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Typen tarve ruoantuotannossa kasvaa nyt ja tulevaisuudessa, maailman vikiluvun kasvaessa
entisestddn. Typpilannoitteiden valmistus perinteiselld Haber-Bosch prosessilla kuluttaa
paljon energiaa ja aiheuttaa huomattavan mairén hiilidioksidipdéstojd. Lisdksi jitevesien
mukana vesistdihin pddtyvit liialliset pitoisuudet typped aiheuttavat rehevoitymistd sekd
muutoksia vesiekosysteemeihin. Néistd syistd on alettu tutkimaan ravinteiden, erityisesti
ammoniumtypen talteenottoa jatevesista.

Jatevedet sisdltdvat runsaasti arvokkaita ravinteita, joita voidaan hyodyntdd materiaaleina
kiertotaloudessa. Tédmén kandidaatintyon tarkoituksena on tutkia ammoniumtypen
talteenoton mahdollisuuksia sekd analysoida talteenottomenetelmid erilaisille jéatevesille.
Tyossd kdydddn ldpi mahdollisia ammoniumtypen talteenottomenetelmid ja pohditaan
niiden tuotteiden kéayttomahdollisuuksia lannoiteteollisuudessa. TyoOssd pddpaino on
ammoniumtypen talteenottomenetelmissa.

Tulokset ammoniumtypen talteenottomenetelmistd ovat lupaavia, ja monet menetelmaét ovat
tehokkaita talteen ottamaan ammoniumtypped. Erityisesti bioelektrokemialliset menetelmét
antavat lupaavia tuloksia menetelmin tehokkuuden sekd kustannusten osalta. Lisédksi
struviittisaostus sekd ammoniakin strippaus vaikuttavat lupaavilta menetelmiltd, mutta
niiden korkeat kustannukset kemikaalien kdyton seké energiankulutuksen takia, vaikuttavat
menetelmien kannattavuuteen. Kuitenkin niiden talteenottotehokkuudet ovat lupaavia,
struviitille noin 95 % ja ammoniakin strippaukselle 85-99 %.
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Need for nitrogen in food production rises now and in the future as the world’s population
grows even more. The production of nitrogen fertilizers is usually made by Haber-Bosch
process which consumes much energy and causes significant amount of carbon dioxide
emissions. In addition, excessive amounts of nitrogen, migrating into waterbodies with
wastewaters, cause eutrophication and changes to water ecosystems. This is why the
recovery of nutrients, especially ammonium nitrogen, has been started to study.

Wastewaters contain abundant amount of precious nutrients which can be utilized as
materials in circular economy. The aim for this bachelor’s thesis is to examine the
possibilities in ammonium nitrogen recovery and analyze recovery methods for different
wastewaters. This thesis goes through possible ammonium nitrogen recovery methods and
considers their use in the fertilizer industry. The main emphasis of the text is in ammonium
nitrogen recovery methods.

The results about ammonium nitrogen recovery methods are promising and many of the
methods have excellent efficiencies. Especially bioelectrochemical methods show promising
results in terms of recovery efficiency and economy. In addition, struvite precipitation and
ammonia stripping are promising methods but their high costs, because of chemical usage
and energy consumption, affects profitability of the methods. However, their recovery
efficiencies have shown promising numbers, for struvite precipitation around 95 % and for
ammonia stripping 85-99 %.
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1 Introduction

Tightening goals in carbon neutrality and circular economy drive companies to use resources
such as waste material even more efficiently. Wastewaters contain precious nutrients such as
nitrogen which could be recycled and re-used. (Lehtoranta et al., 2021) Excess concentrations
of nitrogen in wastewaters cause ecological problems, for example eutrophication which
causes changes in ecosystems. This is why recovery of nutrients from wastewater is
important. Also, the production of nitrogen fertilizers consumes significant amounts of
energy. By recovering nitrogen from the wastewaters and using it to produce recycled
fertilizers, the number of synthetic fertilizers would decrease significantly. This would
reduce the energy consumption related to fertilizer industry and cut down carbon dioxide

emissions.

One possible source of nitrogen is wastewater. In wastewater treatment, it is possible to
recover nitrogen with various different methods and wastewaters. It is possible to combine
different methods in order to get better results. Choice of recovery method is influenced by
many factors such as the concentration of nitrogen in wastewater and the type of wastewater.
If nitrogen could be recovered from wastewaters better, synthetic fertilizers and the risk of

eutrophication would reduce.

In this thesis the focus is on looking for recovery methods for ammonium nitrogen from
different kinds of wastewaters. Ammonium nitrogen can be recovered with various methods
such as struvite crystallization, stripping-adsorption, and membrane technologies. These
methods still lack thorough analysis of different methods’ usage in different wastewaters and
methods’ advantages and disadvantages. Also, future prospects haven’t been analyzed much

either. This bachelor’s thesis was performed for Flocon Technologies Oy.

The research questions of this bachelor’s thesis are:

Why it is important to recover ammonium nitrogen from wastewaters and how it can be

recovered?



What are the reasons why recovery of nutrients hasn’t been used industrially yet and what is

the current situation of recovery of nutrients?

What are the best methods for recovery of ammonium nitrogen based on economic,

technical, and material efficiency?

What is recovery methods’ outlook for the future?



2 Research methods

The search of the theoretical information for the bachelor’s thesis was significant part of the
process of writing this thesis. The theoretical information for this thesis was searched from
LUT Primo, Google Scholar and Google. Mainly used platform was LUT Primo that offered
great options for finding the appropriated sources for the thesis. I also tried to find books
about nitrogen recovery, but the topic is relatively new, which is why I didn’t find any.
However, I found one book related to different wastewaters which I used as a reference.
Searching the right references was time-consuming and sometimes took longer than

expected.

The search process started with finding basic information about the topic and I clarified for
myself what ammonium nitrogen even means. I googled about nitrogen and its role in the
fertilizer industry. After that, I moved to ammonium nitrogen and the recovery methods for
it. I also searched information about different wastewaters and how much they contain
ammonium nitrogen. After that, I started to find recovery methods for different wastewaters,
which was the most time-consuming part of the thesis process. Many of the recovery methods
were still pretty much in developing stage which made the process even harder. Also, the

information of the recovery methods was quite conflicting between different references.

The importance of choosing the right search words was noticed in the early stages of the
thesis. Search words used in finding the right sources consisted of nitrogen, nitrogen cycle,
nitrogen as fertilizer, ammonium nitrogen, different wastewater types, recovery of nutrients,
ammonium nitrogen recovery methods and ammonium nitrogen recovery from wastewater.
The materials used in the thesis are mostly online publications and websites, scientific

articles, and reports of different institutes.



3 Nutrients

Elements that can be found in the nature in forms of ions or bound to some other molecules
are called nutrients. Nutrients are important for plants growing since plants cannot fill their
life cycle without nutrients. Nutrients cannot be replaced by any other elements. (Ahtikoski
et al., 2023) The photosynthesis and growing of plants are enabled by nutrients. Main
nutrients for plants are nitrogen, phosphate, and potassium. These main nutrients are used as
fertilizers for crop production. The purpose of nutrients is to support plants’ growing,
increase the amount of crop and improve the quality of crop. If there isn’t enough nutrients
for plants, it will cause slowed growth and disturbance for plants. (Yara, 2018) However,
too high amount of nutrients is not ideal situation either. For example, excessive use of
nitrogen increases the concentration of nitrogen in waters and soil, which causes

eutrophication of natural waters and acidification of soils. (Bashir et al., 2013)



4 Nitrogen

There is an abundance of nitrogen in the Earth’s atmosphere. About 78 % of the Earth
atmosphere’s is nitrogen. (Royal Society of Chemistry, 2024) Nitrogen is one of the essential
nutrients for plants and it cannot be replaced by any other nutrient. (Ramboll Finland Oy,
2023) It is a structural part of proteins and nucleic acids. Plants obtain the needed nitrogen

through their roots from the soil. (ABTL Enzymes, 2022)

However, excessive concentrations of nitrogen in the water bodies cause eutrophication
(Hasan et al., 2021). Nitrogen enters natural waters through wastewaters but also agriculture
and forestry. Especially, runoffs from cultivation fields cause significantly increased
nitrogen loads in the water bodies. Eutrophication means that the load of nutrients in the
water increases which results in harmful algae blooms and plants and worsens oxygen

depletion. Eutrophication also reduces the biodiversity of natural waters. (WWF, 2019)

Nitrogen has different form of occurrences. The definition of total nitrogen (TN) means
compounds that are organic nitrogen, nitrites, nitrates and free ammonia and ammonium
(Brinkmann et al., 2016). This thesis concentrates on the ammonium nitrogen form of

nitrogen.

4.1 The nitrogen cycle

The nitrogen cycle explains how nitrogen moves on Earth. That includes geosphere,
biosphere, hydrosphere, and atmosphere. (University of California) The nitrogen’s cycle
includes ammonium (NH}), nitrate (NO3 ), nitrite (NO5 ), nitrogen gas (N,) and organic
nitrogen. In addition, nitrogen cycle contains different anthropogenic sources of nitrogen
such as Haber-Bosch process and wastewaters. Nitrogen in the atmosphere is in unavailable
form for organisms. To convert nitrogen to the form that is accessible for organisms, nitrogen
fixation is needed. Nitrogen fixation by bacteria refers to the conversion of nitrogen gas into
ammonium with the help of catalyst called nitrogenase. Next reaction is called nitrification.
The ammonium in nitrogen fixation is converted into nitrite and then the nitrite is modified

to nitrate. Oxidizing microorganisms are used to convert ammonium and nitrite. (Ye et al.,
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2018) The opposite process to nitrification is denitrification. In this process, nitrate is
converted back to the nitrogen gas. (Fujimaki et al., 2009) Nitrogen cycle is presented in

figure 1.

Industrial Haber- TeCcovery
Bosch process =
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Figure 1. The nitrogen cycle (Ye et al., 2018)

4.2 Ammonia as a fertilizer

Ammonia is essential component when it comes to producing fertilizers. As world’s
population increases, the amount of food needed also rises and that means fertilizer
production requires more volume. (Ye et al., 2018) In 2017 Food and Agriculture
Organization of the United Nations predicted that in 2020, the global ammonia supply would
be 171 MT and the demand 118 MT. In 2015, the numbers were 155 MT of supply and 110
MT of demand. (FAO, 2017)

Majority of the ammonia (NH;3) in the world is produced by Haber-Bosch Process. In the
process, ammonia is generated from hydrogen and nitrogen, which are in molecular form.
(Milton et al., 2017) This process is presented in equation 1. Haber-Bosch process is highly
energy-intensive and causes significant amount of C0O,-emissions, which promotes global
warming. That is why alternative options for Haber-Bosch process are needed. (Ye et al.,

2018)
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N, + 3H, > 2NHs, (1)

Before Haber-Bosch process was invented, microorganisms were the ones producing and
recycling nitrogen in the biosphere. Nowadays, when the Haber-Bosch process is
excessively used, the amount of artificially produced ammonia exceeds the amount of
ammonia made by microorganisms. (Stein and Klotz, 2016) So the amount of ammonia
produced from nitrogen in the Haber-Bosch process is significantly higher than the ammonia

obtained from nitrogen fixation. (Ye et al., 2018)

Ammonia produced by Haber-Bosch process is used as a component for fertilizers in
agriculture. When fertilizers are applied to cultivation land, ammonium is released into the
soil. From soil ammonium can be transferred into natural waters by agricultural runoffs.
Agricultural runoffs are caused by rain, irrigation or melted snow. Because of this, the
concentrations of ammonium in natural waters increases and all of the ammonium ions
cannot be converted back to nitrogen gas by the natural nitrogen cycle. The recovery of
ammonium nitrogen is interesting since it can be recovered from wastewaters and re-used

by the fertilizer industry.

Ammonium nitrogen comes into wastewater from natural processes and anthropogenic
activities. Humans’ waste ends up eventually into wastewater through urine and feces. Other
sources of ammonium nitrogen are industrial effluents, fertilizers, livestock manure and

sewage treatment plants. (US EPA, 2020)



12

5 Ammonium nitrogen

Ammonium nitrogen can be directly used by plants and it is also soluble in water. (Kyro,
2020) It can be presented as ammonia and ammonium ions (Tieteen termipankki). About 80
to 90 % of total nitrogen is in the form of ammonium nitrogen in wastewaters. (Darwish et
al., 2016) NH, — N is a way of saying nitrogen in a form of ammonium. (Rezagama et al.,

2017)

5.1 Wastewater treatment

Ammonium nitrogen is one of the key indicators of water quality. In addition to nitrite and
nitrate ions, ammonium nitrogen is one of the mandatory components in drinking water
observation. Both EU and WHO have set standards for ammonium nitrogen that its
concentrations should not be over 2 mg/L.. Ammonium nitrogen can form toxic compounds
with existing elements in water. (Yushchenko et al., 2023) Elevated concentrations of
ammonium nitrogen in the water are toxic to aquatic organisms. When the concentrations
are moderate, algae and plants in water can grow fast. This may cause eutrophication of
waters and increase in biochemical oxygen demand. (Wang et al., 2016) Load of nitrogen
reaching wastewater treatment plants in Finland is around 32 700 tons per year (Lehtoranta
et al., 2021). If that nitrogen could be recovered, the amount of recycled nitrogen used in
fertilizers would be significantly higher. This could help the environment by recycling

nutrients rather than always producing new ones.
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6 The recovery of nutrients

The current wastewater treatment focuses on keeping nutrients in the sludge. This sludge
can be utilized as fertilizer without further processing. However, there’s been research about
alternative ways to use nutrients in the wastewaters. One alternative has been the recovery
of nutrients by separating them from the sludge. After that the separated nutrients can be
used in fertilizer production. (Ramboll Finland Oy, 2023) Reason for this could be the fact
that by separating the nutrients from the sludge, they could be used more versatile to different
purposes of uses. When studying detrimental elements of wastewaters, the conclusion was
that wastewaters could be obtained cleaner if the recovery of nutrients were used.
Recovering nutrients from wastewater would reduce the amount of detrimental elements
migrating into the environment. (Lehtoranta et al., 2021) The cycle of critical nutrients is
presented in picture 2. The research of recovery methods has mostly been conducted in
laboratory scale so there aren’t that many examples from industrial scale, and the methods

are still being developed.

Transfer cﬂ"t,am
nutrient nutrient
Soil Nutrient
accunulation Economy recovery
Release "J'F'F_":""
nutrient Autrient
Fertilizer

Figure 2. The cycle of nutrients (Ye et al., 2020)

Comparing technical and economic feasibility, the latter is more important when it comes to
planning industrial scale nutrient recovery (Ye et al., 2020). This is because in order to apply

the methods into industrial scale, the recovery methods should be profitable in terms of
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economy. The economic side of recovery methods is quite unknown at the moment which
can be the reason why most of the recovery methods hasn’t been applied to industrial scale
yet. However, there are many reasons why the recovery of nutrients is a promising concept.
The recovery of nutrients could reduce cost of wastewater treatment compared to nutrient
removal. Compared to nutrient removal, the nutrient recovery could also make wastewater
treatment more sustainable by reusing nutrients from the wastewater. In addition, nutrient
recovery would add more fertilizers for food production and reduce the production of

inorganic fertilizers. (Ye et al., 2020)

6.1 Different wastewaters

Wastewater is water that has been used and it needs to be cleaned before releasing it back to
the nature (Wastewater Science School, 2018). Wastewaters are divided into three different
types of categories. These are industrial wastewater, municipal wastewater, and stormwater
runoff. (Nathanson and Ambulkar, 2010) The division is presented in figure 3. Industrial
wastewater is wastewater coming from manufacturing plants. Municipal wastewater means
wastewaters from residences and office buildings. Municipal wastewater is also divided into
greywater and blackwater. (Hammer and Hammer, Jr, 2012) Stormwater runoff is from snow
melting and raining. This is water that does not soak to soil and can transport harmful
chemicals into waterbodies. (US EPA, 2020) Depending on the wastewater matrix there are
different recovery methods with diverse cost and materials (Singh et al., 2023). Different
wastewaters require specific recovery methods, so it is important to specify the method to
the certain wastewater. Wastewaters that contain ammonium nitrogen are considered as
source for precious nitrogen (Darwish et al., 2016). Wastewaters also contain different
detrimental elements which wastewater treatment isn’t able to remove (Lehtoranta et al.,
2021) Examples of these are heavy metals such as chromium and arsenic. Agronomic field
applications are source of chromium and urine and sewage sludge effluents contains arsenic.

(Darwish et al., 2016)
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Urine
Wastewater
Blackwater
Stormwater Feaces
runoff

Figure 3. Division of different wastewater types (adapted from (Edokpayi et al., 2017))

Table 1 introduces different types of wastewaters and what are their concentrations of
ammonium nitrogen. Human urine contains the highest amount of ammonium nitrogen and
greywater the lowest concentrations. The most promising wastewaters for ammonium
nitrogen are human urine, digestate and landfill leachate. This is because these kinds of
wastewaters contain significant loads of ammonium nitrogen. The more ammonium nitrogen

is present in the wastewater, the more profitable it is to recover it.

Table 1. Different types of wastewaters and their concentrations

Concentration of NH; — N (mg/L) | Source of wastewater Reference
7,220 Human urine (Darwish et al., 2016)
2,000 Landfill leachate (Yeetal., 2018)
1-54.8 or <75 Greywater (Maghfiroh et al., 2022)
100 Municipal wastewater (Yeetal., 2018)
110-1,650 Swine wastewater (Nagarajan et al., 2019)
not mentioned Coking wastewater (Huang et al., 2016)
2,500 Digestate (Carucci et al., 2022)




16

7  Ammonium nitrogen recovery

Recovery methods for ammonium nitrogen are divided into physical, chemical, and
biological processes. In physical methods, the physical characteristics are used to recover
ammonium. Example of this is ammonia stripping. Chemical methods utilize different
chemical reactions or characteristics to recover ammonium. Struvite is an example of
chemical methods. Biological methods use biological material to recover ammonium.

Example of biological methods are bioelectrochemical systems. (Galeano et al., 2023)

7.1  Main recovery methods

This chapter introduces basic and mostly used recovery methods for ammonium nitrogen.
The principal methods are struvite crystallization, stripping of ammonium combined with
adsorption and different membrane technologies. This chapter explains how these three
methods for ammonium nitrogen recovery work, what needs to be considered and shows
result related to recovery. The effectiveness and influencing factors of these methods is also

discussed in this chapter.

7.1.1 Struvite crystallization

Struvite crystallization is the most investigated recovery method for wastewaters and at the
same time most ecological recovery method for ammonium nitrogen (Darwish et al., 2016;
Ye et al., 2018). There are some applications of struvite crystallization in full scale industry
but not that many yet. Results states that over 95 % of ammonium nitrogen could be
recovered from different wastewaters such as landfill leachate and human urine. Struvite
crystallization would be particularly suitable option for greatly contaminated wastewaters
like swine wastewaters and leachate from landfill. Swine wastewaters can contain around
110-1650 mg/L of ammonium nitrogen and landfill leachate usually over 2000 mg/L.
(Darwish et al.,, 2016; Nagarajan et al., 2019) The nutrient recovery via struvite
crystallization has been also studied in various wastewaters such as anaerobically digested

sludge, domestic wastewater, and urine (Ye et al., 2021). The method works in such way
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that ammonium is recovered in form of struvite (Ye et al., 2018). Struvite is crystalline
powdery mineral which contains magnesium, ammonium, and phosphate called MAP. In
theory, the amount of each reactant should be equal. (Darwish et al., 2016) The struvite

precipitation process is presented in figure 4.

Wastewater,

Wastewater, ) 5. N X
low PO,* and NH,* concentration

high PO, and NH,* concentration

Base
"l Reactor

Mg source
»

Struvite (fertiliser)

Figure 4. Struvite precipitation process (Lorick et al., 2020)

The struvite recovery is influenced by many factors. Supersaturation has biggest influence
on forming the struvite crystals. The term supersaturation means that the maximum amount
of substance has been dissolved. Supersaturation also effects on struvite crystals’ purity and
size. (Darwish et al., 2016) Other factors influencing struvite recovery are molar ratios of

magnesium, nitrogen and phosphate, reaction time, temperature, and pH.

Molar ratios of Mg?*:PO3 " :NH] should be specified separately depending on the
wastewater type. However, it can be said that increasing the Mg?* amount would be more
suitable option comparing the addition of PO~ salts. The addition of PO}~ may cause more
nutrients that are unwanted and as a result require extra treatment methods. Reaction time
also influences on struvite recovery. Struvite crystal size increases as the reaction time rises.
However, increased reaction time has negligible effect on struvite production. The optimal
reaction time would be 20 to 25 minutes for wastewaters that contain high concentrations of
ammonium. (Darwish et al., 2016) Based on this, the increase of reaction time isn’t profitable
because it doesn’t have significant effect on struvite production, and it only raises the
production costs by consuming more energy. The reaction temperature influences struvite
recovery significantly. High temperatures affect substantially the struvite. As the

temperature increases, so does the solubility of struvite. This means the amount of struvite



18

obtained decreases if the temperature is too high. Under 55 °C, the structure of struvite is
stable. (Darwish et al., 2016) This means that the temperature should be under 55 °C in order
to avoid mass loss of struvite crystals. pH also has significant influence on MAP recovery.
The optimum pH range for struvite recovery is 8-10. When the pH is higher than 10
ammonium is converted to free ammonia. Struvite needs to be washed with pure water (pH
=7) after production so that the effect of OH™ can be eliminated since it promotes the release
of ammonium. One study found that the optimum pH for landfill leachate should be between
8-10 and for rare-earth wastewater around 8.5-9.5. For this reason, the pH should be
determined separately for specific wastewater matrices. Heavy metals can affect the
struvite’s purity by adsorbing into struvite crystals’ surfaces. This is not ideal situation since
this means when the struvite is applied to land, it will at the same time add heavy metals to

the soil. (Darwish et al., 2016)

7.1.2  Ammonia stripping-adsorption

The second recovery method for ammonium recovery is ammonia stripping-adsorption in
which ammonium is first converted to volatile ammonia in elevated temperature and alkaline
pH. After that the ammonia is stripped from the solution (Ye et al., 2018). Reaction
temperature of conventional stripping processing is usually around 20 °C to 50 °C and pH
should be about 10-12 (Kim et al., 2021). The increase of pH is obtained by significant
addition of NaOH or Ca(OH),. For ammonia stripping there are two different options:
steam stripping and air stripping. In steam stripping, the steam is being blown into the water
and then ammonia solution is produced after condensation. Air stripping is conducted by air
bubbling through the wastewater and the air bubbles take up the ammonia in gaseous form.
(Shaddel, 2018) After ammonia is being stripped from the solution, it is adsorbed by
sulphuric acid H,S0, and form ammonium sulphate which can be used as fertilizer (Shaddel,

2018; Ye et al., 2018). Ammonia stripping-adsorption process is presented in the figure 5.
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Air + NH;-gas

Wastewater, high NH,*
concentration

|Ammonia
absorber

Ammonium sulfate
(fertiliser)

Wastewater, low NH,;* concentration

Stripper

Figure 5. Ammonia stripping-adsorption process (Lorick et al., 2020)

Ammonia stripping is especially used for wastewaters that have high ammonium
concentration, over 1000 mg/L. Examples of these kind of wastewaters are sludge from the
wastewater treatment plant, landfill leachate and anaerobic digestion effluents. (Saarela,
2022; Shaddel, 2018) With ammonia stripping combined with adsorption, it is possible to
recover 85-99 % of the ammonium (Ye et al., 2020). Ammonium is recovered efficiently
from wastewater but there are still problems with the economy of the process. Because of
the high reaction temperature, pH and gas flow rate, the ammonia stripping has significantly
high demand of energy around 90 MJ/kgN. (Shaddel, 2018) Because of this, the costs related

to ammonia stripping are quite high.

7.1.3 Membrane technologies

Ammonium recovery through membrane technology is a promising concept but is mostly
still in developing stage. Membrane technology is a considerable method for ammonium
recovery since cost and energy of the process is relatively low (Ye et al., 2021). Promising
membrane method is especially forward osmosis (FO). Reverse osmosis (RO) is also a
potential option, but the fouling of membranes is a struggle compared to forward osmosis.
(Ramboll Finland Oy, 2023) In forward osmosis, natural osmotic pressure works as driving
force for the water molecules to shift from the feed side to draw side. The ammonium left in
the feed side can be then concentrated. In reverse osmosis, hydraulic pressure is used to

move water molecules from low concentration of solute to high concentration. (Ye et al.,



20

2018) Membrane technology isn’t suitable for wastewaters containing high concentrations

of ammonium because it can clog the membrane’s pores.

Another method that utilizes membranes is bioelectrochemical system (BES). Usually in
BES, microbial fuel cells (MFC) or microbial electrolysis cells (MEC) are being used for
the recovery of ammonium. These systems are shown in figure 6. Both, MFC and MEC
includes anode and cathode chambers and are separated with a cation-exchange membrane
(CEM). (Ye et al., 2018) CEM allows only cations to be transmitted from anode side to
cathode side with the help of diffusion caused by concentration gradient and migration
(Tekinalp et al., 2023; Ye et al., 2018) These bioelectrochemical systems are a promising
method especially when they are combined with another method such as ammonia stripping

or precipitation of ammonium. (Shaddel, 2018)

¢ Resistor ¢ Resistor

(a) N (b) —>—{H ps ~|

0 i I
rganic . Organic
OH H
H : H : 2
NH = NH.";
co 0, H,0
2 Anode : Cathode CO:" Anode H Cathode

CEM

CEM

Figure 6. (a) Microbial fuel cell (MFC) (b) Microbial electrolysis cell (MEC) (Ye et al.,
2018)

Osmotic membrane bioreactor (OMBR) is another potential membrane technology method
for ammonium recovery from wastewaters. Figure 7 shows the process of osmotic membrane
bioreactor. This process consists of forward osmosis membrane and biological process. In
this process, about 97 % of ammonium in the inflow were first rejected as a result of forward
osmosis membrane and then cumulated in the osmotic membrane bioreactor. This was
conducted with municipal wastewater. (Ye et al., 2018) Around 98 % of ammonium nitrogen

were removed in this kind of OMBR process (Ye et al., 2021).

Membrane technology is usually connected to some other method to maximize the efficiency
of nutrient recovery. One possible combination could be membrane technology combined

with struvite precipitation which was introduced in the chapter 6.1.1. (Ye et al., 2021)
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Advantage of this is that the additional magnesium source wouldn’t be needed since
magnesium ions were enriched in the forward osmosis process. However, the addition of

NaOH would still be needed to actually produce the struvite. (Ye et al., 2018)
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Figure 7. The process of osmotic membrane bioreactor (Ye et al., 2018)
7.2 Recovery methods for specific wastewaters

This chapter introduces recovery methods for coking wastewater, greywater, agro-industrial
digestate, human urine and digestate. Methods presented in this chapter are struvite
precipitation combined with microwave radiation technology, natural zeolites adsorption
with air stripping technique, biochemical systems, open-loop hollow fiber membrane
contactor and hydrothermal pretreatment followed by activated hydrochar sorption. The
methods are partly same as the methods mentioned in the chapter 6.1, but they have been

modified to improve the recovery efficiency and to reduce the operational costs of recovery.
7.2.1 Struvite and microwave radiation

Struvite was mentioned to be considerable method for ammonium nitrogen recovery in
chapter 6.1.1. In this chapter, the combination of struvite crystallization and microwave
radiation technology is being presented in order to reduce struvite’s recovery cost but to
maintain a good degree of ammonium nitrogen recovery. This method has been tested for

coking wastewater which has offered some promising results in terms of economy of the
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process and recovery. Coking wastewater is wastewater generated for example from
purification of coal gas and refining of chemical products in a coke plant. These kinds of
wastewaters usually contain large number of poisonous compounds such as phenolic
compounds and total ammonia nitrogen. The amount of TAN was 450 + 18 mg/L and

phenolic compounds 758 + 83 mg/L. (Huang et al., 2016)

Struvite decomposition product

Wastewater
Ammonia recovery
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Emm—

Struvite

Microwave oven ,_[,77_,,

Figure 8. The combined process of struvite precipitation and microwave radiation

technology (Huang et al., 2016)

The combination of struvite and microwave radiation works in such way that first struvite is
being obtained using the same methods as presented in chapter 6.1.1. After that, the struvite
is transported into microwave oven where it is being treated with microwave radiation. The
recovery process is presented in figure 8. The heat in the microwave oven causes the
ammonium to change to volatile ammonia which can be recovered and then condensed back
to ammonium by condenser. For traditional struvite precipitation, large amounts of
magnesium and phosphate are needed in order to reach high recovery efficiencies. Large
consumption of magnesium and phosphate increases the process costs and effects on
profitability. This is why the possibility of recycling the decomposition product of struvite,
containing magnesium and phosphate, has started to gain interest. Average cost for recycled
one was 3.97 dollar/kg TAN and non-recycled was 8.71 dollar/kg TAN. This means that the
process with recycled decomposition product would save 54.4 % of struvite precipitation
cost compared to the process without recycling. When the struvite decomposition product
was recycled with 8.5 pH and ratio of P:N 1:1. 88 % of ammonium nitrogen in the

wastewater was recovered. (Huang et al., 2016)
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7.2.2 Natural zeolites with air stripping

The recovery of ammonium nitrogen from greywater is possible with the combination of
natural zeolites and air stripping. This process is presented in figure 9. These kinds of waters
contain significant loads of ammonium nitrogen. Usually, ammonium nitrogen
concentrations in greywater are between 1 and 54.8 mg/L or even 75 mg/L. In this
experiment, the ammonium concentration was set to 50 mg/L. This method first uses natural
zeolites to remove ammonium from greywater and after that recovery of ammonium can be
carried out using air stripping. The removal of ammonium is conducted by adsorption. They
are promising adsorbents since there have been identified around 40 different natural zeolites
(USGS, n.d.). In addition, they have great removal efficiency, and they are highly selective
towards cations. The removal efficiency is affected by many factors such as the type of
zeolites, contact time, initial concentration, and the materials’ size of particles. Efficiency of
removal range from 30 % to 98 % when using natural zeolites to adsorb ammonium.

(Maghfiroh et al., 2022)
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Figure 9. (a) Natural zeolites without stripping (b) Natural zeolites with combination of

stripping (Maghfiroh et al., 2022)

The experiments of this method were conducted using natural zeolites with particle size of
1.18-2.36 mm. Temperature of the experiments was 19-20 °C and pH around 11.1. It was
noticed in the experiments that amount of zeolite and reaction time had stronger effect on
ammonium removal compared to solution pH. This could mean that this method would be
suitable for different kind of greywaters with different pH’s. In this process, NaCl is used as
brine solution for the desorption. NaCl can also be replaced with KCl . Sulphuric acid can

be switched to phosphoric acid, and either ammonium sulphate or ammonium phosphate can
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be generated. Both of these ammonium salts can be used as fertilizers for land. With this

process, the recovery efficiency of ammonium could reach over 97 %. (Maghfiroh et al.,

2022)

7.2.3 Bioelectrochemical systems

The recovery of ammonium nitrogen has been tested for agro-industrial digestate using

bioelectrochemical systems (BESs). This method has been tested by using two MECs with

synthetic and real digestate. In MEC-1 carbon felt and in MEC-2 granular graphite was used

as anodes. The process of ammonium nitrogen recovery using bioelectrochemical systems

is presented in figure 10. In this method, ammonium is being accumulated in the cathode

chamber. The current of electrons drives positively charged ammonium ions through cation

exchange membrane (CEM) to the cathode side of the bioelectrochemical system. The

accumulated ammonium in the cathode chamber can then be recovered using stripping

followed by absorption. Important parameters in terms of the process were for example the

concentration of ammonium ion, catholyte’s pH and conductivity, current density and type

of the electrode. (Carucci et al., 2022)
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Figure 10. Bioelectrochemical system for the recovery of ammonium nitrogen (Carucci et

al., 2022)
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In the experiment, ammonium was recovered in the form (NH,),S0, in both MEC-1 and
MEC-2. Ammonium recovery rates were higher in the MEC-1 than in the MEC-2. In MEC-
1, the recovery rate was 60+ 13 gNH} — N 1/(m?d) and in MEC-2, it was 10 +
3.6 gNHf — N 1/(m?d) when the real agro-industrial digestate was used. The removal
efficiency of MEC-1 was also higher than in MEC-2. Removal efficiency of ammonium in
MEC-1 was 29 + 6.6 % and in MEC-2 it was 21 + 7.9 %. Synthetic digestate obtained

higher removal efficiencies and recovery rates because of the complexity of the effluent in

real digestate. The average energy needed was 3.6-3.7 kwh , which is significantly

removed

lower than the energy needed in conventional recovery processes for ammonia. (Carucci et

al., 2022)

7.2.4 Open-loop hollow fiber membrane contactor

One method for recovering ammonium nitrogen from urine is open-loop hollow fiber
membrane contactor (HFMC). This method was used to recover ammonium from manure
and landfill leachate. In this process, HFMC is used to create a wall between the feed
solution, containing large amounts of ammonium nitrogen, and stripping solution. The
ammonium in the feed side is first transformed into volatile ammonia by adding alkaline to
the solution. The difference between ammonia partial pressures results in diffusion of
ammonia through the membrane’s pores. After that the stripping solution is used to recover
ammonia. Ammonium can be recovered in the form of ammonium sulphate by using sulfuric
acid in the stripping. Also, ammonium phosphate and ammonium nitrate can be obtained by
using nitric and phosphorus acid as stripping solution. In addition to this, solid fertilizer
could be obtained from the feed side by magnesium potassium phosphate (MPP)
precipitation process. (Zhang et al., 2020a)
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Figure 11. HFMC process for recovery of ammonium (Zhang et al., 2020a)

In the HFMC, the feed flow velocity is one of the key factors influencing ammonia capture
efficiency. The experiments showed that the highest ammonia recovery 80.13 % was
achieved with feed flow velocity of 2.61-107°>m/s. When the feed flow velocity was
increased to 46.83 - 10™° m/s, the recovery efficiency was decreased significantly to 33.06
%. Other significant factor influencing ammonia recovery is pH. The optimum pH, which
obtained the highest recovery efficiency was 12 but when decreased to 10 the efficiency was
also decreased to 62.12 %. However, 16.89 % of ammonia was escaped into air from feed

tank. (Zhang et al., 2020a)
7.2.5 Activated hydrochar sorption

Ammonium nitrogen can be recovered from digestate using hydrothermal pretreatment and
after that activated hydrochar sorption (Zhang et al., 2020b). This method has only been
tested in laboratory scale and needs still more research. Digestate is mixture of solids and
liquid which contains plenty of nutrients including ammonium nitrogen (US EPA, 2015).
The concentration of ammonium nitrogen in digestate is around 1108.79 mg/L. One possible
recovery method for ammonium nitrogen is sorption of ammonium using for example
biochar, carbon that has been activated or zeolite. Nevertheless, these sorbents are quite
expensive, and the sorption efficiency of these methods is poor. The recovery of ammonium
nitrogen by sorption is limited by the difficulties of capturing and recovering nitrogen in

insoluble and organic form. The hydrothermal pretreatment of digestate is used so that the
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amount of insoluble and organic nitrogen converted to ammonium is higher. (Zhang et al.,
2020b) The hydrothermal reaction increased ammonium nitrogen concentration from

1108.79 mg/L to 1181.52-1323.94 mg/L.

In addition to previously mentioned sorbents, hydrochar is even more promising sorbent
when combined with hydrothermal pretreatment. The activated hydrochars used as sorbents
were combined from corn cobs. Hydrothermal carbonization was used to form the
hydrochars. In the study, researchers examined the difference between hydrochar and
activated hydrochar with two different temperatures. The activated hydrochars were

produced by mixing previously mentioned hydrochar with 3 M KOH. (Zhang et al., 2020b)

Ammonium nitrogen content of the digestate increased significantly when the hydrothermal
pretreatment was added compared to the method without the pretreatment. The sorption
capacities of nitrogen/ammonium nitrogen were better with activated hydrochar than raw
hydrochar. This is because of the KOH activation which causes more functional groups that

contain oxygen. (Zhang et al., 2020b)
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The economic efficiency and readiness for the market of ammonium nitrogen recovery

methods is still developing. Factors that affect the market readiness of recovery methods

relate especially to economic and energy efficiency. Most of the methods lack research on

recovery costs and energy consumption, especially those methods that are still in the

developing stage. (Ramboll Finland Oy, 2023) When considering the efficiency of recovery

methods, there are three main considerations which are construction costs, operational costs,

and benefits from the recovered ammonium nitrogen. (Ye et al., 2018)

Table 2. Summary of the most promising recovery methods

Wastewater used Recovery Ammonium load
efficiency (%) (mg/L)
Struvite landfill leachate, <95 2,000
crystallization human urine 7,220
Ammonia stripping- sludge, landfill about 85-99 <1000
adsorption leachate
Membrane not mentioned differs from not mentioned
technologies wastewater type
Struvite and Coking wastewater 88 not mentioned
microwave
radiation
Natural zeolites and Greywater 97 50
air stripping
HFMC Urine 80.13 not mentioned

Struvite is a promising method for ammonium nitrogen recovery from wastewaters since the

struvite obtained from the method can be used straight as fertilizer. It is safe and efficient
slow release fertiliser. Studies show that it is a strong contender for traditional fertilisers in
terms of its characteristics and applicability to land. (Siciliano et al., 2020; Ye et al., 2018)
Other advantage of struvite method is that in addition to ammonium recovery, struvite can

recover simultaneuosly phosphate which is a non-renewable natural resource (Ye et al.,
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2018). However, struvite precipitation requires large amounts of alkaline chemicals in order
to increase the pH of the solution. The addition of magnesium is also needed in this process
since most of the wastewaters doesn’t contain enough magnesium. (Ye et al., 2018) Because
of this, researchers have started to investigate alternative magnesium sources that are

beneficial in terms of costs and recovery efficiency (Siciliano et al., 2020).

Stripping-adsorption is efficient method for ammonium nitrogen recovery. It is stated that
even 85-99 % of ammonium in the wastewaster could be recovered with stripping-
adsorption. The process is quite simple and in terms of adsorption, the method is inexpencive
and stable. (Ye et al., 2020) The fertilisers produced in this process could be straight used as
fertilisers or as raw materials for fertilizer production (Ramboll Finland Oy, 2023). However,
stripping is highly energy consuming process which increases the operational costs related
to the process. Also, the addition of alkaline in order to increase pH, affects the process

profitability. (Ye et al., 2018)

One of the most promising recovery method for ammonium nitrogen are membrane
technologies, especially bioelectrochemical systems (BESs). In terms of energy
consumption and chemical usage, these are much lower in membrane technologies than in
conventional recovery methods such as ammonia stripping and struvite precipitation. This
method doesn’t require the elevation of pH which reduces chemical usage. (Ye et al., 2020,
2018) However, the disadvantage of membrane technology is membrane fouling and
contaminants that settle down on the surface of membrane. This decreases the ammonium

nitrogen recovery efficiency. (Zhou et al., 2023)
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9  Conclusions

The aim for this bachelor’s thesis was to investigate the possibility of recovering ammonium
nitrogen from different wastewaters and examine various methods for it. Also, intention was
to critically investigate these methods and find how they could enhance the fertilizer
industry. This thesis was conducted as literature survey by finding information about
nitrogen as nutrient and different recovery methods that has been examined for ammonium

nitrogen.

Research related to ammonium nitrogen recovery methods has been successful and various
promising methods have been discovered for different wastewaters. Different methods have
shown excellent recovery efficiencies and research is being conducted all the time to even
improve them. Struvite crystallization has recovery efficiency of around 95 % and ammonia
stripping-adsorption around 85-99 %. However, the economy of these methods is mostly
still non-profitable since the energy consumption and chemical usage of the recovery
methods are high. Overall, the recovery methods have shown promising results in terms of
ammonium nitrogen recovery. Other promising methods were struvite and microwave
radiation technology which had ammonium recovery efficiency of 88 % and natural zeolites
and air stripping with recovery efficiency of 97 %. These methods could possibly save
excessive amounts of chemicals used for example in struvite and ammonia stripping-
adsorption. Promising wastewaters for ammonium nitrogen recovery could be human urine,

landfill leachate and digestate because they contain large amounts of ammonium nitrogen.

The research conducted so far points that the recovery of ammonium nitrogen from
wastewaters is possible. However, more research is needed in terms of economy of the
methods since it is the key influencer on feasibility of recovery methods in addition to
recovery efficiency. High costs of the methods are caused by chemical usage and energy
consumption. Chemical usage could be lowered by recycling of products in the process.
Also, alternative sources for expensive chemicals should be discovered in order to reduce
lower chemical usage of these methods. For example, the possibility of using side streams
of other processes could be an alternative option. The use of inexpensive adsorbent materials

could also reduce production cost of different adsorption methods.
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One of the most considerable recovery methods could be bioelectrochemical systems that
should be investigated much more. The focus in research should be especially in finding
membrane with different features to maximize the amount of ammonium obtained. Fouling
of membranes is a struggle and it needs to be investigated, especially the possibility of
wastewater pretreatment to prevent the membrane fouling. Combination of different
methods is also promising and especially combinations with bioelectrochemical systems and
other method could be promising. One possible application would also be the use of multiple
different membranes in a row. This could improve the recovery efficiency of ammonium

nitrogen and help reduce the fouling of membranes.
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