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Abstract
According to the European Union’s circular economy strategy, the use of industry waste materials
and side flows should be more effective. In general, the objective of the strategy is to increase the
recycling and reuse of products and waste materials. This thesis addresses the reuse of Cacontaining paper mill sludge originating from paper mills, Ca- and Mg-containing fly ash
originating from power plants, and Ca- and Mg-containing sieved fractions of dolomite provided
from lime quarries. These waste materials were used as chemical precipitants in the simultaneous
removal of NH4−N and PO4−P from synthetic wastewater and from the wastewater of anaerobic
digestion plants and agricultural sludge.
Experiments were started using synthetic wastewater and commercial salts, CaO and MgO, as
precipitants to generate experimental comparative data. Next, the previously mentioned waste
material precipitants were used with synthetic wastewater. Finally, waste material precipitants
were used with authentic wastewater. Commercial precipitants, calcined paper mill sludge, and fly
ash removed almost 100% of NH4−N and PO4−P from the synthetic wastewater. Even though
NH4−N reduction was 100% in the case of calcined paper mill sludge, it was caused by ammonia
volatilization into air, not by precipitation. Using calcined dolomite as a precipitant, 70% NH4−N
and 60% PO4−P reduction was achieved.
Based on the experimental results, the used waste materials quite effectively removed both
NH4−N and PO4−P from nutrient containing, authentic wastewater. Calcined paper mill sludge
removed 17−97% of NH4−N and 73−74% of PO4−P. Fly ash removed 43−74% of NH4−N and
34−59% of PO4−P. Using calcined dolomite achieved 70% PO4−P reduction.
Formed precipitates contained valuable compounds, such as monetite, CaHPO4,
hydroxyapatite, Ca5 (PO4)3 (OH), and struvite, MgNH4PO4∙6H2O.

Keywords: ammonium nitrogen, calcium phosphate, circular economy, fertilizer
legislation, hydroxyapatite, phosphate, recycled fertilizer, struvite, waste materials

Myllymäki, Pekka, Teollisuuden jätemateriaalien käyttö saostuskemikaaleina
NH4−N:n ja PO4−P:n samanaikaiseen poistoon jätevesistä.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta; Kokkolan
yliopistokeskus Chydenius
Acta Univ. Oul. C 742, 2020
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Euroopan unionin kiertotalousstrategian tavoitteena on lisätä teollisuuden jätemateriaalien ja
sivuvirtojen uudelleenkäyttöä. Tämä väitöskirjatyö käsittelee paperiteollisuuden Ca- pitoisen
kuitusavilietteen, voimalaitoksen Ca- ja Mg- pitoisen lentotuhkan sekä kalkkikivilouhoksen Caja Mg- pitoisen dolomiitin seulontafraktion uudelleenkäyttöä. Näitä jätemateriaaleja käytettiin
saostuskemikaaleina NH4−N:n ja PO4−P:n samanaikaiseen poistoon sekä synteettisestä että
autenttisista jätevesistä, kuten biokaasulaitoksen jätevedestä ja maataloudesta peräisin olevasta
lietteestä.
Kokeet aloitettiin synteettisellä jätevedellä käyttäen kaupallisia saostuskemikaaleja CaO ja
MgO, kokeellisina vertailumateriaaleina. Seuraavaksi jätemateriaaleilla saostettiin synteettistä
jätevettä. Lopuksi kokeissa saostettiin autenttisia jätevesiä jätemateriaaleilla. Kaupalliset saostinkemikaalit, kalsinoitu kuitusaviliete sekä lentotuhka poistivat synteettisestä jätevedestä
NH4−N ja PO4−P lähes 100 %. Hyvä NH4−N:n reduktio johtui pääasiassa NH4−N:n haihtumisesta ilmaan ammoniakkikaasuna, ei saostumisen seurauksena. Kalsinoidulla dolomiitilla
aikaansaatu NH4−N- reduktio oli 70 % ja PO4−P- reduktio oli 60 %.
Autenttisten koetulosten perusteella tutkimuksessa käytetetyt jätemateriaalit poistivat melko
tehokkaasti sekä NH4−N että PO4−P ravinnepitoisista, todellisista jätevesistä. Paperitehtaan kalsinoidulla kuitusavilietteellä aikaansaatiin 17−97 % NH4−N- reduktio sekä 73−74 % PO4−Preduktio. Voimalaitoksen lentotuhkalla aikaansaadut reduktiot olivat NH4−N:n osalta 43−74 %
sekä PO4−P:n osalta 34−59 %. Kalsinoidulla dolomiitilla aikaansaatu PO4−P- reduktio oli 70 %.
Muodostuneet saostumat sisälsivät arvokkaita kierrätyslannoitekäyttöön soveltuvia yhdisteitä, kuten monetiittia CaHPO 4 , hydroksyyliapatiittia, Ca 5 (PO 4 ) 3 (OH), sekä struviittia,
MgNH4PO4∙6H2O.

Asiasanat:
ammoniumtyppi,
fosfaatti,
hydroksyyliapatiitti,
jätemateriaali,
kalsiumfosfaatti, kierrätyslannoite, kiertotalous, lannoitelainsäädäntö, struviitti
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1

Introduction

1.1

Background

The European Union’s circular economy strategy aims to increase the recycling and
reuse of products and waste materials (European Commission, 2018a). According
to the strategy, the use of industrial waste material and side flows should be more
effective. The strategy is closely associated with the EU Waste Framework
Directive (2008/98/EC) (European Commission, 2018b), which includes a fivestep waste hierarchy in which different options for dealing with waste are described.
The first goal of the waste hierarchy is to prevent the formation of waste streams.
If this is not possible, the next step is to prepare waste for reuse, followed by
recycling and other recovery. Finally, if none of the first four steps are feasible,
waste should be disposed of without harming the environment.
Phosphorus and nitrogen are essential elements for all life, and they have a
large impact on agricultural crops and biological organisms. However, phosphorus
and nitrogen are the main nutrients in wastewater that promote the growth of
organic matter and algae, which cause eutrophication in water bodies. The main
sources of phosphorus and nitrogen discharges are from agriculture, industry, and
municipal wastewater. Furthermore, phosphorus is a non-renewable mineral, and it
also appears in the EU’s critical mineral list (CRM Alliance, 2018). Currently,
phosphorus is removed from municipal wastewater by collateral precipitation using
commercial aluminum or iron salts. According to the Association of the Finnish
waterworks, approximately 40% of municipal sludge was used as a fertilizer in
agriculture in 2016 (Vilpanen & Toivikko, 2017). However, the sludge contains
high amounts of aluminum, which can dissolve in the acidic conditions in Finnish
ground and cause phytotoxic effects on plants (Exley, 2013; Rout, Samantaray, &
Das, 2001). Therefore, it would be beneficial to avoid the use of aluminum
(Kilpimaa, Runtti, Kangas, Lassi & Kuokkanen, 2015). In addition, organic
micropollutants, such as pharmaceutical compounds, PAHs, and other organic
compounds in sewage sludge are a big concern (Pomiès, Choubert, & Coquery,
2013). However, this issue is outside the scope of this thesis.
Agriculture is the largest branch of industry in Finland that uses and recycles
phosphorus and nitrogen. One answer to the recycled fertilizer market is to convert
phosphate and ammonium nitrogen into a product that enhances nutrient value.
Chemical precipitation as struvite from wastewater is one method of phosphorus
19

and ammonium recovery. Struvite, MgNH4PO4·6H2O, is generated by phosphate,
ammonium, magnesium, and water molecules (Eq. 1) (Kataki, West, Clarke, &
Baruah, 2016; Rahaman, Mavinic, Bhuiyan, & Koch, 2006; Yoshino, Yao, Tsuno,
& Somiya, 2003). Commonly used precipitants for struvite precipitation are MgCl2,
MgSO4, and MgO (Liu, Giannis, Zhang, Chang, & Wang, 2013; Szymańska et al.,
2019):
𝑀𝑔

𝑁𝐻

𝑃𝑂

6𝐻 𝑂 → 𝑀𝑔𝑁𝐻 𝑃𝑂 ∙ 6𝐻 𝑂 𝑠 .

(1)

Commercial calcium salts are commonly used precipitants in Ca-phosphate
precipitation. Precipitation with Ca-salts leads to the formation of hydroxyapatite
Ca5(PO4)3(OH) (Eq. 2) or a struvite-like Ca-mineral, such as calcium ammonium
phosphate CaNH4PO4 (Frazier, Lehr, & Smith, 1964; Lenfesty & Brosheer, 1960;
Sauchelli, 1960):
5𝐶𝑎

𝑎𝑞

3𝑃𝑂

𝑎𝑞

𝑂𝐻

𝑎𝑞 ↔ 5𝐶𝑎 𝑃𝑂

𝑂𝐻 𝑠 . (2)

Ca- and Mg-rich industrial waste materials and side flows could be used as
inexpensive alternative precipitant chemicals for producing recycled fertilizers. In
Finland alone, the economic potential of recycled fertilizers is approximately 500
million € annually (Aho et al., 2015). Therefore, the use of Ca- and Mg-rich
industrial waste materials and side flows could have substantial market value in
nutrient recycling and be a contributing factor in the circular economy.
1.2

Scope and objectives

The objective of this thesis was to study the use of three different industrial waste
materials as inexpensive precipitant chemicals in the simultaneous removal of
ammonium and phosphate from wastewater. Another objective was to determine
whether the formed precipitates were suitable for fertilizer use. The studied waste
materials were paper mill sludge, fly ash, and dolomite. The commercial CaO and
MgO salts were used as comparative precipitation chemicals.
Agricultural sludge, the liquid phase of an anaerobic digestate, and the reject
water of an anaerobic digestion plant were used as nutrient-containing wastewater.
An ammonium phosphate solution was used as a comparative wastewater.
The research questions of this thesis are as follows:

20

–

–
–

Can industrial waste materials compete with commercial CaO and MgO salts
as precipitants in the simultaneous removal of ammonium and phosphate from
wastewater?
Can industrial waste materials be used as low-cost precipitation chemicals for
the simultaneous removal of ammonium and phosphate from real wastewater?
What kinds of compounds do the formed precipitates contain? Can these
precipitates be used as recycled fertilizer taking into account valid fertilizer
regulation? This is also the suggested question for future research topics.

A summary of this thesis and the constituent articles is given in Fig 1.

Fig. 1. Summary of the thesis and the contributions of the articles.

The novelty of the thesis is its use of industrial waste materials, such as paper mill
sludge, fly ash, and dolomite, as a precipitant in the simultaneous removal of
ammonium and phosphate from real wastewater. To the author’s best knowledge,
these materials are very rarely studied in this application.
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2

Legislation related to fertilizers

This paragraph discusses the most important regulations, as well as their objectives
and scopes regarding fertilizers in general, renewable fertilizers, and the utilization
of side streams. Both national and EU legislations must be taken into account, as
industrial waste materials and by-products are utilized as renewable fertilizers. The
direct quotations from the legislation have been indented from the body text
(Except Table 1). Fig. 2 illustrates the main regulations concerning fertilizers.

Fig. 2. The main regulations concerning fertilizers.
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2.1

Fertilizing Products Regulation (EU) 2019/1009

In asummer 2019, The European Commission (EC) released a revision of the new
fertilizer regulation:
Regulation (EU) 2019/1009 of the European Parliament and of the Council
laying down rules on the making available on the market of EU fertilizing
products and amending Regulations (EC) No 1069/2009 and (EC) No
1107/2009 and repealing Regulation (EC) No 2003/2003. The aim of this
regulation is to make use of recycled or organic materials for fertilizing
purposes. By harmonizing, the conditions for making fertilizers made from
recycled or organic materials should be established in order to provide an
important incentive for their future use. Promoting increased use of recycled
nutrients would further aid the development of the circular economy. The
regulation also opens the European wide market for recycled fertilizers. The
new regulation will be applied from the July 2022. (European Commission,
2019)
In 2016, the EC nominated the STRUBIAS (STRUvite, BIochar, AShes) group to
determine the criteria for how recycled fertilizers will be accepted for the fertilizer
market in the EU (European Commission, 2016). The STRUBIAS group recently
published its final report, and the new fertilizing materials will be added to the
annexes of the Fertilizing Products Regulation (Huygens, Saveyn, Tonini, Eder, &
Delgado Sancho, 2019).
2.2

The Animal by-products Regulation (EC) 1069/2009
Regulation (EC) 1069/2009 of the European Parliament and of the Council
laying down health rules regarding animal by-products and derived products
not intended for human consumption. The aim of the Animal by-products
Regulation is to ensure a sufficient level of hygiene in order to prevent the
spread of microbes causing disease and to ensure that the by-products are
identifiable and traceable at all stages. (European Commission, 2009)

The regulation includes, among other substances, animal-based organic fertilizers
and soil improvers (e.g., manure, guano, and processed animal protein).

24

2.3

REACH- regulation (EC) 1907/2006

The abbreviation REACH means Registration, Evaluation, Authorization, and
Restriction of Chemicals. The regulation entered into force June 2007.
The purpose of this Regulation is to ensure a high level of protection of human
health and the environment, including the promotion of alternative methods for
assessment of hazards of substances, as well as the free circulation of
substances on the internal market while enhancing competitiveness and
innovation. (European Commission, 2006b)
According to the REACH- regulation, all chemical substances that are
manufactured or imported and are at least one ton/year must be registered. When
industrial waste is classified as a by-product and fulfills the End-of-Waste criteria,
the REACH- regulation is applied. The wastes are excluded from the REACHregulation.
2.4

Fertilizer Product Act 539/2006
The Fertilizer Product Act 539/2006 entered into force on 1 July 2006. In this
Act the term fertilizer means substances and products intended for promoting
plant growth or improving the quality of the crop whose impact is based on
plant nutrients or other substances that are beneficial to plants, humans or
animals. The objective of this Act is, with the aim to ensure the quality of plant
protection, foodstuffs and the environment, to promote the supply of safe
fertilizer products that are of good quality and suitable for plant production,
utilization of by-products suitable for use as such as well as provision of
sufficient information on fertilizer products to their buyers and users. (Finnish
Ministry of Agriculture and Forestry, 2015a)

2.5

The Decree of the Ministry of Agriculture and Forestry on
Fertilizer Products 24/2011
The scope of this Decree lays down provisions on the types of fertilizer
products, type designation groups and the requirements specific to the type
designation groups as well as on the quality, marking, packaging, transport,
storage, use and other requirements of fertilizer products and on raw materials
of fertilizer products. The Decree does not apply to fertilizer products used for
25

landscaping of landfill sites or other enclosed areas. (Finnish Ministry of
Agriculture and Forestry, 2015b)
The decree also includes requirements for the hygienic and homogenous quality of
fertilizers. The Finnish Fertilizer Product Act (24/2011) has quality requirements
for fertilizers, such as maximum contents for harmful metals and the minimum
contents of nutrients (Table 1).
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Table 1. Maximum contents for harmful elements and minimum contents of nutrients in
inorganic fertilizers and in liming materials extracted with nitric acid and in other
fertilizer products extracted using an aqua regia wet combustion method, according to
the Finnish Fertilizer Product Act (24/2011) (Finnish Ministry of Agriculture and Forestry,
2015b).
Unit

Element

Fertilizer for field

-1

Fertilizer for forest

Arsenic (As)

mg kg , dw

25

40

Mercury (Hg)1)

mg kg-1, dw

1.0

1.0

Cadmium (Cd)2)

mg kg-1, dw

1.5

25

Chromium (Cr)

mg kg-1, dw

300

300

Copper (Cu)3)

mg kg-1, dw

600

700

Lead (Pb)

mg kg-1, dw

100

150

Nickel (Ni)

mg kg-1, dw

100

150

Zinc (Zn)3)

mg kg-1, dw

1500

4500

P+K

%, dw

n/a4)

≥2

Ca

%, dw

n/a4)

≥6

% Ca, dw

≥10

Neutralizing value

1) Determination of mercury using the EPA 743 method.
2) 2.5 mg Cd/kg for ash fertilizers or ash used as raw material in agriculture, horticulture, the construction
of green areas, and landscaping.
3) Exceeding the maximum content in fertilizer products may be permitted when a shortage of copper or
zinc has been established based on soil analysis. In forestry, exceeding the maximum content in a byproduct used as a fertilizer product is allowed only for using zinc in peatland forests when a shortage of
zinc has been established from the plants, based on soil, leaf, or needle analysis. In such a case, the
maximum content of zinc in a by-product used as a fertilizer is 6000 mg Zn/kg of dry matter.
4) not applicable

2.5.1 Cadmium content in fertilizers (EC) 348/2006
Commission Decision (EC) 348/2006 allows Finland to prohibit the placing on
the national market of phosphorous mineral fertilizers with a cadmium content
exceeding 50 mg / kg of phosphorus (22 mg Cd / kg P2O5). Furthermore, the
maximum content of Cd may not exceed 1.5 g / ha / year. (European
Commission, 2006a).
2.5.2 Decree of the Fertilizer Products and Their Control 11/2012
The Decree of the Ministry of Agriculture and Forestry on Activities
Concerning Fertilizer Products and Their Control lays down the provisions on
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the operator’s obligation to notify and registration of certain operators relating
to by-products of animal origin, obligation to keep a file, own check obligation,
obligation to notify in advance, laboratory approval, and internal trade and
import of fertilizer products. In addition, the Decree lays down the provisions
on the approval of an establishment which manufactures, technically processes
or stores organic fertilizer products or their raw materials as well as on
organizing the control concerning fertilizer products. (Finnish Ministry of
Agriculture and Forestry, 2015).
2.6

Waste Act 646/2011
The purpose of the Waste Act is to prevent the hazard and harm to human health
and the environment posed by waste and waste management, to reduce the
amount and harmfulness of waste, to promote the sustainable use of natural
resources, to ensure functioning waste management, and to prevent littering.
The Waste Act also includes End-of-Waste criteria, which specifies when
certain waste ceases to be waste and can be classified as a secondary raw
material. A substance or object is not waste but a by-product, if it results from
a production process whose primary aim is not the production of that substance
or object, and:

1.
2.
3.
4.

further use of the substance or object is certain;
the substance or object can be used directly as is, or without any further
processing other than normal industrial practice;
the substance or object is produced as an integral part of a production process;
and
the substance or object fulfills all relevant product requirements and
requirements for the protection of the environment and human health for the
specific use thereof and, when assessed overall, its use would pose no
hazardous harm to human health or the environment. (Finnish Ministry of the
Environment, 2016).

According to Article 6 of the Waste Framework Directive 2008/98/EC, a substance
or object is no longer waste if:
–
–
–
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the substance or object has undergone a recovery operation;
the substance or object is commonly used for a specific purpose;
a market or demand exists for the substance or object;

–
–

2.7

the substance or object fulfills technical requirements for specific purposes and
meets the existing regulations applicable to similar products; and
the use thereof will not, assessed overall, pose any hazard harm to human
health or the environment. (Finnish Ministry of the Environment, 2016).
Chemicals Act 599/2013
The objective of the Chemicals Act is to protect health and the environment
from the hazards and harm caused by chemicals. Chemical means substances
and mixtures as they are defined in the REACH Regulation and the CLP
regulation (Classification, Labelling and Packaging of substances and
mixtures). If a by-product classified as waste is productized, the product
transfers to the district of the product Regulation and Chemicals Act. The
general steering, monitoring and development of activities under the Act are
the responsibility of the Finnish Ministry of Social Affairs and Health as
concerning the prevention of physical hazards and harm caused by chemicals
to human health and the Finnish Ministry of the Environment as concerning
the prevention of hazards and harm caused by chemicals to the environment.
(Finnish Ministry of Social Affairs and Health, Finnish Ministry of the
Environment, 2013).

2.8

Environmental Protection Act 527/2014
The Environmental Protection Act applies to all activities that lead or may lead
to environmental pollution. The purpose is to prevent the pollution of the
environment and to repair and reduce damage caused by pollution, to safeguard
a healthy, pleasant and ecologically diverse and sustainable environment, to
prevent the generation and the harmful effects of waste, to improve and
integrate assessment of the impact of activities that pollute the environment, to
improve citizens' opportunities to influence decisions concerning the
environment, to promote sustainable use of natural resources and to combat
climate change and otherwise support sustainable development. (Finnish
Ministry of the Environment, 2014).
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2.9

Nitrate directive 931/2000
The purpose of the Government Decree on the Restriction of Discharge of
Nitrates from Agriculture into Waters 931/2000 is to protect waters against
pollution caused by nitrates from agricultural sources. The objective of this
directive is to prevent and decrease discharges caused by animal manure
storage and handling from leaking into ground water, surface water, soil and
air. (Finnish Government, 2000).
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3

Theoretical background of precipitation

Precipitation takes place when a substance quickly exits the solution, thus forming
a sparingly soluble solid (Harris, 1998). According to the definition by IUPAC
(International Union of Pure and Applied Chemistry), precipitation is
the sedimentation of a solid material (a precipitate) from a liquid solution in
which the material is present in amounts greater than its solubility in the liquid
(McNaught & Wilkinson, 1997).
The IUPAC definition for crystallization is
the formation of a crystalline solid from a solution, melt vapor or a different
solid phase, generally by the lowering of the temperature or by evaporation of
a solvent (McNaught & Wilkinson, 1997).
The same laws often concern both precipitation and crystallization processes.
Precipitation is a commonly used method for removing or recovering specific
species from the different kinds of solutions (Mullin, 2012).
3.1

Precipitation definitions

3.1.1 Solubility
According to the definition by IUPAC, solubility is
the analytical composition of a saturated solution, expressed in terms of the
proportion of a designated solute in a designated solvent, is the solubility of
that solute. The solubility may be expressed as a concentration, molality, mole
fraction, mole ratio, etc. (McNaught & Wilkinson, 1997).
The speed of dissolution increases when the particle size of the substance decreases
(Saarinen & Lajunen, 2004). The dissolved impurities and the increase of the
temperature can either increase or decrease the solubility significantly. The
solubility reaction of substance, MmAn, is presented in (Eq. 3) (Mullin, 2012;
Saarinen & Lajunen, 2004):
𝑀 𝐴 𝑠 ↔ 𝑚𝑀

𝑛𝐴

.

(3)

Solubility (S) can be expressed according to equation 1 (Eq. 4):
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𝑆

,

(4)

n
m
where [M ] and [A ] are molar concentrations of the substances in the solution.

3.1.2 Solubility product
The IUPAC definition for a solubility product is
the product of the ion activities raised to appropriate powers of an ionic solute
in its saturated solution expressed with due reference to the dissociation
equilibria involved and the ions present (McNaught & Wilkinson, 1997).
The solubility product, Ksp, is the equilibrium constant for a solid substance
dissolving in the saturated solution. The solubility product is the ion activity
product in the saturated solution. The solubility product compares the product of
the ion activities with the equilibrium constant. The solubility product is dependent
on the temperature, the solvent, and the solute. The value of the solubility product
is constant when the temperature is constant. The higher the solubility product is,
the more soluble a solid substance is. When a salt, MmAn, dissolves into water, the
solubility product is, as in (Eq. 5) (Harris, 1998; Saarinen & Lajunen, 2004):
𝐾

𝑀

𝐴

.

(5)

3.1.3 Ion activity product
If the solution is not saturated, the ion activity product (IAP) of the substance (MmAn)
can be measured according to (Eq. 6). The ion activity product can be calculated
when the concentration of ions in the solution is known:
𝐼𝐴𝑃

𝑀

𝐴

.

(6)

The value of the ion activity product can be compared to the value of the solubility
product. Precipitation always takes place when the ion activity product goes over
the solubility product, IAP > Ksp, and will continue until the ion activity product
equals the solubility product. When IAP < Ksp, precipitation does not occur
(Saarinen & Lajunen, 2004).
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3.1.4 Saturation and supersaturation
A solution is saturated with respect to a certain compound when the solid phase of
the compound no longer dissolves into the solution at a specified temperature. The
solution is then in thermodynamic equilibrium with the solid phase. In the saturated
solution, the electrolyte’s ion activity product (IAP) is equal to the electrolyte’s
solubility product (Ksp) at a specified temperature. However, solutions often
contain more dissolved substance than in the equilibrium-saturated solution. In that
case, the solution is supersaturated. In the supersaturated solution, IAP > Ksp, and
precipitation takes place until the solution is saturated (Mullin, 2012; Saarinen &
Lajunen, 2004). Saturation level (SL) is defined as the relation of the ion activity
product (IAP) and the solubility product (Ksp) (Metcalf & Eddy, Tchobanoglous,
Stensel, Tsuchihashi, & Burton, 2014). A saturation index can be derived as a
Briggs’ logarithm from the saturation level (Eq. 7) (Metcalf & Eddy et al., 2014):
𝑆𝐼

𝑙𝑜𝑔 𝐼𝐴𝑃

𝑙𝑜𝑔 𝐾 ,

(7)

where SI is saturation index, IAP is ion activity product, and Ksp is solubility
product.
3.2

Development of precipitation

Important parameters in the precipitation process are the (1) solubility product, (2)
particle size, (3) temperature, and (4) time. The precipitate forms at three stages:
nucleation, crystal growth, and aging (Hendricks, 2011). The precipitation process
proceeds by creating supersaturated conditions, followed by nucleation and the
growth of the formed primary particles to a bigger size. Precipitation starts forming
a small nucleus when the value of the ion activity product reaches the value of the
solubility product. Cations and anions in the liquid suspension collide with the
small nucleus, increasing them to a larger size. Small particles are dissolved and
large particles grow even larger. This ripening of precipitates is caused by the
different solubility between small and large particles. When the growing of a
nucleus happens slowly, it forms the precipitate, which contains a large nucleus and
is easy to treat. The requirements for the successful growth of the nucleus are
supersaturated conditions and time. In spite of supersaturation, some compounds
do not form nuclei, as long as the activation energy has not been overcome (Mullin,
2012; Saarinen & Lajunen, 2004).
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3.2.1 Particles’ stability in water
Particles, which must be removed from wastewater, are typically suspended solids
and colloidal species that are very small, from 1 nm to 10 μm in size. Due to their
small size and negative charge in water, particles are not easily removed by
sedimentation, filtration, or flotation (Tzoupanos & Zouboulis, 2008). Since
repulsion forces disturb the removal process, they must be eliminated, in a process
called destabilization. When repulsion forces are eliminated or reduced, particles
have the opportunity to collide and attach to each other in the dispersion, forming
agglomerates. The surface charge is the most important and principal electrical
property of fine particles in water. The surface charge contributes to particles’
stability in water when they remain in a suspension for a long time without
aggregating (Benjamin & Lawler, 2013; Howe, Hand, Crittenden, Trussell, &
Tchopanoglous, 2012). There exist four origins of particle surface charge as
described in Howe et al. (2012) and Stumm and Morgan (1996):
–

–
–

–

Isomorphous replacement, i.e., crystal imperfections, where lower valence
metal atoms can be replaced by metals in metal oxide minerals. Isomorphous
replacement typically occurs in clays, where charge acquisition occurs through
the isomorphous substitution of aluminum for silicon. Silicon has a charge of
+IV and aluminum has a charge of +III. The replacement of the silicon atoms
with the aluminum atoms results in a negative charge on the surface of clay
particles.
Structural imperfections may take place, e.g., during the formation of crystals,
leading to changes of surface charge.
Preferential adsorption occurs when particles adsorb natural organic matter
(NOM). These macromolecules have a negative charge since they contain
carboxylic acid groups.
Ionization. The inorganic surfaces of minerals usually contain functional
groups, such as hydroxyl groups, which can donate or accept protons.
Therefore, their charge is dependent on pH value.

Electrical double layer and zeta potential
Particles practically always have a negative surface charge in water. They collect
ions of the opposite charge (positive counterions) very close to the particles’ surface.
These cations are tightly bound to the surface of negatively charged particles by
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electrostatic and adsorption forces. The layer is known as the Helmholz or Stern
layer. The layer of cations and anions, which extends from the inner layer to the
bulk solution, forms the diffuse layer. Due to the influence of diffusion, cations and
anions move all over the solution until the surface charge is zero and
electroneutrality is achieved. The inner adsorbed Helmholz layer and diffuse ion
layer together form an electric double layer (EDL). The distance of the electrical
double layer from the particle’s surface is dependent on the characteristics of the
solution. The thickness of the double layer can be described by the Debye–Hückel
length (Howe et al., 2012; Vepsäläinen, 2012).
In the electric field, between the positive pole and the negative pole, positively
charged particles will wander toward the negative electrode and vice versa. The
phenomenon of particles wandering in the electric field is known as electrophoresis.
These electrical interactions are described and measured as a zeta potential (ζ),
which indicates the stability of colloidal dispersions, i.e., how strongly the solution
containing the particles resists coagulation. When adding electrolytes to the
solution, the zeta potential will decrease. The higher the zeta potential, the higher
the repulsion forces => the solution will resist aggregation. When the zeta potential
is small, attractive forces exceed repulsive forces => flocculation occurs (Howe et
al., 2012; Vepsäläinen, 2012).
Particles’ electrostatic repulsive forces and van der Waals attractive forces have
an influence on the particles’ stability (weak inter-molecular forces that influence
the particles’ formation) in natural waters. There exist two types of resonance,
magnetic and electronic resonance, from which van der Waals forces originate. This
kind of resonance, caused by electrons on the particles’ surface, occurs when two
particles come closer to each other. Particle–particle interactions are important
because they involve attractive forces and repulsive forces. The theory of
Derjaguin–Landau–Verwey–Overbeek, known as DLVO theory, explains these van
der Waals attractive forces and the electrical repulsive forces between the particles,
i.e., the theory explains the stability of colloidal suspension and the aggregation of
aqueous dispersion (Benjamin & Lawler, 2013; Howe et al., 2012).
3.3

Chemical coagulation and flocculation

Chemical coagulation and flocculation constitutes a physico-chemical process for
the removal of particles, colloids, and nutrients from water and wastewater. The
temperature, pH, alkalinity (acid-neutralizing capacity of water), water quality
(other ions), and NOM have an impact on coagulation. The purpose of coagulation
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is to destabilize particles by coagulant chemicals that neutralize the negative charge
and enable the particles to become attached to other particles (Zaleschi, Teodosiu,
Cretescu, & Rodrigo, 2012). An inorganic or organic coagulant is a chemical that,
when added to water at an optimum dosage, causes particle destabilization and
assists in the formation of larger and denser particles in flocculation. Commonly
used chemicals are aluminum and iron salts and cationic organic polymers. These
chemicals are added to water using flash mixing. Four coagulation mechanisms that
can destabilize particles in water are as follows (Hendricks, 2011; Howe et al., 2012;
Vepsäläinen, 2012).
Compression of electrical double layer
The compression of an electrical double layer is a mechanism that can destabilize
colloidal particles in water. This method is not used in water treatment because the
destabilization needs a high salt concentration. An increased salt concentration or
a greater charge of ions in water compresses the electrical double layer, allowing
particles to attach to each other more easily than when the thickness of the electrical
double layer decreases.
Adsorption and charge neutralization
Destabilization takes place when positively charged metal salts or cationic
polymers are adsorbed on the particles’ surface. Because nearly all colloidal
particles are negatively charged in water, these metal salts or polymers neutralize
the negative charge on the particle’s surface. The resulting microflocs then form
the precipitate by van der Waals attraction forces. The aluminum ion reaction with
colloids is represented in (Eq. 8):
𝑐𝑜𝑙𝑙𝑜𝑖𝑑

𝐴𝑙 ∙ 𝑂𝐻

where colloidn𝑂𝐻 𝐻 𝑂

is

𝐻 𝑂

→ 𝑐𝑜𝑙𝑙𝑜𝑖𝑑 ∙ 𝐴𝑙 ∙ 𝑂𝐻

𝐻 𝑂

, (8)

the negatively charged colloid, and 𝑐𝑜𝑙𝑙𝑜𝑖𝑑 ∙ 𝐴𝑙 ∙
is the colloid and metal ion complex, i.e., microflocs.

Sweep floc
Following destabilization, a mechanism occurs with the high concentration of
aluminum and iron salts at a near-neutral pH value. These metal salts form insoluble
hydrolysis products, which precipitate. Consequently, colloidal particles will
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become trapped in the amorphous precipitates. The sweep floc reaction between
aluminum hydroxide and colloids, as an example, is represented in (Eq. 9):
𝑐𝑜𝑙𝑙𝑜𝑖𝑑

𝐴𝑙 𝑂𝐻

→ 𝑐𝑜𝑙𝑙𝑜𝑖𝑑 ∙ 𝐴𝑙 𝑂𝐻

.

(9)

Adsorption and inter-particle bridging
Mainly organic polymer chains adsorb on the surfaces of particles, forming bridges
between the particles. Polymers can adsorb by different methods, such as charge–
charge interactions, dipole interactions, hydrogen bonding or van der Waals
interaction. Polymer bridging is an adsorption process with long-chained, highmolecular weight, and low surface-charge organic polymers. Thus, the resulting
large agglomerates can easily be removed by, for instance, a settling basin.
3.3.1 Flocculation
Flocculation begins immediately after destabilization. The purpose of flocculation
is to aggregate all flocs that can be removed in subsequent processes, such as
sedimentation, filtration, and flotation. There are two types of flocculation: (1)
microflocculation, known as perikinetic flocculation, in which small particles move
around randomly and independently in the liquid; and (2) macroflocculation,
known as orthokinetic flocculation, in which the agglomeration of flocs takes place
by gentle mixing. Water and precipitation chemicals are mixed slowly, thus giving
the suspension sufficient time to react. The larger particles catch the smaller
particles to form larger agglomerates. The formed sludge can be removed in
subsequent processes, such as settling, flotation, or filtration processes (Howe et
al., 2012).
3.4

Phosphorus

Phosphorus is an essential element for all life. It is one of the main nutrients, and it
has a large impact on agricultural crops and biological organisms. Phosphorus is a
non-renewable element, and it has been estimated that phosphorus resources will
last for only 100 years at the present depletion rate (Steen, 1998). Recently, it has
been re-estimated that phosphorus reserves could last for 400 years depending on
the phosphorus supply. When considering phosphorus reserves, resources, and
geopotential, it can also be stated that the lifetime of phosphorus is high (Scholz &
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Wellmer, 2013; van dijk, Lesschen, & Oenema, 2016). That said, phosphorus
remains in the EU’s critical mineral list (CRM Alliance, 2018; European
Commission, 2018c). Phosphorus also causes problems in the environment, since
phosphorus discharges to waterways cause the growth of algae, i.e., eutrophication.
Eutrophication decreases the quality of water, and due to this point of view,
phosphorus removal from wastewater is crucial. The load of phosphorus discharged
to lakes and rivers comes from several sources, such as agricultural, industrial, and
domestic wastewater (Hermassi et al., 2017; Metcalf & Eddy et al., 2014). Also, a
very important source of phosphorus input to the environment is the run-off and
erosion from agricultural soils (Scholz & Wellmer, 2013).
3.4.1 Calcium’s reactions with phosphates
Phosphoric acid (H3PO4) dissociates and forms different ionic species of primary
(PO43-) and secondary ortho-phosphates (HPO42- and H2PO4-). These species
strongly depend on pH (He, Lin, Dong, Liu, & Wang, 2016; Santaholma,
Reinikainen, & Kalliola, 1975). Between pH 4 and pH 6, the dihydrogen phosphate
species (H2PO4-) is dominant; between pH 8 and pH 12.5, hydrogen phosphate
(HPO42-) is the predominant form; and when the pH is greater than 12.5 (PO43-),
dissociation dominates. Phosphorus typically occurs in a fully oxidized form, PO43-,
in the natural environment. The chemical speciation diagram of phosphate
hydrolysis as a function of pH is presented in Fig. 3.

Fig. 3. Chemical speciation diagram of phosphate hydrolysis in pure water that involves
the pH-dependent speciation of free orthophosphate. Calculated with the MineQL+
program. Calculation parameters: total phosphate concentration, 1000 mg L-1, pH
2−12.5, and temperature 25 ºC.
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In the phosphate reactions, there is an essential difference between bivalent (Ca2+,
Fe2+) and trivalent (Al3+, Fe3+) ions. The attraction force of trivalent ions is bigger
than that of bivalent ions when it comes to OH- ions. Due to this lower attraction
force, Ca2+ ions do not react so well with OH- ions. Ca2+ ions bind PO43- ions more
effectively when the pH value is higher. At a higher pH, phosphate ions’ ability to
compete increases, and OH- ions’ ability to compete decreases, respectively
(Santaholma et al., 1975).
Currently, calcium is considered as a precipitating agent, mainly because of its
good ability to remove phosphorus in low concentrations and its easy handling. In
addition, it is a low-cost precipitant. Calcium is typically used in the form of CaO
or Ca(OH)2. CaO is sparingly soluble in water, forming Ca(OH)2. The solubility
product of Ca(OH)2 is 5.02∙10-6 at 25 ºC (Lide, 2008). Calcium ions react with
phosphate ions, forming Ca-phosphate compounds, such as brushite
(CaHPO4·2H2O) (Wajima & Rakovan, 2013) (Eq. 10), tri-calcium phosphate
(Ca3(PO4)2) (Eq. 11), hydroxyapatite (Ca5(PO4)3OH) (de-Bashan & Bashan, 2004;
Johansson, 1999a) (Eq. 12), and calcium ammonium phosphate (CaNH4PO4)
(Frazier et al., 1964; Lenfesty & Brosheer, 1960; Sauchelli, 1960) (Eq. 13). The
known solubility product of the formed Ca-phosphate precipitates are as follows:
the Ksp of CaHPO4∙2H2O is 2.57∙10-7 (Brown, Patel, & Chow, 1975), the Ksp of
Ca3(PO4)3 is 2.07∙10-33 (Lide, 2008), and the Ksp of Ca5(PO4)3(OH) is 2.57∙10-59
(Brown et al., 1975). As can be observed, the solubility of hydroxyapatite is very
low:
𝑎𝑞
𝐻
𝑃𝑂 𝑎𝑞
2𝑃𝑂
3𝐶𝑎 𝑎𝑞
3𝑃𝑂 𝑎𝑞
5𝐶𝑎 𝑎𝑞
𝑎𝑞
𝑁𝐻 𝑎𝑞
𝑃𝑂 𝑎𝑞
𝐶𝑎

𝐶𝑎

2𝐻 𝑂 ↔ 𝐶𝑎𝐻𝑃𝑂 ∙ 2𝐻 𝑂 𝑠
𝑎𝑞 ↔ 𝐶𝑎 𝑃𝑂
𝑠
𝑂𝐻 ↔ 𝐶𝑎 𝑃𝑂
𝑂𝐻 𝑠
𝐻 𝑂 ↔ 𝐶𝑎𝑁𝐻 𝑃𝑂 ∙ 𝐻 𝑂 𝑠 .

(10)
(11)
(12)
(13)

Reacting with calcium ions, the PO43--ion species is the most competitive because
of its high negative charge. The electrostatic attraction force contributes to the
reaction. Even though supersaturated conditions are necessary for the spontaneous
precipitation of any mineral, for hydroxyapatite to precipitate spontaneously, a high
supersaturation condition is needed (Battistoni, Pavan, Prisciandaro, & Cecchi,
2000). Calcium ions’ behavior and hydroxyapatite formation as a function of pH
are presented in Fig. 4. It can be observed that at an acidic pH value the Ca2+
prevails, up to pH 5, when hydroxyapatite begins to form.
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Fig. 4. Calcium and hydroxyapatite speciation in pure water as a function of pH.
Calculated with the MineQL+ program. Calculation parameters: total calcium
concentration, 650 mg L-1; total phosphate concentration, 1000 mg L-1; pH 2−12; and
temperature 25 ºC.

The presence or formation of CO32- ions has a prohibitive effect for hydroxyapatite
formation. Carbonate reduces the phosphate precipitation rate at pH 8.0, but not at
pH 9. This indicates that CO3- ions may decrease the precipitation of calcium
phosphate, and thereby the solution’s pH plays an essential role in the precipitation
process. Furthermore, CO32- ions may co-precipitate in the solution with phosphate
ions, especially at pH 9–11, creating a low phosphorus-containing precipitate
(Montastruc, Azzaro-Pantel, Biscans, Cabassud, & Domenech, 2003; Song, Hahn,
& Hoffmann, 2002). In addition, when Ca(OH)2 is used as a precipitant, it reacts in
water with the natural bicarbonate alkalinity (the sum of CO32-, HCO3-, and OHions) forming CaCO3 (Metcalf & Eddy et al., 2014). Therefore, the precipitation of
CaCO3 is the main challenge when using Ca2+ ions for phosphate precipitation.
3.5

Nitrogen

Nitrogen is also an essential element for life. It is essential for the growth of
microorganisms, plants, and animals, as well as for protein synthesis. Nitrogen has
several oxidation degrees, varying between – III and + V. Nitrogen occurs in
wastewater in the form of ammonia (NH3, −III), ammonium (NH4+, −III), nitrogen
gas (N2, 0), nitrite (NO2-, +III), and nitrate (NO3-, +V) (Metcalf & Eddy et al., 2014).
Wastewater containing nitrogen causes eutrophication and deterioration in bodies
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of water in the ecological system (Kilpimaa et al., 2015). Nitrogen is typically
present in the form of ammonium ions, which do not easily precipitate because
ammonia volatilizes into the air as ammonia gas under alkaline conditions as a
function of pH (pKa 9.2) (Luukkonen et al., 2017). Fenn and Wu (1987) stated that
ammonium compounds increase the solubility of Ca- compounds. This leads to a
higher pH level of the system, resulting in the volatilization of ammonia (Fenn &
Wu, 1987). Ammonium hydrolysis speciation as a function of pH is presented in
Fig. 5.

Fig. 5. Ammonium hydrolysis speciation as a function of pH. Calculated with the
MineQL+ program. Calculation parameters: total ammonium concentration, 300 mg L-1,
pH 2−12, and temperature 25 ºC.

Struvite precipitation
Chemical precipitation as struvite (MgNH4PO4·6H2O) from wastewater is a
considerable method of phosphorus and ammonium recovery. Struvite—that is,
magnesium ammonium phosphate hexahydrate—is generated by phosphate,
ammonium nitrogen, magnesium ions, and water molecules (Kataki et al., 2016;
Rahaman et al., 2006; Yoshino et al., 2003). Most common precipitants in struvite
precipitation are commercial Mg-salts: MgO, MgSO4, and MgCl2 (B. Liu et al.,
2013). During struvite precipitation, the solution’s pH value decreases as a
consequence of protons released into the solution. Therefore, it has been stated that
the dominant form of phosphate is HPO42- or H2PO4-, instead of PO43-, during the
precipitation of struvite (Çelen & Türker, 2001; Kabdaşlı & Tünay, 2018; Rahaman
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et al., 2006). The struvite formation equations can be written by (Eq. 14) and (Eq.
15):
𝑀𝑔
𝑀𝑔

𝐻𝑃𝑂
𝐻 𝑃𝑂

𝑁𝐻
𝑁𝐻

6𝐻 𝑂 → 𝑀𝑔𝑁𝐻 𝑃𝑂 ∙ 6𝐻 𝑂 𝑠
6𝐻 𝑂 → 𝑀𝑔𝑁𝐻 𝑃𝑂 ∙ 6𝐻 𝑂 𝑠

𝐻
2𝐻 .

(14)
(15)

Struvite precipitation depends on factors such as pH, alkalinity, suitable molar
rations, and temperature (Metcalf & Eddy et al., 2014). When pH increases, the
purity of struvite decreases significantly (Rahaman et al., 2006; Song et al., 2002;
Urdalen, 2013). This can also be seen in Fig. 6, which shows the struvite formation
diagram calculated with ChemSheet program (Koukkari, Penttilä, Hack, &
Petersen, 2000). The optimal precipitation temperature for struvite formation varies
between 25 °C and 60 °C. At a higher temperature, the formation of struvite crystals
decreases. The theoretical molar ratio for struvite formation is 1:1:1 Mg:NH4:PO4,
but it can vary depending on the source materials (Hao, Wang, Lan, & van
Loosdrecht, 2008; Urdalen, 2013). The presence of Ca ions may have a negative
influence on struvite formation, either by competing with magnesium ions or by
disturbing struvite’s precipitation (Le Corre, Valsami-Jones, Hobbs, Jefferson, &
Parsons, 2007).
Struvite is sparingly soluble in water, so it can be used as a slow-release
fertilizer. Several researchers have determined the solubility product of struvite: Ksp
4.33∙10-14 (Bhuiyan, Mavinic, & Beckie, 2007), Ksp 6.84∙10-14 (Hanhoun et al.,
2011), and Ksp 5.37∙10-14 (Ohlinger, Young, & Schroeder, 1998) at 25 ºC. Struvite’s
solubility depends on, among other factors, the temperature. According to Bhuyian
et al. (2007), struvite’s solubility is 0.1692±0.0043 g L-1 at 25 ºC and
0.2127±0.0038 g L-1 at 35 ºC (Bhuiyan et al., 2007). The lowest struvite solubility
varies in the pH range from 8.0 to 10.0 (Schulze-Rettmer, 1991), which is visible
in Fig. 6. Struvite’s solubility decreases at a lower pH (< 8) and at a higher pH (>
10), respectively. Magnesium hydroxide also precipitates at a high pH value. The
higher the temperature is, the lower the pH of magnesium hydroxide needs to be
for it to begin to precipitate.
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Fig. 6. Struvite formation and magnesium hydroxide formation at different temperatures
as a function of pH (calculated with ChemSheet program, Microsoft Excel).

3.6

Precipitation vs. adsorption as competing
regarding ammonium and phosphate removal

mechanisms

It is well known that the removal of phosphate by fly ash includes both adsorption
and precipitation reactions (Hermassi et al., 2017; Lu, Bai, Zhu, & Shan, 2009). Lu
et al. also stated that the precipitation of phosphate is a fast process representing a
large removal of phosphate. Adsorption is a slower and more minor process
compared to precipitation. Phosphate can be adsorbed by calcite (CaCO3) (Y. Liu,
Sheng, Dong, & Ma, 2012). Substances like CaO and Al2O3 enhance the adsorption
mechanism, thereby playing an essential role in adsorption besides chemical
precipitation (Uğurlu & Karaoğlu, 2011). Chen et al. (2007) stated that Ca
ingredient compounds enhance phosphate immobilization in phosphate removal by
fly ash. It was also reported that phosphate adsorption occurs when the pH is below
6, and phosphate precipitation occurs when the pH is over 8 (Chen et al., 2007).
Due to the different species of phosphate, alkaline earth metals containing
compounds play an important role in phosphate precipitation. The presence of
different phosphate species is dependent on the pH level, varying from H2PO4- ions
in acidic solutions to PO43- ions in alkaline solutions. Therefore, the dosage should
be set at the optimum level of the precipitant (Can & Yildiz, 2006; He et al., 2016).

43

3.7

Disturbing chemical reactions

Several cations (Ca2+, Mg2+, K+, Na+, etc.) and anions (SO42-, CO32-, HCO3-, Cl-,
NO3-, etc.) are present in wastewater. These ions might compete with ammonium
and phosphate ions (He et al., 2016; Yin & Kong, 2014). When Ca(OH)2 is used
for phosphate removal from wastewater, the following reactions, among others, can
occur (Eq.16–19):
𝐶𝑎 𝑂𝐻
𝐶𝑎 𝐻𝐶𝑂
→ 2𝐶𝑎𝐶𝑂 𝑠 ↓ 2𝐻 𝑂
𝐶𝑎 𝑂𝐻
2𝑁𝐻 → 2𝑁𝐻 𝑔 ↑ 𝐶𝑎
2𝐻 𝑂
𝐶𝑎 𝑂𝐻
𝐻𝑃𝑂 → 𝐶𝑎𝐻𝑃𝑂 𝑠 ↓ 2𝑂𝐻
𝐶𝑎𝐻𝑃𝑂
𝐻𝐶𝑂 → 𝐶𝑎𝐶𝑂 𝑠 ↓ 𝐻 𝑃𝑂 .

(16)
(17)
(18)
(19)

When a calcium compound, Ca(OH)2, is added to water, the pH increases
significantly. Calcium reacts with bicarbonate compounds, forming calcium
carbonate (Eq. 16). The dissolution of Ca(OH)2 causes an increase of pH, which,
as a result, transforms ammonium ions into ammonia gas (Eq. 17). Thus, (Eq. 1617) represent undesired reactions. Phosphate reaction (Eq. 18) takes place above
pH 9 and is a desired reaction (Le Corre et al., 2007; Vanotti, Szogi, & Hunt, 2003).
Formed CaHPO4 will react with bicarbonate ions, forming CaCO3 (Hermassi et al.,
2017). Thus, the reaction in (Eq. 19) is an undesired reaction.
3.8

Physico-chemical technologies for phosphorus and nitrogen
removal from wastewater

There are a wide range of techniques used for phosphorus and nitrogen removal
and recovery from wastewater. A short review of existing nitrogen and phosphorus
removal methods is summarized in this chapter. A more detailed comparison to
previous research is presented in Chapter 5 (Results). Traditionally used methods
are, e.g., chemical precipitation (several studies), biological treatment (several
studies), adsorption (Bolan, Wong, & Adriano, 2004; Li et al., 2017), air stripping
(Kabdaşlı & Tünay, 2018; Siegrist, 1996), and crystallization (Le Corre et al., 2007;
Moriyama et al., 2001). Sorption/filtration combination (Cheung & Venkitachalam,
2000), ion exchange (Luukkonen et al., 2017; Yin & Kong, 2014), electro
coagulation (Bektaş, Akbulut, Inan, & Dimoglo, 2004; Hug & Udert, 2013), and
electro-Fenton (Burgos-Castillo, Sillanpää, Brillas, & Sirés, 2018) are also used.
The most commonly used precipitants in chemical precipitation are aluminum and
iron salts like aluminum sulfate, ferric sulfate, ferric chloride, or cationic, anionic,
and nonionic organic polymers (Morse, Brett, Guy, & Lester, 1998; Nassef, 2012).
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Electrocoagulation with aluminum and iron electrodes, too, can be used for
phosphate removal. Several techniques used for phosphorus and nitrogen removal
and recovery are presented in Table 2.
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MgCl2ꞏ6H2O
Seawater, bittern
Waste bones ash
Al- electrode

Chemical precipitation (P)

Chemical precipitation (P)

Electro-coagulation (P)

Wood ash

Chemical precipitation (P)

Chemical precipitation (P)

CaO

Chemical precipitation (P)
Seawater and brine

Fly ash

Chemical precipitation (P)

Seawater

Ca, Al, and Fe salts

Chemical precipitation (P)

Saturated NH4- ortophosphates

CaO/CaCO3

Chemical precipitation (P)

Chemical precipitation (P)

Chemical precipitation (P)

Synthetic solution

Ca-rich media
MgCl2ꞏ6H2O

Crystallization (P)

Crystallization (P)

Product

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

CaHPO4ꞏ2H2O

Factorial experimental design

Chemical dose studies

Ca(NH4)2(HPO4)2 ꞏ2H2O

MgNH4PO4ꞏ6H2O

Ca5(PO4)3(OH)

Kinetic and column studies

CaHPO4ꞏ2H2O

CaHPO4ꞏ2H2O

CaHPO4ꞏ2H2O

MgNH4PO4ꞏ6H2O

CaHPO4ꞏ2H2O

CaHPO4ꞏ2H2O

Ca5(PO4)3(OH)

Synthetic solution

Synthetic solution

Experimental data

MgNH4PO4ꞏ6H2O

Waste from farms, industry, etc. MgNH4PO4ꞏ6H2O

Synthetic solution

Saline industrial wastewater

Urine

Urine

Synthetic solution

Synthetic solution

Sewage

Sludge sidestream

Septic tank effluent

Fly ash

Synthetic solution

Synthetic solution

Fly ash

Solvay method

precipitation (P)

Aqueous solution

Urine

Phosphoric solution

Synthetic solution

Sorption/filtration (P)

Alkaline residue of the

Adsorption/

Source of raw material
Wastewater

Sorption (P)

Wood waste biochar

Adsorption (P)
Fly ash

Calcined paper sludge

Adsorption (P)

Adsorption/precipitation (P)

Calcined paper sludge

Adsorption (P)

Adsorption (P)

Precipitant/Adsorbent
Blast furnace slag

Nutrient removal method

Table 2. Phosphorus and nitrogen removal techniques and formed products.
Reference

(Bektaş et al., 2004)

Kadir, 2017)

(Darwish, Aris, Puteh, Jusoh, &

(Kataki et al., 2016)

(Zhou et al., 2015)

2013)

(Crutchik, Sánchez, & Garrido,

(B. Liu et al., 2013)

(Sakthivel, Tilley, & Udert, 2012)

(Nassef, 2012)

(Can & Yildiz, 2006)

1997)

(Clark, Stephenson, & Pearce,

(Frazier et al., 1964)

(Le Corre et al., 2007)

(Moriyama et al., 2001)

(Cheung & Venkitachalam, 2000)

(Hermassi et al., 2017)

(Yan et al., 2014)

(Lu et al., 2009)

(Xu et al., 2018)

(Kimura & Wajima, 2017)

(Wajima & Rakovan, 2013)

(Johansson, 1999a)
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MgO

Chemical precipitation, air

Industrial Mg(OH)2, by-

Chemical precipitation (N)

Natural brucite
Seawater bittern, bone

Chemical precipitation (N)

Chemical precipitation (N)

Source of raw material

MgO-impregnated
Alkaline-activated and
La-impregnated zeolite
MgO
MgCl2, MgO

ion exchange (P,N)

Chemical precipitation (P,N)

Chemical precipitation (P,N)

biochar composite

Adsorption /

Adsorption (P,N)

Natural Ca-rich

Adsorption (P,N)
attapulgite

Zeolite and bark

Anaerobic digester effluent

Sludge liquor wastewater

Synthetic wastewater

Swine wastewater

Eutrophic river water

Farm effluent

Metakaolin geopolymer Municipal wastewater

Adsorption (P, N)

Digestate of calf manure

Rare-earth wastewater

Landfill leachate

Swine wastewater

Municipal landfill leachate

Landfill leachate

Digester supernatant

Landfill leachate

Ion exchange (N)

meal, meat waste, etc.

MgCO3

Chemical precipitation (N)

product

MgO

Chemical precipitation (N)

stripping (N)

Chemical precipitation, air

MgCl2

Different Mg salts

Chemical precipitation (N)

stripping (N)

Precipitant/Adsorbent

Nutrient removal method

Product

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

Isotherm / kinetic studies

MgNH4PO4ꞏ6H2O

Isotherm / kinetic studies

Nutrient removal

Kinetic studies

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

Reference

(Çelen & Türker, 2001)

(Schulze-Rettmer, 1991)

(He et al., 2016)

(Li et al., 2017)

(Yin & Kong, 2014)

(Bolan et al., 2004)

(Luukkonen et al., 2017)

(Siciliano & De Rosa, 2014)

2011)

(H. M. Huang, Xiao, Yang, & Yan,

2008)

(Gunay, Karadag, Tosun, & Ozturk,

(Lin et al., 2018)

2009)

Lopez, 2010; Zhang, Ding, & Ren,

(Di Iaconi, Pagano, Ramadori, &

(Kabdaşlı & Tünay, 2018)

(Siegrist, 1996)

(Prater, 2014)
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MgCl2
MgO-saponification

Chemical precipitation (P,N)

Chemical precipitation (P,N)

Chemical precipitation (P,N)

Activated Ca and Mg
zeolites
Hydrolysate from

Chemical precipitation / ion

exchange (P,N)

Chemical precipitation /

Source of raw material

sludge

P retained in the sludge Urban anaerobically digested

Electro-Fenton (P, metals)

Several methods (P,N)

Mg electrode

Urine

sludge

Anaerobically digested

wastewater

Simulated treated

Synthetic wastewater

Swine wastewater

Synthetic solution

Anaerobic swine lagoon liquid

Electro-chemistry (P,N)

and MgCl2

hydrothermal treatment (P,N) hydrothermal process

Dolomite

Chemical precipitation (P,N)

commercial salts

wastewater and

Precipitant/Adsorbent
MgCl2ꞏ6H2O

Nutrient removal method

Product

FePO4

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

CaHPO4ꞏ2H2O

MgNH4PO4ꞏ6H2O and

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

Struvite kinetic studies

MgNH4PO4ꞏ6H2O

Reference

(Morse et al., 1997, Review)

(Burgos-Castillo et al., 2018)

(Hug & Udert, 2013)

(Yu et al., 2017)

2017)

(You, Valderramaa, & Cortinaa,

(L. Chen et al., 2017)

2014)

(H. Huang, Chen, Jiang, & Ding,

(Rahaman et al., 2006)

2003)

(Nelson, Mikkelsen, & Hesterberg,

4

Experimental

The materials and methods used are briefly described in this chapter. A more
detailed description of the precipitation experiments is presented in Papers I–IV.
4.1

Wastewater

4.1.1 Ammonium phosphate solution
The diammonium hydrogen phosphate solution, (NH4)2HPO4, was prepared by
dissolving 1.32 g of an analytically pure reagent (J. T. Baker, Phillipsburg, NJ, USA)
into one liter of distilled water. The concentration of the formed solution was hence
10 mmol L-1, containing 360 mg L-1 of NH4+ and 950 of PO43- mg L-1 (Papers I, IV).
An ammonium phosphate solution, containing 200 mg·L-1 of NH4+ and 1050–2100
mg·L-1 of PO43-, was prepared from ammonium chloride (NH4Cl) and potassium
hydrogen phosphate (KH2PO4) salts (Paper II).
4.1.2 Authentic wastewater
The anaerobic digestate and reject water (after hygienization at 70 °C) originated
from an anaerobic digestion plant located in western Finland. The anaerobic
digestion plant uses pig and cow slurry, fur animal manure, fur waste from the
leather industry, agricultural waste, and bio-waste as raw materials. This digestate
was used in Papers I and IV, each time with a fresh sample. The digestate was first
filtered through a coarse fabric and then through a filter paper (40 μm) before the
experiments. The formed liquid phase of the anaerobic digestate was used as a
precipitative solution. The filtrate had a pH of 8.7, a phosphate concentration of
470 mg L-1, and an ammonium concentration of 700 mg L-1 (Paper I). The filtrate
had a pH of 8.4, a phosphate concentration of 470 mg L-1, and an ammonium
concentration of 1460 mg L-1 (Paper IV). The reject water of the anaerobic
digestion plant had a pH of 8.4, a phosphate concentration of 470 mg L-1, and an
ammonium concentration of 1540 mg L-1. The reject water was also filtered through
coarse filter paper before the experiments (Paper III). The agricultural sludge was
also used as a precipitative solution. The agricultural sludge was cow slurry
provided by a farm located in Northern Ostrobothnia, Finland. Sludge was first
filtered through 13–15-μm filter paper before the experiment. The filtrate had a pH
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of 8.9, a phosphate concentration of 25 mg L-1, and an ammonium concentration of
137 mg L-1 (Paper II).
4.2

Precipitants

4.2.1 Paper mill sludge
Paper mill sludge was provided by a Finnish pulp and paper mill located in northern
Finland. The amount of formed paper mill sludge was approximately 15,000 tons
in 2016. Precipitated calcium carbonate (PCC) is used as a paper filling material
and a coating material to enhance the paper’s properties (Lehtinen, Paulapuro, &
Gullichsen, 2000). Paper mill sludge is a waste material formed in the papermaking process. It mainly contains calcium carbonate (CaCO3), cellulose fibers,
and different kinds of organic and inorganic substances. In the pulp and paper mill,
a part of solid calcium carbonate waste sludge is returned to the lime kiln.
Calcination in the lime kiln enables the reuse of paper mill calcium carbonate waste
as a make-up chemical in the pulping process. Calcium carbonate is calcined at
1000 °C in the lime kiln (Eq. 20) (Järvensivu, Saari, & Jämsä-Jounela, 2001b):
𝐶𝑎𝐶𝑂 𝑠 → 𝐶𝑎𝑂 𝑠

𝐶𝑂 𝑔 ↑.

(20)

The calcination process was carried out in the temperature ramp-controlled muffle
furnace. The calcination temperature was first elevated to 400 °C for 15 minutes.
Subsequently, the temperature was elevated to 1000 °C and was then maintained
for one hour. Thus, carbon and organic material residues were burned. Calcination
is necessary, as calcium carbonate itself is sparsely soluble in water and therefore
cannot be directly used as a precipitant (Papers III, IV).
4.2.2 Fly ash
The fly ash originated at a 20-MW thermal power plant located in northern Finland.
The fly ash mainly contains CaO, MgO, and SiO2. The incineration of wood and
peat generates 700 tons of fly ash per year. Fly ash is a waste material formed in
the power plant process. It mainly contains CaO (34.6 wt%), SiO2 (22.4 wt%), and
MgO (14.7 wt%). The exact composition of fly ash is presented in Chapter 5
(Results). The power plant uses a bubbling fluidized bed combustion technique.
The fuels used at the plant are wood and peat. The fuel ratios (dry mass) were
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approximately 75% wood (50% wood chips, 10% bark, 15% recycled wood) and
25% peat. The ash sample was collected directly from the ash silo (Papers I, III).
4.2.3 Dolomite
Dolomite was provided by a Finnish lime quarry located in northern Finland.
Dolomite is a carbonite mineral composed of calcium magnesium carbonate
CaMg(CO3)2. It was of a small-sized (<0.05 mm) fraction left over as the dolomite
was sieved to desired-size fractions. The demand for these small particle sizes is
very limited and is currently mostly considered a waste fraction for the lime quarry.
Dolomite was calcined at 650 °C, 750 °C, and 950 °C (Paper II). Calcination is
necessary, as in the case of paper mill sludge. Dolomite decomposes to CaO and
MgO according to the following equation (Eq. 21):
𝐶𝑎𝑀𝑔 𝐶𝑂

𝑠 → 𝐶𝑎𝑂 𝑠

𝑀𝑔𝑂 𝑠

2𝐶𝑂 𝑔 ↑.

(21)

4.2.4 Commercial reference chemicals
Analytically pure commercial chemicals, calcium oxide (CaO) and magnesium
oxide (MgO) (VWR Chemicals, Radnor USA), were used as reference materials
only for ammonium and phosphate precipitation (Papers I, IV).
4.3

Precipitation experiments

Precipitation experiments for the removal of ammonium and phosphate were
carried out using two different methods. The precipitant was added to the solution
at certain intervals and certain dosages at three different temperatures, or it was
added to the solution all at once at room temperature. Saturated solutions were
prepared from the precipitants (commercial CaO and MgO salts (CS), calcined
paper mill sludge (CPMS), fly ash (FA), and calcined dolomite (CDOL)) by
dissolving 2.50 g of precipitant into 250 ml of distilled water. The precipitation
method using different precipitants and wastewaters is listed in Table 3.
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Table 3. Precipitation methods using different precipitants and wastewaters (Papers
I−IV).
Precipitation method

Addition at certain intervals

Synthetic wastewater
CS

CPMS

FA

x

x

x

Addition all at once

Authentic wastewater
DOL

CPMS

FA

CDOL

x

x

x

x

4.3.1 Precipitant addition at certain intervals
Before the synthetic precipitation experiments, the temperature of the (NH4)2HPO4
solution (500 mL) was adjusted to a regulated temperature of 20±2 °C, 40±2 °C, or
60±2 °C. In the experiments, the ammonium phosphate solution was stirred with a
magnetic stirrer. The saturated solution was added at 1-min intervals in 1-mL
portions at a time up to 30 mL. The experiment was continued by adding the
precipitant at 1-min intervals in 5-mL portions at a time until the total volume of
the added precipitant was 50 mL. After each addition, the pH value was recorded.
Slurry samples were taken after 0-, 5-, 10-, 15-, 20-, 30-, and 50-mL additions. The
total reaction time of the experiments was 40 min. The water samples were filtered
through Whatman 4 filter paper (20–25 μm), and the precipitates were air-dried
before the analysis. A more detailed description of the precipitation experiments is
presented in Papers I and IV.
4.3.2 Precipitant addition all at once
Authentic solution experiments with the liquid phase of an anaerobic digestate were
carried out using CPMS, FA, and CDOL as precipitants at room temperature
(20±2 °C). The digestate was first filtered through a coarse fabric and then through
a filter paper before the experiments. The precipitant dosage was calculated,
according to Frazier et al., (1964) at a molar ratio of Ca:P (2:1), for calcium
ammonium phosphate precipitation in the CPMS experiments. The optimal molar
ratio, Mg:N:P (1:1:1), was employed for struvite precipitation in the fly ash
experiments. A molar ratio of Mg:N:P (1.1–1.6:2:2) was calculated using the
MineQL+ program (version 5.0) for struvite precipitation in the dolomite
experiments. In order to obtain a proper molar ratio of N:P to 1:1, KH2PO4 was
added. This is mentioned in Paper II. Some phosphate was also added in Paper I.
These additions are mentioned in the articles, not in this thesis. In the experiments,
a saturated precipitant suspension was added all at once to the liquid phase of the
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digestate while stirring the solution at a constant speed in order to mix the two
solutions properly. After that, the stirring rate was reduced for the duration of the
experiments. Samples were taken at certain intervals with a large hypodermic
syringe with a (Ø 3 mm) plastic pipe. The total reaction time of the experiments
was 40 min, and 2, 3, 4, 24, and 48 h. Parallel experiments were conducted in Paper
IV. The samples were filtered through a filter paper (4−12 µm), and precipitates
were air-dried before analysis in order to prevent the volatilization of ammonia. A
more detailed description of the precipitation experiments is presented in Papers I,
II, and IV. A schematic description of the chemical precipitation system is
illustrated in Fig. 7.

Fig. 7. Schematic description of the chemical precipitation system. The precipitation
reactor consists of a mixer connected to a motor (M), a 2,000-mL glass decanter with
stators attached to the wall of the glass in order to prevent the Vortex phenomenon, a
pH meter (QIpH), and a temperature control (TIC), when needed (modified from Paper IV).

4.4

Description of analytical methods

4.4.1 Characterization of liquid samples
In this research, several techniques (pH, NH4+-selective electrode, IC, AAS, and
ICP-OES) were used for the characterization of the liquid samples (Papers I−IV).
A pH value was measured using a pH meter (Knick Portable, Berlin, Germany).
The ammonium concentration of the liquid samples was measured using a NH453

selective electrode (HACH HQ40d, Model ISENH418101, Loveland, CO, USA).
The phosphate concentration of the liquid samples was measured by ion
chromatography (METROHM 761 Compact IC, Herisau, Switzerland). The
concentrations of trace elements were analyzed using atomic absorption
spectroscopy (AAS 200 Perkin Elmer, Waltham, MA, USA) and inductively
coupled plasma optical emission spectrometry (ICP-OES Perkin Elmer Optima
5300 DV, Shelton, CT, USA).
The removal efficiency (Reff) of ammonium and phosphate from the aqueous
solution was defined as follows (Eq. 22):
𝑅

100%,

(22)

where C0 and Ct are concentration of NH4+ (mg L-1) or PO43- (mg L-1) at time of
removal start 0 and time t.
4.4.2 Characterization of solid samples
In this research, several techniques (X-ray fluorescence spectroscopy, scanning
electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, specific
surface area, and distribution of the particle size) were used for the characterization
of the solid samples.
X-ray fluorescence spectroscopy (XRF)
The composition of precipitants (CPMS, FA, and CDOL) and harmful element
contents were characterized using an X-ray fluorescence spectrometer (S4 Pioneer,
Bruker AXS, Billerica USA). For XRF measurement, a 6% C-wax binder was
mixed with a sample powder, and the mixture was pressed into a pellet in a steel
ring with a diameter of 37 mm. The detectable element concentration was 5–10
ppm for XRF (Papers I−IV).
X-ray diffraction (XRD)
The composition of the formed precipitates was measured by an X-ray powder
diffractometer. X-ray diffraction patterns were recorded by PANalytical X-Pert Pro
X-ray diffraction equipment (XRD, Malvern, England) using monochromatic
CuKα1 radiation (λ=1.5406 Å) at 45 kV and 40 mA. Diffractograms were collected
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in the 2θ-range, 10–80°, at 0.017° intervals and with a scan step time of 100 s. The
crystalline phases and structures were analyzed by the HighScore Plus program
(Papers I−IV).
X-ray photoelectron spectroscopy (XPS)
The main nutrient content of the precipitates was measured by X-ray photoelectron
spectroscopy. The crystalline phases and structures were analyzed by the
HighScore Plus program. X-ray photoelectron spectroscopy (XPS) analyses were
performed using a Thermo Fisher Scientific ESCALAB 250Xi XPS System. The
catalyst samples were placed on an indium film. With a pass energy of 20 eV and
a spot size of 900 µm, the accuracy of the reported binding energies was ±0.2 eV.
Calcium, magnesium, carbon, nitrogen, phosphorus, and oxygen were measured.
The measurement data were analyzed by Avantage v5. The monochromatic AlKα
radiation (1486.7 eV) was operated at 20 mA and 15 kV. Charge compensation was
used to determine the presented spectra, and the calibration of the binding energies
was performed by applying the C1s at 284.8 eV as a reference (Paper III).
Scanning electron microscopy (SEM/FESEM)
The microstructure of the precipitants (CPMS, FA, and CDOL) and the
composition of the formed precipitates were characterized by scanning electron
microscopy (SEM). The microstructures shown in the SEM images were obtained
using a Zeiss Sigma field emission SEM (Zeiss Sigma, Rödermark, Germany) at
the Centre of Microscopy and Nanotechnology, University of Oulu, operated at 5
kV (Papers I−IV).
The composition of the formed precipitates was measured by field emission
SEM with an energy-dispersive X-ray spectrometer (FESEM-EDS, Zeiss Sigma,
Rödermark, Germany) using a Zeiss Ultra Plus instrument with Oxford Instruments
INCA system EDS software (Paper III).
Specific surface area (BET)
Specific surface area was measured from fly ash using a Micromeritics ASAP 2020
(Norcross, GA, USA) and calculated from adsorption isotherms according to the
BET method (Brunauer, Emmett, & Teller, 1938) (Paper I).
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Particle size distribution
Particle size distribution of CPMS, FA, and CDOL was analyzed using a
MALVERN Mastersizer 3000 (Malvern, England). The particle size distribution
measurements were based on a laser diffraction technique. The analyzer utilizes
static light scattering and Mie theory to calculate particle size distribution (Papers
I, III, IV).
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5

Results

First, depicted in this chapter is the characterization of industrial waste materials.
Next, the effectiveness of the commercial salts used as reference materials for the
removal of ammonium nitrogen and phosphate from synthetic wastewater is
described. Finally, the removal effectiveness of ammonium and phosphate from
both synthetic wastewater and authentic wastewater is assessed. The first
experiments were performed by adding the precipitant at certain intervals.
Considering the reaction kinetics, subsequent experiments were performed by
adding the precipitant all at once. Due to the high reaction kinetics, precipitation
took place instantly. Therefore, addition at certain intervals was not necessary. The
characterization of the formed precipitates is also described. The results of CPMS
and FA are discussed in Papers I, III, and IV, and the results of CDOL are discussed
in Paper II.
5.1

Characterization of the waste material precipitants

The main components of the used precipitants, CPMS, FA, and CDOL, are
illustrated in Table 4. CPMS mainly contains calcium oxide (CaO) and only a slight
amount of magnesium oxide (MgO). The main components of FA are CaO, MgO,
and SiO2. CDOL (950 °C) mainly contains CaO, MgO, and SiO2.
Table 4. XRF characterization of CPMS, FA, and CDOL (wt = weight percent, dry basis)
(Papers I, II and III).
Precipitant

CaO

MgO

SiO2

FeO

Al2O3

K2O

P2O5

S

TiO2

Others

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

CPMS

97.3

0.9

-

0.2

1.1

< 0.1

0.3

-

< 0.1

< 0.3

FA

34.6

14.7

22.4

8.7

7.7

2.1

2.0

1.3

0.7

5.1

CDOL

50.6

27.4

15.3

1.0

1.3

0.2

0.3

0.1

0.1

3.7

Figure 8 illustrates the particle size distribution of (a) CDOL, (b) CPMS, and (c)
FA. The particle size distribution was classified in Dv10, Dv50, and Dv90 (Dv =
volume mean diameter). The finest particles occurred in FA (all particles were
smaller than 200 μm); the second-finest particles were produced in CDOL (all
particles were smaller than 300 μm); and the roughest material was generated in
CPMS (all particles were smaller than 500 μm).
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Fig. 8. Particle size distribution of the waste material precipitants: (a) CDOL, (b) CPMS,
and (c) FA (modified from Papers I and IV).

Harmful element contents along with a comparison of the limit values of the
Finnish fertilizer decree (Finnish Fertilizer decree) are found in Table 5. Harmful
element contents of the investigated waste materials were under the limit values of
the Finnish fertilizer decree, and therefore they would be suitable for use as a forest
fertilizer. The Cd concentration was below the detection limit value of the XRF
analysis, and therefore it cannot be stated with certainty whether the Cd
concentration is also below the limit for field fertilizers.
Table 5. XRF characterization of the harmful element contents and a comparison to the
limit values of the Finnish fertilizer decree (modified from Papers I, II and III).
Precipitant

As

Cd

Cr

Cu

Ni

Pb

Zn

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

CPMS

< 20

< 10

< 20

< 20

< 20

< 20

< 20

FA

< 10

< 10

< 60

80

< 20

< 70

600

21

<5

68

30

36

10

41

25/40

1.5/25

300

600/700

100/150

100/150

1500/4500

CDOL
Limit value
Field / forest
fertilizers

SEM images of (a) initial paper mill sludge, (b) CPMS, (c) FA, and (d) dolomite
before the calcination are presented in Fig. 9. Singular cellulose fibers can be
observed in Fig. 9a, whereas CPMS contains homogenous calcium oxide (Fig. 9b).
Fly ash and dolomite before the calcination process contained mainly irregularly
shaped particles and therefore had no clear morphology (Figs. 9c and 9d).
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Fig. 9. SEM images of (a) initial paper mill sludge (1000x), (b) CPMS (1000x), (c) FA (250x),
and (d) dolomite before the calcination process. The bars at (a) and (b) indicate 10-μm
length, and at (c) and (d), 1-μm length (reprinted [adapted] with permission from
Papers I, II and III © 2019 Authors and Paper IV © 2020 Desalination Publications).

5.2

Ammonium and phosphate removal from the ammonium
phosphate solution

5.2.1 Commercial CaO and MgO as reference precipitants
Commercial calcium oxide (CaO) and magnesium oxide (MgO) were used as
reference precipitants for the simultaneous removal of ammonium and phosphate
from the ammonium phosphate solution. The study results indicate that commercial
calcium salts are slightly more efficient as precipitants than commercial
magnesium salts. The removal percentages of ammonium and phosphate are
illustrated in Table 6.
Table 6. Ammonium and phosphate removal from a (NH4)2HPO4 solution using
commercial salts as precipitants at different temperatures (Paper I).
Nutrient

CaO

MgO

20°C

40°C

60°C

20°C

40°C

NH4+ (%)

99.1

98.8

99.6

92.3

88.0

60°C
90.5

PO43- (%)

99.9

100

100

99.6

99.2

99.1
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Effect of pH and temperature
The results indicated that pH increased throughout the treatment time as more
precipitant was added to the solution. When using calcium salts, the pH increased
more than when using magnesium salts (final pH 12.0 vs. 10.3). This might have
been caused by the different solubility of CaO and MgO in water. The solubility
product of Ca(OH)2 was 5.02∙10-6 at 25 ºC and Mg(OH)2 5.61∙10-12, respectively
(Lide, 2008). The change in temperature had no essential effect on the removal of
phosphate using commercial salts. Since this was also the case with ammonium,
precipitation at room temperature is advantageous, because no heating is required.
The pH value of commercial CaO and MgO precipitants at different temperatures
as a function of treatment time is presented in Fig. 10. Also presented in Fig. 10 is
the cumulative dosage of commercial precipitants during the experiments. In spite
of a similar dosage for both CaO and MgO, the final pH level of CaO was higher
than that of MgO due to the higher solubility of CaO. The stabilization of the pH
did not take place, indicating that a saturated state was not achieved during the
experiments.

Fig. 10. pH of different commercial precipitants at different temperatures as a function
of treatment time (modified from Papers III and IV).
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5.2.2 Calcined paper mill sludge and fly ash
Ammonium and phosphate removal percentages of CPMS and FA as a function of
treatment time, at 20±2 °C, are presented in Fig. 11. CPMS removed 100% of
ammonium at 20 °C, 100% at 40 °C, and 100% at 60 °C. The pH increased
throughout the treatment time as more precipitant was added to the solution. During
the experiments with CPMS, the pH was 12.4 at the end of the precipitation. As
ammonium manifests completely as ammonia gas at that pH, it is highly possible
that all of the ammonia volatilized (see section 3.5). FA removed ammonium by
85.1% at 20 °C, 88.9% at 40 °C, and 89.9% at 60 °C. During the experiments with
fly ash, the pH value rose up to pH 10.0, which is a satisfying pH for the
precipitation of struvite.
CPMS removed phosphate 100% at all temperatures. FA removed phosphate
95.3% at 20 °C, 98.2% at 40 °C, and 99.1% at 60 °C, respectively. The change in
temperature had no essential effect on the removal of phosphate using either FA or
CPMS. When comparing the effectiveness of FA for ammonium removal with the
effectiveness of CPMS, it can be observed that FA removed slightly less ammonium
than did CPMS and as much phosphate as did CPMS. The removal of phosphorus
may include, aside from the precipitation reaction, some adsorption reactions.
Phosphate can be adsorbed by calcite (CaCO3). Due to the complete phosphate
removal, and since calcite was found in the synthetic experiments (Fig. 14), this is
more than likely (see section 3.6).

Fig. 11. Ammonium nitrogen and phosphate removal percentage, at 20 °C (Papers I and
IV).
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5.2.3 Calcined dolomite
The ammonium removal percentages of different precipitants as a function of time
are presented in Fig. 12. Molar ratios did not have an impact on either ammonium
or phosphate removal, and only the results for ratios Mg:N:P 1.3:2:2 for CDOL are
presented. For CDOL 950 °C, the removal percentage was roughly the same (41%)
throughout the 4-h experiment, thereby indicating poor precipitation. With CDOL
650 °C, the precipitation was continued for 24 h, and with CDOL 750 °C, for 48 h,
in order to determine whether the increase in precipitation time would lead to
increased recovery. However, the removal efficiency did not improve. The
percentage of ammonium removal increased to 75% for CDOL 650 °C and CDOL
750 °C. There was excess ammonium in all cases present, and the removal
percentage could be at best around 75%; therefore, removal was strong with CDOL
650 °C and CDOL 750 °C. The conditions and molar ratios were different in this
experiment, so a direct comparison between the CPMS and FA experiments cannot
be conducted.

Fig. 12. Ammonium removal percentage of CDOL, at 650 °C, 750 °C, and 950 °C (Paper
II).

The phosphate removal percentages of different precipitates as a function of time
are illustrated in Fig. 13. CDOL 650 °C removed 65% and CDOL 750 °C removed
60 % of phosphate after a precipitation time of 24 h. As with CPMS and FA, in this
case it is likely that some of the phosphate was adsorbed by CaCO3.
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Fig. 13. Phosphate removal percentage of CDOL, at 650 °C and at 750 °C (Paper II).

5.3

Characterization of the formed precipitates of the ammonium
phosphate solution

5.3.1 Calcined paper mill sludge
The X-ray diffraction patterns for CPMS are presented in Fig. 14. Hydroxyapatite,
Ca5(PO4)3(OH), was found in all samples. Calcite, CaCO3, was detected only when
the precipitation temperature was 20 °C. However, Ca-rich media could also be
used in the simultaneous removal of nitrogen and phosphate, which would lead to
the formation of a struvite-like Ca-mineral, CaNH4PO4 (Frazier et al., 1964;
Lenfesty, Lenfesty, & Brosheer, 1960; Sauchelli, 1960). In this research, calcium
ammonium phosphate, CaNH4PO4, was not found. The reason for this may be that
Frazier et al. (1964) used saturated solutions, whereas diluted solutions were used
in the present research. To the author’s best knowledge, no other researches have
been reported about the presence of CaNH4PO4 since 1960’s.
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Fig. 14. X-ray diffraction patterns of CPMS at different temperatures, (a) Ca5(PO4)3(OH),
(b) CaCO3 (reprinted with permission from Paper IV © 2020 Desalination Publications).

5.3.2 Fly ash
The X-ray diffraction patterns in the synthetic solution experiments for FA are
presented in Fig. 15. Calcium ammonium hydrogen phosphate hydrate,
Ca2NH4H3(P2O7)2·3H2O, ammonium magnesium hydrogen phosphate hydrate—
that is, struvite—MgNH4PO4·6H2O, calcium phosphate dihydrate, CaHPO4·2H2O,
and magnesium phosphate, Mg3(PO4)2, were found in all samples. However, the
content of the ammonium calcium hydrogen phosphate hydrate peak is clearly
visible at 20 °C, but not at higher temperatures. Also, CaO and MgO were found in
all precipitates.
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Fig. 15. X-ray

diffraction

patterns

of

FA

at

different

temperatures:

(a)

Ca2NH4H3(P2O7)2·3H2O, (b) MgNH4PO4·6H2O, (c) CaO, (d) Mg3(PO4)2, (e) CaHPO4·2H2O,
and (f) MgO (reprinted with permission from Paper I © 2019 Authors).

5.3.3 Calcined dolomite
X-ray diffraction patterns of the precipitates are presented in Fig. 16. A large CaCO3
peak was found at dolomite 750 °C, confirming that the decomposition of dolomite
was not complete. MgCO3 peaks were not found, confirming that the
decomposition into MgO was complete. Struvite (MgNH4PO4·6H2O) peaks were
also observed from the dolomite 750 °C. Hydroxyapatite (Ca5(PO4)3(OH)) was
noted from the dolomite 950 °C precipitate, indicating that the CaO precipitates the
phosphate as hydroxyapatite. Therefore, calcination at a lower temperature is
preferred. In practice, calcination should be performed at such a low temperature
that a minimum amount of CaCO3 and a maximum amount of MgO would be
decomposed.
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Fig. 16. X-ray diffraction patterns of CDOL (on the left side is 4 h experiment and on the
right side is 24 h experiment): (a) Ca5(PO4)3(OH), (b) CaCO3, and (c) MgNH4PO4·6H2O
(reprinted [adapted] from Paper II © 2019 Authors).

Summary of the synthetic experiments
Ammonium and phosphate removal percentages and formed, nutrient-containing
precipitates of different precipitants from the ammonium phosphate solution are
summarized in Table 7 and Table 8. The precipitates formed by CaO and MgO salts
were not measured because commercial salts were used only as comparative
precipitants for the removal of ammonium and phosphate.
Table 7. Ammonium and phosphate removal percentages, at 20 °C (Papers I−IV).
CPMS

FA

NH4+

PO43-

(%)
100

CDOL (750 °C)

CaO

MgO

NH4+

PO43-

NH4+

PO43-

NH4+

PO43-

NH4+

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

PO43(%)

100

85

95

73

61

99

100

92

100

Table 8. The formed, nutrient-containing precipitates from the ammonium phosphate
solution of different precipitants (Papers I and II).
CPMS
Ca5(PO4)3(OH)

FA

CDOL (750 °C)

CaO

MgO

Ca2NH4H3(P2O7)2ꞏ3H2O

Ca5(PO4)3(OH)

N.M.*

N.M.*

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

Mg3(PO4)2
CaHPO4ꞏ2H2O
*N.M. = not measured
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Previous synthetic precipitation experiments
Several research projects have been performed on precipitation, either by using
different waste materials to precipitate synthetic solutions or by using commercial
salts to precipitate different waste materials. For example, Lu et al. (2009) and Yan
et al. (2014) used fly ash and alkaline residue as a precipitant in the removal of
phosphate from the synthetic solution. They used a hybrid method, adsorption and
precipitation. The formed precipitates contained calcium hydrogen phosphate,
CaHPO4·2H2O (Lu et al., 2009; Yan et al., 2014). In Lu et al.’s (2009) study, the
phosphate removal percentage varied between 68−96%, and the pH ranged from
10.9 to 12.1. Comparing this thesis’ study results with those of Lu et al. (2009), the
removal efficiency of phosphate was clearly lower than in the CPMS precipitation,
at the same level than it was in the FA precipitation, and better than it was in the
CDOL precipitation. In Yan et al.’s (2014) study, adsorption was carried out at
acidic conditions (pH < 6.0), and the precipitation was performed at alkaline
conditions (pH > 8.0). Waste bone ash was used as a precipitant, forming struvite
(Darwish et al., 2017), as was also precipitated in this thesis using FA. Darwish et
al., (2017) achieved around 95% phosphorus and nitrogen recovery. In Darwish et
al.’s (2017) study, the removal efficiency of phosphate and ammonium was at the
same level as in the CPMS precipitation and as in the FA precipitation, and it was
clearly better than in the CDOL precipitation.
Several types of commercial magnesium salts were used to form struvite from
different kinds of authentic raw materials, such as digester supernatant (Siegrist,
1996), anaerobic digester effluent (Çelen & Türker, 2001), anaerobic swine lagoon
liquid (Nelson et al., 2003), and landfill leachate (Prater, 2014). Çelen and Türker
(2001) stated that the best molar ratio is Mg:N:P 1.2:1:1.2, and the best pH value is
8.5−9.0, for struvite precipitation. In their study, the temperature varied between
25−40 °C and did not have an essential impact for ammonium removal. Çelen and
Türker achieved over 90% ammonium removal using MgCl2 as a precipitant,
whereas MgO as a precipitant removed only 60−70% of ammonium. Chen et al.
(2017) precipitated struvite from synthetic wastewater using calcined dolomite as
a low-cost Mg source (Chen et al., 2017). The calcination temperature was 750 °C.
Precipitation was carried out at pH 8.0, with a molar ratio of Mg:N:P 1:1:1.2.
Around 90% of NH4+ was recovered as struvite. Comparing the studies by Çelen
and Türker (2001) and Chen et al. (2017) with this study, the removal efficiency of
ammonium was at approximately the same level as in both the CPMS precipitation
and the FA precipitation, and it was clearly better than in the CDOL precipitation,
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whereas MgO removal efficiency was clearly at a lower level than in this thesis.
Temperature and pH varied at the same level. Chen et al. (2017) used the same
calcination temperature used in this thesis. Darwish et al. (2017), Çelen and Türker
(2001), and Chen et al. (2017) precipitated nutrients as struvite, as was also done
in this thesis.
5.4

Ammonium and phosphate removal from authentic wastewater

5.4.1 Calcined paper mill sludge
Ammonium and phosphate removal percentages as a function of treatment time are
presented in Fig. 17. CPMS removed 16.7% of ammonium from the liquid phase
of the anaerobic digestate in the first 15 min. After that, removal efficiency did not
improve. When comparing the effectiveness of the synthetic solution (Fig. 11) with
the authentic solution, the ammonium removal efficiency was significantly worse.
Ammonium removal efficiency was at a very low level in the experiments with
authentic wastewater. However, due to the high initial ammonium concentration of
the authentic solution (1460 mg L-1 of NH4+), the CPMS dosage should be much
higher, and the pH would consequently increase over pH 10, causing more
ammonium to transform into gaseous ammonia.
CPMS removed 73.3% of phosphate after the 15-min experiment. The
phosphate concentration of the initial authentic solution was 470 mg L-1 of PO43-.
The removal efficiency was very good for hydroxyapatite formation, which can be
seen in the XRD diffraction patterns (Fig. 20).
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Fig. 17. Ammonium and phosphate removal percentages as a function of treatment
time, at 20 °C. The error bars of the parallel experiments were calculated by standard
deviation (SD). Due to the small SD (0.2-0.7), the error bars are not clearly visible (Paper
IV).

5.4.2 Fly ash
The ammonium removal percentage and phosphate removal percentage as a
function of treatment time are presented in Fig. 18. FA removed 42.7% of
ammonium and 33.5% of phosphate from the liquid phase of the anaerobic
digestate after the 180-min experiment. After that, the removal efficiency did not
improve. When comparing the effectiveness of the synthetic solution with that of
the authentic solution, the removal efficiency in both cases was fairly satisfactory.
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Fig. 18. Ammonium and phosphate removal percentages as a function of treatment
time, at 20 °C (Paper I).

5.4.3 Calcined dolomite
Phosphate removal from agricultural sludge using CDOL 750 °C is presented in
Fig. 19. The percentage of phosphate removal increased as a function of time from
40% after 1 h of precipitation to approximately 70% after the 24-h experiment. It
is also possible that the precipitation reaction would still have proceeded with an
even longer contact time. Unfortunately, based on the heavy fouling of the
ammonium electrode caused by the agricultural sludge, the ammonium reduction
could not be measured reliably, and therefore no conclusions can be made regarding
ammonium reduction. Yet, if it is assumed that all of the phosphate was precipitated
as struvite, then the ammonium reduction would also have been approximately 70%.
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Fig. 19. Phosphate removal percentage of CDOL (750 °C) from agricultural sludge, at 20
°C (Paper II).

5.5

Characterization of the formed precipitates of the authentic
wastewater

5.5.1 Calcined paper mill sludge
The X-ray diffraction patterns and SEM image in the authentic solution
experiments for CPMS are presented in Fig. 20. Only hydroxyapatite
Ca5(PO4)3(OH) precipitate was found in the CPMS precipitation. Large
hydroxyapatite particles were completely covered with fine precipitate particles.
This is verified by the SEM image in Fig. 20.
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Fig. 20. X-ray diffraction patterns of CPMS (on the left side), (a) Ca5(PO4)3(OH), and SEM
image of the precipitate (on the right side); the bar indicates a 1-μm length (reprinted
with permission from Paper IV © 2020 Desalination Publications).

5.5.2 Fly ash
The X-ray diffraction patterns and SEM image in the authentic solution
experiments for FA are presented in Fig. 21. Valuable recycled fertilizer compounds,
struvite, MgNH4PO4·6H2O, monetite, and CaHPO4, were found in the precipitates.
Calcite, CaCO3, was also found in the precipitates.

Fig. 21. X-ray diffraction patterns of FA (on the left side): (a) MgNH4PO4·6H2O, (b) CaCO3,
(c) CaHPO4, and (d) Ca8Mg10(PO4)12. SEM image of the precipitate (on the right side); the
bar indicates a 1-μm length (reprinted with permission from Paper I © 2019 Authors).
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The harmful element contents of the precipitates are presented in Table 9. The
harmful elements can be found in the reject water from both natural and
anthropogenic sources. Particularly, arsenic, cadmium, chromium, mercury, copper,
lead, nickel, and zinc are undesirable harmful elements. As shown in Table 8, the
heavy metal contents are below the limit values for the forest fertilizers of the
Finnish Decree of the Ministry of Agriculture and Forestry on Fertilizer Products
in CPMD and FA precipitates. When comparing these precipitate results with initial
precipitant results (Table 5), it can be observed that the harmful element contents
are essentially at the same level. Some small changes exist, but they have no
significant impact.
Table 9. XRF characterization of harmful element contents of the formed precipitates
and a comparison to the limit values of Finnish fertilizer degree (Paper III).
Precipitant

As

Cd

Cr

Cu

Pb

Ni

Zn

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

CPMS 20 °C

< 20

< 10

< 20

< 20

< 20

< 20

70

FA 20 °C

< 20

< 10

60

80

80

< 20

700

25/40

1.5/25

300/300

600/700

100/150

100/150/

1500/4500

Limit value
Field / forest
fertilizers

5.5.3 Calcined dolomite
The X-ray diffraction patterns and the SEM image of the precipitate are presented
in Fig. 22. The only identified reaction product was struvite, MgNH4PO4·6H2O.
CaCO3 originating from the dolomite was also found. Larger particles that appear
to be CaCO3 were completely covered with fine precipitate particles.
These results indicate that CDOL can be used as a precipitant with agricultural
sludges as well. However, as the phosphate concentration of the studied sludge was
relatively low compared to the ammonium concentration (25 mg·L-1 of PO43-; 137
mg·L-1 of NH4+), the phosphate concentration had to be adjusted for optimal
precipitation. The other, possibly more cost-effective option could be to remove the
excess ammonium with other methods, such as adsorption with zeolites (Yuan,
Yang, Ma, & Liu, 2016) or geopolymers (Luukkonen et al., 2017) before or after
the precipitation.
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Fig. 22. X-ray diffraction patterns of CDOL (on the left side): (a) CaCO3, (b)
MgNH4PO4·6H2O. SEM image of the precipitate (on the right side); the bar indicates a 1μm length (reprinted with permission from Paper II © 2019 Authors).

Summary of the authentic experiments
Ammonium and phosphate removal percentages and formed, nutrient-containing
precipitates of different precipitants from the authentic wastewater are summarized
in Tables 10 and 11.
Table 10. Ammonium and phosphate removal percentages of the authentic wastewater,
at 20 °C (Papers I−IV).
CPMS
NH4

+

FA
PO4

3-

(%)

(%)

17−97

73−74

NH4

+

CDOL (750 °C)
PO4

3-

NH4+

PO43-

(%)

(%)

(%)

(%)

43−74

34−59

-
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Table 11. The formed, nutrient-containing precipitates from the authentic wastewater of
different precipitants (Papers I, II and IV).
CPMS
Ca5(PO4)3(OH)

FA

CDOL (750 °C)

MgNH4PO4ꞏ6H2O

MgNH4PO4ꞏ6H2O

CaHPO4

Previous authentic precipitation experiments
Several researchers have used other, inexpensive waste materials for ammonium
and phosphate removal from authentic wastewater. Sakthivel et al. (2012) used
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wood ash to precipitate struvite from source-separated urine collected from men's
toilets and waterless urinals. The phosphate removal percentage was 99% after the
4-h experiment. They assumed that phosphate, and 37% of the magnesium of wood
ash, precipitated as struvite. The pH value varied between 8.8−9.2 (Sakthivel et al.,
2012). When comparing this thesis’ study results with those of Sakthivel et al.’s
(2012) study, the removal efficiency of phosphate was clearly better than in the
CPMS precipitation or in the FA precipitation, and also in the CDOL precipitation.
Moriyama et al. (2001) achieved 75–85% efficiency of hydroxyapatite formation
at pH 8.0−8.5 using Ca-rich media in phosphorus removal from the sludge
sidestream of a wastewater treatment plant (Moriyama, Kojima, Minawa,
Matsumoto, & Nakamachi, 2001). Comparing Moriyama et al.’s (2001) study with
the present study, the phosphate removal efficiency was at the same level as in the
CPMS and CDOL precipitation, and a little better as in the FA precipitation.
Seawater has been used to form struvite from urine (Liu et al., 2013), from
saline industrial wastewater (Crutchik et al., 2013), and from industrial and
municipal waste streams (Kataki et al., 2016). Huang et al. (2014) and Lin et al.
(2018) formed struvite from swine wastewater using MgO-saponification
wastewater and Mg(OH)2 containing industrial by-products as precipitants (H.
Huang et al., 2014; Lin et al., 2018). In Huang et al.’s (2014) study, the ammonium
removal percentage was around 90% at pH 9, and at a molar ratio of Mg:N:P 1:1:1.
In Lin et al.’s (2018) study, the pH value varied between 8.5−10.5, and the Mg:N:P
molar ratio was 1:1:1. Ammonium recovery (90%) was at its best at pH 9.5. In
Huang et al.’s (2014) and Lin et al.’s (2018) studies, the removal efficiency of
ammonium was clearly better than in the CPMS precipitation, the FA precipitation,
and the CDOL precipitation. Molar ratios and pH values were the same, and the pH
value was also the same in their experiments. Unconventional reagents, such as
seawater bittern, bone meal, and meat waste, were used in order to precipitate
struvite (Siciliano & De Rosa, 2014). The results showed that pH 9 and molar ratio
Mg:N and P:N values of 1.3 yielded over a 90% removal efficiency of nitrogen and
phosphorus. The removal efficiency of phosphorus and nitrogen in Siciliano and
De Rosa’s (2014) study was clearly better than in the CPMS precipitation, the FA
precipitation, and the CDOL precipitation. Yu et al. (2017) used hydrolysate from
a hydrothermal process as a precipitant in order to form struvite from anaerobically
digested sludge. They achieved an 84.2% efficiency of struvite formation at pH 9
(Yu et al., 2017).
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Sakthivel et al. (2012), Liu et al. (2013), Crutchik et al. (2013), Huang et al.
(2014), Lin et al. (2018), Siciliano and De Rosa, (2014) and Yu et al. (2017)
recovered nutrients in struvite form, as was also done in this thesis.
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6

Conclusions

In this thesis, the use of industrial waste materials as precipitation chemicals was
studied. The suitability of CPMS, FA, and CDOL as chemical precipitants in the
simultaneous removal of ammonium and phosphate from nutrient-containing,
filtered wastewater was studied. The authentic wastewater was very challenging.
The filtration of the solid phase of the samples was very problematic due to the
presence of colloidal particles. The formed precipitates were characterized in
consideration of their potential utilization as recycled fertilizers. Also, the
ammonium and phosphate removal efficiency between the used industrial waste
materials and commercial CaO and MgO salts was studied. Therefore, the first
research question was related to the ammonium and phosphate removal efficiency
between industrial waste materials and commercial CaO and MgO salts. The
research results indicated that industrial waste materials worked well as
inexpensive precipitants in the simultaneous removal of ammonium and phosphate
from the synthetic wastewater. The waste material, CPMS, from the paper mill, was
observed to be as good a precipitant as commercial salts for phosphate removal.
Even though the ammonium removal percentage was at a high level, the removal
was at least partly based on ammonia volatilization, not on the precipitation process.
When using waste materials from the power plant, FA, and from the lime quarry,
CDOL, the removal efficiency was slightly lower than with commercial salts.
The second research question, about whether industrial waste materials can be
used as low-cost precipitation chemicals for the simultaneous removal of
ammonium and phosphate from real wastewater, also yielded pretty good research
results. All waste materials as precipitants pretty efficiently removed both
ammonium and phosphate from the authentic wastewater. Ammonium removal
efficiency varied at a wider scale than phosphate removal efficiency due to the
behavior of ammonium nitrogen at alkaline conditions, especially when using
CPMS. As a summary, FA and CDOL can be used as inexpensive precipitants for
the simultaneous removal of ammonium nitrogen and phosphate from wastewater.
CPMS was not a reliable precipitant in the removal of ammonium, but CPMS
efficiently removed phosphate.
The ammonia volatilization into the air during the experiments was the most
notable problem. Furthermore, instrumental errors—for example, the fouling of the
NH4- electrode caused by agricultural sludge—resulted in the reduced reliability of
the analysis.
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The third research question was related to the formed precipitates. What kinds
of compounds did the formed precipitates contain? Can these precipitates be used
as recycled fertilizer taking into account valid fertilizer regulations? The study
results indicated that the formed precipitates contained valuable nutrient-containing
compounds, such as calcium phosphate, hydroxyapatite, and struvite. The harmful
element contents of these precipitates were below the limit values for the forest
fertilizers of the Finnish Decree of the Ministry of Agriculture and Forestry on
Fertilizer Products. Therefore, these precipitates could be used as slow-release
recycled fertilizers, at least in forestry. However, the fertilizer regulation includes
several aspects, such as harmful element content, uniform quality, hygienic aspects,
and the amount of micropollutants, which must be considered. However, these
issues were outside the scope of this thesis. For example, organic micropollutants,
such as pharmaceutical compounds, polycyclic aromatic hydrocarbons (PAH), and
other organic compounds have been discussed during the EU’s regulation process.
Based on the preliminary economic evaluation of our collaborating companies,
implementation of a pilot or full-scale precipitation unit would be technoeconomically feasible with the corresponding recovery rates.
The utilization of Ca- and Mg-containing industrial waste materials and side
flows as a secondary raw material is important for the development of new
sustainable methods for the removal of nutrients from wastewater.
6.1

Recommendations for future work

Modification of the precipitation reactor is necessary for future research. In order
to avoid ammonium volatilization into the air during the experiments, the reactor
must be covered, and the reflux condenser must be connected to the system. If that
were to occur, then increasing the pH value would not have such a big effect for
the content of the precipitate, and the ammonium content would also be observed
in the final precipitate. The reaction conditions should also be optimized.
In this research, ammonium and phosphate were removed from wastewater
using industrial waste materials. The outlook of the circular economy was also
highlighted for recycled fertilizers; so in further research, all possible waste
materials and side flows as suitable precipitants should be studied. Nutrientcontaining wastewater, such as urine and wastewater from fur farms, would also be
worth testing.
Principally, the formed precipitates are suitable for slow-release recycled
fertilizer use. However, in further studies, leaching and growth tests of the
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precipitates should be carried out in order to obtain more information on their
suitability for recycled fertilizer use. Also, other aspects of the fertilizer legislation,
such as the contents of micropollutants, should be studied. By granulating and
coating the precipitates, it is possible to control the leaching properties of the
nutrients. Both methods mentioned could also be interesting research targets.
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