemical control via dosing insecticides can easily relieve this crisis.  

   The technology proposed in Chapter 4 is used to remove Nr from liquid waste streams 

(e.g., domestic wastewater) via a trickling filter. For the medium-strength Nr (i.e., 250 mg 

NH₄⁺-N L⁻¹) removal by the PN/A process, the TN removal rate could stabilize at 300 mg 

N L⁻¹ d⁻¹ under the TN loading rate of 500 mg N L⁻¹ d⁻¹ (30 °C). The NH₄⁺-N conversion 

efficiency seldomly exceeded 90%, indicating the TN overloading in TFs. Besides 

decreasing the TN loading rate, lowering the produced NO₃⁻-N level is necessary as well. 

By controlling the passive ventilation and hydraulic loading rate, the activity of NOB was 

excellently suppressed, with the NO₃⁻-N production efficiency of 13%, which is close to 

the ideal stoichiometric value of the anammox process. To further lower the NO₃⁻-N level 

in the effluent, some additional techniques should be considered, such as involving 

autotrophic denitrification in the PN/A trickling filters via mixing some sulfur particles 

with the carrier materials. 

   In Chapter 4, the feasibility of nitrogen removal via the PN/A process was demonstrated 

in trickling filters. As a biofilm system, trickling filter can effectively retain the slow-

growth anammox biomass in biofilms. The major difficulty here is to balancing oxygen 

supply with nitrogen load. Although the structure of the trickling filter cannot allow 

flexible and accurate DO control like suspended growth systems, adjusting the ventilation 

openings (i.e., top and bottom) and the HLR can still realize adequate DO control. The top 

passive ventilation combined with a proper HLR (e.g., 1.8 m³ m⁻² h⁻¹) effectively realized 

PN/A in trickling filters.  

   The technology proposed in Chapter 5 is used to polish secondary effluents (e.g., 

mainstream PN/A effluent) via coupling autotrophic denitratation in a sulfur-packed bed 

reactor with the downstream anammox. The performance of sulfur-driven denitratation 

is fluctuant, and the stable NO₂⁻-N accumulation could only be maintained in a short 

period. In the long-term operation, the NO₂⁻-N accumulation vanished, and only the 

complete denitrification existed. Based on the microbial community analysis, the 

Thiobacillus members might play a key role in managing the denitratation, but its 

abundance reduced, and adaptation occurred under the controlling strategies in the long 
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run. 

   Three controlling parameters were investigated in Chapter 5: pH setpoints, residual 

NO₃⁻-N level, and biomass-specific NO₃⁻-N loading rate. The pH setpoints of pH 7 and 8.5 

in the reactor were realized by adjusting the influent pH. The residual NO₃⁻-N level was 

controlled via the TN loading rate. The biomass-specific NO₃⁻-N loading rate control was 

related to both TN loading rate and biomass level in the reactor. However, it is challenging 

to maintain a stable NO₂⁻-N accumulation in the long term, only depending on these 

three strategies. Probably, additional control tools should be investigated.  

   Table 6.3 gives the advantages and challenges for Nr management via each bioreactor 

strategy in a qualitative way, which should always be interpreted according to case-

specific requirements. In general, the performance and feasibility of nitrogen recovery 

and conversion from organic waste streams are relatively high, according to the concepts 

proposed in this thesis. Applying the cost-effective nitrogen removal process (i.e., PN/A) 

in trickling filters is medium-feasible with moderate performance. In contrast, 

implementing the autotrophic nitrogen polishing of secondary effluents via sulfur-driven 

denitratation is still quite challenging. 
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Table 6.3 Qualitative comparison of Nr management via the bioreactor strategies studied in this thesis ((advantages indicated in the green shading). 

 Nr management Nr recovery & conversion Nr removal 

Performan

ce 

Reactor strategy 
Stirred-tank reactor 

(Chapter 2) 

Trickling filter 

(Chapter 3) 

Trickling filter 

(Chapter 4) 

Packed-bed reactor 

(Chapter 5) 

Substrate Solid (microbial biomass) Liquid (human urine) 
Liquid (medium-strength 

NH₄⁺) 

Liquid (low-strength NH₄⁺ & 

NO₃⁻) 

Efficiency Medium High Medium Medium 

Rate Medium Medium Medium Medium 

Stability High High High Low 

Feasibility 

Ease of DO control High Medium Low High 

Ease of pH control High Medium Medium Medium 

Ease of biomass 

retention 
Low Medium Medium Medium 

Risk for mechanical 

failure 
Low Low Low Low 

Risk for clogging Low Medium Medium High 

Risk for insect 

infestation 
Low Medium Low Low 

Operational 

complexity 
Medium Low Low High 
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3. Overall conclusions and outlook 

   This thesis explored different bioreactor strategies for nitrogen recovery, conversion or 

removal based on mineralization, nitrification, anammox and/or autotrophic 

denitratation. The bioreactor strategies vary with the waste stream types, including solid 

via suspended growth reactor (Chapter 2) and liquid via attached growth reactors 

(Chapter 3, 4, and 5). Among these Nr management concepts, the recovery and 

conversion concepts are mainly for high-strength Nr streams like biomass (Chapter 2) 

and urine (Chapter 3); the removal concepts are for low- to medium-strength Nr streams 

(Chapter 4 and 5). Behind these concepts, sustainability (incl. environment, human 

health, and economy) is the primary decision-maker. The Nr management direction 

should be based on specific cases with the best sustainability, like the high concentrations 

are more likely to be recovered sustainably, while the low concentrations are preferred 

to be removed sustainably. Besides, the technology performance and feasibility are two 

basic decision-makers. In this thesis, the performance and feasibility of the NO₃⁻-N 

recovery concepts (Chapter 2 and 3) and the TN removal concept (Chapter 4) are 

relatively promising, except for Chapter 5.  

   In the future, the Nr management concepts should be further improved to make the 

nitrogen cycle more sustainable with higher resource use efficiency and less Nr emissions 

to the environment. The sustainability of microbial fertilizer production from waste 

streams, especially for the energy required for biomass drying, is crucial for promoting 

the concept proposed in Chapter 2. Although the PN/A process for mainstream 

wastewater treatment is an attractive concept, the effluent issue is still a major barrier. 

A polishing strategy was proposed in Chapter 5 via coupling the sulfur-driven 

denitratation and anammox, which is potentially sustainable. Additional strategies to 

achieve stable nitrite production for long-term operation require further exploration.  

   Overall, the proposed Nr management (i.e., recovery, conversion, and removal) 

concepts in this dissertation open up more opportunities for a sustainable nitrogen cycle. 

Furthermore, sustainable Nr management will help the Nr back to the safe boundary in 

the long run. 
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