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Abstract

Budhathoki, Roshan

Beneficiation, desilication and selective precipitation techniques for phosphorus re-
fining from biomass derived fly ash

Jyväskylä: University of Jyväskylä, 2018, 64 p.
Department of Chemistry, University of Jyväskylä Research Report No. 209
ISSN 0357-346X
ISBN 978-951-39-7501-2

The supply of affordable phosphorus (P), a biocritical element, is at great risk due
to the utilization of limited natural phosphate minerals at an unprecedented scale.
The need of phosphorus recovery to sustain the anthropogenic P-cycle was recog-
nized and fly ash, a waste product from the combustion of renewable biofuels, was
selected as the secondary resource. Increasing supply of fly ash in the future due to
growing use of forest biofuels in energy production also contributes to its suitability
for P-recovery. Fly ash comprises of silicates, oxides, carbonates, phosphates and
hydroxides of the elements that potentially represent the entire periodic table. This
only augments the complexity of the recovery process, since most of the interfering
matrices need to be removed prior to the extraction of phosphorus.

Methods for separation of impurities and extraction of the phosphorus were
developed and optimized. The establishment of a relationship between the particle
size and mineral content enables an elevation of the phosphorus level by a factor
of 1.38, while the silicon (Si) content is reduced by a factor of 3.8 for a circulatory
fluidized bed derived fly ash. This was achieved by the use of sieving beneficiation
with a sieve size of 125 µm.

Despite the feasibility of fly ash leaching with a lower molar concentration of
acid for efficient dissolution of phosphorus, higher concentration of HCl at 8 M was
employed. Aging of this leachate for 5 h facilitates the removal of silica with an effi-
ciency of 99% from the leachate solution by precipitation of Si-particles and/or Si-gel
formation. The Si removal rate was found to vary proportionally with temperature
and the H+ and Cl– ion concentration.

Chemical equilibrium calculations (in the Medusa & Hydra software) were used
to identify the phosphate species in the leachate and to draft the P-recovery strate-
gies. Selective precipitation of AlPO4 was identified as a feasible method to recover
phosphorus from the leachate. Interference of Fe was limited by the use of chelation-
based masking with ethylenediaminetetraacetic acid (EDTA) at [EDTA]/[Fe]=1 and
pH of 4. An amorphous white precipitant was obtained that comprises 18.1 wt% of
P, 16.3 wt% of Al and 2.18 wt% of Fe as major components and also trace elements
in low concentrations.

AlPO4 was further converted to struvite; a slow releasing fertilizer. The process
involved dissolution of solids with 0.5 M phosphoric acid, removal of Al and metal
ion impurities with 0.6 g/mL of Amberlite IR120H+ (a strongly cation exchange
resin), addition of Mg2+ and NH4

+sources and precipitation at pH 9.5. Prospects
of leachate recirculation for leaching were also investigated to lower the use of fresh
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phosphoric acid. Granulated white-pure crystalline struvites containing 12.5 wt% of
P were obtained. The combination of refining and extraction technologies, employed
in this study, contribute to elevate the P content in the final product by a factor of
the order of 10. Procuring struvite. from biomass fly ash is seen as a sustainable
P recycling method which promotes conservation of the natural resources used for
fertilizer production.

Keywords: phosphorus recovery, fly ash, forest fertilizer, desilication, Si-gelation,
EDTA chelation, precipitation, aluminium phosphate, struvite.
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1. Introduction

1.1 The importance of phosphorus

Phosphorus is an essential nutrient for all life forms. It plays an essential role in all
biochemical systems.1 The genetic materials DNA and RNA are phosphodiesters.
ATP, the principal biochemical energy reservoir, is a phosphate derivative. Most of
the coenzymes are esters of phosphoric acid. The structural support of organisms
provided by membranes consists of phospholipids, and bones are biomineral hy-
droxyapatite.2 The biological productivities are contingent upon the bio-availability
of phosphorus to the flora and fauna that constitute the base of the food web in
our ecosystems.3 P is frequently the most limiting element for plant growth,4 and
crop yield on 30-40% of the global arable land is limited by P bio-availability.5
Commercialization of P-based fertilizers, along with N, K, and micro-nutrients has
gained much interests in recent years.6 Phosphorus and its derivatives are also
used in consumer products such as detergents, feed & food additives, pesticides
& medicines, and fire retardants.7–10 In order to meet the global phosphorus de-
mand, P is primarily derived from phosphate rock, usually a mixed lithology of
marine sediments containing carbonate fluorapatite (CFAP) and apatite species;
Ca5(PO4CO3OH)3(F).11,12 Therefore, anthropogenic activities have hugely influ-
enced the modern P cycle and an overview of global phosphorus cycle is depicted in
Figure 1.1.
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Figure 1.1: The human-intensified global phosphorus cycles (showing anthropogenic
footprints by dotted lines).13(modified)
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2 Introduction

1.2 Global phosphorus sustainability

More than 75% of the globally and commercially used phosphate rock is surface
mined. The P2O5 content in most mined ores ranges from 5 to over 40 wt% and
its beneficiation may consist of several methods in combination. This requires sig-
nificant resources of chemicals and energy. In addition, the cost of recovery and
beneficiation of phosphate rock increase in relation to the decreasing grade and
quality of the phosphate rocks. The demand for phosphorus is predicted to increase
by 50-100% by 2050 due to growing global population and food demands.12 148 mil-
lion tonnes of phosphate rock per year, which is 80-90% of global mined phosphorus,
is used for food production, but only 40% goes to harvested crop. About 23% of
that is accumulated into food products, and only 16% is consumed at the end.9,14
This shows that a significant fraction of phosphorus is lost during the various stages
of the P cycle. A net annual loss of 10.5 million metric tons of phosphorus only from
the crop land is estimated,15 and can be attributed to inefficient use of phosphorus.

Global P demand, P mining and rapid loss of P from the terrestrial ecosystem
are increasing at the same time. This presents a great threat to phosphorus security
and sustainability. Phosphate rock, a non-renewable mineral, is being depleted and
about 50-100 years of economical mining is estimated to remain.8,12,16 As a sustain-
able supply of affordable phosphorus is at risk, immediate measures are needed to
reduce our use of non-renewable phosphate rock by more efficient use of phosphorus
and recycling of P from secondary sources.12,13

1.3 Biofuel utilization and ash formation

Use of renewable resources in energy sector is expanding due to security, supply,
sustainability and environmental concerns. European Union proposed a mandatory
target of 20% for renewable energy’s share of energy consumption by 2020, 10%
of which for biofuels, in the "Renewable Energy Road Map".17 The utilization of
renewable biofuels and peat, has increased in Finland in recent years. The total
volume of the growing stock for extraction amounts to 2357 million m3 over bark,
16 million m3 being utilized annually for energy production.18 Furthermore, the
European Directive of Cogeneration (2004/8/CE) emphasizes the use of combined
heat and power (CHP) for cogeneration of heat and electricity to increase energy
efficiency and reduce greenhouse gas (GHG) emissions in EU.19 CHP technology
allows to convert the chemical energy stored in the biofuels into heat and power
simultaneously with an efficiency of over 80%.20 About 31% of the total electricity
production and about 70% of the total heat production in 2015 were contributed with
CHP technology.21 Fixed-bed (grate) furnaces, bubbling and circulating fluidized-
bed furnaces (BFB and CFB) are some examples of state of the art technologies.22
The fluidized-bed technology utilizes an inert material bed, usually silica sand, in the
reactor to assist combustion of the solid fuels. This is because sand allows efficient
gas-solid interaction and improves the combustion efficiency.23

Solid ash residue, including bottom and fly ash, is a major waste product formed
during combustion of biofuels. CHP plants in Finland produce over 150,000 t of
wood ash and 450,000 t of peat ash annually.24 With growing demands of renewable
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biofuels and efficient CHP technologies, consumption of forest resources are expected
to increase in forthcoming years. As a result, production of solid residual waste
increases and imposes further challenges in waste management. Ash utilization is
regulated by the Finnish legislation "the Decree of 12/7" and primarily depends on
the concentration of trace elements with toxic characteristics.25

The residual inorganic ash, in general, is composed of silicates, oxides, carbon-
ates, phosphates, sulphates, hydroxides, and halides of mineral elements that poten-
tially represent the entire periodic table.26,27 The phosphorus content in the ash
residue depends greatly on the fuel type. In addition, the concentration of phospho-
rus is higher in fly ash than in bottom ash.28 Fly ash from wood and woody biomass
consists of 0.66-13.01 wt% of P2O5 (0.29-5.68 wt% of P) by weight, while a major
fraction is composed of alkali metal oxides and silicates.29 Therefore, fly ash from
biomass-based fuel has emerged as a potential secondary resource for phosphorus
recovery in recent years.



2. Objectives of the study

A growing body of literature addresses the concept of phosphorus recovery from
various ash materials; sludge ash,30–38 municipal solid-waste fly ash,39,40 and animal
manure ash.41,42 However, P recovery from biomass-based ash is often limited to
use as soil ameliorant for second-rotation conifer stands on drained peats and forest
fertilization.24,43–47 These studies clearly indicate lack of research regarding high
grade phosphorus recovery from biomass-based fly ash.

Rise in production of ash residue is inevitable due to new legislation promoting
use of renewable biofuels, efficient CHP technologies for energy production and in-
creasing share of forest biofuel on the energy market. This may abet new challenges
in solid waste management. On the other hand, depletion of phosphate rocks is
fostering threats for phosphorus security. Therefore, the broad aspect of this study
is to recover phosphorus from the biomass-based fly ash to provide an assurance
towards phosphorus security and sustainability. This approach includes following
aspects:

• exploring the feasibility of phosphorus recovery from low grade secondary
waste materials,

• identification and development of phosphorus refining methods to acquire pure
homogeneous products,

• optimization of the drafted recovery process,

• characterization and usage of the recovered P-product.

4



3. Inorganic phosphorus

3.1 Chemistry

Phosphorus belongs to group 15 of the periodic table, along with N, As, Sb and
Bi. It has only one naturally occurring isotope (31P) with an atomic number of 15
and an atomic mass of 31. In addition, variation in oxidation state of phosphorus
from -3 to +5 allows compounds containing P in both low- and high-coordinate
(-3 for Li3P and +5 for PCl5) bonding environment.48,49 A comprehensive map
of phosphorus coordination with various group elements of periodic table forming
industrially important inorganic products is shown in Figure 3.1.

Phosphorus exhibits complicated allotropy, and 12 forms including crystalline
and amorphous ones have been reported. White phosphorus and red phosphorus
are two major forms of elemental P and widely used as precursors for synthesis
of several industrial important chemical compounds. In addition, oxides (P4O10),
halides (PCl3), sulfides (P4S10), oxohalides (POCl3), oxoacids (H3PO4) of phospho-
rus including phosphide (Li3P) and phosphates (Mn+

3/nPO4) of several elements are
also used as precursors for various phosphate derivatives.48 pp.493-540,50

Figure 3.1: Chemistry of inorganic phosphorus with key elements of periodic table
forming various industrially important chemical precursors.

5



6 Inorganic phosphorus

3.2 Occurrence

Phosphorus is the 11th most abundant element of the earth’s crust, but the existence
of elemental P is very low because it is highly reactive. As a result, various forms of
phosphate are the predominant species of phosphorus in natural ores. However, only
a small fraction is present in high enough concentration and is physically accessible
to be utilized by phosphate industry. The global phosphate rock reserves are located
in only a handful of countries, mainly Morocco, China and the US.

3.2.1 Primary ores

An estimate of distribution of the world phosphate resources suggests that 75%
of them are sedimentary marine deposits, 15-20% are igneous, metamorphic and
weathered deposits, and 2–3% are from biogenic sources (bird and bat guano accu-
mulations).3,8 The most frequent and important phosphate mineral is apatite and
its derivatives which coexist with other phosphorus minerals. Generally, primary P
ores can be categorized into high and low grades with respective P2O5 values of 25-
40% and 7-17%.51 Since high-grade ore comprises impurities at low concentration,
it requires less processing resources and is being mined at an unprecedented scale,
leading to its depletion.

Due to increase in the demand of phosphorus products, mining of phosphorus
from low-grade ores from igneous and sedimentary deposits is becoming more and
more common. Low-grade phosphate ores also comprise gangue materials of several
categories; siliceous, clayey, calcareous, organic matter, sulfides, magnetite, carbon-
ates etc.52 Low-grade ores require upgrading; which means increasing phosphorus
concentration by removing gangue minerals. Several upgrading and beneficiation
techniques have been implemented in the phosphate industry, and the choice of one
or more of the upgrading technique depends on the type of ores as well as the gangue
material present in the phosphate ore. Common phosphate minerals occurring in
most of the primary ores are listed below:53 pp. 10, 54 pp.9-11,55

Mineral Chemical formula
Apatite Ca5(PO4)(F,Cl,OH)
Dahllite 3Ca3(PO4)2·CaCO3
Francolite Ca5(PO4,CO3OH)3(F)
Wavellite Al3(PO4)2(OH)3·5H2O
Senegalite Al2(PO4)(OH)3·H2O
Variscite Al(PO4) · 2H2O
Strengite Fe3+(PO4) · 2H2O
Barrandite (Al,Fe)PO4 · 2H2O
Gorceixite BaAl3(PO4)2(OH)5 · H2O
Turquoise CuAl6(PO4)4(OH)8 · 5H2O
Rockbridgeite Fe2+0.75Mn2+0.25Fe

3+
4 (PO4)3(OH)5

3.2.2 Secondary phosphorus sources

The anthropic interventions in natural phosphorus cycle and human-induced mate-
rial flows in modern economies are only being intensified.56 As mentioned earlier in
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section 1.2, 80-90% of mined P is used in agriculture for food production, but only
40% goes to the harvested crop. About 23% of that is accumulated into human
food products, and only 16% goes to anthropic consumption.9,14 The phosphorus
circulation, in figure 1.1 also suggests the accumulation of phosphorus into various
materials at different times. For example, P consumed by humans and animals is ex-
creted into manure wastes and some fractions are conveyed into wastewater streams.
The crop harvests and forest resources also contain P accumulated via plant uptake.

Mixed wastewater streams and sludge, organic waste fractions including ani-
mal manure, urine, food waste, crop residues etc. are enriched with phosphorus.
The concentration of phosphorus differs greatly; typical P concentrations in various
secondary material are listed in Table 3.1. The prospect of phosphorus reuse and
recovery from these secondary sources is attracting ample attention in recent years.
However, high concentrations of impurities and trace elements with toxic charac-
teristics limit its direct use as fertilizer and require several processes to remove the
impurities and enrich P into single fractions.

Table 3.1: Typical phosphorus concentration in secondary sources.29,57

Secondary material Phosphorus content (wt%)

Sewage sludge 1.4
Biogas digester sludge 0.48-0.77
Human urine, excreta 0.02-0.52
Compost material 0.16-0.44
Poultry manure 0.88-1.27
Animal manure 0.04-0.07
Meatmeal 1.09
Bonemeal 8.73-10.91
Crop residues 0.04-0.33
Fly ash/deposit ash 0.28-5.6

Thermochemical conversion of dry organic waste materials and crop residues
having significant heating values via combustion combine energy production with
phosphorus recovery; since the P concentration is elevated in the inorganic ash
residues. Therefore, these solid ash residues can be seen as low-grade phosphorus
ore. Efficient methods of P recovery are constantly being studied and developed
from several ash materials; sewage sludge ash30–37, municipal solid-waste fly ash,39,40
and animal manure ash.41,42

3.3 Process overview in phosphate industry

Figure 3.2 shows an overview of the phosphate industry. This process commences
with phosphate rock of high grade (P2O5 of 25-40 wt%) as source of phosphorus. Ap-
atite derivatives are processed into various phosphate products either via wet (acid)
route (hydrometallurgy); predominantly for fertilizer production, or dry (thermal)
route for industrial and feed phosphate or for direct application as fertilizer. In
the wet process, sulfuric acid (H2SO4) is reacted with phosphate rock to yield wet
phosphoric acid which is further processed to obtain pure grade phosphoric acid.
In the thermal process, phosphate rock is mixed and heated with coke and sand to
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above 1400◦C with the aid of graphite electrodes. This releases white phosphorus
(P4) which is used in synthesis of various phosphorus derivative products, such as
agrochemicals, pharmaceuticals, food grade phosphoric acid, and so on.50 pp. 26-67 In
the recent decades, wet process acid has gained interest due to its low energy de-
mand compared to the thermal process, which significantly reduces the processing
cost. Despite the differences in these methods, the primary and common objective
is to obtain phosphorus products with highest possible purity, either as phosphoric
acid or phosphate salts. Pure phosphoric acid (100% H3PO4), for example, consists
of 72.45 wt% P2O5 or 31.61 wt% P, while anhydrous AlPO4 consists of 58.18 wt%
P2O5 or 25.4 wt% P. Simplified chemical equations are also presented below for the
principle phosphate products.

Ca3(PO4)2 + 3H2SO4
wet−−→ 2H3PO4 + 3CaSO4

2Ca3(PO4)2 + 6SiO2 + 10C
∆(dry)−−−−→ P4 ↑ + 10CO ↑ + 6CaSiO3

White phosphorus P4 ↑ −−→ P4 Red phosphorus (s)

P4 (s)+ 5O2 −−→ P4O10

P4O10 + 6H2O −−→ 4H3PO4

P4 + 6H2 −−→ 4PH3

P4 + 6Cl2 −−→ 4PCl3
P4 + 8Fe −−→ 4Fe2P

4Fe2P+ 18 S −−→ P4S10 + 8FeS

2NH3 +H3PO4 −−→ (NH4)2HPO4

Figure 3.2: Processing of phosphate rock to obtain various consumer grade phos-
phorus products in phosphate industries.50 pp. 27



4. Pertinent refining technology

The phosphate industry has advanced phosphorus refining technology, especially
from primary ores. As previously mentioned, the use of low-grade ores and sec-
ondary sources of phosphorus is rapidly growing due to scarcity of primary high-
grade ores. Despite well established and developed technologies, pursuit for new
efficient and economical methods still continues for the recovery of phosphorus from
secondary sources. As these minerals contain various impurities in high concentra-
tion, they require one or more processes in combination to remove the impurities.
The additional cost of phosphate processing is often combined with a decline in
quality of the secondary source. The selection of refining methods thus depends on
the concentration of phosphorus and as well as that of the impurities.

This section emphasizes some key technologies that have been established or are
under development for refining and recovery of phosphorus from various grades of
phosphate ores.

4.1 Beneficiation of phosphate minerals

Beneficiation is any method that improves the economic value of the ore by remov-
ing the impurities. This simply results in a higher grade product with enriched
mineral content. The beneficiation process of phosphate rock allows an increment
in concentration by a factor of 1.5-9. The several beneficiation techniques for up-
grading phosphorus source are dependent on the nature of ores as well as that of
the associated gangue minerals. However, these methods commence with crushing
of the ore into a wide spectrum of particle sizes. Some key beneficiation techniques
are listed below:

4.1.1 Physical methods

This technique utilizes the differences in physical (friability, density, electrostatic,
magnetic, etc) properties between the phosphate mineral and the gangue matrix to
separate them. Examples of physical separation methods are listed below:

• Screening: In most cases, phosphates are more friable than the gangue min-
erals which are typically hard. Screening, therefore, allows to recover the
phosphate product in the fine fraction; this is already in practice in some
beneficiation plants.58

• Attrition scrubbing and classification: This method is advantageous
when the gangue minerals are clays. Thus, attrition in water liberates and
disperses the clay which is then removed by desliming and/or classification.

9
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• Electrostatic separation: Calcareous and siliceous ores have been upgraded
successfully using this method mostly on laboratory scale. Large-scale produc-
tion is limited due to the low capacity of electrostatic separators.59

• Magnetic separation: This method is useful for igneous phosphate minerals
where one of the major gangue mineral is magnetic.60

4.1.2 Flotation techniques

In this method, either valuable mineral or gangue material has to float quicker
than its counter part. Collecting reagents (fatty acids and amines) are used when
phosphate minerals are being floated, while in case of flotation of gangue materi-
als, depressants (phosphoric acid, fluorosilisic acid, etc.) are used so that the sink
fraction contains phosphate minerals.61 Particle size, degree of liberation and the
hydrophobicity of mineral surfaces dictate its recovery rate during flotation. The
efficiency decreases in a relation with decreasing particle size.62 The Crago "Dou-
ble Float" plant in Florida is one beneficiation plant that uses flotation to upgrade
phosphate minerals.63

4.1.3 Chemical methods

This method uses leaching of carbonate minerals from phosphate ores with organic
acids. The most common organic acids used are: acetic acid, lactic acid, formic acid
and succinic acid. Acetic acid leaching of phosphate deposits with 10 wt% P2O5 at
15% w/w acid, 15% w/v solids at 40◦C raised the P2O5 content to 32.1 wt%.64 The
concentration and type of acid are determined by the nature and concentration of
gangue minerals.

4.2 Thermal treatment

Thermal treatment involves heating of high-grade phosphate ore (mostly fluorap-
atite) to a certain temperature to obtain phosphorus products with specific proper-
ties. The processes are categorized into drying of ores at temperatures of 120-150◦C,
removal of organics and carbonates by calcination at 650-1000◦C, and defluorination
up to 1350◦C. Calcination of phosphate ores allows collecting defluorinated phos-
phates with P/F ratios of over 100. The principal reactions involved are shown
in section 3.3. However, high capital cost of calcination plants and their energy-
extensive operation are drawbacks of these methods.59

4.3 Chemical extraction of phosphorus

4.3.1 Leaching of phosphorus from solid phase

Chemical extraction of phosphorus ores has emerged as an economical option in
comparison to the thermal process. This approach utilizes suitable reagents to leach
phosphorus from the solid into solution media; it has no strict requirements for
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particle size.65 The principal objective of leaching is to extract phosphorus from
solid to a liquid phase with high efficiency.

Chemical leaching

Alkali leaching with NaOH and acid leaching with HCl, H2SO4 and HNO3 are com-
mon methods for extraction of phosphorus from P ores. The selection of leaching so-
lution depends on the mineralogy of the phosphate ore. Alkali leaching (1M NaOH)
is ineffective in leaching P from iron ores with an efficiency lower than 30%, while
acid leaching (1% H2SO4) has an efficiency of over 91%.66 Organic acids (acetic and
succinic acid) have also proven their strength in leaching of calcareous and carbonate
P minerals.64,67–70 These studies also conclude that the kinetics of chemical leaching
is relatively fast and can range between minutes and days.

In case of ash residue leaching, H2SO4 and HCl yield higher recovery for phos-
phorus extraction than HNO3 and organic acids. However, the concentration of acid
and other leaching parameters primarily depend on phosphorus and matrix (Ca, Fe,
Al) content.41,71

Bioleaching

Bioleaching of phosphate in hydrometallurgy is a novel technology that uses micro-
organisms to mobilize phosphorus from the source. Studies using Burkh-olderia
caribensis and Aspergillus niger for dephosphorization of iron ores with 0.23-0.26
wt% P indicated an efficiency of up to 33%(wt).72,73 Higher dephosphorization degrees
can be achieved at the cost of longer treatment times, ranging from weeks to a few
months.36,72–75 Despite the drawbacks of bioleaching against chemical leaching in
terms of extraction time, these studies suggest the applicability of bioleaching for
long-term treatment of marginal high-phosphorus iron ores in heaps or ponds.

4.3.2 Recovery and separation methods

HnPO4
(3−n)− derivatives are considered to predominate in the solution phase; its

efficiency is a function of pH and metal concentration.50,76 Key differences in the
recovery methods appear in their approach to mobilize the HnPO4

(3−n)− phase.
The mobilization of phosphorus from solid to liquid phase is followed by one

or more separation and recovery steps in the phosphate hydrometallurgy. Most
frequently used technologies are solvent (liquid-liquid) extraction, precipitation, ion
exchange and adsorption, which have been applied either to recover P products or
to remove impurities. Prospects of phosphorus recovery will be primarily discussed
in this section.

Precipitation

Chemical precipitation is a process where cations and anions in aqueous solution
combine fo form an insoluble ionic solid/salt, also called precipitate. This only occurs
when the ionic product (Q) of the given cations and anions exceed the solubility
product constant (Ksp) of their salts (Figure 4.1). The precipitation mechanism
comprises a series of fundamental processes: saturation → nucleation → Ostwald
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ripening → agglomeration → particle formation. The particle size of precipitates is
inversely proportional to the relative supersaturation (RSS) of the solution; a high
RSS value yields many small particles while a low value forms fewer larger crystals.

Figure 4.1: Simplified illustration of precipitation mechanism.

Precipitation is practiced in hydrometallurgy to separate metal ions as hydrox-
ides, sulphides, or carbonates from the solution. It is also used in the phosphate
industry for fertilizer production. Furthermore, waste water treatment plants exten-
sively use precipitation to remove and recover phosphorus from waste streams. The
technologies for phosphorus removal from waste water have advanced since their
inception during 1950s in response to the issue of eutrophication. Various salts of
phosphate have been identified, as listed in table 4.1. This bring opportunity to
recover phosphorus from the solution via its precipitation using a metal source with
a suitable stoichiometric concentration in the pH range where its precipitation is
favorable, since the nature of metal phosphate salts is a function of pH.76 Precip-
itation mechanisms have poor selectivity for the separation of particular cations
or anions. Unwanted compounds often co-precipitate due to their supersaturation
along with the compound of interest. Thus, co-precipitation of unwanted solids is a
major challenge in precipitation technology.

Table 4.1: Various phosphorus compounds with solubility constant values.
Compounds log(Ksp)

MgHPO4 · 3H2O 18.18
CaHPO4 19.28
AlPO4 20.48
MgNH4PO4 21.84
FeNH4PO4 22.24
Mg3PO42 23.28
Ca2HPO4OH2 25.73
FePO4 · 2H2O 26.40
Ca3(PO4)2 28.92
Fe3(PO4)2 · 8H2O 37.76
CaH2(PO4)2 ·H2O 40.30
Ca4(HPO4)3 · 3H2O 47.08
Ca5(PO4)3(OH) 58.33
Ca10(PO4)6F2 118.00

Metal (Al, Fe, Mg, Ca) sources/salts are commonly used in phosphorus precip-
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itation and coagulation as means of post-treatment of wastewaters. Phosphorus
removal of 30-45% was obtained after aluminium coagulation.77 Removal efficiency
of over 90% was reported in case of iron use.78,79 Precipitation of calcium phosphate
is also explored by addition of Ca.80,81 A growing literature suggests that struvite
precipitation via Mg addition is also gaining attraction due to the product value in
agriculture.82–85

A limited number of studies have explored the prospects of phosphorus precip-
itation from acid leachate of ash residue.30,38,39,41 These studies have emphasized
precipitation of phosphorus with calcium because the Ca-P solid has better solu-
bility in water than Al or Fe-P solids, and its use as fertilizer. Moreover, iron is
considered an impurity due to the low commercial value of iron phosphate and is
removed via precipitation at pH 3 prior to phosphate precipitation at pH higher
than 4.39,41

Solvent extraction

Solvent extraction is a principal technique for partitioning dissolved compounds
between two immiscible solvents; one being aqueous (also termed feed) and the other
typically organic in nature. Use of a third organic liquid as diluent to disperse the
solvent is also a common practice. Solvent extraction of wet phosphoric acid (WPA)
commences with mobilization of H3PO4 from aqueous to organic solvent. Use of a
scrubbing agent is a viable option to remove impurities present in the organic phase.
Subsequently, H3PO4 is conveyed back to aqueous phase from the organic solvent
with a stripping solution.50 The mechanism of H3PO4 immobilization during solvent
extraction can be written as:

H3PO4(aq) + S(org) −−→ S ·H3PO4(org) + R(raffinate)(aq)

S ·H3PO4(org) +A(strip)(aq) −−→ S(org) +A ·H3PO4(aq)

The efficacy of organic solvent is expressed with its separation factor (β). It denotes
the selectivity of organic solvent to extract the ion of interest; a value higher than
unity indicates good separation of the ionic species and high purity of the extracted
product. The separation factor can be estimated as:86

β =
DPO4

3−

Dm−or+

& Di =
xi,org
xi,aq

where D is the partition coefficient, xi is the molar concentration of species i,
and m is any matrix ion of interest.

Many organic solvents, including isoamyl alcohol, 2-ethyl-1-hexanol, dibutyl
ether, tributyl phosphate (TBP) and methyl isobutyl ketone (MIBK) are used for
the purification of the WPA in phosphate industry.87–89 Unfortunately, ideal solvents
highly selective to phosphoric acid do not exist. This requires purification in seve-
ral steps with a strong negative impact on the economy of the process. Separation
factors (βH3PO4

matrix ) in a decreasing order were identified for TBP, mixture of 55 vol%
MIBK & 45 vol% TBP, and MIBK solvent during purification of wet phosphoric
acid obtained by H2SO4 leaching of phosphate ore (54 wt% P2O5). In terms of ma-
trix selectivity, the order Mg>Al>Fe>SO4

2– was observed for the above mentioned
solvents.90 The separation factor of phosphoric acid depends on the nature of matrix
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ion and its concentration, and also on the phosphoric acid concentration. The pres-
ence of Fe3+ and Al3+ reduce the extraction of phosphoric acid with isoamyl alcohol
in nitrate media.91 Chloride separation is also important for solutions digested with
HCl because most solvents have a low chloride separation factor.86 Temperature and
pH of the solution are other fundamental parameters that also dictate the efficiency
of solvent extraction.92

An extraction process starting with leaching of waste-activated sludge ash (26
wt% P2O5) with 1 M HCl followed by solvent extraction with 1-butanol and stripping
with distilled water reported a recovery of 76% of phosphorus. In addition, increasing
concentration of Al resulted in a decrease in the P-recovery rate; purity of the
recovered product was not reported.31 Solvent extraction is challenging for low-grade
phosphate source and requires further development.

Ion exchange

Ion exchange is a reversible chemical process for removing dissolved ions from the
solution and replacing them with other ions of similar characteristics. An anion
exchanger adsorbs negatively charged ions in the exchange resin, while a cation
exchanger adsorbs positively charged ions. An anionic resin is typically favorable
in the separation and purification of aqueous solutions with a low concentration of
phosphate. On the other hand, cationic resin is also a viable option for metal ions
at low level of concentration. After the extraction process, the ion exchanger can be
regenerated by eluting desired ions in excess concentration.

Cheeseman et. al. reported a process that uses a cation exchanger to remove
metal impurities followed by evaporation of sludge ash leachate (0.98-1.07 wt% of
H3PO4) to concentrate H3PO4 up to an essay of 85 wt%.33 Ion exchange for recov-
ering phosphate from sludge ash and sludge is used in the BioCon, KREPRO and
Rim-Nut processes.93,94 However, the main disadvantage of these processes is that
the volume of chemicals used to regenerate the resins is rather large.95

Adsorption

Adsorption is a form of sorption similar to ion exchange where one or more solutes
are distributed between a fluid phase and particles. The key difference is in the
mobility of ions. In adsorption, adhesion of ions or molecules takes place on the
surface of a solid.

Study of phosphorus adsorption from incinerated sewage sludge ash leachate
using Ze (IV)-loaded orange waste gel showed the possibility of selective P adsorp-
tion from solution containing 38 mg/L of P.32 Various materials such as activated
biochar, activated iron systems (zero-valent iron (ZVI), Fe2O3 and Fe2+) and zeolite
have also been used in phosphorus recovery technology. Studies indicate that the
adsorption isotherms of the adsorbate depend on the P concentration, pH of the so-
lution, and anion (SO4

2–, NO3
–) concentration.96–99 Therefore, phosphorus recovery

via adsorption is limited to solutions with low concentration of phosphorus.
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Chelation and masking

Chelation involves the incorporation of metal/cation into a complex structure of
an organic molecule, the chelating agent. Typically, electron-donor atoms (sulphur,
nitrogen, and/or oxygen) on the chelating molecule form a coordinate bond to the
metal ions and form a stable complex. Chelation is used in various fields of chemistry
including food industry, as a stabilizing agent, in chelation therapy to detoxify heavy
metals, and as masking agents to remove some particular metals in the desired
product.100

Ethylenediaminetetraacetic acid (EDTA) is a versatile chelating agent forming
four or six coordinate bonds with both transition-metal ions and main-group metal
ions. The interference of unwanted metals in the solution can be masked by EDTA; it
is used as a chelating agent in chemical recovery processes such as struvite precipita-
tion by Ca-masking,101 Ni recovery by masking of Fe,102 Cu recovery from electronic
waste,103 and separation of Ni and Co from emulsion liquid membranes.104

4.4 Desilication methods

Silica scaling on internal surfaces of equipment is one of the most problematic issues
in many industrial operations. It is extremely difficult and costly to remove. When
the Si concentration increases above the saturation level at a given temperature and
pH in a solution, silica scale is formed.105. Silica co-precipitation via polymerization,
agglomeration and aggregation possesses a great threat to the purity of any product
being recovered. Yokoyama et. al. reported the inhibiting effect of silicic acid on the
precipitation of CaCO3,106 while the risk of silica co-precipitation with iron during
Zn recovery was discussed by Dyer et. al.107

Desilication includes various methods for removal of dissolved Si; they can be
categorized into precipitation (with and without addition of seeds and/or metal
hydroxides), adsorption, flocculation (addition of flocculants, coagulants and/or an-
tiscalants), inorganic ion-exchange, lime-soda softening, nano-filtration (NF) and
reverse osmosis (RO) strategies.108–112

Most of the desilication treatments are performed in mildly acidic or neutral
to basic pH regimes, while limited processes are carried out below pH 2113. In
addition, these strategies possess some major limitations; coagulation mostly occurs
at high pH and requires high dosages of coagulants and flocculants.108,114 NF and
RO processes are associated with fouling problems and high energy consumption.115

Depending on the pH of the solution, Si can exist in many forms; as monomeric to
polymeric dissolved species, colloidal and/or precipitated forms. However, monosili-
cic acid, Si(OH)4 (also expressed as H4SiO4), is presumed to exist at lower pH’s. In
acidic conditions, the monosilicic acid tends to polymerize, yielding oligomeric and
polymeric units. These polymeric silica units grow by addition of monomeric silicic
acid to yield primary particles (∼20-50 nm) that aggregate to form particulates of
silica followed by gel formation and precipitation.116

Leaching of fly ash with higher molar concentrations of acid seems to be a promis-
ing approach to achieve better phosphorus leachability and simultaneous removal of
Si by aging of leachate that facilitates Si-gel formation.



5. Experimental methods

5.1 Samples

Seven samples of fly ash, originating from different combinations of peat and wood
as fuel, were received from three CHP plants of Finland. The fuel composition var-
ied from 100 wt% peat (P) to 100 wt% wood-based biomass fuel (B). P100, P80B20,
P70B30, P65B35, P50B50, P30B70 and B100 are labeled on the basis of their fuel compo-
sition; subscripts indicate the fuel composition percentage by weight. P100 is received
from Keljonlahti CHP, while P80B20, P70B30, P65B35, P50B50 and P30B70 are from
Rauhalahti CHP and B100 is from Alholmens Kraft CHP.

• For Paper I, seven samples were investigated in the context of phosphorus
beneficiation.

• For Papers II-III, samples from Alholmens Kraft CHP (B100 or FA) were used
in studies of phosphorus recovery via the hydrometallurgical method.

5.2 Reagents

All concentrated acids and chemical reagents used were of analytical grade. Ultra-
pure water of 18.2 MΩ cm resistivity was produced using Elga PURELAB Ultra
Analytic and used throughout this study.

5.3 Design of experiment

Design of experiment (DOE) is a systematic, rigorous approach to problem solving
that applies principle and technique at the data collection stage to acquire valid,
supportable and defensible conclusions. An experiment that is strategically planned
and executed provides a great deal of information about the effect of one or more
variable on the measured data. DOE techniques are widely employed for comparison,
screening, modeling and optimization processes in various fields of science such as
analytical chemistry, pharmaceuticals, bio-processing and engineering.117,118

“RcmdrPluging.DoE” plugin119,120 in R software121 was used to design the exper-
iment and analyze the results. Definitions of some key terms in design of experiment
approach are presented below:

• Experimental domain is the region of interest where experiment is per-
formed.

16
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• Factors are the experimental variables that can be independently altered.
Typical independent variables comprise pH, reaction time, reagent concentra-
tion, flow rate and others.

• Levels of a variable are values of a variable at which the experiment must
be performed. For example, the variable pH can be studied at five levels: 2,
3, 4, 5 and 6 during precipitation optimization.

• Experimental design is a set of experiments defined by a matrix composed
by a combination of different values of the variables.

• Response is the measured dependent value from the experiment.

5.3.1 Response surface methodology

Response-surface methodology (RSM) involves mathematical and statistical tech-
niques based on the fit of polynomial equations to the experimental data obtained.
The most important factors (either identified after screening or known from expe-
rience) that have significant effect on the measured values are examined in detail
using response-surface design. Due to inclusion of linear, interaction and quadratic
terms in the polynomial function, RSM method is able to produce surfaces of lin-
ear, curve, minimum or maximum point, and saddle nature. It is one of the most
relevant multivariate techniques used in analytical optimization.

Figure 5.1: Rectangular symmetrical designs used in RSM; (a) three-level factorial
design, (b) Box-Behnken design and (c) central composite design for three variables
(k) and three center points (cp).117

Figure 5.1 illustrates experimental domains for a three variables systems; three-
level full factorial, Box-Behnken, and central composite designs (CCD) are examples
of symmetrical designs. They differ primarily in the selection of experiment points
in the domain that are typically selected at -1, 0 and +1 level.122

The flow chart (Figure 5.2) illustrates the systematic procedure in the DOE
approach. After choosing the suitable experimental design, data are collected at
specified points. This is followed by fitting of the polynomial function to the exper-
imental data as described in Eq.5.1 for two factors. This equation is solved by using
the method of least-square regression and the coefficients of functions (β) related to
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linear, interaction and quadratic terms are estimated. Then, the surface of response
is generated using the fitted model/function.

y = β0 + β1x1 + β2x2 + β12x1x2 + β11x
2
1 + β22x

2
2 (5.1)

Figure 5.2: Common strategy for implementation of DOE approach and most used
design in analytical chemistry. (RSM equation contains: y as response, β0 as constant
term, βi, βij and βii represent coefficients of the linear, interaction and quadratic param-
eters, and k indicates the number of variables x.)

5.4 Optimization of ICP-OES parameters

Inductively coupled plasma-optical emission spectrometry (ICP-OES) instrument
(PerkinElmer Optima 8300) was used in this study for elemental characterization
of samples and recovered products and efficiency determination of the proposed
recovery methods.

ICP is a widely used radiation source in analytical spectrometry. A high kinetic
temperature of the plasma is the characteristic feature of the ICP that contributes
to low levels of physical and chemical interference and lower detection limits.These
features depend on the local thermodynamic equilibrium (LTE) of the plasma. In-
strument operational parameters, nature of solution injected to the plasma, and
matrices in the solutions have a significant effect on the LTE of plasma.123,124 Es-
timation of the plasma LTE follows a heuristic approach, the departure from LTE
being measured with the ionic (II) to atomic line (I) intensity ratio of magnesium
(Mg), since most ionic intensities are sensitive to changes in operating parameters,
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Table 5.1: Experimental domain of the operating parameters used in orthogonal
factorial design.

ICP-OES parameter Abbr. Unit Lower
value

Upper
value

Plasma gas flow (PgF) L/min 8 16
Auxiliary gas flow (AxF) L/min 0.2 0.4
Nebulizer gas flow (NbF) mL/min 0.4 0.8
Sample aspiration rate (SpF) mL/min 0.8 2
RF power (RF) W 1300 1500

in contrast to atomic intensities.125 An MgII/MgI ratio above 8 (in axial view) and
10 (in radial view) indicates proximity to LTE conditions of plasma. This ratio is
used to compare the LTE of plasma and to optimize the operating parameters in
this study.

Five operating parameters were considered in this study: plasma gas flow, aux-
iliary gas flow, nebulizer gas flow, RF power and sample aspiration rate. Statistical
approach based on design of experiments was employed to identify and optimize the
operating parameters. Orthogonal factorial design was created to screen the factors
with significant effect (experimental domain summarized in Table 5.1), while central
composite design (CCD) was used to optimize the selected variables.

5.5 Sample characterization

5.5.1 Particle size distribution analysis

The particle size distribution (PSD) profiles for all seven samples were evaluated
with a Fritsch Analysetter 22 Economy particle-size analyzer using wet dispersion
in a saturated sodium chloride solution. The use of a saturated solution is presumed
to mitigate the problems with the dissolution of fly ash particles in water.[I]

5.5.2 Elemental analysis

The elemental composition of solid samples was determined with an Elementar vario
EL(III) for CHN (Carbon, Hydrogen and Nitrogen) determination and an ICP-OES
PerkinElmer Optima 8300 instrument for determination of major elements and trace
elements.[I-III]

Digestion

This study employs a modified version of ultrasound-assisted digestion of solid fly
ash samples developed by Ilander and Väisänen.126 0.25 g of solid samples were
dissolved in 3-5 ml of aqua-regia with 3–4 drops (up to 0.5 mL) of hydrofluoric
acid. The digestion was further assisted by ultrasound for 18 min with sonication
procedure divided into six equal steps (3 min) at 60◦C. All samples were shaken in
between and the evolved gas was released.

The extraction process was followed by filtration (with Whatman No. 41 filter
paper) of the solution samples, which were diluted to 50-100 ml in plastic volu-
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metric flasks with ultrapure water of 18.2 MΩ cm resistivity produced using Elga
PURELAB Ultra Analytic. Trace element concentrations were determined from this
fraction of sample solution. Major element concentrations were determined after a
further dilution factor of 1:10. 10 vol% and 5 vol% (wt.%) of acid matrix (aqua regia
or HCl or HNO3) in the diluted samples were maintained during determination of
trace and major elements.

5.6 Beneficiation of fly ash

5.6.1 Fractionation by sieving

A Retsch vibratory sieve shaker (AS 200 basic) was used for beneficiation of fly
ash samples via sieving-based fractionation. Sieve sizes of 45, 63, 125 and 250 µm
were used. Five ash fractions [(0–45), (45–63), (63–125), (125–250), (>250) µm]
were collected and weighed. Samples representing each fraction were digested and
elemental compositions were determined with ICP-OES to study the correlation
between fly ash phosphorous content and its particle size.[I] 20 g of fly ash samples
were sieved in this study, while 100 g of samples were sieved in the context of fly
ash beneficiation via sieving at 125 µm.[II-III]

5.7 Chemical leaching

Acid concentration, liquid to solid (LS) ratio, time, temperature, particle size, stir-
ring, and sample morphology are some of the critical leaching parameters in hy-
drometallurgy.31–33,41 Acid concentration, LS ratio and leaching time were selected
as critical factors in this study and optimization was performed employing RSM
methods; the CCD design was chosen. 5 levels were selected for each factors: HCl
concentration (0.69, 1.5, 2.5, 3.5, 4.3 M), LS ratio (5.47, 7.5, 10, 12.5, 14.5) and time
(5.47, 7.5, 10, 12.5, 14.5 min). This design matrix comprises of 20 experimental runs
including 5 replicates of center point. The required concentration and volume of acid
was added to 50 mL centrifuge tubes containing 1±0.001 g of fractionated fly ash
sample. Leaching was assisted with ultrasound and periodic shaking of the tubes.
After extraction, the samples were filtered and diluted to 100 mL for phosphorus
determination by ICP-OES.

Acid concentration and type were varied in order to study the effect of acid
type on P extraction and its synergistic removal of Si impurities. For this, 2M, 5M
and 8M of HCl and HNO3 were selected.[II] 20 g of fractionated fly ash sample was
dissolved in 240 mL of acid. The optimal LS ratio was used in scaled-up leaching
process and the ultrasonic digestion was assisted with mechanical stirring (500 rpm)
for 20 min to prevent sedimentation. The undissolved residues were separated with
centrifugation for 20 min.[II-III]
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5.8 Precipitation

In this study, precipitation was employed to remove the silica from leachate solution
via aging,[II] to recover phosphorus with aluminium by raising pH[III] and recover
phosphorus as struvite by addition of Mg and NH4 salts to refined aluminium phos-
phate leachate solution.[IV] TitroLine easy unit from SCHOTT Instruments GmbH
(automatic titration unit) was used to adjust the pH to target value in titration.
Freshly prepared 1M or 3M NaOH was used in this study.[III]

5.8.1 Impact of Si on P precipitation

Prior the removal of silica, the influence of silicon concentration on P precipitation
was examined using synthetic solutions where the Si concentrations were main-
tained at 0, 50, 200 and 850 mg/L, while concentrations (mg/L) of P(1650±100),
Al (1100±50), Fe (1140±60), Ca (15000±200) and Mg (500±50) were kept constant;
this also represented the fly ash leachate matrix. Phosphorus was precipitated at
pH 2-4 by adding 1 M NaOH. The concentration of phosphorus in the supernatant
was measured with ICP-OES. The supernatants were separated via centrifugation
and the precipitates were washed several times with ultra pure water followed by
oven drying. Concentrations of phosphorous and silica in the dry precipitate were
measured with Bruker Quantax 400 EDS.

5.8.2 Silica removal

The addition of coagulants or other antiscalant products to promote coagulation
and aggregation of silica are not considered in this study due to high quantities of
coagulants demanded by high Si concentration in leachate solutions and to avoid
further contamination and complexity during phosphorous recovery, the primary
objective of this study. The formation of Si-gel particulates under acidic condi-
tion is seen as an advantage in this study, since the acid leachates of fly ash are
highly acidic and contain silica in high concentration. Since gelation is a bonding
phenomenon between the aggregates forming particulate networks, it is affected by
process parameters such as pH, supersaturation, temperature and ions in the solu-
tion. Therefore, high molar concentrations of mineral acids were used in this study
to facilitate the removal of silica via precipitation of Si-gel particulates. The effect
of temperature on silica precipitation was also studied.

10 mL of each acid leachate solution obtained were transferred to 15 mL cen-
trifuge tubes and left for aging of silica gel in an unstirred condition at room temper-
ature and also at 40 and 60◦C with an accuracy of ±3◦C, for examining the influence
of temperature. These sample tubes were centrifuged after a certain time interval (0
to 75 h) to separate the precipitated Si-gel. 1 ml of supernatant was extracted and
diluted to 100 mL to quench further polymerization of Si and precipitation. The
concentration of dissolved or soluble silica and other analytes were determined from
the quenched fraction with ICP-OES as a function of time. The concentration of
precipitated Si-gel at given times was determined by subtraction from the known
initial soluble silica concentration in the solution.[II] In case of scaled-up Si-removal,
the leachates were transferred to 50 mL centrifuge tubes and left for aging at room
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temperature for 5 h. The obtained Si-gel was removed from the leachate by cen-
trifugation for 20 min. The supernatants were mixed together before precipitation
experiments.[III]

5.8.3 Phosphorus precipitation

Silicon-free leachate solutions were used in this study. Phosphorus was precipitated
by addition of 3 M NaOH. Co-precipitation of iron was prevented by addition of
EDTA as Fe chelating agent. The optimal pH region and molar ratio of EDTA to
iron and aluminium (ER=[EDTA]/[Fe+Al]) were identified using the RSM method
by creating a CCD design. The designed level for pH was 3.8, 4, 4.5, 5, 5.2 and 0.29,
0.5, 1, 1.5, 1.71 for ER.[III] For this study, 10 mL of Si-free leachate solution was
taken and the required weight of EDTA was added. Freshly prepared 3M NaOH
was used to raise the pH to target value.

5.8.4 Synthetic phosphate compounds

Several synthetic phosphate solids were precipitated from controlled samples. Ta-
ble 5.2 shows the nature and function of synthetic solids used in this study.

Table 5.2: Preparation method of synthetic phosphate compounds and their uses.
Compound Preparation method Use Paper

AlPO4 (A)
50 mL solution containing 0.1 M Al3+

and PO4
3– was precipitated at pH 4 by

addition of 1 M NaOH

Comparison with
recovered AlPO4

III

AlPO4 (B)
1 L solution consisting of 0.2 M Al3+ and
PO4

3– and 9mM Fe3+ was precipitated at
pH 4 by addition of 1M NaOH

Leaching studies
and removal of Al
and Fe by cation
exchange resin

IV

MgNH4PO4

100 mL solution containing 0.5 M Mg2+,
NH4

+ and PO4
3– was precipitated at pH

9.5 by addition of 1 M NaOH

Comparison with
precipitated stru-
vite

IV

5.8.5 Conversion of AlPO4 to struvite

In this study,IV feasibility of conversion of AlPO4 to struvite (MgNH4PO4) was
studied. This included leaching of AlPO4 with phosphoric acid solution followed by
removal of Al3+ and Fe3+ ions with cation exchange resin (CER) and precipitation
of struvite by addition of Mg2+ and NH4

+ sources. Leaching with phosphoric acid
limits addition of foreign anions/impurities and also facilitates recirculation of re-
fined leachate (Al3+ and Fe3+ free leachate after CER adsorption) for dissolution of
solid AlPO4. This method, using refined leachate for leaching, is seen as clean, sus-
tainable and economical approach to recover phosphorus from the leachate solution.
Therefore, effect of phosphoric acid concentration on leachability of phosphorus and
CER dosage on removal of Al3+ and Fe3+ were investigated.IV
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Leaching with phosphoric acid

0.1, 0.5 and 1 M of phosphoric acid were prepared from an analytical grade 85 wt%
H3PO4 from EMSURE R©. Synthetic AlPO4(B) containing 18.9 wt% P, 16 wt% Al
and 1.5 wt% Fe (concentration in similar range to that of precipitated AlPO4) was
used in leaching studies. 40 mL of 0.1, 0.5 and 1 M H3PO4 were added to 1 g of
AlPO4(B) and mixed with a magnetic stirrer at 500 rpm for 1 h. 50 mL of optimal
acid concentration and refined leachate (Al3+ and Fe3+ free) were added to 1.25 g
of recovered AlPO4

[III] at LS ratio of 40 mL/g, and used in struvite precipitation
experiment. 1 ml of each leachate was filtered through 0.45 µm syringe filter and
diluted for elemental analysis with ICP-OES.[IV]

Removal of metal ions with CER

Amberlite R© IR120 H+ form (AIR-120H), a strongly acidic cation exchanger, was
used to remove metal cations from the leachate solution and CER dosage of 0.01 to
0.5 g/mL was investigated. Required mass of CER was added to 10 mL of leachate
solution obtained from 0.5 M H3PO4 during optimization studies, while 50 mL of
leachate solution was used during removal of Al3+ and Fe3+ ions followed by struvite
precipitation. The slurry was stirred with a magnetic stirrer at 200 rpm for 1 h.[IV]

Struvite precipitation

Two batch experiments were performed to recover phosphorus as struvite. 0.5 M of
phosphoric acid prepared from analytical grade (85 wt%) H3PO4 was employed in
batch 1. Meanwhile, the refined leachate after Al and Fe exchange with AIR-120H
was diluted such that phosphoric acid concentration was 0.5 M and used during
leaching in batch 2. In both cases, metal ions were removed with CER dosage of 0.6
g/mL. First, the pH of leachates were adjusted between 7 and 8 by addition of 1 M
NaOH, then Mg2+ and NH4

+ sources were added such that Mg2+:NH4
+:PO4

3–=1:1:1.
Precipitates were obtained at pH 9.5 with continuous mixing of the solutions at 200
rpm for 2h. The precipitates were separated by filtration (Whatman filter 42) and
rinsed twice with ultrapure water to remove loosely bound Na and Cl.[IV]

5.9 Characterization of P products

The precipitated products[III] were characterized with ICP-OES and Bruker Quan-
tax 400 EDS for the determination of major components and trace elements. Di-
gestion of solid products followed the procedure described in section 5.5.2 without
the use of hydrofluoric acid. In addition, infrared characteristics for all recovered
products[III,IV] were obtained with Bruker Alpha Platinum-ATR. An X–ray powder
diffraction analysis of aluminium phosphate and struvite were done with a PANa-
lytical X’Pert Pro alpha 1 diffractometer using Johansson monochromatized Cu Kα1

radiation (λ = 1.5406 ; tube settings: 45 kV, 40 mA). The samples were prepared on
a silicon-made zero-background holder[III] and a sample cavity of routine steel-made
sample holder.[IV] The data was recorded from a spinning sample by X’Celerator
detector with a step size of 0.017◦ and counting times of 120[III] and 60[IV] s per step.
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5.10 Chemical equilibrium modeling

Equilibrium modeling of phosphorous species and other major solids in acidic media
was performed in the Medusa and Hydra program (version: 18 Aug. 2009)127. The
components considered were Fe, Al, Ca, P as PO4 and EDTA. Concentrations of
analytes similar to the leachate solution were used in the equilibrium calculation;
with a PO4 concentration of 24 mM and PO4:Fe:Al:Ca = 1:1:1:10 (molar fraction).
The ionic strength of the solution is set at 1, unless otherwise stated. All the soluble
and solid complexes available in the database were allowed.[III]



6. Results and discussion

6.1 Optimization of ICP measurement

6.1.1 Selection of factor

The effect of PgF, AxF, NbF, SpF, RF on the performance of ICP-OES instru-
ment was studied. Figure 6.1 shows the mean effect plot of five variables to the
responses; radially and axially viewed MgII/MgI ratio and wavelength for phos-
phorus at 213.618 nm. The LTE of plasma (as indicated by MgII/MgI) changed
significantly from 14 to 10 (radial view), and 10 to 5 (axial view) when the operat-
ing parameters were changed. Higher values of the MgII/MgI ratio were obtained
with lower values of plasma gas flow, which is also economically favorable. Auxiliary
gas flow does not have a significant effect on the LTE of plasma and intensity of
phosphorus lines. Nebulizer gas flow has both linear and quadratic effect on the
MgII/MgI ratio and P intensity. The linear effect of increasing RF power is due to
rising ionizing power of plasma and is reflected in a higher MgII/MgI ratio. The
sample aspiration rate seems to have a significant effect on the P intensity, while
its effect on the LTE of the plasma was not significant. Therefore, nebulizer gas
flow and sample aspiration rates were selected as significant variables that will be
quantitatively optimized using a central composite design.

6.1.2 Parameter optimization

Figure 6.2 displays the optimal region for LTE of plasma and highest analyte in-
tensities obtained with the cross flow nebulizer connected to Scott spray chamber
for nebulization of liquid samples. A nebulizer flow rate of 0.6 L/min yields the
highest value of MgII/MgI ratio and Mg (II) ionic intensity lines which imply that
the plasma is in LTE. These observations are valid for both axial and radial views.
In the case of selected analytes (P, As, Pb), highest intensities were observed at a
lower nebulizer gas flow of 0.4-0.5 L/min; however, the MgII/MgI ratio in this region
is below 8, thus indicating deviations from LTE of plasma. A sample aspiration rate
of 1.5 mL/min resulted in the highest intensities for all axial observations. Similar
relationships with different values were observed with the GemCone low flow nebu-
lizer connected to Cyclonic spray chamber; the optimal ICP parameters are listed
in Table 6.1. These values were used throughout this study.

25
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Figure 6.1: Mean effect plot of five variables (PgF, AxF, NbF, SpF, and RfP) on
selected response (MgII/MgI radial and axial, and P intensity).



6.2 Sieving based beneficiation of fly ash 27

MgII/MgI (axial)

 7 
 7.5 

 8 

 8 

 8.5 

 8.5 

 9 

 9 

 9.5 

 9.5 

0.8 1.0 1.2 1.4 1.6 1.8

0.
4

0.
5

0.
6

0.
7

0.
8

MgII (axial)

 6e+06 

 8e+06 

 8e+06 

 9e+06 

 1e+07 

0.8 1.0 1.2 1.4 1.6 1.8

0.
4

0.
5

0.
6

0.
7

0.
8

MgI (axial)

 7
e+

05
 

 8
e+

05
 

 9e+05 

 1e+06 

 1100000 

 1200000 

 1300000 

0.8 1.0 1.2 1.4 1.6 1.8

0.
4

0.
5

0.
6

0.
7

0.
8

MgII/MgI (radial)

N
eb

ul
iz

er
 g

as
 fl

ow
 (m

L/
m

in
)

 11.6 
 11.8 

 11.8 

 12 

 12 

 12.2 

 12.2 

 12.4 

 12.4 

 12.6 

 12.8 

 13 

0.8 1.0 1.2 1.4 1.6 1.8

0.
4

0.
5

0.
6

0.
7

0.
8

MgII (radial)

 150000 

 2e+05 
 250000 

 2
50

00
0 

 3e+05 

 350000 

 4e+05 

 450000 

0.8 1.0 1.2 1.4 1.6 1.8

0.
4

0.
5

0.
6

0.
7

0.
8

MgI (radial)

 10000 
 15000 

 20000 

 2
00

00
 

 25000 

 30000 

 35000 

0.8 1.0 1.2 1.4 1.6 1.8

0.
4

0.
5

0.
6

0.
7

0.
8

P213.617 (axial)

 6000 
 7000  7000  8000 

 9000 
 10000 

 11000 
 12000 

 13000 

 14000 

 15000 

0.8 1.0 1.2 1.4 1.6 1.8

0.
4

0.
5

0.
6

0.
7

0.
8

As188.979 (axial)

Sample flow rate (mL/min)

 300 

 400  450 
 500  550 

 600 
 650 

 700 
 750 

 800 

0.8 1.0 1.2 1.4 1.6 1.8

0.
4

0.
5

0.
6

0.
7

0.
8

Pb220.353 (axial)

 1400  1800 
 2000  2200 

 2400 
 2600 

 2800 

 3000 

0.8 1.0 1.2 1.4 1.6 1.8

0.
4

0.
5

0.
6

0.
7

0.
8

Figure 6.2: Optimization of nebulizer gas flow and sample flow rate for high-
est MgII/MgI ratio and highest analyte intensities (at PgF=8, AxF=0.2, and
RfP=1500) with Scott spray chamber.

Table 6.1: Optimized operating parameters for Scott and Cyclonic spray chambers,
thereafter used during ICP-OES measurement.

ICP-OES
operating parameter Unit Spray chamber

Scott Cyclonic
Plasma gas flow L/min 8 8
Auxiliary gas flow L/min 0.2 0.2
Nebulizer gas flow mL/min 0.6 0.5 - 0.6
Sample aspiration rate mL/min 1.5 1.3
RF power W 1500 1500

6.2 Sieving based beneficiation of fly ash

A number of studies have focused upon the correlation of ash mineralogy with its
particle size distribution and found that heavy metals such as As, Cd, Cr, Cu, Ni,
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Pb and Zn are more concentrated in smaller particle size (< 75 µm) fractions than
in the larger ones.128–131 However, correlations of phosphorus content with particle
sizes were not explored. This study aimed to investigate the correlation between P
concentration and particle size from seven fly ash samples.

6.2.1 Fly ash properties

Seven fly ash samples originated from different fuel mixtures from three power plants
of Finland were compared in terms of particle size distribution. Figure 6.3 shows the
variation in the PSD profile. Fly ash originating from 100 wt% peat contains a large
number of small particles, while ash from woody biomass in CFB boiler consists of
larger particles. However, the quality of fly ash including PSD profiles are highly
affected by power plant processing conditions in the CHP boiler and ash collection
system.130 Figure 6.4 elucidates the sand, silt and clay grain-size distribution of ash
samples.
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Figure 6.3: Particle size distribution (PSD) profile of seven fly ash samples. (1=P100,
2=P80B20, 3=P70B30, 4=P65B35, 5=P50B50, 6=P30B70, 7=B100)
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Figure 6.4: The ternary diagram of sand, silt and clay grain-size distribution for
seven ash samples. (1=P100, 2=P80B20, 3=P70B30, 4=P65B35, 5=P50B50, 6=P30B70, 7=B100)
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A comprehensive elemental analysis of seven fly ash samples revealed significant
variations in the distribution of elements in samples originating from different fuel
mixtures; the results are listed in Table 6.2. The phosphorus composition varies
from 0.49 to 1.72 wt% of ash. Si and Ca were most abundant components with
respective concentrations from 14.56 to 29.64 and 8.64 to 30.43 wt%. Arsenic (As)
concentration for P80B20 and P50B50 samples exceeded its limit value of 40 mg/kg,
being therefore unsuitable for forest application. The rest of the samples can be
used as fulfilling the requirements of the Decree on fertilizer products.

Table 6.2: Major elemental composition in wt% and trace elements concentration
(mg/kg) of seven fly ash samples determined with ICP-OES.[I] The given limit value
indicates the maximum concentration of trace elements that is allowed for forest
fertilization use and comply with "the Decree of 12/7" on fertilizer products.25

Element P100 P80B20 P70B30 P65B35 P50B50 P30B70 B100

Major component in wt%
C 1.08 0.26 0.82 0.68 2.21 2.08 1.36
H 0.29 - - - 0.16 0.11 0.20
N - - - - - 0.04 -

P 1.01 1.33 0.90 0.95 1.72 0.49 1.21
Al 7.93 9.14 9.99 8.61 6.01 4.77 3.38
Ca 30.43 9.22 8.17 8.64 13.11 4.75 15.40
Fe 10.73 14.28 10.67 8.03 6.04 3.17 2.00
K 1.44 1.98 2.24 1.91 2.17 1.43 3.10
Mg 2.35 1.65 1.35 1.26 1.69 0.85 2.16
Na 1.03 1.10 1.45 1.10 0.73 0.65 0.90
Si 14.56 18.91 20.74 19.00 18.78 29.64 17.31

Trace element concentration (mg/kg) Limit
value

As 33.4 78.9⊕ 34.5 33.1 61.6⊕ 24.3 6.7 30
Cd 1.1 2.7 1.1 2.2 7.4 4.0 8.6 17.5
Cr 36.2 67.6 53.7 35.3 57.8 34.7 45.1 300
Cu 84.2 100.0 93.5 130.4 125.7 112.6 89.6 700
Ni 29.0 31.8 23.2 28.0 37.5 26.5 24.6 150
Pb 40.4 82.4 39.6 43.9 69.9 38.2 26.3 150
Zn 114.9 274.7 188.5 224.4 675.7 239.2 1704.8 4500

– = <LOD, ⊕ = concentration exceeding limit value

6.2.2 Impact of fractionation on fly ash chemistry

Sieving of all fly ash samples indicated that a large proportion of the particles belong
to the smallest size range, 0-45 µm for most of samples except B100, where the weight
is distributed uniformly to all particle size range as seen in Figure 6.5. The elemental
composition of each five fractions was determined; major elements in each fraction
are shown in Figure 6.6. The relative composition of phosphorus and other major
components in the respective weight fraction (F1 − F5) is estimated as:

MFi
= CM

Fi
· Fiwt% and MFi

% =
MFi∑5
i=1MFi
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where MFi
is the relative concentration of element in Fi weight fraction, CM

Fi
is the

concentration of element in Fi determined with ICP-OES and Fi
wt% is the weight

proportion of the Fi fraction.
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Figure 6.5: Weight fractions of each fractionated ash of seven fly ash samples.

This study emphasized the effect of fractionation on the distribution of phospho-
rus and other major components to different size fractions. Figure 6.6 shows that P
and also Fe, Al, Ca, and K are concentrated in the small size fractions. Meanwhile,
the Si concentration seems to have a nonuniform distribution. This indicates a huge
scope for sieving in the manipulation of fly ash chemistry and P recovery. This
study also found a correlation between elevated trace element content and smaller
particle size fraction, which was in agreement with findings of other studies.130,131

6.2.3 Usability of fractionated fly ash

The fertilizing effect of wood ash lasts for 30-40 years; this is 5-15 years longer than
that of chemical fertilizers.132 Increased P, K, Ca and Mg concentrations in smaller-
size fractions increase their value as forest fertilizer due to fertilizing effects of P and
K and liming effects of Ca and Mg.133 However, the content of heavy metals in fly
ash solely regulates its use as forest fertilizer, according to the Decree on fertilizer
products. The concentration of trace elements in each sieved fraction, including
their maximum allowed concentration for use as forest fertilizer, is shown as a radar
plot in Figure 6.7. This illustrates the potential use of fractionated ash samples
whose concentrations do not exceed the limit values.
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6.2.4 Phosphorus refining via sieving

In this study, B100 was selected as a secondary P resource in the context of recovery
of high-grade P-products. B100 is the residual ash obtained after combustion of
renewable wood-based biofuels in CFB boiler from Alholmens Kraft CHP, the largest
bio-fuelled power plant in the world. Hereafter, B100 is labeled as fly ash FA.
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Figure 6.8: Correlation between fractions of P, Si and particle size.

The relation between P, Si and the range of particle size can be seen from Figure
6.8, showing that most of P is present in smaller particles (0–125µm) while the
trend is quite opposite for Si, with higher fractions associated with larger particles
(>125 µm). Fractionation at 125 µm facilitates the rejection of 41 wt% of fly ash,
further affording lower consumption of chemical resources in the recovery process.
In addition, P content in the fly ash is increased by a factor of 1.38 while the Si
content is decreased by a factor of 3.8. Concentrations of major and trace elements in
pristine (FA), fractionated (FFA) and rejected/discarded (DFA) fly ash are presented
in Table 6.3.

Table 6.3: Elemental composition and heavy metal content of FA (pristine fly ash),
FFA (< 125µm) and DFA (>125µm) measured by ICP-OES after extracting with
aqua regia and 4-5 drops of HF.[II]

Major element ( wt%) Trace elements (mg/kg)
P Al Fe Si Mg Ca Zn Cu Cr Pb Ni As Cd

FA 1.21 3.38 2.01 17.3 2.16 15.4 1704 89.6 45.1 26.3 24.6 6.7 8.6
FFA 1.67 3.11 2.03 4.54 2.83 21.7 2595 99.7 50.4 35.2 33.7 11.7 11.5
DFA 0.47 4.16 2.15 30.3 1.03 5.4 475 82.5 44.8 12.8 12.4 – –
– = value lower than LOQ.
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6.3 Leaching of fly ash

6.3.1 Correlation between leaching parameters

Correlation between acid concentration, LS ratio and leaching time was studied using
RSM method and CCD design with a viewpoint of analyzing their linear, two-factor
interaction, and quadratic effects: it is depicted in Figure 6.9. This study suggests
that a minimum leaching time of 12 minutes, LS ratio of 12, and acid concentration
of 2.5 M are required for total recovery of phosphorus from fly ash to an acid solution.
The contour plot for phosphorus recovery against the acid concentration and leaching
time also indicates that higher acid concentrations significantly lower the leaching
time. On the other hand, a prolonged leaching would go against dephosphorization
because of re-precipitation of phosphorus with other metal ions released during the
leaching.66
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Figure 6.9: Correlation between molar concentration, LS ratio and time for phos-
phorus recovery from fly ash using HCl.

Therefore, use of high molar acid concentration with lower leaching time is used
in this study. In addition, high acidity in the solution favors the polymerization of
silicic acid and promotes the precipitation of Si-particle.134,135

6.3.2 Phosphorus leachability

Details of the fly ash leaching with 2, 5, 8 M of HCl and HNO3 are summarized
in Table 6.4. Phosphorus leaching was more efficient with HCl than with HNO3,
while varying the acid concentration between 2M and 8M had only a small effect on
P leachability. Lower concentrations of acid showed the highest Si leachability, the
order of leaching feasibility being 2M>5M>8M for both HCl and HNO3. A similar
behavior of Si leaching from zeolite analcime and sodium metasilicate nonahydrate
(SMN) with HCl was also reported by Fogler et al.135. The low dissolution of silicon
in concentrated acid may be attributed to the low availability of OH– groups that
assist the formation and stabilization of orthosilicic acid (Si(OH)4) in the leachate
solution and simultaneous precipitation of silica gel particles.
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Table 6.4: Leachability and recovery of P, Si, Fe, Al Mg and Ca in HCl and HNO3
acids at concentration of 2, 5 and 8 M.[II]

Element Concentration (mg/L) of major components

P Si Fe Al Mg Ca

HCl
(M)

2 1407 2403 760 1346 2162 18831
(100.9)a (63.6) (44.8) (52.1) (91.7) (103.9)

5 1388 2135 911 1319 2097 17410
(99.5) (56.5) (53.7) (51.1) (88.9) (96)

8 1425 1947 1154 1380 2181 17324
(102.2) (51.5) (68.0) (53.4) (92.4) (95.6)

HNO3
(M)

2 1298 2472 673 1343 2123 18301
(93.1) (65.4) (39.7) (52) (90) (101)

5 1355 2179 767 1347 2100 18098
(97.2) (57.6) (45.2) (52.1) (89) (99.8)

8 1288 1811 760 1234 1950 16701
(92.3) (47.9) (44.8) (47.8) (82.6) (92.1)

a values in "( )" indicates leaching recovery %

6.4 Role of silica in phosphorus refining

The correlation between the purity of precipitated phosphorous product and dis-
solved silica concentration was studied. Figure 6.10(a,b) shows the effect of pH
and Si concentration on the recovery of phosphorus from the synthetic solution.
At the given stoichiometric concentration of analytes, total dissolved phosphorus
was precipitated at pH 4. Upon an increment in dissolved silica concentration,
the phosphorus recovery slightly decreases which indicates inhibition of phosphorus
precipitation due to the formation of silica particles. The inhibition mechanism is
attributed to the adsorption of silicic acid on the precipitated particles which hinders
their growth.106

Figure 6.10(c,d) depicts the relation between Si in the precipitated solids, pH and
dissolved Si concentration in the solution. It also suggests a linear relation between
the dissolved and precipitated silica. The co-precipitated silica simply decreases the
value and use of recovered phosphorus compounds. Poon et al. also reported that
Si co-precipitation with P in a single-step and two-step extraction methods account
Si content up to 8.15 and 2.5 wt%, respectively in the precipitates.71 Therefore,
removal of silica from the leachate solution improves the product quality and the
economy of the overall operation by limiting silica scaling.

6.5 Desilication

Removal of silica from leachate solution obtained from various molar concentrations
of mineral acid was studied in unstirred conditions to avoid an adiabatic temperature
rise due to stirring. The effect of acid matrices, their concentration and temperature
was emphasized, since previous studies have shown that solubility of silica varies
proportionally with pH and temperature.116,136,137
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6.5.1 Effect of acid concentration and matrix

The concentration of dissolved Si was measured as a function of time (see Figure
6.11(a)) from leachate solution obtained from 2, 5 and 8M solutions of HCl and
HNO3. The disappearance of dissolved silica is in good agreement with a 1st order
kinetic model and exhibits two kinetic regimes; (i) first regime with slow consump-
tion and (ii) second regime with rapid depletion of soluble silica. The earlier phase
is called induction time/period, while the later is called polymerization zone.138–140
In order to evaluate the effect of H+ ions on Si removal, the remaining H+ ion
concentration was estimated by Eq.6.1:[II]

H+
leachate = H+

added − 1.1×
(
2× [Ca] + 2× [Mg] + 2× [Si]

)
+ 3× [P] (6.1)

where H+
added is the molar concentration of acids used during leaching and [Ca], [Mg],

[Si] and [P] are the concentrations (mol/L) of Ca, Mg, Si and P in the leachate
solution.

At a low (0.72 mol/L) concentration of H+ ions, removal of dissolved silica
amounts to less than 10%. Increasing the H+ ions concentration to 6.9 mol/L
in HCl matrices results in the removal of 99% of Si in only 5 h (Figure 6.11(a)).
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H+ affects the silica removal in two ways; more acidic conditions (i) reduce silica
solubility, thus increasing the supersaturation and promoting its precipitation,136,137
and (ii) catalyze the polymerization of silicic acid that promotes growth in polymer
and particle size.141,142
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Figure 6.11: Disappearance of dissolved silica as a function of time showing (a) effect
of H+ concentration and (b) effect of Cl– concentration. The dotted line indicates
the best-fitted first order modeled data to the measured data.[II]

Despite the parity in their H+ ion concentration, there is a clear discrepancy
between the leachates obtained with similar molar concentration of HCl and HNO3.
However, there is significant difference in their anion (Cl–) concentration. Previous
studies have reported that F–, being a small single-charged ion with a low polar-
izability, promotes the coordination number of silicon(IV) from four to six143 and
reduces the electron density on unsaturated tetravalent Si, making it more suscep-
tible to nucleophilic attack from another coordinatively unsaturated Si144. This
linkage of two monomeric Si species forming a siloxane bond (Si−O−Si) is critical
in increasing silica polymer length and particle growth. Cl– ions, sharing the same
group in the periodic table, possess characteristics similar to F– ions and catalyze
the polymerization reaction. Figure 6.11(b) supports the notion of catalysis by Cl–,
where addition of 1M of NaCl shows an increment in the instantaneous reaction
rate up to two-fold. 1 M of NaNO3 was added to a separate batch to differentiate
the effect of ionic strength from Cl–, since 1 M of both salts induce equal increases
in the ionic strength. However, no significant effect was observed on the induction
period due to the added salts.

6.5.2 Effect of temperature

Due to the presence of two kinetic regimes, temperature dependence of silica pre-
cipitation is examined only on the leachate obtained with 5 M HCl solution. Figure
6.12(a) reflects the proportional variation in silica precipitation rate due to a rise
in temperature. The induction time was significantly reduced from approximately
15 h to less than 1 h when the temperature was raised from 20◦C to 60◦C. In addi-
tion, the polymerization and precipitation of silica follow the Arrhenius relationship
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(Kp=Ae−Ea/RT ) between the temperature (T) and the first order polymerization re-
action constant (Kp). A plot of ln(Kp) vs. (1/T) gives an estimate of the activation
energy, as the slope, which is 39.25 kJ/mol.[II] The calculated value from this study
is also in agreement with the reported activation energy of 37.6 kJ/mol for highly
acidic gel prepared in 1.65 M of hydrochloric acid.145
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Figure 6.12: (a) Disappearance of dissolved silica in a leachate as a function of time
at various temperatures showing Arrhenius relationship between the temperature
(T) and the first-order polymerization reaction constant (Kp), (b) Instantaneous
reaction rate for Si precipitation induced by H+, Cl– and temperature.[II]

6.5.3 Efficacy of silica removal

A high concentration of HCl benefits the dissolution of P during leaching and esca-
lates the removal of silica from the leachate solution in comparison to HNO3 (see
Figure 6.11(a)). Figure 6.12(b) shows the comparison of instantaneous silica pre-
cipitation rate induced by H+, Cl– and temperature in the leachate obtained with
5 M HCl. A rise in temperature by 40◦C increased the reaction rate approximately
7-fold, while changes in H+, Cl– concentration by 3 M elevated the rate ca. 5-folds.
Both treatment methods, temperature and HCl concentration, result in the removal
of 99% of silica in only 5 h. Higher efficiency of Si-removal can be achieved with
longer aging times. However, the earlier retained more leachate solution in the
gel structure and reduced the volume of recovered leachate, thereby decreasing the
separation efficiency (see Table 6.5). This was due to the formation of gel with a
large volume, since earlier studies have shown development of a stiffer, stronger gel
network with lower shrinking tendency at elevated temperature.142

Hence, leaching of the fractionated fly ash (FFA) with 8 M HCl followed by aging
for 5 h was selected as desilication method. This silicon-free leachate was employed
for the selective precipitation of phosphorus.
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Table 6.5: Initial and final (after 5 h of aging) concentration of major and trace
elements for 8 M HCl leachate at 20◦C and 5 M HCl leachate at 60◦C.[II]

Element
8 M HCl leachate, 20◦C 5 M HCl leachate, 60◦C

Initial
(t=0)

Final
(t=5h)

Retained
in Si-gel

Initial
(t=0)

Final
(t=5h)

Retained
in Si-gel

(mg/L) ( wt%)⊗ (mg/L) ( wt%)
P 1450 1490 10.6 1522 1509 25.6
Si 1950 21 99.1 2435 8 99.8
Al 1320 1340 11.7 1355 1377 23.8
Fe 1095 1110 11.8 1038 1058 23.5
Mg 2150 2180 11.8 2453 2482 24.1
Ca 17700 17400 14.5 16191 16188 25.0
Zn 227 226 13.4 195 198 23.8
Cu 7.6 7.4 15.3 7.1 7 26.1
Cr 3.4 3.3 15.6 2.9 2.95 23.7
Pb 3.1 3.2 10.2 2.6 2.8 19.2
Ni 2.5 2.3 20.0 2.3 2.4 21.7
As 1.1 0.7 44.6 1 0.8 40.0
Cd 1 1 13.0 0.9 1 16.7

6.6 Speciation of phosphorous species in leachate

Oxides and metal salts of phosphorus are considered to exist in ash residue.146–148
When these oxides and phosphates react with either acid or base, HnPO4

(3−n)−

derivatives are generally assumed to predominate in the solution phase.50 Its fraction
in solution is also a function of pH and various salts of such phosphate derivatives
may precipitate at different pH.39,41,76 Fe, Al, Ca and Mg are some of the major
cations present in the leachate with concentrations above 1 g/L; they have higher
affinity to form stable phosphate compounds in acidic regimes.
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Figure 6.13: Eh-pH diagram representing predominant phosphorus species in solu-
tion. Equilibrium calculations were made using the Medusa and Hydra program at
24 mM of PO4 and PO4:Fe:Al:Ca = 1:1:1:10 (molar fraction).[III]

Equilibrium calculations were performed in the Medusa and Hydra program to
identify the predominant phosphate species in the leachate solution. The model-
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ing result is presented in Figure 6.13 and used as guide for developing strategies
for phosphorus recovery. This reveals a predominance of FePO4 below pH 2.5,
AlPO4 between pH 2.5-5.5, and Fe3(PO4)2 and Ca5(PO4)3OH above pH 5. More-
over, it strongly implies the possibility of P-precipitation as FePO4, AlPO4 and
Ca5(PO4)3OH at pH’s where they predominate, if present in an adequate concen-
tration.

AlPO4 is more dominant phosphorus compound than FePO4 and Ca5(PO4)3OH
in acidic media. FePO4 precipitation is influenced by ferrous (Fe2+) and ferric (Fe3+)
iron equilibrium and is therefore susceptible to reduction potential of solution in
comparison to other phosphates. In addition, FePO4 precipitation is challenging
because of akaganéite (Fe(OH)1-xClx) co-precipitation in chloride media below pH
2.149,150

6.7 Selective P precipitation

6.7.1 Chelation masking strategy
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Figure 6.14: Speciation of EDTA complexes as a function of pH and EDTA concen-
tration in the leachate solution using Medusa and Hydra program.[III]

Due to lack of commercial value as a raw material for the phosphate industry
and its low solubility, recovered or recycled FePO4 and AlPO4 are less favoured for P
recovery from secondary resources.38 Masking of Fe and Al by the use of a chelating
reagent is seen as a feasible and economical method, in contrast to its removal via
precipitation. The equilibrium between Fe, Al, Ca (at respective concentrations of
24, 24 and 240 mmol/L) and varying EDTA concentrations in acidic regime is shown
in Figure 6.14. It also suggests that the selectivity of EDTA is in the order Fe > Al
> Ca between pH 3.5 and 5.4. Therefore, EDTA was employed for the chelation of
the trivalent metal cations; the possibility of P-precipitation with Ca was explored
by employing the RSM method.
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6.7.2 Selective phosphorus precipitation

The relation of pH and EDTA concentration with phosphorus recovery were tested
using CCD experimental design. In this study, [EDTA]/[Fe+Al], termed as ER, was
adopted instead of actual EDTA concentration. An ER value of 0.29 indicates a
stoichiometric equilibrium between Fe and EDTA; this was used as minimum value
in the RSM approach. Similarly, an ER of 1 indicates equilibrium of EDTA with
Fe and Al combined. A central composite design consisting of 12 runs was created
and the experiments were run on the sequential order as provided by the program
(RcmdrPlugin.DoE plug-in in R environment).
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The surface profiles for P, Al and Fe recovery are presented in Figure 6.15. Use
of ER values greater than 1, i.e. [EDTA] > [Fe+Al], did not improve the recovery
of phosphorus (as expected with Ca) and shows a minimum recovery value of 5%
at ER of 1.5 and pH of 4. P recovery increases with increasing pH at higher ER
values; however, Fe precipitation also accelerates. Parity in the response surface of
P and Al recovery evince the precipitation of AlPO4. Fe precipitation is limited
throughout the experimental domain with values between 5 and 30%. Figure 6.16,

2 . 0 3 . 0 4 . 0 5 . 0 6 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

1 1 0 1 0 0

0 . 2

0 . 4

0 . 6

0 . 8
E D T A / F e = 1

Fra
ctio

no
fs

olid
s

p H

A l P O 4 ( s ) A l ( O H ) 3 ( c r )

F e 2 O 3 ( c r )

C a 5 ( P O 4 ) 3 O H ( c r )

( a ) 	 	 	 	 	 	 ( b )

Fra
ctio

no
fs

olid
s

E D T A ( m M )

A l P O 4 ( s )

F e 2 O 3 ( c r )

C a 5 ( P O 4 ) 3 O H ( c r )

p H = 4
1.0

Figure 6.16: Speciation of solids as a function of pH (a) and EDTA concentration
(b) in the leachate solution using the Medusa and Hydra program.[III]



42 Results and discussion

a equilibrium modeling approach, explicates the response surface of P, Al and Fe
recovery. The decrement of phosphorus recovery (see Figure 6.15) with increasing
EDTA concentration is in agreement with declining solid fraction of AlPO4 (see
Figure 6.16) due to formation of stable Al(EDTA)– complex (see Figure 6.14). Al-
though precipitation at higher pH (>5) leads to higher P recovery, rise in Fe (Fe2O3)
co-precipitation is also foreseen.

The effect of pH on the purity of precipitated compounds was inspected with
the objective of retrieving a phosphorous precipitant with lower concentration of
impurities.[III] Figure 6.17 shows the recovery of analytes as a function of pH from the
leachate and the elemental composition of precipitants obtained at [EDTA]/[Fe]=1.
Precipitant acquired between pH 3.5 and 4 contained the highest fraction of phos-
phorus, 21.2-20.2 wt%. However, precipitation at pH 4 enables a complete recovery
of phosphorus from the leachate solution. In addition, Figure 6.17 shows similari-
ties between the infrared spectra of the precipitant at pH 4 and precipitated pure
AlPO4. The shift in v(P-O) bands among the precipitants is due to (i) decrease in
the force constant for the P-O and P-OH bands with decreasing protonation, and
(ii) weakening of the P-O bonds due to adsorbed impurities.151,152
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Figure 6.17: Effect of pH on (a) recovery of phosphorus and other major analytes
from solution, (b) fractions of major elements in precipitate.[III]
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Figure 6.18: Comparison of infrared spectra of precipitated P-compounds to that of
synthetic AlPO4(A). Sub-figure shows the shift in the position of v(P-O) bands.[III]
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Table 6.6 summarizes the recovery of major and trace elements during precipita-
tion. This shows recoveries of over 60% for Cr and Pb while Zn, Cu, Ni, As and Cd
recoveries are less than 30%. Therefore, precipitation of phosphorus as AlPO4 at pH
of 4 and EDTA concentration in a stoichiometric relation to Fe (i.e. [EDTA]/[Fe]=1
or ER=0.29) is found feasible. In the case of leachates with an inadequate con-
centration of Al with respect to PO4

3–, addition of Al source enables its complete
precipitation.

Table 6.6: Concentrations of major and trace elements before and after precipitation
of desilicated leachate at pH 4 and [EDTA]

[Fe]
=1.[III]

Element Leachate Filtrate Recovery
(mg/L) (mg/L) SD %

P 1491 3.91 0.52 99.92
Al 1337 6.07 0.66 98.52
Fe 1106 230.46 11.38 31.93
Si 20.95 <LOQ
Mg 2176 574.76 21.90 13.71
Ca 17370 4358.48 204.36 18.03
Zn 225.50 50.59 0.88 26.72
Cu 7.36 1.95 0.03 13.48
Cr 3.34 0.27 0.02 73.32
Pb 3.15 0.37 0.03 61.88
Ni 2.34 0.52 0.01 27.64
As 0.74 0.17 0.03 23.98
Cd 0.98 0.25 0.01 18.00

6.7.3 Characterization of precipitant

The elemental composition of the recovered phosphorus product (see Table 6.7)
reveals Al and P in high concentration, respectively 16.3 wt% and 18.1 wt%, giving
an Al/P ratio of 0.9. This closely resembles the theoretical ratio of 0.87 in pure
AlPO4. In addition, the diffuse peak in the range of 28-29o in the X-ray diffraction
pattern (see Figure 6.19) is comparable to that of amorphous aluminium phosphates
precipitated from aluminium sludge153 at 50-100◦C154. The Al/P ratio, XRD pattern
and the infrared spectra indicate that the precipitated compound is AlPO4.

The amorphous white AlPO4 still contains some impurities, 2.18 wt% Fe being a
major contaminant, and traces of EDTA as indicated by the CHN analysis. Despite
containing trace elements with toxic characteristics in low concentrations (below
limit values imposed by "the Decree of 12/7" on fertilizer products25), its use as
fertilizer is limited due to aluminium toxicity to plants. The industrial use of AlPO4
recovered from the secondary sources, including ash residues, is limited. Therefore,
new uses and/or further refining and conversion of the recycled aluminium phosphate
to more usable phosphorus products need to be developed.155
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Table 6.7: Elemental composition of the precipitate obtained at pH=4 and
[EDTA]/[Fe] = 1.[III]

P Al Fe Ca Mg C H N
(wt%) 18.08 16.31 2.18 0.63 0.12 1.26 3.13 0.15

Zn Cu Cr Pb Ni As Cd
(mg/kg) 1323 19.4 258 104 8.14 37.9 1.19
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Figure 6.19: X-ray diffraction pattern showing the amorphous nature of the P-
product obtained at pH 4.[III]

6.8 Conversion of AlPO4 to struvite

In recent years, precipitation of magnesium ammonium phosphate (MAP)/struvite,
a slow release fertilizer, is seen as a sustainable method for phosphorus recovery from
waste water, sewage sludge, anaerobic digester effluent, etc.156–158 Equimolar concen-
tration (1:1:1) of Mg2+, NH4

+ and PO4
3– at alkaline pH (8-10) and stirring/mixing

(speed of 70 – 200 rpm) are required to precipitate struvite.159–161

6.8.1 Extraction of P with phosphoric acid

This study explores the dissolution behavior of AlPO4(B, synthetic compound) in
phosphoric acid solution. The effect of acid concentration at LS ratio of 40 on
extraction efficiency is presented in Figure 6.20. LS ratio of 40 ensured the Al
concentration in the range of 3-5 g/L; for this range styrene based cation exchanger
is known to exhibit favorable adsorption for Al.162 0.5 M of phosphoric acid was
found sufficient for complete dissolution of AlPO4(B) and the measured pH was 1.6.
The dissolution efficiency (η) was estimated with Eq.6.2.

ηA(%) =
CL

(mg/L)

CA
(mg/kg)

×
VL

(mL)

W
AlPO4

(g)

× 100 (6.2)

where CL
(mg/L) is concentration of analytes A (Al, Fe and P) in leachate solution,

CA
(mg/kg) concentration of analytes A in solid, VL

(mL) volume of leaching reagent and
WAlPO4

(g) is the weight of solid used during dissolution. A known concentration of
P (from leaching reagent) was subtracted from the measured P concentration for
determination of its dissolution efficiency.
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Figure 6.20: Leaching behavior of AlPO4(B) with varying phosphoric acid concen-
tration at LS ration of 40 mL/g.[IV]

6.8.2 Removal of Al and Fe with cation exchange resin

Goher et. al. suggested that AIR-120H, a strongly cation exchange resin, is an
excellent, effective and inexpensive material to remove high amounts of Al and Fe
ions from waste water.163 AIR-120H was also shown to be capable of removing
heavy metals (Cr, Cu, Ni, Pb and Zn) from aqueous solution.164–166 Therefore, the
feasibility of metal ion removal with AIR-120H from leachate obtained with 0.5
M H3PO4 was studied with varying CER dosage and retention time of 1 h (see
Figure 6.21(a)). A CER dosage of minimum 0.5 g/mL was required to remove 99%
of Al and 95% of Fe ions from the P-rich solution.
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Figure 6.21: Effect of AIR-120H dosage on the removal efficiency of Al and Fe (a),
Langmuir and Freundlich isotherm plot of aluminium (b-c) and iron (d-e).[IV]
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The adsorption mechanism of Al and Fe ions on AIR-120H resin was also studied
using Langmuir and Freundlich adsorption isotherms. The Langmuir isotherm is
based on theoretical principle that assumes uptake of metal ions on a homogeneous
surface by monolayer sorption, while the Freundlich isotherm assumes sorption in a
heterogeneous surface of adsorbate’s monolayer.164

Eq. 6.3 and 6.4 represent a general and linear form of the Langmuir and Fre-
undlich isotherm, respectively;

qe =
x

m
=

qmaxbCe
(1 + bCe)

⇒ 1

qe
=

( 1

qmaxb

) 1

Ce
+

1

qmax
← (linear form) (6.3)

qe = KfC
1/n
e ⇒ log qe =

( 1

n

)
logCe + logKf ← (linear form) (6.4)

where qe (mg/g) is the quantity of solute adsorbed per weight unit of adsorbent
at equilibrium, Ce (mg/L) is the concentration of solute remaining in the solution.
qmax and b are Langmuir adsorption capacity and energy, while Kf and 1/n are
Freundlich constant for adsorption capacity and intensity of sorption.

Linear form (y = mx + c) of Langmuir and Freundlich isotherm provide insight
on the behavior of metal ions sorption on the adsorbate (see Figure 6.21(b-e)). The
results depict that Langmuir and Freundlich isotherm models were well fitted for Al
and Fe ions sorption in AIR-120H. However, Freundlich isotherm provides a better
fit to experimental data for Al adsorption with correlation regression coefficient (R2)
value of 0.989, while Langmuir isotherm provides better fit for Fe ions with R2 value
of 0.932. Therefore, at the given concentrations, 3.9 g/L of aluminium and 0.35 g/L
of iron in the leachate solution, adsorption of Al ions occurred in a heterogeneous
surface of AIR-120H resin, while uptake of Fe ions proceeded by monolayer sorption
on homogeneous surface of the adsorbate. The Langmuir and Freundlich constants
and correlation coefficients are listed in Table 6.8.

Table 6.8: Langmuir and Freundlich isotherm parameters for Eq. 6.3 and 6.4.[IV]

Metals Langmuir isotherm Freundlich isotherm

b qmax RL R2 n Kf R2

Al 0.076 23.87 0.0033 0.891 4.89 5.765 0.989
Fe 0.039 1.45 0.0672 0.932 3.83 0.316 0.871

The separation factor (RL) gives an estimate on affinity between the adsor-
bate and sorbent which can be derived from Langmuir isotherm parameters as;
RL = 1/(1 + bC0). The RL value indicates the behaviour of Langmuir adsorption
isotherm to be irreversible (RL=0), favorable (0<RL<1), linear (RL=1) or unfavor-
able (RL<1).167 On the other hand, the model parameter n in Freundlich isotherm,
at 1<n<10, suggests the beneficial sorption behavior168 Therefore, styrene divinyl-
benzene based resin, Amberlite IR120 H+, shows favorable and beneficial sorption
behavior and was found suitable to remove metal ions in high concentrations form
the phosphoric acid leachate solution.

Recirculation of reagents

The H3PO4(wt.) content in fresh 0.5 M phosphoric acid and purified P-rich solution
were 2.9 vol% and 3.5 vol%. This is an increment by a factor of 1.21 at LS ratio of 40
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and demands 84 vol% of refined P-rich solution for recirculation. This efficacy can
be improved by lowering LS ratio during P-extraction and using CER with higher
sorption capacity. However, lower LS ratio also requires high CER dosage during Al
and Fe removal. The P-extraction and metal removal efficacy from purified P-rich
solution were akin to fresh 0.5 M phosphoric acid solution (see Table 6.9). Concen-
trations of trace elements were below the detection limit, thus are not presented in
the table. Therefore, recirculation of refined leachate for leaching (see Figure 6.22)
in combination with regeneration of CER in highly acidic medium (not presented in
this study) provide a green-economical scheme to lower the consumption of pristine
phosphoric acid solution and CER.

Leaching 
LS=40mL/g 

AlPO4 
Mn+ 

Ion exchange 
(D=0.6 g/mL) 

Al3+ Mn+ 
H3PO4

Batch 1 

Fresh  
0.5 M / 2.9%

H3PO4 

Dilution

Precipitation
(pH=9.5)

H3PO4
(3.5%)

Batch 2

Recirculated  
0.5 M / 2.9% 

H3PO4 

Al3+ Mn+

MgNH4PO4.6H2O

Mg:NH4:PO4 = 1:1:1

Mg2+, NH4
+

Aluminium 
phosphate

P-rich 
leachate

Refined 
leachate

Struvite

Figure 6.22: Process flow sheet for precipitation of struvite from P-rich solution
obtained with fresh and recirculated 0.5 M phosphoric acid. Mn+ represent metal
impurities.

6.8.3 Struvite precipitation

The prospect of struvite recovery from precipitated P-products was investigated in
two batch (see Figure 6.22); each differing only in the origin of leaching reagent.
Two phosphorus-rich solutions (pristine and recirculated solution) obtained after
adsorption of Al and Fe ions on CER (at 0.6 g/mL of dosage) were precipitated
after addition of Mg2+ and NH4

+ sources at pH 9.5 using Mg2+:NH4
+:PO4

3–=1:1:1.
In the absence of co-existing ions in the refined solutions, stoichiometric concen-
tration of Mg, N and P ensures efficient and impurities free precipitates161. Use of
higher CER dosage is also expected to remove some fraction of heavy metals. A
summary depicting the concentration of major elements in each process is presented
in Table 6.9. In both batch experiments, phosphorus recovery efficiency over 99%
were observed. The net efficiency of the proposed conversion process in batch 1 and
2 is estimated to be 91.3 and 91.5% respectively, which is derived with Eq. 6.5:

ηnet = ηD × ηCER × ηPPT (6.5)

where ηD, ηCER and ηPPT represent dissolution, ion exchange and precipitation effi-
ciencies, respectively.

The purified P-rich solution consisted of 3.5 vol% of H3PO4 and minor concentra-
tion of metal impurities (see Table 6.9). Therefore, further purification of leachate
and concentration by evaporation also facilitates the recovery of phosphorus as high
grade phosphoric acid.
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Table 6.9: Summary of conversion of aluminium phosphate to struvite showing
concentration of various elements at different stages with their respective efficiencies
in batch 1 (use of pristine 0.5 M phosphoric acid) and batch 2 (use of refined 0.5 M
phosphoric acid) experiments.[IV]

Element P-product
Leaching

LS = 40 mL/g
Ion exchange

Dosage = 0.6 g/mL
Precipitation
(pH = 9.5)

Batch 1 Batch 2 Batch 1 Batch 2 Batch 1 Batch 2
(mg/kg) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

P 180090 19970 19950 18420 18540 105.7 115.2
(99.5)a (99.1) (92.3) (92.9) (99.4) (99.3)

Al 160300 3990 3965 9.0 10.1
(99.6) (98.9) (99.8) (99.7)

Fe 20010 493 485 14.5 15.2
(98.5) (99.2) (97.1) (96.9)

Ca 6300 155 158
(98.2) (100.3)

Mg 1180 29 29
(98.2) (96.6)

a Values in "( )" represent efficiency in % of each process, empty cells = not detected (<LOD)

6.8.4 Evaluation of struvite precipitates

Elemental analysis

Elemental composition of precipitates was estimated with ICP-OES analysis (see
Table 6.10). The Mg/P ratio in the precipitates from batch 1 and 2 was found to
be 0.773 and 0.777, which closely resembles the theoretical ratio of 0.785 in pure
struvite. A slight elevation in the concentration of Fe, Al, Zn, Cr and Pb in batch 2
precipitate is also observed and may be due to their cumulation during recirculation
of refined leachate for leaching purpose.

Table 6.10: Elemental composition of batch 1 and 2 precipitates.[IV]
Element P Mg Fe Al Zn Cr Pb
Batch 1 (mg/kg) 125000 96600 100.4 85.8 35.1 12.3 7.0

Batch 2 (mg/kg) 125850 97820 105.1 70.0 39.3 13.2 8.1

X-ray Diffraction

Results from XRD analysis confirm the presence of struvite (MgNH4PO4 · 6H2O)
as a dominant crystalline phase for all precipitates as shown in Figure 6.23. Phase
analysis did not reveal unambiguous match to any candidates/impurities due to the
low number and intensities of the unindexed peaks. Comparison of three struvite
precipitates shows similar spectral pattern to that of standard spectrum of struvite
(00-015-0462). Between batch 1 and 2 struvite, the intensities observed for the
(110), (020), (011) and (211) reflections differ for each other. This is attributed to
preferred orientation and the elongation of crystals in respective plane.169
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Figure 6.23: X-ray diffraction pattern showing the crystalline nature of the precipi-
tates and standard struvite.[IV]

Infrared spectroscopy analysis

ATR IR analysis of struvite obtained from batch 1 and 2 were conducted to de-
termine the effect of leachate recirculation on the speciation of IR-active functional
groups. In addition, their spectra were also compared to struvite obtained from
synthetic solution free from impurities (Figure 6.24). The spectral peaks from this
study were assigned to specific functional group (Table 6.11) as reported from other
study.170 Similarities in the spectral position and their intensity suggest that precip-
itates obtained from both batch (1 and 2) are similar, thus recirculation of leachate
do not affect the spectral properties of the struvite precipitates.
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Figure 6.24: IR spectra of struvite precipitated from synthetic solution, batch 1 and
2. The numbered peaks correspond to assigned functional group (Table 6.11).[IV]
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Table 6.11: Comparison of the observed and reported spectral peaks of struvite.[IV]

Peak
number

Observed
value
(cm-1)

Reported
value

(cm-1)170
Bonds/vibrations

1 3475 3480 OH, NH stretching
2 3245 3256 OH, NH stretching
3 2870 2943 OH, NH stretching
4 2345 2353 OH, NH stretching
5 1675 1683 NH4

+ v4 bending
6 1610 1615 NH4

+ v4 bending
7 1432 1439 NH4

+ v2 bending
8 980 1004 PO4

3– v3 stretching
9 885 896 PO4

3– v4 bending
10 755 761 PO4

3– v2 bending
11 565 570 PO4

3– v2 bending
12 460 459 Mg-O stretching

SEM analysis

Figure 6.25 displays photographic and SEM microscopic images of struvite particles
obtained from controlled synthetic sample (Struvite:C), batch 1 (Struvite:B1) and
batch 2 (Struvite:B2). The morphology of white precipitates depict orthorhombic
structure that grow further into the form of tubular particles. In the absence of
coexisting salts, the granulated particles form compact and hard aggregates.161 The
aggregates grow further to form fractal aggregates with elongated shapes and rougher
surfaces.171 The appearances and morphology of struvite precipitates obtained from
batch 1 and 2 posses similar features. Therefore, recirculation of refined leachate do
not impose any threat to morphology of the precipitates.

S t r u v i t e : C S t r u v i t e : B 1 S t r u v i t e : B2

Figure 6.25: Photograph and SEM images of struvite obtained from controlled syn-
thetic sample (Struvite:C), batch 1 (Struvite:B1) and batch 2 (Struvite:B2).[IV]



7. Summary and conclusion

This study attempts to explore the feasibility of phosphorus recovery from a low-
grade secondary material, CFB-derived fly ash. Figure 7.1 illustrates the pertinent
pretreatment and extraction methods employed in phosphorus refining and recovery.
The process commences with the collection of fly ash (FA) from the combustion
of forest residue and woody biomass in a circulatory fluidized-bed reactor. The
FA constitutes 1.21 wt%(wt.) of P, with Si and Ca at 17.3 and 15.4 wt% as the
major impurities (see Table 6.2 on page 29). In addition, trace elements with toxic
characteristics are also present and possess a threat to its usability. A correlation of
smaller particle size with higher phosphorus content was established (see Figure 6.6
on page 31). Hence, sieving-based beneficiation was employed and the P content in
the fly ash was raised to 1.67 wt%; this is an improvement by a factor of 1.38, while
Si was reduced by a factor of 3.8.

An HCl matrix was found suitable for enhanced leaching and desilication treat-
ment due to the catalyzing effect of H+ and Cl– ions towards Si polymerization and
precipitation. Dissolution of FFA with 8 M HCl followed by aging of leachate for 5
h prompts the removal of silica with an efficiency of 99% via precipitation of the Si
particulates and gel formation. A proportional relation between the precipitation
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Figure 7.1: Schematic representation of phosphorus recovery method from fly ash
developed in this study.
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rate and temperature was also established (see Figure 6.11(a) on page 37). Thus,
the objectives of identification and development of phosphorus refining were met
in two different stages: (i) sieving-based beneficiation in the solid phase and (ii)
desilication of the leachate solution.

The selective precipitation of phosphorus with aluminium was found feasible due
to the stability and dominance of AlPO4 in acidic regimes, as confirmed with chem-
ical equilibrium calculations in the Medusa and Hydra software. The influence of Fe
during phosphorus precipitation was restricted with EDTA at a stoichiometric con-
centration (see Figure 6.15 on page 41). AlPO4 was recovered as a white amorphous
solid that consisted of 16.3 wt% Al and 18.1 wt% P.

Low valued aluminium phosphate was converted into high value struvite fertil-
izer. 0.5 M phosphoric acid was adequate to dissolve AlPO4 with an efficiency of
99%. Amberlite IR120H+ resin at 0.6 g/mL dosage facilitated the removal of Al, Fe
including trace elements from the P-rich leachate via ion exchange method. Recir-
culation of the P-rich solution free from metal ions for leaching purpose provides a
greener route for struvite production by limiting use of fresh leaching reagents.

White-granulated and pure-crystalline struvites were obtained from pristine and
recirculated leachates at Mg2+:NH4

+:PO4
3–=1:1:1 and pH = 9.5. The recirculation

of refined leachate for leaching purpose did not impose any threat to the morphology
and spectral characteristics of the struvite precipitates. It should be noted that the
fly ash is an extremely heterogeneous inorganic residue comprising of elements that
potentially represent the entire periodic table with a low phosphorus concentration
of 1.2 wt%. P content in the struvite precipitates obtained in this study was 12.5
wt%. The recovery treatment methods contribute a significant rise in P content by
a factor of 10. Therefore, this study provides a sustainable way for the recovery of
high-grade phosphorous as AlPO4 and MgNH4PO4 ·6H2O (struvite, a slow releasing
fertilizer) from fly ash and ash residue alike and assists in the mitigation of challenges
associated with phosphorus security and sustainability.

The extraction technologies developed in this study can be further improved,
especially in the optimization of desilication treatments and removal of metal ions
from leachate solution. Although the high molar concentration of acid assists silica
polymerization and its removal, accumulation of the major and trace elements in the
leachate may be seen as a disadvantage. On the other hand, it provides a prospect
of recovery of the noble metals from such leachate solutions and adds value to the
recovery process.
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Correlations between the concentrations of P, K, and As with particle size in fly ash from power plants were ex-
amined with a viewpoint to obtain fractions suitable for forest fertilization. Fly ash samples from several CHP
plants were fractionated by using four sieves and the five fractions were analyzed by ICP-OES; it was found
that both P and K are concentrated in smallest size (b45 μm) fractions. Some fly ash samples were found to con-
tain As in excess of the legal limit of 40mg/kg, but even in these cases it was possible to obtain size fractions that
pass the legal limit while containing useful amounts of P and K. Fractionating fly ash into different sizes is iden-
tified as a viable phosphorus recovery method for obtaining legally acceptable fractions for forest fertilization.
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1. Introduction

Utilization of forest resources has increased in Finland in recent de-
cades. The total volume of the growing stock for extraction amounts
to 2357 million m3 over bark and 16 million m3 are utilized annually
for energy production [1]. In addition, 9.3 million ha of land area are
covered by peatlands and 0.6% of this, 60,000 ha, are used for peat pro-
duction [2]. Such harvesting removes nutrients from the forest and
peatlands and may lead to the acidification of growing sites, affecting
tree growth and the chemistry of runoff water [3]. Studies of ash utiliza-
tion, such as Ref. [4,5], have indicated a deficiency of mineralized phos-
phorus in Scots pine growing on drained thick-peated mires. It is thus
very essential to return the nutrients to these sites to sustain theminer-
al cycle and tree growth. Combined heat and power plants in Finland
produce over 150,000 t of wood ash and 450,000 t of peat ash annually.
30% of their fly ash and 70% of bottom ash are generally utilized in
some way. Most of the wood fly ash are being used as forest fertilizer
which replaces the nutrients removed in biomass harvesting, counter-
acts soil acidification and improves tree growth. For example, 27,000 t
of wood ash were used as forest fertilizer in 2004 [3]. Experimental
studies have reported 3.1–12.1 m3ha–1 a–1 of growth increase, and
44–56 years of fertilizer influence when 5000–16,000 kg ha–1 were uti-
lized [6]. Thus, refining of wood ash for forest and ground vegetation
fertilization has been developed at an industrial scale in Finland during
recent years [7].

Typical mineral elements in wood and peat fly ash are silicon (Si),
calcium (Ca), potassium (K), phosphorus (P),magnesium (Mg),manga-
nese (Mn), iron (Fe), sodium (Na), aluminum (Al), boron (B) and

titanium (Ti). The fertilizing effect of ash depends mainly on its phos-
phorus and potassium content, while calcium and magnesium exhibit
a liming effect [8]. However, it lacks nitrogen, which is lost as flue gas
during combustion. According to Väätäinen et al., the fertilizing effect
of wood ash lasts for 30–40 years. On the contrary, fertilizing effect for
chemical fertilizers with similar phosphorus and potassium concentra-
tion has been estimated to last for 15–25 years [5]. The reason for this
difference is the different leaching rates of phosphorus between wood
ash and chemical fertilizers. The slow leaching rates of phosphorus in
wood ash have been attributed to the adsorption of P by Al and Fe [9].
In addition, wood and peat ash contain various heavy metals which
are classified as harmful and toxic. Thus, the forest use of ash is regulat-
ed by a new Decree on fertilizer products, imposed by the Finnish legis-
lature in 2011. According to the new Decree on fertilizer products the
minimum recommended sum of phosphorus and potassium concentra-
tions should be 2% d.w. (20 g/kg) and for calcium 6% by weight or
60 g/kg. Furthermore, the new Decree on fertilizer products imposes
no limit values for pH, moisture, dry matter content, neutralizing
value or the concentration of chloride [10].Meanwhile, the sameDecree
also sets maximum limit values for heavy metals as shown in Table 1.

Fly ash is, in general, an extremely inhomogeneous material. How-
ever, its elemental composition seems to be a function of its particle
size distribution. A limited number of studies [11,12] have focused
upon the correlation of ashmineralogywith its particle size distribution,
while Dahl et al., and Lanzerstorfer [13,14] considered heavymetals and
found that metals such as As, Cd, Cr, Cu, Ni, Pb and Zn are more concen-
trated in smaller particle size (b75 μm) fractions than in the larger ones.
However, discrete studies on effect of size fractionation of fly ash on the
elements with fertilizing qualities like P and K have not yet been con-
ducted. Therefore, this study aims to investigate the dependence of fly
ash chemistry on its particle size and the effect of fractionation on the
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total phosphorus and potassium concentration of the fractions as an aid
in the selection of suitable fraction for potential forest use.

2. Material and methods

Seven samples of fly ash were received from three different com-
bined heat and power (CHP) plants of Finland. The seven fly ash sam-
ples originated from different combinations of peat and wood based
biomass as a fuel for combustion in the power plants. A large number
of ash samples allow us to generalize the correlation between element
distribution and particle size of fly ash originating from various fuel
mixtures. The fuel composition varies from 100% peat to 100% wood
based fuel. The fly ash samples are labeled on the basis of their fuel com-
position, and are indicated as P100, P80B20, P70B30, P65B35, P50B50, P30B70
and B100, where P and B indicate the fuel type and refer to peat and
woodybiomass. In addition, the subscripts indicate the fuel composition
percentage by weight. P100 is received from Keljonlahti CHP, while
P80B20, P70B30, P65B35, P50B50 and P30B70 are from Rauhalahti CHP, and
B100 is from Alholmens Kraft CHP.

The particle size distribution profiles (PSDPs) for all seven samples
were evaluated with a Fritsch Analysetter 22 Economy particle size
analyzer using a wet dispersion method in a saturated sodium chloride
solution. The use of saturated solution is presumed tomitigate the prob-
lems associated with the dissolution of fly ash particles in water.
RETSCH sieve shaker (AS200 basic) was employed for dry sieving with
a screening time of 30 min. Samples of 20 g of each fly ash were taken
for screening. Then the sieved fractions were collected and weighed.

The following five fractions were obtained: [(0–45), (45–63),
(63–125), (125–250), (N250)] μm. In the present study, mechanical
sievingmethod has been employed solely for quantitative analysis of el-
ement distribution. Sievingmay not be an appealing separationmethod
in industrial scale, however methods such as air classification could be
feasible.

The elemental composition of the fly ash samples was determined
with an Elementar vario EL(III) and an ICP-OES PerkinElmer Optima
8300 instrument. All reagents usedwere of analytical grade. 0.25 g sam-
ples of primary fly ash and fractioned fly ash samples were dissolved in
3 ml of aqua-regia with 3–4 drops of hydrofluoric acid. The digestion
was further assisted by ultrasound for 18minwith sonication procedure
divided into six equal steps (3 min). All samples were shaken in be-
tween and the evolved gas was released. The samples were diluted to
100 ml in plastic volumetric flasks with high purity water produced
by a Maxima water purification system provided by Elga. The sample
matrices were analyzed with ICP-OES for heavy metals. The same sam-
ples were further diluted by a factor of 10 for mineral elements analysis
in order to get suitable element concentrations for analysis by ICP-OES.
A similar digestion method was employed for a standard reference ma-
terial, SRM1633c [15], certified by NIST and recovery percentages of
N98% for all heavymetals and phosphorus and 82–92% formostmineral
elements were achieved, except for Si for which about 80% was obtain-
ed. Three replicate analyses were performed resulting in RSDs of about
5–10%. Due to the greater precision in the determination of heavy
metals and mineral elements like phosphorus and potassium, this
digestion method was adopted in this study. Relative composition
of phosphorus and potassium on respective weight fraction (F1–F5) is
estimated as;

MFi ¼ CM
Fi
� Fwt:%

i and MFi% ¼ MFiX5

i¼1
MFi

where MFi is the relative concentration of element in Fi weight fraction,
CFi

M is the concentration of element in Fi determined with ICP-OES and
Fi
wt.% is the weight proportion of the Fi fraction.

3. Results and discussion

3.1. Physical and chemical properties of fly ash and its fractions

Seven fly ash samples originated from different fuel mixtures from
three power plants of Finland were compared in terms of particle size
distribution. Fig. 1 shows the significant variation in their particle size
distribution, and the results of their diameter range is listed in
Table 1a. According to Dahl et al. [13], the quality of fly ash including
PSDPs is also affected by power plant processing conditions and collec-
tion system. The sieving of all fly ash samples indicates that a large pro-
portion of the particles belongs to the smallest size range, 0–45 μm. This
trend is valid for all seven fly ash samples in Table 1b.

A comprehensive elemental analysis of seven fly ash samples reveal
significant variation in the distribution of elements in fly ash originating
from different fuel mixtures and the results are listed in Table 1c. The
phosphorus composition varies from 4.9 to 17.2 g/kg of ash while the
potassium varies from 14.4 to 31 g/kg of ash. Such quantity of P and K
infly ashmakes it adequate for forest fertilization. However, the compo-
sition of heavy metals in fly ash solely regulates its use as forest fertiliz-
er, according to the Decree on fertilizer products. The heavy metal
analysis of seven fly ash samples reveals the unsuitability of P80B20
and P50B50 for forest use because their arsenic (As) concentration ex-
ceeds its limit value of 40 mg/kg. Meanwhile, P100, P70B30, P65B35,
P30B70 and B100 can be utilized in fulfilling the requirements of the
Decree on fertilizer products.

Table 1
Physical and chemical properties of fly ash originated from various mixtures of peat
(P) and wood based biomass (B) as fuel (subscripts indicate the fuel composition used
for combustion).

Parameters Fly ash samples Limit value
[10] (max.)

P100 P80B20 P70B30 P65B35 P50B50 P30P70 B100

(a) Particle size distribution profile (μm)
D10 7.1 11.2 13.6 15.2 7 13.9 12
D50 21.3 72.1 102.9 119.9 46.4 116.7 196.3
D90 81.2 168.3 230 236.5 148.1 176.4 494.1
AMD 22 52 70 78 37 71 114

(b) Weight fraction of sieved samples (wt.%)
b45 μm 61.3 48.9 28.6 32.2 53.2 29.4 22
45–63 μm 9.2 14.2 18.3 13.6 16.7 13.7 20.8
63–125 μm 22.8 24.7 28 23.7 19.4 27 16.1
125–250 μm 6.8 12.3 20.6 23.9 7.4 25.3 16.6
N250 μm 0 0 4.4 6.5 3.2 4.6 24.5

(c) Elements/mineral composition (103 mg/kg)
C 10.8 2.6 8.2 6.8 22.1 20.8 13.6
H 2.9 – – – 1.6 1.1 2
N – – – – – 0.4 –
Al 79.3 91.4 99.9 86.1 60.1 47.7 33.8
Ca 304.3 92.2 81.7 86.4 131.1 47.5 154
Fe 107.3 142.8 106.7 80.3 60.4 31.7 20
K 14.4 19.8 22.4 19.1 21.7 14.3 31
Mg 23.5 16.5 13.5 12.6 16.9 8.5 21.6
Mn 1.3 3.3 2.6 3 6.6 2 8.7
Na 10.3 11 14.5 11 7.3 6.5 9
P 10.1 13.3 9 9.5 17.2 4.9 12.1
Si 145.6 189.1 207.4 190 187.8 296.4 173.1
Ti 2.1 3.3 3.4 3 2 1.6 1.5

d) Heavy metal composition (mg/kg)
As 33.4 78.9 34.5 33.1 61.6 24.3 6.7 40
Cd 1.1 2.7 1.1 2.2 7.4 4 8.6 25
Cr 36.2 67.6 53.7 35.3 57.8 34.7 45.1 300
Cu 84.2 100 93.5 130.4 125.7 112.6 89.6 700
Ni 29 31.8 23.2 28 37.5 26.5 24.6 150
Pb 40.4 82.4 39.6 43.9 69.9 38.2 26.3 150
Zn 114.9 274.7 188.5 224.4 675.7 239.2 1704 4500

AMD = arithmetic mean diameter, (–) = below detection limit.
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3.2. Distribution of P and K in fly ash particle size

It has been mentioned earlier that phosphorus and potassium are
the key elements having fertilizing characteristics, while alkaline earth
metals such as Ca and Mg have a liming effect [8]. Therefore, the distri-
bution of phosphorus and potassium in different particle sizes has been
emphasized in this study.

The ranges of P and K concentration in seven fly ash samples are
illustrated in Fig. 1b & c, where the data points represent the MFi per-
centages and the box chart shows the ranges of mineral element con-
tents in the Fi fractions. The analysis implies that P is more
concentrated in the F1 fraction with a mean value of about 59%, while
F2 and F3 fractions have average values of 19% and 16% respectively.
Likewise, the F1 fraction contains 45% of the total K while F2 and F3
have 16% and 21%. Therefore, fractions having smaller particle size
(b125 μm) are more appropriate for fertilization use. Even so, the use
of such fractions could be restricted due to limitation imposed by their
heavy metal content; this will be evaluated in the next section.

3.3. Heavy metal content and potential use of ash fractions

In Section 3.1, P100, P70B30, P65B35, P30B70 and B100 are identified as
suitable for use as forest fertilizer, while the use of P80B20 and P50B50 is
restricted as per Finnish legislation. The distribution profile indicates
higher heavy metal concentrations in smaller particle sizes, these find-
ings are consistent with the results in Ref. [13]. Since the utilization of
an ash fraction is determined by its heavy metal content, the effect of
fractionation into different fractions on total mineral element and
heavy metal concentration has been assessed on B100 and P70B80
(classified as non-restricted ash) and on P50B50 and P80P20 (classified
as restricted ash) samples, the evaluation is presented in Table 2.

In Table 2, all fractions (F1–F5) of B100 are suitable for forest fertiliza-
tion. The concentration of P in F1 and F2 is twice that of primary ash sam-
ples (B100), while the K concentration is almost 1.6 times higher. The F3
fraction has a similar P and K composition, and F4 and F5 have less of P
andK than the primary B100 ash. Heavymetal concentrations for all frac-
tions are also lower than the maximum allowed value. In addition, the
weight fractions of F1 and F2 are 22% and 20.8%, respectively. Thus, the
utilization of F1 or F2 fractions of B100 offers a substantial benefit over
the use of primary B100 or the F4 and F5 fractions, because F1 and F2
fractions can recycle themineral elements almost two timesmore effec-
tively than the primary ash. Likewise, F2 of P70B30, which represents
18.3 wt.%, is themost befitting fraction in comparison to other fractions
because its P and K concentrations are higher by a factor of 1.3. The use
of the F1 fraction of P70B30 is restricted due to its elevated concentration
of As.

The results from B100 and P70B30 suggest that the fractionation has
caused the ash chemistry to differ significantly between the fractionated
fractions and the primary ash samples. This interpretation is also vali-
dated by evaluating the chemistry of the fractionated fly ash. Data listed
in Table 2 show the results from the fractionation of fly ash P50B50 and
P80B20. Though F1 of P50B50 and F1, and F2 of P80B20 are not suitable for
forest use, the F2 and F3 of P50B50, and F3 and F4 of P80B20, possess mini-
mum recommended values of P and K. These fractions are thus allowed
for forest use, but there is less phosphorus andpotassium in themdue to
the selection of fractions belonging to the large particle size group. Such
results imply that a proportion of restricted ash can be recovered using

Fig. 1. (a) The undersize volume distribution of seven fly ash samples originating from
different mixtures of peat and wood based biomass as fuel. (b, c) Relative distribution of
phosphorus and potassium in (F1–F5) particle size fraction of seven fly ash samples;
where the individual data point represents the relative proportion of P and K in
respective fractions and the box plot is based on population size (n) of seven fly ash
samples.
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size separation. Characteristics such as pH, moisture, dry matter con-
tent, neutralizing value, chloride concentration and proportion of total
water-soluble P or K of fly ash and respective fractions are not evaluat-
ed, as the Decree on fertilizer products does not impose any limits on
these parameters.

4. Conclusion

Five fly ashes out of seven have been identified as potential fertil-
izer material. The utilization of two fly ashes is restricted because
their concentrations of As exceed the limit value of 40mg/kg. Particle
sizes lower than 45 μm have the highest proportion of phosphorus
and potassium with average values (with n = 7) of 59% and 45%, re-
spectively. Nevertheless, it is the heavy metal content that regulates
the utilization of ash as fertilizer, not themineral element concentra-
tion. Heavy metal concentrations are also elevated in lower particle
sizes. Hence, ash fractions of lower size ranges such as F1 and F2 are
not always good choices, if concentrations of any of the heavy metals
are higher than the limit values, as is the case in P50B50 and P80B20.
Fractionation of restricted fly ash also results in the recovery of
fractions that are suitable for forest fertilization. On the other hand,
sieving of non-restricted fly ash leads to increases in P and K concen-
trations by 1.3–2 and 1.3–1.6 percentage units, respectively, in the
small size fraction. This indicates that fractionation of fly ash has po-
tential to improve the fertilizing properties, and can be suggested as
a potential tool for manipulating fly ash chemistry. Meanwhile, se-
lection of the suitable fly ash fractions should to be based on their P
and K content, while their heavy metal concentration remains a cri-
terion for their acceptance. The higher P and K content of the accept-
ed fractions helps to recycle lost nutrients back to nature. Recovered
ash fractions with increased concentrations of P and K may possess
different fertilizing properties such as fertilizer influence time, pH
and leachability. Therefore, further investigation of such properties
is needed in order to assess the full effect of the utilization of frac-
tionated fly ash as forest fertilizer.
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A B S T R A C T

High concentrations of dissolved silica in the acid leachate impose two major challenges on precipitation based
recovery of phosphorus (P). Firstly, co-precipitation of colloidal silica in the acidic regimes decreases the purity
and value of precipitated P-products. In addition, silica scaling on internal surfaces of equipment is also a
problematic issue in industrial operations. Therefore, removal of dissolved silica prior to P-recovery process
minimizes the risks of Si-contamination in P-products and Si-scaling. In the present study, silica removal was
achieved by accelerated silica polymerization with higher acidity and ionic strength of mineral acid, which also
assisted the leaching of CFB-derived fly ash, by aging of the leachate solution. The effects of acid concentration,
temperature, and stirring on silica removal rate in acid leachate were also investigated. Higher concentrations of
H+ and Cl− and higher temperature significantly reduce the silica removal time. HCl was more suitable for
improving leachability of phosphorous and precipitating silica in comparison with HNO3. The silica removal
method discussed in this work has been shown to be capable of removing>98% of dissolved silica from the acid
leachate solution.

1. Introduction

Phosphorus, being a limited and depleting element, has a large
anthropogenic footprint. Production of phosphorus-containing products
highly depends on apatite minerals as raw materials (Pettersson et al.,
2008). As an alternative to natural resources, phosphorous can be re-
cycled from waste-to-energy products, such as municipal solid waste
incineration fly ash (Kalmykova and Fedje, 2013), chicken manure in-
cineration ash (Kaikake et al., 2009), sewage sludge ash (Lee and Kim,
2017), etc. using hydrometallurgical methods (acid leaching). De-
pending on temperature and combustion technology, the residual in-
organic ash is composed of silicates, oxides, carbonates, phosphates,
sulphates, hydroxides, and halides of mineral elements that potentially
represent the entire periodic table (Thy et al., 2006; Thy et al., 2013). In
recent years, circulating fluidized bed (CFB) boilers have attracted at-
tention in combustion technology due to their high efficiency, fuel
flexibility and low pollutant emission (Xiao et al., 2005; Skrifvars et al.,
1997). Due to the usage of silica sand in the CFB combustion of biomass
as fuel, silicon (Si) can be retained in the fly ash (Valmari et al., 1999)
up to 20w% (Johansson et al., 2008; Budhathoki and Väisänen, 2016).
Phosphorus recovery from ash residues involves chemical leaching
which extracts phosphorus from solid to aqueous phase along with
various impurities, including silicon as a major contaminant.

Silica scaling is one of the most problematic issues in many in-
dustrial operations. It occurs when Si concentration increases above the
saturation level at a given temperature and pH in the presence of other
metal ions and is extremely difficult and costly to remove (Zarrouk
et al., 2014). Whilst the effect of silica on phosphorus precipitation in
acidic solutions has not yet been investigated, the inhibiting effect of
silicic acid on the precipitation of CaCO3 and co-precipitation of silica
with iron during Zn recovery have been reported (Dyer et al., 2012; Bai
et al., 2014). Silica precipitation as amorphous or colloidal silica in
both acidic and basic solutions via polymerization, agglomeration and
aggregation possesses a great threat to the purity of any product being
recovered. Therefore, the removal of silica from the feed solution im-
proves the product quality and the economy of the overall operation.
Soluble and colloidal silica have been successfully removed from in-
dustrial feeds by a number of different methods including coagulation,
nano-filtration (NF), reverse osmosis (RO), precipitation of Si particles,
precipitation with polyvalent metal hydroxides, lime-soda softening,
seeding or inorganic ion-exchange (Hermosilla et al., 2012; Liu et al.,
2012; Gallup et al., 2003; Sasan et al., 2017a, 2017b). A major lim-
itation of coagulation is that it mostly occurs at high pH and requires
high dosages of the coagulants and flocculants (Hermosilla et al., 2012;
Chuang et al., 2007). Drawbacks of NF and RO processes are associated
with fouling problems and high energy consumption (Cob et al., 2015).

https://doi.org/10.1016/j.hydromet.2018.06.007
Received 16 November 2017; Received in revised form 3 May 2018; Accepted 14 June 2018

⁎ Corresponding author.
E-mail address: roshan.budhathoki@jyu.fi (R. Budhathoki).

Hydrometallurgy 179 (2018) 215–221

Available online 20 June 2018
0304-386X/ © 2018 Elsevier B.V. All rights reserved.

T



Numerous studies have reported the precipitation of Si particles in
acidic solutions in the context of Si-gel formation and its character-
ization (Dyer et al., 2012; Gorrepati et al., 2010; Bałdyga et al., 2012;
Wilhelm and Kind, 2015a). These studies also emphasize that Si-gel
precipitation is accelerated by H+ ions (as indicated by pH), salt (AlCl3,
CaCl2, NaCl) concentration, ionic strength of the solution and tem-
perature.

In an effort to develop simple, low-cost and efficient silica removal
methods from highly acidic CFB-derived fly ash leachate solution, this
study mainly explores the effect of acid concentration and temperature
on the feasibility and rate of silica removal prior to phosphorus re-
covery via precipitation. One of the primary objectives in this study was
to avoid contamination and complexity during phosphorus recovery.
Hence, the addition of coagulants or other antiscalant products, which
promote coagulation and aggregation of silica, were not considered due
to the high quantities of coagulants demanded by high Si concentration
in leachate solutions. The efficiency of silica removal coupled with ef-
ficient phosphorus leaching in minerals acids, mainly HCl and HNO3, is
explored. The kinetics and mechanism of silica precipitation is also
discussed.

2. Experimental section

2.1. Materials

Fly ash (FA) samples originated from wood-based biomass fuel in a
circulatory fluidized bed reactor were collected from Alholmens Kraft
Oy. A RETSCH sieve shaker (AS200 basic) was employed for dry sieving
with sieve size of 125 μm for 30min. 100 g of FA was taken for
screening. Then the fractionated FA (FFA) containing particle size lower
than 125 μm (59 g) was used for acid leaching, since these fractions
contain the major proportion of the phosphorus and less silica than the
pristine fly ash (Budhathoki and Väisänen, 2016). Hydrochloric acid
(≥37%) from Honeywell-Fluka and nitric acid (≥65%) from Sigma-
Aldrich were used in the leaching experiments.

2.2. Leaching experiments

A high molar acid concentration with lower leaching time is
adopted in this study, since the former facilitates Si precipitation, while
a prolonged leaching in low acid concentration would complicate de-
phosphorization because of phosphorus reprecipitation with other
metal ion released during the leaching (Jin et al., 2006). 2M, 5M and
8M solutions of HCl and HNO3 were prepared for leaching tests of fly
ash. Preliminary investigation indicated an optimal liquid to solid (LS)
ratio of 12 for a leaching time of 15–20min. Therefore, 20 g of frac-
tionated fly ash was added to 240mL of mineral acid. The leaching
process was assisted with mechanical stirring (rate of 500 rpm) and
ultra-sound digestion (37 kHz, at room temperature) for 20min. The
undissolved residues were separated with centrifugation.

2.3. Silica precipitation experiment

pH, temperature and ionic strength of the solution are the key
parameters that affect the precipitation of Si-gel particles in acidic
media (Gorrepati et al., 2010; Bałdyga et al., 2012; Wilhelm and Kind,

2015a). Wilhelm and Kind employed an unstirred setup for in-
vestigating the influence of these parameters on the formation of the
solid and the resulting gel network to avoid an adiabatic temperature
rise due to stirring. Moreover, stirring also causes destruction of the gel
network allowing its shrinkage, hinders growth of silica gel polymers
and yields smaller Si particles (Wilhelm and Kind, 2015a, 2015b).
Therefore, this study adopts unstirred batch precipitation to study the
effect of acid concentration and temperature on the formation of Si-gel
particles in the context of their removal from the solution. A separate
investigation was also carried out to study the effect of stirring on silica
removal.

In this study, 10mL of each leachate solution obtained after cen-
trifugation were transferred to a 15mL centrifuge tube and left for
aging of silica gel at room temperature and also at 40 and 60 °C (with an
accuracy of± 3 °C) in order to examine the influence of temperature.
Magnetic stirring was employed for the stirring experiments. Each
sample was centrifuged after a certain time interval (0–75 h) to separate
the silica gel. Centrifugation was used to shrink the volume of poly-
meric silicic acid gel-network, as the applied” enforced syneresis” in
mechanical or external form contribute to shorter shrinkage time
(Quarch et al., 2010).

2.4. Analytical methods

2.4.1. Sample characterization
The elemental composition of fly ash samples was determined with

an ICP-OES PerkinElmer Optima 8300 instrument. 0.25 g of FA and FFA
were dissolved in 3mL of aqua regia with 3–4 drops of hydrofluoric
acid. The digestion was further assisted by ultrasound for 18min at
60 °C. The samples were shaken in between the digestion to release the
evolved gas.

The silica gels were dried and characterized with Zeiss EVO-50XVP
Scanning Electron Microscope (SEM) and Bruker Quantax 400 EDS for
visual and elemental analysis.

2.4.2. Measurement of soluble and precipitated silica
1mL of supernatant was extracted after separation of Si-gel via

centrifugation and diluted to 100mL to quench further polymerization
of Si and precipitation. The concentration of dissolved or soluble silica
and other analytes was determined from the quenched fraction with
ICP-OES as a function of time. The concentration of precipitated Si-gel
at given times was determined by subtraction from the known initial
soluble silica concentration in the solution.

3. Results and discussion

3.1. Silica removal during fractionation

The elemental composition of the pristine FA and FFA determined
with ICP-OES is presented in Table 1. The advantage of fly ash frac-
tionation was studied and presented in our earlier study (Budhathoki
and Väisänen, 2016); it summarizes that sieving of fly ash can remove
up to 73% of silicon by discarding 41w% of fly ash. This fractionation
increased the phosphorus content by a factor of 1.38 and the con-
centration of other matrix elements and heavy metals also increased, as
shown in Table 1.

Table 1
Major element and heavy metal contents of FA and FFA determined by ultrasound acid digestion followed by ICP-OES measurement.

Element Major element (g/kg) Heavy metal (mg/kg)

P Al Fe Si Mg Ca Zn Cu Cr Pb Ni As Cd

FA 12.1 33.8 20 173 21.6 154 1704 89.6 45.1 26.3 24.6 6.7 8.6
FFA 16.7 31 20.3 45.4 28.3 217.5 2595 99.7 50.4 35.2 33.7 11.7 11.5
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3.2. Leaching behavior of P, Si and other matrices in HCl and HNO3

The mineral acid used and its concentration are the major factors
that affect the leaching behavior of phosphorus and other elements
(Pettersson et al., 2008; Kalmykova and Fedje, 2013). Details of the
leaching experiments are summarized in Table 2. Phosphorus leaching
was more efficient with HCl than with HNO3, while varying the acid
concentration between 2M and 8M had only a small effect on the P
leachability. On the other hand, lower concentrations of acid showed
the highest Si leachability, the order of leaching feasibility being
2M > 5M > 8M for both HCl and HNO3. A similar behavior of Si
leaching from zeolite analcime and sodium metasilicate nonahydrate
(SMN) with HCl was also reported by Fogler et al. (Gorrepati et al.,
2010). The low dissolution of silicon in concentrated acid may be at-
tributed to the low availability of OH– groups that assist the formation
and stabilization of orthosilicic acid (Si(OH)4) in the leachate solution
and simultaneous precipitation of silica gel particles.

This study uses acid concentrations higher than the stoichiometric
concentration required to dissolve the phosphates from ash residues. In
order to attribute the effect of H+ ions on Si removal, the remaining H+

ion concentration was estimated by Eq. (1).

= − × × + × + × + ×
+ + Ca Mg Si PH H 1.1 (2 [ ] 2 [ ] 2 [ ]) 3 [ ]leachate added

(1)

where Hadded
+ is the molar concentration of acids used during leaching

and [Ca], [Mg], [Si] and [P] are the concentrations (mol/L) of Ca, Mg,
Si and P in the leachate solution. Factors multiplying the analyte con-
centration term are the fractions of H+ consumed per mole of the
analytes during dissolution of the model solid as shown in Eqs. (2)–(5).
Ca, Mg and Si are the major matrix elements in the leachate solution
that consume most of the H+ ions during dissolution of the CaO, MgO
and NaAlSi2O6 (analcite) as model compounds. It is also assumed that
an additional 10% of H+ is consumed by other compounds. Similar
strategy was employed to determine the stoichiometric concentration of
H2SO4 required to leach phosphorus from sewage sludge ash (SSA)
(Donatello et al., 2010; Franz, 2008). The remaining H+ in the leachate
solutions is also presented in Table 2.

− > + =
+ − +H PO H PO H P3 ([ ]/[ ]) 33 4 4

3 (2)

+ − > + =
+CaO HCl CaCl H O H Ca2 ([ ]/[ ]) 22 2 (3)

+ − > + =
+MgO HCl MgCl H O H Mg2 ([ ]/[ ]) 22 2 (4)

+ + − > +

+ =
+

NaAlSi O HCl H O Si OH AlCl

NaCl H Si

4 2 2 ( )

([ ]/[ ]) 2
2 6 2 4 3

(5)

3.3. Effects of acid matrix on silica removal

The disappearance of dissolved silica was followed as a function of
time (Fig. 1). The consumption of soluble silica, especially in leachate
obtained with 5M acid, exhibits two kinetic regimes; (i) first regime
with slow consumption until silica conversion reaches ≈10% and (ii)
second regime with rapid depletion of soluble silica. The earlier phase is
referred to as induction time/period, while the later is called poly-
merization or aggregation zone (Iler, 1980; Weres et al., 1981;
Rothbaum and Rohde, 1979). Noguera et al. interpreted induction time
as the period until the first particles are detected (Noguera et al., 2015).
The length of induction period is dependent on pH, temperature and
silicic acid concentration. Higher supersaturation and acidity are also
linked with shorter induction times (Chan, 1989). An inverse relation
between the solubility of silica and acid concentration was reported in
HCl and HNO3 matrices (Lenher and Merrill, 1917; Elmer and
Nordberg, 1958). A decrease in solubility of silica is associated with an
increase in the supersaturation and thereby promotes the silica pre-
cipitation. In addition, the polymerization reaction controlling the
particle formation and adhesion to initiate gel growth is also charge-
catalyzed. Si polymerization below isoelectric point, pH 2 for silicic
acid, is catalyzed by H+-ions, while above isoelectric point it is OH–

catalyzed (Makrides et al., 1980; Quarch and Kind, 2010). In this study,
shorter induction times and higher Si precipitation rates were observed
for leachate solution obtained with high molar concentration of acids.
This is attributed to reduced solubility of silica at high concentration of
acid and promotion of silica polymerization by H+-ions.

The polymerization process is in a good agreement with a first order
kinetic model with respect to the disappearance of dissolved silica.
Using the Akaike (AIC) and the Bayesian (BIC) information criteria
(Table 3) it was found that the first order had a better fit to the mea-
sured data than the second order kinetic models. However, both first
order (Iler, 1980; Potapov et al., 2007) and second order (Gorrepati
et al., 2010) consumption of monosilicic acid has been reported in
acidic solution.

There is also a clear discrepancy between the leachates obtained
with 5M concentration of HCl and HNO3. The approximate H+ ion
concentrations in these leachates are similar, with respective values of
3.82 and 3.78M. However, these leachates evidently differ in their

Table 2
Concentration of P, Si, Fe, Al Mg and Ca in the leachate solution obtained after
leaching and the approximated H+ remaining in the leachate.

Acid (M) Concentration (mg/L) H+
leachate (M)

P Si Fe Al Mg Ca

HCl 2 1407 2403 760 1346 2162 18,831 0.72
(100.9)a (63.6) (44.8) (52.1) (91.7) (103.9)

5 1388 2135 911 1319 2097 17,410 3.82
(99.5) (56.5) (53.7) (51.1) (88.9) (96)

8 1425 1947 1154 1380 2181 17,324 6.84
(102.2) (51.5) (68.0) (53.4) (92.4) (95.6)

HNO3 2 1298 2472 673 1343 2123 18,301 0.74
(93.1) (65.4) (39.7) (52) (90) (101)

5 1355 2179 767 1347 2100 18,098 3.78
(97.2) (57.6) (45.2) (52.1) (89) (99.8)

8 1288 1811 760 1234 1950 16,701 6.89
(92.3) (47.9) (44.8) (47.8) (82.6) (92.1)

a Values in () indicates leaching recovery %.

Fig. 1. Disappearance of dissolved silica concentration (Ct
Si) as a function of

time showing the measured data and best fitted modeled data for Si-gelation in
acid leached solutions. C0

Si is the total dissolved silica at t=0 h and respective
concentration are shown in Table 2.
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anion (Cl− and NO3
−) concentrations. Previous studies have reported

the catalyzing nature of F− ions in silica polymerization (Wilhelm and
Kind, 2015a; Brinker, 1988). In general, anions of single charge, small
size, or low polarizability promote the coordination number of silicon
(IV) from four to six (Bishop and Bear, 1972) and reduce the electron
density on unsaturated tetravalent Si making it more susceptible to
nucleophilic attack from another coordinatively unsaturated Si
(Brinker, 1988). This linkage of two monomeric Si species forming a
siloxane bond (Si–O–Si) is very critical for increasing silica polymer
length and particle growth. Cl− ions, sharing the same group in peri-
odic table, possess similar characteristics as F− ions. Therefore, cata-
lysis by Cl−, in the present context, is a possible explanation to the
discrepancy between 5M HCl and HNO3 acid matrices.

A separate investigation is carried out to examine the catalytic effect
of Cl− ions in the leachate solution obtained from 5M HCl acid by
addition of 1M of NaCl as source of Cl−. In order to differentiate the
extent of Cl− catalysis from the influence of increased ionic strength,
1M of NaNO3 was added in another batch since 1M of both salts induce
equal increases in the ionic strength. In this case, the solution was
stirred (magnetic stirring at 400–600 rpm) for only 5min to assist dis-
solution of salts. Fig. 2 shows that addition of 1M Cl− ions accelerates
the consumption of dissolved silica from the leachate solution by two
orders of magnitude. The increment in the instantaneous reaction rate

with 1M NaNO3 is attributed to the increase in ionic strength. Higher
salinities (Cl− concentration) at pH 4.5 and 95 °C were found to relate
with a higher polymerization rate and shorter induction period
(Makrides et al., 1980). This clearly provides evidence for the results
herein. However, a relation between Cl− concentration and the length
of induction period was not observed in this study for 1M of added Cl−

ions.
Mechanism of H+ and Cl− catalysis for the formation of silica

particles and silica gel is presented in Fig. 3. It commences with for-
mation of H+ and Cl− catalyzed siloxane bond where monomeric and
dimeric silicic acid polymerizes to yield long oligomers or polymers of
silicic acid. These polymeric silica units grow by addition of monomeric
silicic acid to yield primary particles (∼20–50 nm) that aggregate to
form particulates of silica followed by gel formation and precipitation
(Wilhelm and Kind, 2015a). Since gelation is a bonding phenomenon
between the aggregates forming particulate network, it is affected by
process parameters such as pH, supersaturation, temperature and ions
in the solution. Therefore, the removal of silica occurs by formation of
Si-gels and precipitation of gel particles by further aggregation.

The total times required to remove 98% of silicon from the HCl and
HNO3 leachate solutions, were 5 and 10 h for 8M concentration, and 48
and 73 h for 5M, respectively. Higher H+ and Cl− ion concentrations
are in a strong relation with shorter induction period and higher Si
precipitation rate. Therefore, a high concentration of HCl acid is iden-
tified as suitable reagent in terms of better phosphorus leachability and
faster removal of silica from the leachate solution.

3.4. Effect of temperature on Si precipitation

The temperature dependence of silica precipitation is examined on
leachate obtained with 5M HCl solution due to the presence of two
kinetic regimes. Fig. 4 shows the disappearance of dissolved silica
against time at 20, 40 and 60 °C. Increase in temperature significantly
reduces the induction time and also increases the silica removal rate.
Temperature influences the polymerization of silica by increasing the
solubility of monomeric silicic acid and thus affecting its super-
saturation (Wilhelm and Kind, 2015a). A strong acceleration of silica
gelation is in correlation with increasing temperature in the case of
acid-catalyzed polymerization (Wilhelm and Kind, 2015a; Hurd, 1935).
In addition, the activation energy estimated for silica polymerization in
this study for highly acidic leachate solution with H+ molar con-
centration of 3.82M, is ca. 39.25 kJ/mol. This is also in agreement with
the reported activation energy of 37.6 kJ/mol for highly acidic gel
prepared in 1.65M of hydrochloric acid (Hurd and Barclay, 1940).

3.5. Effect of stirring on Si removal

Stirring or mixing the solution is one of the important parameters in
the kinetics of silica polymerization and precipitation (Quarch et al.,
2010). In silica polymerization assisted with coagulants or preparation
of silica gel from various silica sources, stirring is employed to improve
the dissolution and diffusion of the added reagents. Stirring of the so-
lution increases the dissipation energy during gel formation and results
in smaller gel fragments (Wilhelm and Kind, 2015a). In addition, effect
of stirring on the morphology and particle size distribution of the pre-
cipitated silica is also reported (Meoto et al., 2017). However, this study
examines the effects of stirring on H+ and Cl− catalyzed silica poly-
merization emphasizing the removal of dissolved silica from the pris-
tine leachate solution.

Fig. 5 indicates a small reduction in the induction time due to
stirring, while a significant deviation in consumption of dissolved silica
and reaction kinetics is observed. Second order consumption of dis-
solved silica in the stirred case shows better agreement with the mea-
sured data in contrast to first order consumption under unstirred con-
ditions. In addition, stirring prolongs the silica removal with minimum
40 h required to remove 90% of the dissolved silica, while only 27 h

Table 3
Comparison between 1st and 2nd order kinetic models with respect to the
consumption of dissolved silica from the solution.

Acid (M) Kinetic model

1st order 2nd order

-K R2 AIC BIC -K R2 AIC BIC

HCl 5 0.155 0.991 34.70 31.59 0.0014 0.982 40.22 37.11
8 0.960 0.995 44.25 43.89 0.0089 0.942 74.57 74.20

HNO3 5 0.107 0.992 33.95 30.84 0.0008 0.968 44.29 41.18
8 0.667 0.996 35.42 34.31 0.0063 0.945 61.68 60.57

Fig. 2. Normalized conversion of dissolved silica vs. time showing increment on
silica disappearance rate due to added Cl in 5M HCl pristine leachate (PL)
solution, and comparison of instantaneous reaction rate (ΔCSi/Δt) against the
conversion of dissolved silica for PL, and leachate with added 1M of NaNO3 and
NaCl. ΔRI indicates the increased Si consumption rate due to increase in ionic
strength and ΔRCl denotes the increment due to added Cl. (Ct

Si=Si con-
centration at time, t; C0

Si= initial dissolved Si concentration).
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was required in case of unstirred solution. This effect is attributed to
either fragmentation of silica gel or hindrance in particle growth due to
continuous stirring. In this study, unstirred conditions assist in quick
removal of silica from the solution in comparison to the stirred case.
However, further investigation is required on the impacts of continuous
stirring and stirring only in initial kinetic regimes in the context of silica
removal at various mixing rates in highly acidic conditions.

3.6. Comparison of silica removal rate induced by operational parameters

A brief comparison of instantaneous silica polymerization rates in-
duced by H+, Cl− and temperature is shown in Fig. 6. In this study,
using one variable at a time (OVAT) method, high concentration of HCl
matrix and high temperature are established as important factors that
promote silica removal via Si-gelation and precipitation. This study
shows that 8M HCl leachates at 20 °C and 5M HCl leachates at 60 °C
prompt 99% of silica removal in 5 h; concentrations of their analytes
before and after Si-removal are listed in Table 4.

Based on the volume of leachate recovered after Si-gelation, the
fraction of analytes retained in the gel is estimated with equation;

= − ×v C C(%) (1 ( / )) 100f f i (6)

where Ci, Cf are initial and final concentrations of analytes and vf is the
fraction of leachate volume recovered after Si-gel separation. The major
difference appears in terms of recovered leachate volume; 75 and 87%
of leachate volume were recovered for leachate obtained with 5M HCl
aged at 60 °C and 8M HCl aged at 20 °C. This difference in the re-
covered volume is linked with a larger gel volume at higher tempera-
ture. The large gel volume is due to a stiffer, stronger gel network
(Quarch and Kind, 2010) and lower tendency of gel shrinkage at higher
temperatures for acid-catalyzed polymerization (Wilhelm and Kind,
2015a). In addition, macroscopic silica particles were not visible in gel
at the higher temperature. Due to larger gel volume, more analytes are
retained in the gel.

3.7. Morphology of silica gels

The formation of particulate silica gel in an 8M HCl matrix over
time is shown in Fig. 7(a-b). The development of macroscopic silica
particulates can also be noticed in an HCl leachate solution, as depicted
in Fig. 7(c). On the contrary, under similar conditions macroscopic si-
lica particles were not observed in HNO3 leachate solutions. An SEM
analysis of oven-dried silica gel reveals various structures of primary

Fig. 3. Mechanism of H+ and Cl− catalyzed polymerization of monosilicic acid forming silica gel (based on Matthias (Wilhelm and Kind, 2015a) and Brinker
(Brinker, 1988)).

Fig. 4. Fraction of dissolved silica in leachate solution as a function of time at
various temperatures showing Arrhenius relationship (Kp=Ae−Ea/RT) between
the temperature (T) and the first order polymerization reaction constant (Kp)
with an activation energy (Ea) of 39.25 kJ/mol.

Fig. 5. Disappearance of dissolved silica with first and second order con-
sumption in unstirred and stirred batch precipitation showing adverse effect of
stirring on polymerization rate (ΔCSi/Δt) after reaching 50% of conversion and
resulting in longer removal time. Time to remove 90% of silica (T90) from the
leachate solutions were 27 and 40 h for unstirred and stirred case respectively.
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silica particles that seems to be dependent on acid matrix. Gels derived
from HCl leachate exhibit pointed rod-shaped particulates (Fig. 7(d))
that consist of 3.2–5.77 wdry% of Si (determined with ICP-OES and
Bruker Quantax 400 EDS) and Cl up to 21% (determined with Bruker
Quantax 400 EDS). On the other hand, gels from HNO3 leachate solu-
tion show both spherical and rod-shaped particulates (Fig. 7(e)) up to
10 μm size and Si concentration of 2–3.8 wdry%. Minor amounts of Ca,
Mg, K, and S were also present. In depth characterization of Si-gels were
not performed, since the primary scope of this study was to remove
silica from the solution. However, purification, characterization and
utilization of silica gels and particles obtained is scheduled for future
investigation.

4. Conclusion

The aim of this work was to remove silica from CFB-derived fly ash
leachate solution with lower chemical and energy demand. This is
achieved from a higher molar concentration of acid during leaching
process followed by aging of leachate solution. HCl was more suitable
due to its higher phosphorus leaching and silica removal efficiency in

comparison with HNO3. The kinetics date demonstrate that the silica
removal rate in acid leachate is dependent on the acid concentration
and temperature. The reaction rate increases significantly as acid con-
centration increases from 2M to 8M. Aging of 8M HCl leachate for 5 h
reduced the dissolved silica concentration by> 98%. Moreover, an
increase in temperature from 20 to 60 °C in 5M HCl leachate solution
decreased the aging time from 48 to 5 h and also facilitated the removal
of 98% of dissolved silica.

Risks imposed by silica scaling on operational equipment and co-
precipitation of colloidal silica during phosphorus precipitation are
minimized in silicon-free leachate solutions. Future work will be fo-
cused on the selective precipitation of phosphorus from Si-free leachate
solution.
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A B S T R A C T

The prospect of phosphorus (P) recovery from siliceous fly ash was investigated. The phosphorus content in the
pristine fly ash was 1.21%. Obtaining pure phosphorus products from fly ash is very challenging because of high
concentration of other elements, silicon (Si) at 17.3% being the major contaminant. The fly ash was fractionated
with sieve size of 125 μm to concentrate the phosphorus in the small-size fraction, which also facilitated the
removal of 78% of silica (Si) in the solid phase. The fractionated fly ash was treated with 8M HCl in order to
remove 98% of Si by aging (5 h) of leachate until precipitation of Si-gel, and a phosphorus-rich solution is
obtained. Iron (Fe) is also considered an impurity in the recovered P-product and its co-precipitation is prevented
by the use of EDTA as Fe-masking reagent at [EDTA]/[Fe] ratio of 1. About 70% of Fe is retained in the solution
during recovery of phosphorus with aluminum at pH 4. Amorphous white solid was recovered containing
18.08% P, this is 15 times high than that in the pristine fly ash used as raw material in this recovery process.

1. Introduction

Phosphorus (P) is an irreplaceable essential element for crop growth
and food production. Modern agricultural practice requires a steady
supply of chemical fertilizer containing phosphorus. Apatite mineral is
the main raw material used in manufacturing P-fertilizer, this is de-
pleting and about 100 years of economical mining is estimated to re-
main (Steen, 1998; Pettersson et al., 2008a). As a sustainable supply of
affordable phosphorus is at risk, immediate measures are required to
reduce our use of non-renewable phosphate rock by being more effi-
cient in the use of phosphorus and recycling of P-rich wastes (Cooper
et al., 2011; Mayer et al., 2016). Inorganic ash residues from the
combustion of various fuels are being considered as resources for
phosphorus recycling. P recovery using chemical extraction from
sewage sludge ash (Levlin and Stark, 2004; Hong et al., 2005; Biswas
et al., 2009; Donatello et al., 2010; Adam et al., 2009; Sturm et al.,
2010; Zimmermann and Dott, 2009), municipal solid-waste incinera-
tion fly ash (Kalmykova and Fedje, 2013), chicken manure incineration
ash (Kaikake et al., 2009), and fractionation from biomass fly ash
(Budhathoki and Väisänen, 2016) show great potential towards miti-
gating the threat of a phosphorus-supply crisis.

In recent years, recovery methods for phosphorus from solid ash
materials have been extensively studied. Some methods involve release
of P to liquid phase by various means, such as supercritical water oxi-
dation (Levlin et al., 2007) and acid extraction followed by

precipitation (Levlin and Stark, 2004; Kalmykova and Fedje, 2013;
Kaikake et al., 2009), liquid-liquid/solvent extraction (Hong et al.,
2005; Donatello et al., 2010) and adsorption (Biswas et al., 2009) based
recovery, while other methods include P-recovery via thermo-chemical
(Adam et al., 2009), electro-kinetic (Sturm et al., 2010), and bio-
leaching and accumulation (Zimmermann and Dott, 2009). Feasibility
of the extraction procedures and the purity of P-products greatly de-
pend on concentration of phosphorus and other major elements, such as
iron (Fe), aluminum (Al), calcium (Ca), and silicon (Si) in the leachate
solution (Kalmykova and Fedje, 2013; Tan and Lagerkvist, 2011).
Previous precipitation-based attempts of P recovery from fly ash lea-
chate solutions were focused on precipitation of phosphorus with cal-
cium due to the higher solubility of CaeP solids in water than that of
Al/Fe-P solids, and their potential usability as chemical fertilizers. In
addition, these studies demonstrated a two step precipitation method
involving removal of Fe impurities at pH 3, and recovery of P at pH 4;
and a loss of phosphorus of up to 27% has been reported (Levlin and
Stark, 2004; Kalmykova and Fedje, 2013; Kaikake et al., 2009). The
fraction of P in the precipitate is highly affected by the pH and stoi-
chiometric concentrations of Fe, Al, Ca, and Si, because phosphorus
could potentially precipitate as FePO4 at pH 1–3 (Al-Sogair et al.,
2002), AlPO4 at pH 3–5 (Zhao et al., 2013), and Ca5(PO4)3OH at
pH > 4 (Kaikake et al., 2009). Due to lack of commercial value as a
raw material for the phosphate industry and its low solubility, iron
phosphate is less favoured for P recovery from secondary resources
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(Levlin et al., 2007). Besides precipitation based removal of iron from
the solution at lower pH; which is associated with a significant loss of P,
Fe can be retained in the solution above pH 3 by adding certain che-
lating agents which react with Fe to form stable iron chelates (Harris,
1964), thus allowing precipitation of P with either Al or Ca.

This paper describes the procedure and results of P recovery in
single precipitation step by retaining Fe in solution via EDTA chelation
from the Si-free leachate solution obtained in our previous study
(Budhathoki and Väisänen, 2018). pH values for precipitation and
EDTA concentration have been optimized, and the obtained phosphorus
products have been characterized and their usability is discussed.

2. Experimental

2.1. Materials

A fly ash (FA) sample originated from wood based biomass as fuel
for combustion process was provided by Alholmens Kraft Oy. A
RETSCH sieve shaker (AS200 basic) was employed for dry sieving with
sieve size of 125 μm for 30min. 100 g of FA was taken for screening.
Then the fractionated FA (FFA) of particle size lower than 125 μm was
used for acid leaching, while the other fraction was discarded. 0.25 g of
each solid ash sample was dissolved in 3mL of aqua regia with 3–4
drops of hydrofluoric acid. The digestion was further assisted by ul-
trasound for 18min at 60 °C. Elmasonic P (70H) from Elma
Schmidbauer GmbH was employed as ultrasonic source. The samples
were shaken in between to release the evolved gas. This acid-digested
solution was further diluted to 100mL for element composition de-
termination. Hydrochloric acid (≥37% HCl) from Honeywell-Fluka,
nitric acid (≥65% HNO3) and disodium ethylenediaminetetraacetic
acid (EDTA) from Sigma-Aldrich, and sodium hydroxide (NaOH) from
VWR chemicals, all of analytical grade, were used in the experiments.

2.2. Preparation of Si-free leachate solution

20 g of FFA was leached in 240mL (LS ratio of 12) of 8M hydro-
chloric acid solution. The leaching experiment was assisted with me-
chanical stirring and ultrasonic digestion for 20min. The leachate so-
lution was transferred to centrifuge tube and centrifuged (at 3500 rpm)
for 15min to separate the solid residue. Then the leachate solution was
left for 5 h to precipitate the silicon as silica-gel which was removed
from the leachate solution by centrifugation. Details of Si-gel formation
mechanism and kinetics are presented in our previous study
(Budhathoki and Väisänen, 2018).

2.3. Identification of P recovery parameters

The composition of fly ash is important in the development of
phosphorus extraction. The wet chemical extraction of P-products is
based on the solubility of its salts as a function of pH (Stumm and
Morgan, 1996). Hence, only pH and the ratio of EDTA concentration to
iron and aluminum concentration (ER= [EDTA]/[Fe+Al]) are se-
lected as important parameters for P recovery in this study. The pre-
cipitation-based recovery of P was conducted at room temperature.

2.4. Experimental method

Response surface method (RSM), a combination of mathematical
and statistical techniques (Leardi, 2009), was used to study the effects
of pH and ER. Orthogonal central composite design (CCD) consisting of
total 12 runs including 4 repeats on the center points was created and
analyzed using RcmdrPlugin.DoE plug-in (version 0.12-3) (Fox, 2005;
Groemping, 2014) in an R software environment (R Core Team, 2017).
10 mL of Si-free leachate solution was taken and the required weight of
EDTA was added to maintain the ER value with an accuracy of± 0.01.
These solutions were titrated with freshly prepared 3M NaOH to

achieve the targeted pH with an accuracy of± 0.1. The analyte con-
centration was determined only from the supernatant. Table S1 shows
the operating parameters for the experimental runs. Using least-square
regression from the software, optimum conditions for total recovery of
phosphorus were then identified.

2.5. Recovery experiment

An additional study was conducted to analyze the effect of pH on
the purity of precipitated P-products at optimal ER values. For this
study, 20mL of Si-free leachate solution was titrated with 3M NaOH to
adjust the pH between 3 and 5; three replicates were used in the ex-
periment. The titrated solutions were left to stand for several hours. The
solution was then filtered (with Whatman No. 41 filter paper) and
washed 5 times with ultrapure water. The precipitant was oven dried at
60 °C and samples were recovered directly from filter paper for char-
acterization.

2.6. Analysis of leachate solution

Speciation of the solution phase was done with the Medusa & Hydra
program (Puigdomenech, 2009). The components considered were
aluminum, iron, calcium, phosphorus as HnPO4

(3–n)–, EDTA and
chlorine. Concentrations of analytes similar to the leachate solution
were used in the equilibrium calculation; the dilution effect due to
NaOH addition during titration was also considered. The ionic strength
of the solution is set at 1, unless otherwise stated. All the soluble and
solid complexes available in the database were allowed.

2.7. Analytical methods

The concentration of analytes in the solution was determined by an
inductively coupled plasma optical emission spectrometry (ICP-OES
PerkinElmer Optima 8300). Titration of acid leachate solution with 3M
NaOH was conducted with TitroLine easy unit (SCHOTT Instruments
GmbH). Bruker Quantax400 EDS coupled with Zeiss EVO-50XVP and
Bruker Alpha Platinum-ATR were employed respectively for elemental
and infrared analysis of precipitant obtained at pH 3–4.6. 250mg of
final P-product (precipitant obtained at optimal pH and ER value) was
dissolved in 3mL of aqua regia and diluted to 50mL for determination
of trace elements by ICP-OES. The aliquot was further diluted by a
factor of 10 for determination of P and other elements. An X–ray
powder diffraction analysis of final P-product was done with a
PANalytical X'Pert Pro alpha 1 diffractometer using Johansson mono-
chromatized Cu Kα1 radiation (λ=1.5406; tube settings: 45 kV,
40mA). The data were recorded from a spinning sample by X'Celerator
detector in the 2θ-range of 6–80° with a step size of 0.017° and counting
times of 120 s per step. The diffraction data were handled by X'Pert
HighScore Plus v. 4.5 program.

3. Results and discussion

3.1. Fly ash and acid leachate characterization

The elemental composition of the pristine fly ash (FA), recovered fly
ash with particle size lower than 125 μm (FFA) and discarded fraction
containing particles> 125 μm are listed in Table 1. In this study, FFA is
used in the context of phosphorus recovery. Most of undesired ele-
ments, including Si, Ca, Fe, Al, etc. can be removed by sieving frac-
tionation of fly ash (Budhathoki and Väisänen, 2016). Properties of fly
ash and acid leachate solutions are briefly presented and discussed in
our earlier study (Budhathoki and Väisänen, 2018), which summarizes
that P concentration increases by a factor of 1.38 and Si decreases by a
factor of 3.8 during the fly ash fractionation at sieve size of 125 μm. In
addition, leaching of fly ash with 8M HCl acid removes of 98% of silica
as silica gel in 5 h. The obtained Si-free leachate solution is used in this
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study for phosphorus recovery.

3.2. Phosphorus chemistry in leachate solution

Solid-ash residue may consist of phosphorus as P-oxide and phos-
phate of Ca, Al, Fe, and Mg metals (Beck and Unterberger, 2006;
Pettersson et al., 2008b; Lee and Kim, 2017). HnPO4

(3−n)− derivates of
phosphate are generally assumed to predominate in the solution phase
when metal phosphates and P-oxides react with acid or base (Gilmour,
2013). Furthermore, the fraction of HnPO(3–n)–

4 derivates is a function of
pH and various salts of such phosphate derivatives may precipitate at
different pH (Kalmykova and Fedje, 2013; Kaikake et al., 2009; Stumm
and Morgan, 1996). Analysis of various phosphate species in acidic
media with Medusa/Hydra program reveals predominance of FePO4

below pH 2.5, AlPO4 between pH 3–5, and Fe3(PO4)2 and Ca5(PO4)3OH
above pH 5 (Fig. 1). This strongly implies the possibility of P-recovery
as FePO4, AlPO4 and Ca5(PO4)3OH at pH's where they predominate.

Stoichiometric concentrations of Fe, Al, and Ca and the reduction
potential of the solution also play an important role in the efficient
recovery of phosphorus. Fe/P(mol)≥ 1 (Fe/P(mass)≥ 1.8) and solutions
with high reduction potential i.e., strong oxidizing conditions, are re-
quired for FePO4 precipitation. However, recovery of phosphorus with
iron is challenging because of akaganéite (Fe(OH)1-xClx) co-precipita-
tion, this is a predominant species in chloride media and its solubility
equilibria allows its precipitation at pH<2 (Xiong et al., 2008;
Asenath-Smith and Estroff, 2015). Fe speciation with Medusa/Hydra
program in 2M Cl− solution also indicates the precipitation of akaga-
néite alongside FePO4, which is shown in Fig. S1 (cf. supporting

information). Furthermore, chloride concentration and reduction po-
tential of the solution seem to have an adverse effect on FePO4 for-
mation as seen in Fig. S2. In the context of phosphorus recovery, Fe/
P(mol) of 115 in first precipitant at pH 3 was observed by Kaikake et al.,
which indicates that iron phosphate was a minor component in the
precipitate (Kaikake et al., 2009). Due to lack of commercial value of
iron phosphate, lower value of Fe/P molar ratio (0.42 in the leachate
solution) and tendency of akaganéite co-precipitation, phosphorus re-
covery with iron is not explored in this study. Instead, the prevention of
the precipitation of iron from the solution with Fe-EDTA chelation and
recovery of phosphorus with either aluminum or calcium is studied. Use
of such a masking reagent is beneficial and economical in comparison
to a two-step precipitation, since the earlier method avoids the use of a
separate reactor during the recovery process.

3.3. Effect of pH and EDTA on phosphorus recovery

The interference of unwanted metals in the solution can be masked
by ethylenediaminetetraacetic acid (EDTA). EDTA as a chelating agent
in recovery processes has been used in struvite precipitation by Ca-
masking (Zhang et al., 2010) and Ni recovery by Fe-masking (Pinto
et al., 2015). Thus, excessive contamination of the recovered P-products
is prevented by a careful control of EDTA concentration and pH of the
solution. The dependence of phosphorus recovery on pH and efficacy of
Fe chelation with EDTA were tested using response surface metho-
dology. A central composite design consisting of 12 runs was created
and the experiments were run on the sequential order as provided by
the program (RcmdrPlugin.DoE plug-in in R environment). The op-
erational value and experimental recovery values of P, Al, Fe, and Ca
are presented in Table S2. A pH domain between 3.8 and 5.2 was
evaluated to identify the optimum range for efficient phosphorus re-
covery. Meanwhile, the ratio of EDTA and sum of Fe and Al con-
centrations (ER= [EDTA]/[Fe+Al]) was varied between 0.29 and
1.71 to test the feasibility of phosphorus precipitation with aluminum
or calcium. The concentration of EDTA is equal to that of Fe (i.e.
[EDTA]= [Fe]) at an ER value of 0.29. Therefore, ER value of 0.29 is
selected as minimum operating value for this study where complete
chelation of Fe by EDTA is assumed, based on stoichiometric equilibria.
An [EDTA]/[Fe] value of 1 was also used in the recovery of Ni by
chelation of Fe with EDTA (Pinto et al., 2015). Higher ER values were
also investigated in order to explore the feasibility of phosphorus pre-
cipitation with calcium because there is stoichiometric equilibrium
between EDTA and the sum of Fe and Al concentration at an ER value of
1, which suggests chelation of both Fe and Al.

The predicted response surfaces for the recovery of phosphorus,
aluminum and iron are presented in Fig. 2, while the predicted coeffi-
cients values for the quadratic model are summarized in Table S3.
Multiple R2 values of 0.966, 0.981, and 0.866 were obtained respec-
tively for P, Al, and Fe response models and the fit based on the sum-
mary of least-square regression is depicted in Table S4. In addition, Fig.
S3 also suggest lack of outliers within the experiment domain. There-
fore, the reliability of predicted response surface within the experiment
domain is validated with the help of regression parameters and the
error in model prediction increases in the order of Al < P < Fe model.
A lower ER value of 0.3 and pH range of 4–5 yield the highest

Table 1
Elemental composition and heavy metal content of FA (pristine fly ash), FFA (recovered fly ash with particle size lower than 125 μm) and DFA (discarded fraction of
FA containing particles> 125 μm) measured by ICP-OES after extracting with aqua regia and 3–4 drops of HF.

Element Major elements (%) Trace elements (mg/kg)

P Al Fe Si Mg Ca Zn Cu Cr Pb Ni As Cd

FA 1.21 3.38 2.01 17.3 2.16 15.4 1704 89.6 45.1 26.3 24.6 6.7 8.6
FFA (< 125 μm) 1.67 3.11 2.03 4.54 2.83 21.7 2595 99.7 50.4 35.2 33.7 11.7 11.5
DFA (> 125 μm) 0.47 4.16 2.15 30.3 1.03 5.4 475 82.5 44.8 12.8 12.4 < LOQ <LOQ
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Fig. 1. Eh-pH diagram representing predominant phosphorus species in solu-
tion phase. Equilibrium calculations with 24mM of [PO4] and
PO4:Fe:Al:Ca=1:1:1:10 (molar fraction) were made using the Medusa/Hydra
program. Area between the dashed green line (- - -) represents the stability
region of water.
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phosphorus recovery, the patterns of P and Al recoveries were similar
which is expected due to AlPO4 precipitation. When pH is increased
from 3.8 to 5.2, more iron is precipitated from the solution; the amount
decreases when the ER value is increased due to the formation of stable
Fe-EDTA complexes. The progression of P, Al, and Fe precipitation from

the solution is also supported with equilibrium model made in Medusa/
Hydra program as portrayed in Fig. 3, which shows that the selectivity
of EDTA in the experiment domain decreases in the order of Fe >
Al > Ca. This indicates that higher EDTA concentrations also form
stable EDTA chelates with Al and Ca, thus reducing the phosphorus
precipitation, as seen in Fig. 2a. These calculations also point to the
predominance of AlPO4 solid in precipitation, which is highest near
pH 4 and decreases with increasing EDTA concentration. Therefore, the
effect of pH on the purity of recovered AlPO4 product was further
studied at an [EDTA]/[Fe] value of 1.

3.4. The purity of phosphorus product

The concentrations of selective analytes, P, Al, Fe and Ca, were
measured at various pH's and the fractions remaining in the solution are
shown in Fig. 4a. This shows that phosphorus and aluminum recoveries
are near 100% at pH 4, while the efficiency of Fe chelation by EDTA is
70–75% which are similar to the results obtained with the RSM model.
The elemental composition of dry precipitated products reveals that
solids with higher P content (> 20%) are obtained between pH 3.5 and
4, as shown in Fig. 4b. The maximum theoretical phosphorus fraction in
pure dry AlPO4 is 25.4%. Infrared spectra of these precipitants were
compared with those of synthetic AlPO4 precipitated by the titration of
solution containing 0.1M of Al(NO3)3 and H3PO4 with 1M NaOH at
pH 4 (Fig. 4c). The recovered products exhibit characteristic PeO
stretching peaks at 1050 cm−1 compared to those of synthetic AlPO4 at
1065 cm−1. As the pH increases, shifts of the v(PeO) bands to lower
energy, in terms of cm−1, are also observed, which is due to a sig-
nificant decrease in the force constant for the P-O and P-OH bands with
decreasing protonation (Persson et al., 1996; Burrell et al., 2000). The
difference between v(PeO) bands of precipitated and synthetic AlPO4

obtained at pH 4 is due to impurities in the precipitate which weaken
the PeO bonds. Based on these observations, pH value of 4 and
[EDTA]/[Fe] ratio of 1 are identified as the optimal conditions for the
recovery of P-products with low level of impurities.

3.5. Efficacy of proposed phosphorus recovery method

The concentration of major (P, Al, Fe, Si, & Ca) and trace (Zn, Cu,
Cr, Pb, Ni, As, & Cd) elements at each step during the recovery method
is summarized in Table 2. Leaching efficiency of over 100% is ac-
counted for some analytes, which is attributed to inhomogeneity of the
fly ash and errors in analytical precision. This method includes the
following steps; a) fractionation of fly ash with sieve size of 125 μm, b)
8M HCl acid leaching, c) silica removal by aging of silica gel until
precipitation, and d) phosphorus recovery with aluminum by masking
Fe with EDTA. This method allows efficient removal of Si as gel prior to
selective precipitation of phosphorus with aluminum by masking of
iron with EDTA. Fig. S4 shows the advantage of Si removal on the
composition of final product, where precipitation of the leachate ob-
tained with 2M HCl at pH 3.5 yields a phosphorus product containing
7.9, 9.1, 6.9, and 13.1%(wt.) of P, Al, Fe, and Si, respectively. This sig-
nifies the importance of Si removal prior to the phosphorus recovery via
precipitation.

3.6. Characterization and usage of phosphorus product

Table 3 contains the element composition of the final P-product
obtained at pH of 4 and [EDTA]/[Fe] ratio of 1. The pure precipitate
consists of 16.31 and 18.08% of aluminum and phosphorus, giving an
Al/P ratio of 0.90, which is close to the theoretical ratio of 0.87 in
synthetic AlPO4. The diffuse peaks near 28–29° 2θ in the XRD pattern
(Fig. 5) indicate the formation of amorphous aluminum phosphates.
Similar XRD patterns were observed for the aluminum phosphate pre-
cipitated from aluminum sludge (Zhao et al., 2013) and aqueous solu-
tion of 50–100 °C (Roncal-Herrero et al., 2009). In addition, the
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infrared spectra of precipitated compounds resemble to that of syn-
thetic aluminum phosphate (Fig. 4c). The recovered AlPO4 also con-
tains some EDTA fraction in the solid as shown by CHN values in
Table 3. The major impurity in the recovered product is Fe at 2.18%,
while that of other elements is< 1%. The trace metal concentrations
were also determined with ICP-OES; their concentrations are lower than
the maximum limit values for use as fertilizer (Nurmesniemi et al.,
2012). Despite the low solubility of aluminum phosphate in water,
these P-products can be used as slow P-releasing fertilizers. However,
aluminum toxicity in plants may prohibit its use as fertilizer, especially
in acidic soils (Roy et al., 1988). The industrial use of aluminum
phosphate recovered from ash material is very limited. Therefore, ei-
ther new uses of recycled aluminum phosphate and/or conversion of
aluminum phosphate to more usable phosphorous compounds such as
calcium and/or sodium phosphate need to be developed (Takahashi
et al., 2001).

4. Conclusion

The recovery of P from highly siliceous fly ash originating from CFB-
boilers with acid leaching followed by removal of Si by gelation was
investigated in this study. The fly ash was treated with higher molar
(8M) concentration of hydrochloric acid to obtain a phosphorus-rich
solution, despite the possibility of economical leaching with lower
molar (2M) HCl. Our previous study revealed that fly ash leaching with
higher acid concentration facilitates the formation of Si-gel in a shorter
time, thus allowing the removal of 98% of silica in only 5 h. The re-
moval of silica from the solution is critical for the purity of the re-
covered P-product, as Si not only co-precipitates with phosphorus but
also promotes co-precipitation of other metals. After removing Si from
the solution, iron co-precipitation was prevented by EDTA chelation,
which further increased the purity of recovered P-products. A pH value
of 4 and [EDTA]/[Fe] ratio of 1 were identified as optimal conditions
for phosphorus precipitation with aluminum. Besides 16.31% of Al and
18.08% of P, the recovered P-product contains of only 2.18% of Fe and
0.63% of Ca. In addition, the trace elements with hazardous character
are present at low levels of concentration. The prevention of iron in-
clusion into the P-product by use of Fe-masking EDTA is recommended,
instead of Fe removal via a two-step precipitation, since the earlier
method significantly lowers the cost of recovery by eliminating the
need of additional reactor and utilities.

In conclusion, the phosphorus content was significantly increased
from 1.21% in pristine fly ash to 18.08% in the final product. The
proposed recovery method provides a way for the recovery of high-
grade phosphorous material; it may contribute to meet future phos-
phorus demand and sustain a continuous supply of phosphorus.
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Element FFA 8M HCl leaching (LS= 12) Aging of Si-gel (5 h) P-precipitation (pH=4, [EDTA]/[Fe]= 1)

(< 125 μm) Leachate Dissolved Supernatant Retained
in Si-gel

Filtrate Recovery

(mg/kg) (mg/L) (%)a (mg/L) (%)b (mg(L) SD (%)
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a Recovery (%)= (Cleachate
mg/L /CFFA

mg/kg)× LS×100; where C=analytes concentration.
b Retained in Si-gel (%)= (1− vf(C/C0))× 100; where vf=0.87 (volume fraction recovered after Si-gel removal) C0, C are concentration before and after Si

removal.

Table 3
Concentration of major and trace elements in the precipitate obtained at
pH=4 and [EDTA]/[Fe]= 1.

Major element P Al Fe Ca Mg C H N
(wt%) 18.08 16.31 2.18 0.63 0.12 1.26 3.13 0.15
Trace element Zn Cu Cr Pb Ni As Cd
(mg/kg) 1323 19.4 258 104 8.14 37.9 1.19

(4500)a (700) (300) (150) (150) (40) (25)

a Values in () are limit values for fertilizer use (Nurmesniemi et al., 2012).
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Fig. 5. X-ray diffraction pattern showing the amorphous nature of the P-pro-
duct obtained at pH 4.
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S2 

Chemical speciation in leachate solution: 

Speciation of iron in chloride media was made with Medusa/Hydra[1] program. Iron concentration 

of 24 mM and Fe:Al:PO4:Ca ratio of 1:1:1:10 were used. All the soluble and solid complexes 

available in the database were included. The Eh-pH diagram (Fig. S1) indicates predominance of 

akaganeite even under very acidic conditions, while Fig. S2 shows the effect of chlorine 

concentration and reduction potential of solution on formation of akaganeite. 

 

Figure S1. Predominance of iron species in leachate solution  



 

S3 

(a) 

  

(b) 

 

Figure S2. Effect of chlorine concentration (a) and standard electrode potential (b) in the leachate 

solution on iron speciation (I=1 is used in the speciation calculation).  



 

S4 

Design of Experiments base on Response surface methodology (RSM) 

Table S1 shows the experimental points that were designed based on the central composite 

design[2]. The selected variables were pH and ER ([EDTA]/[Fe+Al]. The experiment consisting of 

12 runs was performed in the given order and the measured responses in the given set of tests are 

summarized in Table S2. Recoveries of P, Al, Fe and Ca were selected as responses of interest. 

Table S1. Variable and designed experimental points based on central composite design. 

Variables  

Experimental point 

-α -1 0 1 +α 

pH 3.8 4 4.5 5 5.2 

ER ([𝐸𝐷𝑇𝐴] [𝐹𝑒 + 𝐴𝑙]⁄ ) 0.29 0.5 1 1.5 1.71 

Table S2. Experimental run order based on the response surface methodology and the selected 

response of interest 

SID 

variable  Recovery (%) 

ER pH  P Al Fe Ca 

C1.5 1 4.5  43.1 35.4 14.7 12.8 

C1.4 1.5 5  29.9 21.8 14.7 10.2 

C1.1 0.5 4  84.8 74.8 17.5 10.9 

C1.2 0.5 5  92.3 79.1 20.4 10.2 

C1.3 1.5 4  8.7 10.9 7.4 8.7 

C1.6 1 4.5  33.0 27.6 9.4 6.6 

S2.2 1 5.21  77.8 59.5 21.6 10.8 

S2.3 0.29 4.5  99.7 99.6 23.7 9.9 

S2.6 1 4.5  45.9 34.6 15.2 9.2 

S2.4 1.71 4.5  14.9 10.7 9.1 7.7 

S2.5 1 4.5  29.6 38.6 8.8 5.3 

S2.1 1 3.79  37.7 32.1 10.2 5.4 

  



 

S5 

Least-square regressions were calculated for individual sets of response. Table S3 shows the 

estimated modelled coefficients (b0-5) of the quadratic RSM equation (1): 

Response = b0 + b1×pH + b2×ER + b3×pH×ER+ b4×pH2 + b5×ER2 (1) 

Table S3. Predicted model parameters for recovery of P, Al, and Fe. 

Response 

(recovery) 

Model coefficient 

b0 b1 b2 b3 b4 b5 

Intercept pH ER pH*ER pH2 ER2 

P 835.16 -317.55 -196.814 13.73 36.12 35.21 

Al 500 -169.76 -167.55 6.48 16.64 38.34 

Fe 152.45 -57.37 -43.27 4.23 6.64 7.58 

Table S4 gives the summary of regressions, which indicates the good agreement between the 

measured and predicted data. The higher R-square values for P and Al responses indicate lower 

errors associated with those models. However, the Fe-model has higher errors but are in the 

acceptable region. The P-values are higher than the significance level (α) of 0.05, which indicates 

that there is no significant evidence at α|=|0.05| level for lack of fit in the regression model. 

Table S4. Summary of least-square regression of model with P, Al, and Fe as responses. 

Parameters 
 

Response Surface Model 

P Al Fe 

R-squared Multiple 0.966 0.981 0.866 

 Adjusted 0.938 0.966 0.755 

 Value 34.530 62.790 7.778 

F-statistic on regression on DF 5 & 6 5 & 6 5 & 6 

 p-value 2.39E-04 4.24E-05 0.0134 

 DF 3 3 3 

 Sum Sq. 168.1 101.3 9.912 

Lack of fit Mean Sq. 56.00 33.80 3.304 

 F value 0.911 1.589 0.284 

 Pr(>F) 0.530 0.356 0.836 

  



 

S6 

Fig. S3(a-c) presents normal probability plots of the residuals with the theoretical percentiles of the 

normal distribution and shows an almost linear relation between them. Thus, the normal probability 

plot of the residuals suggest that the error terms of the model are indeed normally distributed. 

Furthermore, Fig. S3(d-f) shows the Cook distance for the respective model. The Cook distance 

signifies the leverage of the experimental points on the model. Cook distances higher that 1 are 

considered as influential in this study. For phosphorus recovery model the Cook distances are less 

than 0.5 for 10 experiment points, while the other two points had the Cook distance value between 

0.5 and 0.7. Therefore, it was concluded that there are no possible outliers in the experiment 

domain. 

 

Figure S3. Analysis of model residual value and identification of outliers based on the Cook 

distance in the experiment domain for surface model of P (a,d), Al (b,e) and Fe (c,f). 

  



 

S7 

Nature of phosphorus-products obtained from silicon-rich and silicon-free solutions: 

Recovery of phosphorus from both silicon-rich and silicon-free leachate solution was investigated. 

A silicon-rich solution was obtained by leaching fly ash with 2M of hydrochloric acid (HCl). The 

properties of the leachate solution were well described in our previous study[3]. Phosphorus was 

recovered from the silicon-rich solution at pH 3.5 by addition of 1M NaOH. Silicon free leachate 

solution is the solution used in this study. Fig. S4 shows the fraction of analytes in P-product 

obtained from Si-free and Si-rich solution. 

 

Figure S4. Comparison of phosphorus products obtained from Si-free and Si-rich solution 
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Abstract

This paper presents a green perspective to convert aluminium phosphate procured from biomass fly ash to struvite. The conversion
process is divided into three steps: dissolution of AlPO4 in phosphoric acid solution, sorption of cationic impurities by a strong
acidic cation exchange resin (CER) and struvite precipitation. The effect of phosphoric acid concentration on P extraction and
CER dosage on metals adsorption were investigated. Results showed that 0.5 molar concentration of phosphoric acid was sufficient
to dissolve 99% of P and use of Amberlite IR120 H+ resin at 0.6 g/mL dosage facilitated 99.8 and 97.1% removal of Al and Fe
from the solution. Purified solution with elevated P content was recirculated for dissolution of AlPO4 solids: this offered a green
approach that limits the use of fresh phosphoric acid solution. Over 99% of P in the purified solution was precipitated at pH 9.5
using equimolar concentration of Mg:N:P (1:1:1). Highly crystalline and pure struvite precipitates comprised of heavy metal at low
concentrations (Zn, Cr and Pb < 40 mg/kg).

Keywords: Phosphorus recovery, Fly ash utilization, Struvite precipitation, Cation exchange

1. Introduction

Utilization of limited natural phosphate minerals, apatite, for
phosphorus (P) production presents a great threat to sustainable
supply of affordable phosphorus in the coming years [1, 2]. Re-
cycling of phosphorus from viable secondary sources is increas-
ingly becoming a stimulating approach for P conservation. In
this context, ash residues obtained from sewage sludge, munici-
pal solid-waste, animal manure, biomass and etc. have emerged
out as a potential source of phosphorus [3, 4, 5, 6]. Particu-
larly, precipitation based P-recovery methods have emphasized
on obtaining Ca-P precipitate due to its higher solubility in wa-
ter and suitability as chemical fertilizer [7, 8]. Despite the lack
of commercial values as a raw material for P-industry, phos-
phorus recovery as Al/Fe-P solids still provides an assurance to
the phosphorus sustainability. However, new use of recycled
iron/aluminium phosphate and/or its conversion to phosphorus
compounds with more usability and value need to be developed
[9].

Conversion of Fe/Al-P compounds to struvite (MAP,
MgNH4PO4 · 6 H2O) is a promising option, as it can be directly
used as a fertilizer which exhibits comparable fertilization po-
tentiality to commercial fertilizer. The slow release of both
ammonia and phosphorus in soil is particularly beneficial for
plant availability [10, 11]. The conversion method commences
with dissolution of Fe/Al-P compounds in either acidic or basic
medium, as their solubility in neutral regimes is negligible [12].
Irrespective of the dissolution media, the separation of metals

∗Corresponding author
Email address: roshan.budhathoki@jyu.fi (Roshan Budhathoki)

impurities from the P-rich leachate is essential prior to struvite
precipitation.

Precipitation, solvent extraction, adsorption and cation ex-
change are some of the established hydrometallurgical tech-
niques that efficiently remove metal ions from phosphoric acid
solution. Addition of organophosphorous reagent to precipitate
organo-metallic complexes of Al and Fe showed promising re-
sults with efficiency up to 99 and 93% for removal of Fe and Al,
respectively [13]. On the other hand, addition of silica-fluoride
based precipitating reagents for removal of the precipitate en-
tails considerable loss of phosphate [14]. The extraction capac-
ity and selectivity during solvent extraction of either phospho-
ric acid or cationic impurities (Al3+, Fe3+ and/or etc.) decrease
in relation with increasing impurity concentration [15, 16]. Ad-
sorption based purification of phosphoric acid has its own limits
in industrial application due to decreasing sorption efficiency
with increasing adsorbate concentration [17]. Ion exchange
techniques, in contrast, offer better advantages as being eco-
nomical, recyclable and having high selectivity for specific ions
[18]. Strong acidic styrene type cation exchange resins showed
feasible sorption behaviour for removal of Al and Fe ions from
phosphoric acid solution with respective efficiency up to 84 and
78% [19, 20].

Struvite precipitation reaction may be described as:

Mg2+ + NH4
+ + PO4

3− −−−→ MgNH4PO4 · 6 H2O (1)

The extend of struvite precipitation and nature of precipitates
depend on supersaturation, temperature, co-existing ions or im-
purities and solution pH [21]. Temperature primarily impacts
the solubility of MAP and solution supersaturation, which in
turn affects the MAP crystal growth [22]. MAP precipitation at
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a pH range of 8-9.5, equal molar concentration of Mg2+, NH4
+

and PO4
3– ions at room temperature was identified feasible for

efficient recovery of phosphorus as struvite [23, 24, 25].
This study aims to identify a sustainable method to convert

aluminium phosphate, obtained from biomass fly ash in our
previous study, to struvite. The leachability of AlPO4 solid
in phosphoric acid solutions were investigated. Metal ion im-
purities were removed via cation exchange mechanism with a
strong acidic styrene based resin and the sorption behaviour was
evaluated. Prospects of recirculation of purified solution for
AlPO4 dissolution were explored in order to minimize the use
of fresh phosphoric acid. Finally, Mg and NH4 sources were
added in purified P-rich solution for struvite precipitation and
quality of the precipitates were evaluated.

2. Experimental

2.1. Materials

Synthetic AlPO4 containing 18.9% P, 16% Al and 1.5% Fe
(concentration in similar range to that of precipitated AlPO4)
was used in leaching and metal removal studies. While AlPO4
derived from biomass fly ash, in our earlier study, was em-
ployed in struvite precipitation study [6].

2.2. Dissolution experiment

0.1, 0.5 and 1 M of phosphoric acid were prepared from an
analytical grade 85% H3PO4 from EMSURE R©. The constant
LS ratio of 40, in this study, ensures the Al concentration in the
range of 3 - 5 g/L and styrene based cation exchange resin ex-
hibited favourable adsorption of Al at that concentration [19]. 1
g of AlPO4 was dissolved in 40 mL of 0.1, 0.5 and 1 M H3PO4
with the aid of magnetic stirrer at 500 rpm for 1 h. LS ratio
of 40 mL/g was also employed during recirculation of diluted-
purified solution for solid dissolution and P-rich solutions con-
taining Al and Fe as main impurities were obtained.

2.3. Removal of Al and Fe with cation exchange resin

Amberlite R© IR120 H+ form (AIR-120H), a strongly-acidic
cation exchange resin (CER), was used to remove metal cations
from the P-rich solution. AIR-120H was identified as an effec-
tive and inexpensive material to remove high concentration of
Al and Fe ions from neutral to mildly acidic solution [26]. CER
dosage of 0.01 to 0.5 g/mL was investigated. Required mass of
CER was added to 10 mL of P-rich solution during optimiza-
tion studies, while 50 mL was used in removal of Al3+ and Fe3+

ions followed by struvite precipitation. The slurry of CER and
P-rich solution were stirred with a magnetic stirrer at 200 rpm
for 1 h.

2.4. Struvite recovery experiment

Two batch experiments were performed; (i) fresh 0.5 M
phosphoric acid was used to obtain P-rich solution from AlPO4,
while (ii) purified P-rich solution was diluted to maintain 0.5
molar concentration of phosphoric acid and employed for dis-
solution. Al3+ and Fe3+ ions were removed at CER dosage of

0.6 g/mL. pH of P-rich solutions were first raised to 8 by addi-
tion of 1 M NaOH. Then, Mg2+ and NH4

+ sources were added
in a stoichiometric concentration (Mg2+:NH4

+:PO4
3–=1:1:1).

MgCl2 · 6 H2O and NH4Cl were obtained from Sigma-Aldrich
and used as source of Mg2+ and NH4

+ ions. At last, the pH
of solutions were raised to 9.5 and struvite precipitates were
obtained and evaluated.

2.5. Analytical methods
1 ml of each solution, filtered through 0.45 µm syringe filter,

was diluted and elemental composition was determined with in-
ductively coupled plasma optical emission spectrometry (ICP-
OES PerkinElmer Optima 8300). Bruker Quantax400 EDS
coupled with Zeiss EVO-50XVP and Bruker Alpha Platinum-
ATR were employed respectively for SEM and infra-red anal-
ysis of precipitates. An X–ray powder diffraction analysis was
done with a PANalytical X’Pert Pro diffractometer in Bragg-
Berentano geometry with Johansson-type monochromor (Cu
Kα1 radiation; 1.5406 Å with power settings 45 kV, 40 mA).
Each, lightly mortar ground, sample was prepared into a sam-
ple cavity of routine steel-made sample holder. The data was
recorded from a spinning sample by X’Celerator detector in the
2θ-range of 3–70o with a step size of 0.017o and counting times
of 60 s per step. The diffraction data were analyzed using pro-
gram PANalytical HighScore Plus v. 4.7 with PDF4+ database.

3. Results and discussion

3.1. Solubility of Al-P solids in phosphoric acid solution
Dissolution of Al-P solids in varying concentration of phos-

phoric acid was performed and its response is presented in
Fig. 1. 0.5 M of H3PO4 at LS ratio of 40 mL/g and 1 h ex-
traction allowed total digestion of Al, Fe and P. The dissolution
efficiency (η) was estimated with Eq.2.

ηA(%) =
CL

(mg/L)

CA
(mg/kg)

×
VL

(mL)

WAlPO4
(g)

× 100 (2)

where CL
(mg/L) is concentration of analyte A (Al, Fe and P)

in P-rich solution, CA
(mg/kg) concentration of analytes A in solid,

VL
(mL) volume of leaching reagent and WAlPO4

(g) is the weight of
solid used during leaching. A known concentration of P (in 0.5
M phosphoric acid solution) was subtracted from the measured
P concentration for determination of its dissolution efficiency.

3.2. Removal of Al and Fe with cation exchange resin
The feasibility of Al3+ and Fe3+ removal with AIR-120H,

a strongly cation exchange resin, from P-rich solution obtained
with 0.5 M H3PO4 were studied with varying CER dosage at re-
tention time of 1 h (Fig. 2(a)). Minimum contact time of 30 min
was required to remove Al and Fe in the concentration range of
1000 mg/L with AIR-120H from synthetic solution [26]. Due
to higher concentration of metal ion impurities, retention time
of 1 h was employed in this study. CER dosage of 0.35 g/mL
was found suitable for removal of 99% of Al3+ ions, while CER
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Figure 1: Effect of phosphoric acid concentration on dissolution behaviour of
synthetic AlPO4 at LS ratio of 40 mL/g and extraction time of 1 h.

dosage of 0.5 is required to remove both Al3+ and Fe3+ ions
from the P-rich solution.

The adsorption mechanism of Al3+ and Fe3+ ions on AIR-
120H resin was also investigated using Langmuir and Fre-
undlich adsorption isotherms. The Langmuir isotherm is based
on theoretical principle that assumes the uptake of metal ions
occurs on a homogeneous surface by monolayer sorption. The
Freundlich isotherm, in contrast, assumes sorption of metal
ions in a heterogeneous surface of adsorbate’s monolayer [27].
The sorption isotherm model provides an explication for the
behaviour of adsorbate species between the liquid and solid
phases [28].

Eq. 3 and 4 represent a general form of the Langmuir and
Freundlich isotherm;

qe =
x
m

=
qmaxbCe

(1 + bCe)
(3)

qe = K f C1/n
e (4)

where qe (mg/g) is the quantity of solute adsorbed per weight
unit of adsorbent at equilibrium, Ce (mg/L) is the concentra-
tion of solute remaining in the solution. qmax and b are Lang-
muir adsorption capacity and energy, while K f and 1/n are Fre-
undlich constant for adsorption capacity and intensity of sorp-
tion. These constant parameters are obtained from slopes and
intercepts of the linear relationship as described in Eq. 5 and 6
(Fig. 2(b-e)). The result depicts that Freundlich isotherm pro-
vides a better fit to experimental data for Al sorption with cor-
relation regression coefficient (R2) value of 0.989, while Lang-
muir isotherm provides better fit for Fe ions with R2 value of
0.932.

Langmuir isotherm :
1
qe

=
( 1
qmaxb

) 1
Ce

+
1

qmax
(5)

Freundlich isotherm : log qe =
(1
n

)
log Ce + log K f (6)
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Figure 2: Effect of AIR-120H dosage on the removal efficiency of Al3+ and
Fe3+ (a), Langmuir and Freundlich isotherm plot of aluminium (b-c) and iron
(d-e).

Table 1: Langmuir and Freundlich isotherm parameters of Eq. 5 and 6 for sorp-
tion of Al and Fe with AIR-120H.

Metal Langmuir isotherm Freundlich isotherm
b qmax RL R2 n K f R2

Al 0.076 23.87 0.0033 0.891 4.89 5.765 0.989
Fe 0.039 1.45 0.0672 0.932 3.83 0.316 0.871

Langmuir and Freundlich constants are listed in Table 1. The
separation factor (RL) from Langmuir isotherm aids to explicate
the affinity of sorption between the adsorbate and sorbent. This
can be derived as RL = 1/(1 + bC0). The RL value indicates
the behaviour of sorption to be irreversible (RL = 0), favourable
(0 < RL < 1), linear (RL = 1) or unfavourable (RL < 1) [29].
Likewise, the model parameter n in Freundlich isotherm, at 1 <

n < 10, suggests the beneficial sorption behaviour [30].
Therefore, styrene divinylbenzene based strong cation ex-

change resin (Amberlite IR120 H+) showed favourable and
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Figure 3: Process flow sheet for precipitation of struvite from P-rich solution obtained with fresh and recirculated 0.5 M phosphoric acid solution. Mn+ represent
metal impurities.

Table 2: Summary of conversion of aluminium phosphate to struvite showing concentration of various elements at different stages with their respective efficiencies
in batch 1 (use of pristine 0.5 M phosphoric acid) and batch 2 (use of refined solution with 0.5 M phosphoric acid) experiments.

Element AlPO4

P-rich solution
Leaching: LS = 40 mL/g

Refined P-rich solution
Ion exchange: Dosage = 0.6 g/mL

Supernatant
Precipitation: pH = 9.5

precipitates Batch 1 Batch 2 Batch 1 Batch 2 Batch 1 Batch 2
(mg/kg) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

P 180090 19970 19950 18420 18540 105.7 115.2
(99.5)a (99.1) (92.3) (92.9) (99.4) (99.3)

Al 160300 3990 3965 9.0 10.1 - -
(99.6) (98.9) (99.8) (99.7)

Fe 20010 493 485 14.5 15.2 - -
(98.5) (99.2) (97.1) (96.9)

Ca 6300 155 158 - - - -
(98.2) (100.3)

Mg 1180 29 29 - - - -
(98.2) (96.6)

a Values in "( )" represent efficiency in % of each process (extraction/removal), - = not detected (<LOD)

beneficial sorption behaviour and was found suitable to re-
move metal ions in high concentrations form the phosphoric
acid leachate solution. At the given concentration, 4 g/L of
Al and 0.5 g/L of Fe in the P-rich solution, adsorption of Al
ions occurred in a heterogeneous surface, while uptake of Fe
ions proceeded on homogeneous surface of AIR-120H resin by
monolayer sorption.

3.2.1. Recirculation of refined solution for P-extraction
The H3PO4%(wt.) content in fresh 0.5 M phosphoric acid was

estimated to be 2.9%. It was increased to 3.5% after dissolution
of AlPO4 at LS ratio of 40, which accounts an increment by a
factor of 1.21. At the given process parameter, 84% of refined
P-rich solution was recirculated. This can be improved either
by lowering the LS ratio or using CER with higher sorption
capacity. However, the earlier process requires higher dosage of
CER due to elevated concentration of metal impurities. Fig. 3
illustrates a green approach to convert aluminium phosphate to
struvite by using recirculated refined solution. Similar leaching
and metal ion removal efficacies in fresh (batch 1) and purified
(batch 2) P-rich solution were observed (Table 2).

3.3. Struvite precipitation

The P-rich solution, obtained from biomass fly ash derived
AlPO4, comprised of major cationic impurities (Al and Fe) in
high concentration and trace elements with toxic characteristics
in minor concentration. AIR-120H was also shown to be capa-
ble of removing heavy metals (Cr, Cu, Ni, Pb and Zn) from

aqueous solution [27, 31, 32]. Therefore, a CER dosage of 0.6
g/mL was employed to remove most of the cationic impurities.
Table 2 depicts that at 0.6 g/mL of CER was sufficient to re-
move 99 and 97% of Al and Fe, respectively and possibly other
metals ions including heavy metals to some extent. Concentra-
tion of other cationic impurities were below the detective limit
(with ICP-OES) in the purified solution.

The P-rich solutions free from cationic impurities widen the
scope of P recovery as pure high-grade phosphoric acid with
further purification and concentration via evaporation. How-
ever, this study focuses on P recovery as struvite while the
earlier is scheduled for future investigation. Lack of compet-
ing and co-existing ions in the refined solution ensure impu-
rities free precipitates [33]. In addition, equimolar ratio of
Mg2+/NH4

+/PO4
3– (1:1:1) at pH 9.5 was identified efficient for

precipitation of the soluble phosphorus as struvite [34, 35]. In
this study, addition of Mg2+ and NH4

+ sources and precipitation
at 9.5 contributed to 99% of P recovery in batch 1 and 2.

The efficiency of the proposed conversion process in batch 1
and 2 is estimated to be 91.3 and 91.5% respectively. The net
efficiency is derived with Eq. 7:

ηnet = ηD × ηCER × ηPPT (7)

where ηD, ηCER and ηPPT represent dissolution, ion exchange
and precipitation efficiencies, respectively.
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3.4. Struvite characterization

3.4.1. Elemental analysis
Elemental composition of precipitates estimated with ICP-

OES is presented in Table 3. The Mg/P ratio in the precipitates
from batch 1 and 2 was found to be 0.773 and 0.777, which
closely resembles the theoretical ratio of 0.785 in pure struvite.
A slight elevation in the concentration of Fe, Al, Zn, Cr and
Pb in batch 2 precipitate was also noticed and is attributed to
their accumulation during recirculation of purified solution for
dissolution purpose.

Table 3: Elemental composition of batch 1 and 2 precipitates.
Element
(mg/kg) P Mg Fe Al Zn Cr Pb

Batch 1 125000 96600 100.4 85.8 35.1 12.3 7.0
Batch 2 125850 97820 105.1 70.0 39.3 13.2 8.1

3.4.2. X-ray Diffraction
Results from XRD analysis confirm the presence of struvite

(MgNH4PO4 · 6 H2O) as a dominant crystalline phase for all
precipitates as shown in Fig. 4. Search match routines revealed
high scored match to struvite structure (PDF4 ref: 015-0762)
in all three patterns. Only very few weak diffraction peaks re-
main unindexed and additional phase analysis did not reveal
unambiguous match to any candidates due to the low number
of and low intensities of the remaining unindexed peaks. Be-
tween batch 1 and 2 struvite, the intensities observed for the
(110), (020), (011) and (211) reflections differ for each other.
This is attributed to preferred orientation and the elongation of
crystals in respective plane.[36]
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Figure 4: X-ray diffraction pattern showing the crystalline nature of the precip-
itates obtained at pH 9.5 from batch 1-2 (Struvite:B1-B2), synthetic solution
(Struvite:C) and standard struvite.

3.4.3. Infrared spectroscopy analysis
A comparison of ATR IR spectra of precipitates to synthetic

compound (Struvite:C) is presented in Fig. 5, which reveals
similarities in the position of absorbance peaks and their inten-
sities. Peaks 1-4 (3800-2200 cm-1) were attributed to O−H and
N−H stretching. Peaks 5-7 at 1675, 1610 and 1432 cm-1 were
assigned to NH4

+ bending vibrations. Peaks 8, 9-11 (980-565
cm-1) were attributed respectively to stretching and bending vi-
brations of PO4

3–, while peak 12 at 460 cm-1 was ascribed to
Mg−O stretching [37]. The spectral peaks from this study were
also compared to reported peaks from other study and presented
in Table 4 [38].
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Figure 5: Infrared absorption-spectra of struvite precipitated from batch 1-2
(Struvite:B1-B2), synthetic solution (Struvite:C). The numbered peaks corre-
sponds to assigned IR active functional group in Table 4.

Table 4: Comparison of the observed and reported absorption peaks of struvite
[38].

Peak
number

Observed
value (cm-1)

Reported
value (cm-1) Bonds/vibrations

1 3475 3480 OH, NH stretching
2 3245 3256 OH, NH stretching
3 2870 2943 OH, NH stretching
4 2345 2353 OH, NH stretching
5 1675 1683 NH4

+ v4 bending
6 1610 1615 NH4

+ v4 bending
7 1432 1439 NH4

+ v2 bending
8 980 1004 PO4

3– v3 stretching
9 885 896 PO4

3– v4 bending
10 755 761 PO4

3– v2 bending
11 565 570 PO4

3– v2 bending
12 460 459 Mg-O stretching

Comparison of the spectra also facilitated to investigate the
effect of recirculation on the nature of precipitates. Similarities
in the spectral position and their intensity suggest that recircu-
lation of refined P-rich solution do not affect the concentration
and position of IR active functional group of the struvite pre-
cipitates.

3.4.4. SEM analysis
Fig. 6 and 7(a-c) displays the photographic and SEM images

of precipitates obtained from synthetic sample (Struvite:C),
batch 1 (Struvite:B1) and batch 2 (Struvite:B2) at pH 9.5. The
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( a ) ( b ) ( c )

Figure 6: Precipitated struvite precipitates from (a) synthetic solution (Stru-
vite:C) and (b-c) batch 1-2 (Struvite:B1-B2).

morphology of white-granular struvite precipitates depict or-
thorhombic structure that grow further into the form of tubular
particles and fractal aggregates. In the absence of coexisting
salts, the granulated particles was found to form compact and
hard aggregates [33]. Chen et al. described the mechanism for
aggregate growth which initiates with collision of orthorhom-
bic crystals of struvite to form aggregates. With further growth,
cluster-cluster aggregation dominates the evolution and forma-
tion of fractal aggregates with elongated shape and rougher oc-
curs [39].

The appearances and morphology of struvite precipitates ob-
tained from batch 1 and 2 were similar. Thus, recirculation of
purified solution did not indicate to impose any threat to mor-
phology of the precipitates.

4. Conclusion

In summary, we reported a green/sustainable approach to
convert aluminium phosphate obtained from biomass fly ash
to struvite, a slow releasing fertilizer. Over 99% of P was
dissolved from AlPO4 solids by 0.5 M H3PO4 at LS ratio of
40 mL/g. The P-rich solutions containing Al and Fe as major
cationic impurities were purified by the use of a strong acidic
cation exchange resin (Amberlite IR120 H+) at 0.6 g/mL of
dosage. This facilitated the removal of Al and Fe ions up to
99.8 and 97.1%, respectively. 84% of purified P-rich solution
was recirculated to dissolve Al−P solids. Similar efficacies in
the dissolution and metal impurities removal process in fresh
and recirculated leaching reagents were observed. The cationic
impurity free P-rich solutions were precipitated at pH 9.4 at
equimolar concentration of Mg2+/NH4

+/PO4
3– (1:1:1). Highly-

pure white-crystalline struvite precipitates were obtained with
heavy metal (Zn, Cr and Pb) concentrations accounting less
than 40 mg/kg. Procuring struvite from biomass fly ash is seen
as a sustainable P recycling method which promotes conserva-
tion of natural resources used for fertilizer production.
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