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Abstract 

 

Phosphorus is an essential nutrient for all living forms that is being used in a non-

sustainable way, which will make the demand outstrip the supply. An application for this 

element is, among others, the fertilizer industry that will lead phosphorus to end up in sewage 

sludge that is a potential source for phosphorus recovery. It is urgent to remove phosphorus 

from sewage, because phosphorus contributes to an unwanted phenomenon in surface waters 

that is eutrophication, which leads to the recovery potential.  Also, water and wastewater 

treatments are a rising concern, because of pollution problems. This way, new technologies 

and treatments should arise for phosphate recovery and reuse.   

The main goal of this work is to study the phosphorus and iron recovery from a magnetic 

vivianite-rich concentrate produced from a magnetic separation with digested sewage sludge. 

Several methods to purify vivianite from the concentrate are presented, such as froth flotation, 

sieving, elutriation and a manual purification. A product with vivianite grade of 78% and a 

recovery of 83% was achieved with an elutriation procedure.   

To recover phosphorus and iron from vivianite, alkaline treatments with potassium 

hydroxide were performed and the products are a solution rich in phosphorus and solids rich in 

iron. These treatments were studied with synthetic pure vivianite and the maximum amount of 

recovered phosphorus that was achieved was with oxidized vivianite at a hydroxide 

concentration of 0.32 M and the solids that are formed need to be further studied. With high 

alkalinity environments it is possible to recover close to 99% phosphorus present in vivianite in 

very short periods of time.  

Vivianite crystals from the magnetic concentrate were purified and later cracked with an 

alkaline treatment. A phosphorus loading in solution of 1.6% was achieved, which is in line with 

the requirements of the fertilizer industry. In this treatment, the iron precipitates were 

ferrihydrite that is an amorphous structure that can easily be broken to reuse the iron.  

The study shows that this treatment is very promising and presents a lot of potential to be 

used in an industrial process to recover, with the highest grade possible, both phosphorus and 

iron present in vivianite formed in digested sewage sludge.  
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1 Introduction 

The main objective of the work presented in this dissertation is to recover both phosphorus 

and iron from a magnetic concentrate rich in vivianite that is produced from digested sewage 

sludge. This investigation was conducted at Wetsus, European centre of excellence for 

sustainable water technology. 

Wetsus develops profitable and sustainable state-of-the-art water treatment technology. 

Their focus is both on the research and development of entirely new concepts and on improving 

existing technology.  With the aim of solving global water problems, companies and research 

institutes, from the private and public water sector from all over Europe, collaborate to fund 

scientific research conducted by leading universities.  

The research themes at Wetsus are vast, subdivided by five categories – Sustainable water 

supply, Wastewater treatment and use, Sensoring of micro/nano pollutants, New water sources 

and Reuse of components and production of energy. This investigation project is part of this 

last group, inside the theme “Phosphate recovery”.  

Phosphorus is a very abundant element in the Earth’s crust [1] and it is present in the most 

basic molecules in the living systems: nucleic acids, ATP and phospholipids [2]. So, phosphorus 

compounds are essential for growth and maintenance of all forms of life [3]. That is the reason 

why around 80% of phosphorus is used for fertilizer purposes [4]. 

The main sources of this element are the phosphate rock reservoirs [5] that are formed on 

a geological time scale, making it a non-renewable resource [6].  

Due to all of these aspects, it is necessary not only to use phosphate in a more efficient 

way, but also to increase research on the recovery of phosphorus from secondary sources, 

because the mining of phosphate rock leads to a lot of environmental problems [7], such as the 

destruction of the surrounding environment, the production of a lot of waste and the spreading 

of pollutants.  Plus, there are no other sources of phosphorus on the market today that are able 

to replace the global production from phosphate rock [5]. Nowadays, the market price of rock 

phosphate is significantly lower than the costs of recovering it [8]. 

In wastewater treatment plants (WWTPs) phosphorus can be removed either biologically or 

chemically. In plants where iron is dosed for phosphorus removal, vivianite was found in 

digested sludge [9], which is the product after an anaerobic digestion that has the purpose of 

reducing the amount of organic matter. Vivianite is an iron phosphate mineral and optimal 

conditions for its formation are gathered in the digester, such as the absence of light and 

oxygen. This mineral is the only phosphorus paramagnetic compound in sludge [10], so a 



Phosphate and Iron recovery from a vivianite-rich concentrate produced from digested sewage sludge 

2 

magnetic separation is being performed with a Jones separator from the mining industry in a 

WWTP in Breda to separate vivianite from digested sludge, producing a vivianite-rich 

concentrate. 

The main goal of this work is the study of phosphate and iron recovery from this vivianite-

rich magnetic concentrate produced from digested sewage sludge, so that a circular economy 

approach can be achieved. The study consisted on analyzing the concentrates produced in a 

pilot magnetic separator and on recovering phosphorus and iron through alkaline dissolution. 

Thus, the quality of the product was controlled and further investigation of possible 

applications was also conducted.  

This dissertation is structured according to the following chapters: Chapter 2 describes the 

state of the art, presenting, first, a brief overview on phosphorus occurrence, followed by a 

summary of phosphorus removal techniques. A bibliographic review of the main topics that 

support the objectives of this project are here presented as well. Moreover, it also contains a 

review of the literature concerning vivianite, its separation from digested sludge and how 

phosphorus was recovered from this mineral; on Chapter 3 the materials and methods used in 

the experimental part are listed and explained; on Chapter 4 it is presented the results obtained 

in the experimental work and a critical discussion; the last chapter, Chapter 5, contains the 

concluding remarks about the experimental work and suggests future work and approaches. 
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2 State of the art 

2.1 Phosphorus 

Phosphorus, a chemical non-metallic p-block element, represented by the P symbol, has 

an atomic weight of 30.974, and is the 11th most abundant element in the Earth crust, with 

around 200 known phosphorus minerals [1]. Phosphorus is also the 17th most abundant element 

in the universe [11]. It  is a nonreplaceable and non-renewable resource [12], making it possible 

that the extractable resources of this mineral might become scarce or exhausted in the next 

century [13]. Thus, it is urgent to protect, reuse and recover this important element.  

This element was discovered in 1669 by Henning Brand of Hamburg after performing a 

distillation of urine [3]. The obtained substance received the name phosphorus, which in Greek 

means light-bearer, because of its glowing behavior while in the dark and the fact that it burst 

into flame when in contact with air [2].  It is possible to conclude that human urine is 

phosphorus-rich and the phosphorus in these excreta is water soluble and very reactive. 

White and red phosphorus are the main types of elemental phosphorus and are both very 

reactive, especially the white one [14].  

The vast majority of the natural compounds with phosphorus contain phosphorus-oxygen 

linkages. The fully oxidized forms (oxidation number +5) of phosphorus bonded with oxygen are 

called phosphates and represent 99% of the natural compounds with phosphorus [15]. This 

happens because of the oxygen atmosphere on Earth and because of the instability of elemental 

phosphorus and other more reduced phosphorus compounds. The compounds of biochemical 

importance are mostly organic phosphate esters [16]. 

2.1.1 Importance  

Phosphorus compounds are essential for growth, development and maintenance of all 

plants and animals [3] and play a vital role in biological processes [17].  

Phosphate is in the constitution of all living systems, because it is present in nucleic 

acids (DNA and RNA), ATP and phospholipids [2]. The nucleic acids are macromolecules with a 

long chain of nucleotides, and each has a nitrogenous base, a sugar and a phosphate group [18]. 

The backbone of these molecules consists of a sugar-phosphate linkage and the nitrogenous 

bases may bind with one another by means of hydrogen bonds [19]. ATP stands for adenosine 

triphosphate, and it is the energetic currency of the cell [20]. ATP has an adenine base attached 

to a sugar and three phosphate groups, and the loss of one of these groups results in a liberation 

of energy used in biological processes [21]. Phospholipids are present in cell membranes and 

make up around 60% of the brain’s weight [22].  
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Moreover, phosphorus can be found in the bones or teeth of several organisms, in the 

form of different calcium phosphate minerals, showing its high affinity for metals [23].  

In several ecosystems, phosphorus is a limiting nutrient to growth and production [24]. 

Regarding plant growth, the deficiency of this element is a limiting factor, due to its major role 

in the division of cells, photosynthesis and transfer of energy, among other functions [25]. 

Insufficient concentrations of this element in soils limit the crop growth on, approximately, 

two-thirds of world’s farmland area [26].  

As a conclusion, phosphorus is a crucial element for life. As Isaac Asimov (1974) once 

said, “life can multiply until all phosphorus is gone, and then there is an inexorable halt which 

nothing can prevent...We may be able to substitute nuclear power for coal, and plastics for 

wood, and yeast for meat...but for phosphorus there is neither substitute nor replacement.” 

[27].   

2.1.2 Uses  

Phosphorus is seen, in the global marketplace, as a strategic commodity [28]. About 80% 

of phosphorus is used for fertilizer purposes, due to its importance in biology [4]. This demand 

tends to increase over the years due to population growth and dietary changes [29].  

Still, the non-fertilizer-phosphate industry includes several applications, because 

phosphorus can be incorporated in several products from different sectors. For example, it can 

be a constituent of pharmaceutics; it can be in several products for industrial uses, like 

detergents, flame retardants, corrosion inhibitors, paints and others; it can be an animal feed 

additive, and, also, an additive for human processed food and beverage; among other 

applications.  

2.1.3 Sources 

Phosphate rock reservoirs are the main source of phosphate, which is mined per year at 

a global rate of, approximately, 20 million metric tons [5]. These reservoirs are formed on a 

geological time scale, making them a non-renewable resource and there is a lot of discussion 

related to the time where demand will outstrip supply [6]. Furthermore, the mining of this rock 

leads to a lot of problems, such as the destruction of the surrounding environment, the 

production of a lot of waste [7] and the spreading of pollutants present in phosphate rock, like 

cadmium [30]. Furthermore, most of these reservoirs are concentrated in a few locations on 

the globe [31], contributing to a geopolitical dependency on the countries that possess them 

[32]. Additionally, only about a fifth of the mined phosphorus from phosphate rock reaches the 

food consumed by humans [33] because of its constant loss at all key stages of the food system. 

Taking all of these aspects into consideration, it is necessary to not only use phosphate 

in a more efficient way  [34, 35], but also to recover phosphate from secondary resources, like 
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manure or sewage sludge [36]. It is crucial to increase research on these recovery processes, 

because, nowadays, the market price of rock phosphate is significantly lower than the cost of 

recovering phosphorus from wastewater [8] and there are no other sources of phosphorus on 

the market today that are able to meet the global production from phosphate rock [5]. 

2.1.4 Harms related to Phosphorus in water 

Phosphorus may enter water bodies very easily, not only through the natural cycle 

(Figure 1), but also because of sewage discharges, mining, agricultural and industrial activities 

[37]. Every day, there is a discharge of up to 2 g of phosphorus by each individual [37]. The 

presence of phosphorus in surface waters causes ecological and, consequently, economical 

damage [38]. Excessive concentrations of phosphorus in water lead to eutrophication [39], 

which is the most dominant global water quality problem [40]. Eutrophication happens when 

water bodies are enriched by nutrients, which cause luxuriant growth of organisms, leading to 

the deterioration of water quality and affecting the ecological balance of aquatic life [41]. The 

ecosystems of these waters are not only damaged by the presence of new entities and all the 

competition it implies, but also by the compounds produced by them [42] and the possibility of 

oxygen depletion to hazardously low levels [43, 44]. These problems associated with 

eutrophication are related to hypoxic “dead” zones, present in around 400 locations worldwide, 

including the Gulf of Mexico [45]. Eutrophication can also be a threat to human health, because 

of the possible exposure to toxins, for example, in the consumption of contaminated shellfish 

or through direct exposure to waterborne toxins [46]. Since phosphate is present in every living 

form, the incorporation of this element works as a cycle that is schematized on Figure 1.   

 

Figure 1. The water-based phosphate cycle [47]. 

Freshwater eutrophication is a major problem that implies treatments with elevated 

associated costs [48].  The process of water treatment is also affected by the large amount of 
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biomass that characterizes eutrophication, because filters can be blocked and the treated 

water can have bad odor and taste [49].   

To avoid eutrophication, phosphorus is typically removed in sewage treatment plants by 

enhanced biological phosphorus removal (EPBR) or chemical phosphorus removal (CPR). Sewage 

is an important secondary source for phosphorus [50]. In both cases, phosphorus is concentrated 

in the sewage sludge. 

2.2 Phosphorus removal 

The use of phosphorus is still not sustainable [51] and there is an imbalance between the 

locations with phosphorus needs, such as agricultural fields, and locations with accumulation 

of this element, for instance where cattle breeding predominates [52]. Phosphorus removal and 

recovery from wastewater is an interesting renewable source [37] of this element and there is 

a wide range of technologies and processes for this purpose. Natural phosphorus-removal occurs 

in the conventional processes in activated sludge treatment plants [53]. In the primary 

treatment of wastewaters, up to 15% of phosphorus will be removed, because of its association 

with particulate matter [54]. Conventional biological treatment can remove from 10% to 25% 

of phosphorus [55].  

About one third of Europe’s needs for fertilizer [56] could be met if the 370 kton of 

phosphorus that ends up in the wastewater treatment plants [50] were used for this purpose. 

In many European countries, the acceptance of direct sludge application in agriculture is 

decreasing, even though it is the main way of phosphorus reuse [57], because of its potential 

health and environmental risks [58] caused by heavy metals and/or organic pollutants [59]. Due 

to this big potential source of phosphate present in sewage sludge, a lot of investigation has 

been done in this topic [60]. 

An efficient way for the recovery of phosphate to a form applicable in many sectors 

(agriculture or in the non-fertilizer-phosphate industry) is something that should be further 

investigated to obtain a sustainable use of phosphates. Advanced methods have been developed 

to separate phosphorus after treatment, such as the capture from incinerated sewage sludge 

ash or recovery as struvite (NH4MgPO4·6H2O) [60]. The recovery of phosphate as struvite in 

sewage treatment plants with biological phosphate removal processes has only interest if iron 

or aluminum salts are not used for phosphate removal and this recovery shows low efficiency, 

comparing to the incoming phosphate [61, 62]. On Figure 2, there is a compilation of the 

common technologies for phosphate removal from wastewater sources, and their key 

characteristics are highlighted [63].  
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Figure 2. Key characteristics of common technologies for phosphate removal from wastewater 

sources (adapted from [63]).  

2.2.1 Enhanced Biological Phosphorus Removal (EBPR) 

About 60 years ago, research found that phosphorus, under some conditions, could be 

taken up by activated sludge in bigger amounts than those required for normal biomass growth 

[64-66]. This high phosphorus removal was initially referred to as "Luxury uptake" [65]. Because 

of these discoveries, an enhanced biological phosphorus removal technology was developed. It 

has the advantages of avoiding the use of chemicals and excess sludge production but the 

disadvantages of more complex plant configurations and operating regimes and a necessity of 

careful handling of the sludge [37]. On Figure 3, there is a basic biological phosphorus removal 

process. 
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Figure 3. Basic representation of a biological phosphorus removal process (where the 

anaerobic phase is represented in black and the aerobic phase in white) (adapted from [37]).  

The enhanced uptake of phosphorus by microorganisms called polyphosphate-

accumulating organisms (PAOs) [67] is achieved, in the activated sludge process, by introducing, 

firstly, an anaerobic phase in a separate reactor or in the first section of a plug flow reactor or 

part of a sequencing batch reactor cycle [37]. Then, there is an aerobic (or anoxic) stage where 

the pH has to be above 7.25 [68].  In these processes, under anaerobic-aerobic conditions, the 

mean concentrations of the measurable components are expressed on Figure 4.  

 

Figure 4. Schematic representation of the concentration profiles for EBPR under anaerobic-

aerobic conditions [53]. 

In the anaerobic phase, with absence of oxygen and nitrates, PAOs take up volatile fatty 

acids (acetate) as a carbon source and the concentration of intracellular PolyHydroxyAlkanoates 

(PHAs) increases. The glycogen concentration gets lower and the soluble phosphate increases 

(the line “phosphate” in the graphic) as the intracellular polyphosphate decreases [69]. The 

energy required for the storage of the PHAs polymer comes from the breakdown of glycogen 

and hydrolysis of polyphosphate [53, 70].    

In the aerobic stage occurs luxury uptake, where phosphorus removal rates can be up 

to 80 or 90% [37]. During this phase, there is a consumption of the PHAs for growing and there 

is the uptake of phosphate from the medium to regenerate glycogen and polyphosphate [69]. 
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The phosphorus recovered from EBPR sludge, as a fertilizer, can be as effective as 

mineral phosphorus [71]. With these procedures there is a total phosphorus removal of 85 to 

95%, but only 2 to 7% of dry weight of waste sludge corresponds to phosphorus [47]. 

On the following Figure 5, there is a conceptual model for EBPR that summarizes all the 

mechanisms and what happens in each phase [72]. The outlets from the sedimentation (last 

stage) are represented and a flow might be recirculated.  

 

Figure 5. Conceptual model for EBPR in the different phases [72].  

For phosphorus recovery, it was found that the phosphorus contained in the ash from 

the incineration at 670°C of the resulting sludge from an EBPR could be leached with water and 

precipitated using ferric chloride. The con of this recovery solution is that incineration is not 

environmental friendly and is an expensive disposal method for sewage sludge [73].  

2.2.2 Chemical Phosphate Removal (CPR) 

The widespread use of chemical precipitation for phosphorus removal in wastewater 

treatment started in Switzerland during the 1960s, in response to the growing problem of 

eutrophication [74].  

The chemical phosphate removal (CPR) can achieve efficiencies up to 95% [75]. This 

process is completed by adding iron, aluminum salts or lime (Ca(OH)2) to wastewater. There 

are several commercially available aluminum and iron salts [55, 75] that are used for this 

purpose . The dosage depends on specific characteristics of the wastewater, so it is determined 

by on-site testing. Lime was one of the main chemicals used for phosphorus removal, but it has 
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been less used more recently, due to an increase on sludge production and due to operational 

and maintenance problems associated with its use [55]. 

In the activated sludge wastewater treatment process, the addition of chemical 

coagulants for phosphorus precipitation can occur at various points [76]. It can be before the 

primary clarifier, which is called direct precipitation. The addition can be after the primary 

clarifier preceding further biological treatment, and this is called pre-precipitation. A 

simultaneous precipitation can also be performed, when the chemical is added three times, 

before the bio-process, during and after. Lastly, the addition of chemicals after secondary 

clarification to the inlet of the tertiary flocculation and sedimentation facilities is called post-

precipitation.  These different locations present advantages and disadvantages and the choice 

of the location resides on the particularities of the system [77]. The higher removal efficiency 

is achieved when aluminum or iron salts are added in the secondary treatment, because 

polyphosphates and organic phosphates have been transformed by the bio-process to 

orthophosphates, that are more easily removed by chemical precipitation [55].  

Regarding iron addition, the main advantages are the fact that it is efficient, simple and 

cheap [78]. But iron is added in sewage treatment plants not only because of CPR, but also to 

improve the dewatering of the sludge [79], to remove chemical oxygen demand (COD) [80] and 

to stop hydrogen sulphide (H2S) emissions [81, 82]. The iron phosphorus compounds (FeP) 

formed in the sewage sludge could be used for the recovery of phosphorus, but the main 

problem resides on the lack of information on FeP mineralogy in sewage treatment plants [83].  

CPR presents several disadvantages, among them the environmental problems 

associated with the presence of aluminum and iron salts in the effluent and the formation of 

large amounts of sludge [84].  Iron and aluminum, used for chemical precipitation of phosphates 

as stated before, have a good affinity for phosphates, making them effective in P removal, but 

the precipitates cannot be used for agricultural or industrial applications because the added 

metals interfere with industrial purification methods and prevent phosphorus recovery by the 

usual approaches [76].  

So, new methods for phosphorus removal should be investigated or new ways to recover 

it efficiently from the iron or aluminum complexes that are formed should arise.    

2.3   Vivianite 

2.3.1 Vivianite properties 

Vivianite is a hydrous phosphate ferrous iron mineral (Fe(II)3(PO4)2.8H2O) that is 

insoluble in water (Ksp = 10 −36) and stable under anaerobic and nonsulfidic conditions, in the 

presence of high ferrous iron and at pH 6−9 [85]. This mineral is 33.40% (w/w) in iron (II) and 

12.35% (w/w) in phosphorus [86]. Vivianite structure has phosphate tetrahedra and octahedral 
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groups made of oxygen and water around ferrous iron ions [87] (see the schematic 

representation of the structure of vivianite on Figure 6). Vivianite presents a perfect cleavage, 

because of weak hydrogen bonds between sheets of linked tetrahedra, octahedra and double 

octahedra [87]. 

Vivianite is very susceptible to oxidation processes, due to partial oxidation of the iron 

within it [88]. The oxidation process of vivianite is very noticeable, because the pure unaltered 

form of vivianite is colorless and, after exposure to oxygen and light, vivianite starts to become 

greenish to bluish and its color becomes darker as the oxidation progresses [89]. These iron ions 

can be positioned in relation to phosphorus in two different sites, in site A (represented on 

Figure 6 as FeA) and in site B (represented on Figure 6 as FeB). In each vivianite molecule, there 

is one site A and two equal sites B bound to each phosphate tetrahedron. During oxidation, 

accelerated by the presence of light, a water molecule present in an octahedron is converted 

to a hydroxide group, making the closest ferrous iron transform to ferric iron.  The oxidation 

of the vivianite molecule starts in site A, which is the first place where the oxidation takes 

place [90], and then progresses to site B, creating a pair of FeB (II) - FeB (III), when the oxidation 

level is higher.  

 

Figure 6. Vivianite structure viewed along b axis, where  represents O2- ions and  

represents H2O molecules (Reprinted by permission from Springer Nature Customer Service 

Centre GmbH: Springer Physics and Chemistry of Minerals [91], © Springer-Verlag Berlin 

Heidelberg 2000) 

2.3.2 Vivianite in WWTP 

In wastewater treatment, iron and phosphorus interact in different stages, depending 

on the conditions and on the iron dosing, and the initially formed iron phosphate compounds 

may change due to different conditions [82, 92, 93]. 

Vivianite can be formed when ferrous iron is added to remove phosphorus [92, 94]  and 

it was found in surplus sludge and anaerobically digested sludge [9, 92, 95]. If iron salts are 
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dosed for phosphorus removal on the anaerobic digester, optimal conditions for vivianite 

formation are present, such as microbial reduction to ferrous iron and the absence of oxygen 

and light. Vivianite was found to be the dominant FeP mineral phosphate phase in the digested 

sludge [96] if iron is present at an iron : phosphorus molar ratio of 1.5 [97].  

On the following figure (Figure 7), there is a representation of a wastewater treatment 

plant with iron addition and its interaction with phosphorus at different stages [83]. 

 

Figure 7. Wastewater treatment plant with iron addition at different stages and the iron and 

phosphorus interactions [83]. 

Seitz et al. (1973) [9] noticed vivianite in dried sewage sludge while Frossard et al. 

(1997) discovered sand to silt-sized vivianite [92]. Thus, after digestion, between 70-90% of the 

total amount of phosphorus and 60-67% of iron can be bound to vivianite, if iron has a high 

enough concentration [97].  

In the sludge, vivianite are small particles, like crystals and/or aggregates with a size 

of 10 to 150 µm [92, 97], with a constitution not only of iron and phosphate but also of impurities 

like magnesium or calcium [85, 98]. Such impurities make the quantification of this mineral 

more difficult and may change its magnetic susceptibility and some physical properties, like 

density and color.  The formed vivianite particles are trapped in an organic matrix [10, 92].  

2.3.3 Separation of vivianite from the sludge 

The extraction of vivianite is a new possibility to recover phosphorus from sludge, 

because of the high fraction of phosphorus potentially present in this mineral. Since only 10 to 

50% of the total P can be recovered via struvite precipitation [61], new approaches using 

vivianite might be very interesting. Besides, in reductive environments like sludge, vivianite is 

the most thermodynamically stable FeP mineral [99]. So, thermodynamic evaluations show 

that, during sludge digestion, vivianite formation should occur preferentially to struvite.  
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Vivianite is classified as a paramagnetic mineral, which is a material that is attracted 

by magnetic forces to zones where the field intensity is higher [100]. Paramagnetism occurs 

when magnetic dipoles are created by unpaired electrons. These dipoles are aligned when there 

is a magnetic field, which magnetizes the material that will experience a magnetic force along 

the lines of the field [100].   

Vivianite is the only phosphorus paramagnetic compound in sludge [10]. Seitz et al. 

(1973) [9] used paramagnetic and simple magnetic systems on an experimental set-up to 

concentrate vivianite in sewage sludge in order to analyze it using XRD (X-ray diffraction).  

Therefore, magnetic separation to recover vivianite from sludge is an interesting 

approach. With the aim to extract vivianite from sludge and study its composition, Prot et al. 

(2019) [10]  used a device that mimics the working mechanism of a Jones separator from the 

mining industry to produce a magnetic concentrate from digested sludge. The Jones separator 

is a high-intensity magnetic separator that works on wet sludge [101]. This research showed 

that wet magnetic separation can extract vivianite from sewage sludge [10]. If some parameters 

were adjusted, like lowering the magnetic field and increasing the pulsating frequency, this 

separation could be further improved, which would imply an increase on the grade of vivianite 

in the concentrate and a decrease on the recovery of vivianite [101]. But more knowledge about 

vivianite in the sludge, like density, magnetic susceptibility, among others, should be acquired.  

Besides the possibility of phosphorus reuse, the recovery of the vivianite from the 

sewage sludge presents other advantages, such as a substantial decrease in the amount of 

sludge. This happens because up to 20% of the dry matter of sewage sludge can be vivianite 

[10]. Also, this recovery will make the sludge a better energy source, because of an increase 

on its heating value [10]. Plus, vivianite can precipitate and form scaling and encrustation in 

pipes [102] from WWTP where ferric iron is dosed, so this unwanted formation that presents a 

serious problem to WWTP should be controlled and minimized.  

2.3.4 Recovery of phosphorus from vivianite 

Phosphate recovery from iron phosphate rich sewage sludge is currently done through 

sludge incineration [62]. So, the recovery of phosphorus from vivianite may present advantages 

due to the problems involved with incineration procedures and therefore needs to be studied 

further. 

Using an alkaline treatment without optimizations, Prot et al. (2019) [10]  recovered 

phosphorus from vivianite up to 90%. In short, this treatment consisted in adding ultratrace 

NaOH giving a molar ratio excess between OH- and Fe of 5 - 10. The alkaline treatment also 

separated most of the elements from the phosphate, because they precipitate as hydroxides 
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[10]. Because of this, the trace elements in the final solution met the common concentration 

in P-rock and the future legislation about recovered phosphorus salts [10]. 

The total recovery of phosphorus from the digested sludge with the paramagnetic 

separation and the alkaline treatment performed by Prot et. al (2019) [10] ranges from 16 to 

32% of the phosphorus present in the influent wastewater, depending on the origin of the sludge 

and the iron concentration. A higher-grade product must be achieved so that high-value 

applications can be considered, such as the creation of pigments to be used in art [103] or the 

incorporation in lithium-ion batteries [104], so optimizations should be investigated.   

Several other approaches to recover phosphorus from iron have been studied [83], but 

none is economically feasible. One of the most relevant mechanisms to release phosphorus from 

vivianite is the oxidation of iron, that may cause net release of phosphorus from the mineral. 

This oxidation can be microbially induced, which is the faster way to complete oxidation of 

vivianite [105].  

An economically feasible way to recover phosphorus from vivianite and specific ways for 

mobilizing phosphorus from this mineral should be further studied and characterized. Using the 

knowledge described on the paramagnetic properties for vivianite separation and the 

subsequent alkaline treatment to recover the phosphorus, optimizations were conducted and 

are presented in this report.  
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3  Materials and Methods 

3.1 Vivianite-rich concentrate  

3.1.1 WWTP Nieuwveer 

The WWTP Nieuwveer is located in Breda, The Netherlands, and it is the place where 

the vivianite-rich concentrate was collected. On the following Figure 8, there is a simplified 

representation of the wastewater treatment process in this plant. 

 

Figure 8. Simplified part of the process diagram of the WWTP Nieuwveer. 

In this WWTP, the AB technology is used [106]. Iron (II) dosing is done at the A stage of 

the process for phosphorus and COD removal, which leads to vivianite formation in the digester 

located downstream. The amount of iron added in this stage is about three times the amount 

that comes in the influent [83]. The A and B stages have different sludge retention times (SRT) 

and these are the steps prior to the digestion where the formation of vivianite is more notable. 
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That way, and as a part of the Vivimag project, a magnetic separation was installed after the 

digester so that a magnetic concentrate rich in vivianite can be produced from the digested 

sludge. The focus of this project was to investigate after treatments for this concentrate that 

is already being produced. 

3.1.2 Vivianite-rich concentrate production 

As it was said before, vivianite is a paramagnetic mineral, rich in phosphorus. With the 

aim to separate it from digested sludge, its magnetic properties were exploited.  

After the digester on the WWTP Nieuwveer, a full-scale Jones separator (Figure 9) that 

operates at one cubic meter per hour has been installed. This installation is an extra to the 

WWTP Nieuwveer as a part of the Vivimag project.   

 

Figure 9. Schematic representation of a Jones separator – on the left a plan view and on the 

right a top view [100]. 

This machine is a high-intensity magnetic separator with a strong main frame of steel 

where magnet yokes are attached with electromagnetic coils enclosed [100].  The material is 

fed in continuum to a rotational system with plate boxes that are brought in and out of the 

magnetic field. The magnetic parts of the sludge are held back and the others fall to a collector, 

forming the tailings. Then, the magnetics are obtained by a high-pressure wash. This magnetic 

part is a vivianite-rich concentrate, although it still has a lot of impurities, such as organic 

matter.  In this project, some sludge pre-treatments were tested before the magnetic 

separation, such as the inclusion of a screw-press, to prevent clogging in the Jones separator.  

The concentrate that was used throughout the experiments was obtained by separation 

tests done with a 1 mm matrix diameter in the Jones separator and was stored at -4º C. This 

concentrate is a mix of concentrates produced in different separation tests always with the 

same matrix, but with different magnetic flux densities, different frequencies of the ring and 

the pulsation.  This concentrate was evaluated as a high recovery, meaning that the vivianite 

losses in the magnetic separation are minimal, and low grade concentrate, because the 

concentrate has a low vivianite content. Other tests and other concentrates were obtained and 

previous work on the research lab had shown that an increase on the matrix diameter means 

an increase on the grade of vivianite as well as a decrease on the recovery.  
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3.2 Analysis  

3.2.1 ICP-OES 

Inductively Coupled Plasma (Perkin Elmer, type Optima 5300 DV) with an Optical Emission 

Spectroscopy as detector (ICP-OES) is a technique available in Wetsus analytical laboratory that 

determines the concentration of elements present in a sample. This device has an Autosampler 

(Perkin Elmer, type ESI-SC-4 DX fast) and a software to process the data (Perkin Elmer 

WinLab32), a rinse (2% of HNO3) and internal standard solution (10 mg/L of Yttrium). This 

analytical technique requires aqueous inorganic samples, which may demand some sample 

preparation steps, and each element has to be in a concentration inside the quantification 

range of the machine (0.2 to 10 mg/L). The analysis requires an overall acid content of 2% in 

solution and the total concentration of salt has to be inferior to 0.5 g/L so that the equipment 

is not damaged, which may imply further dilutions and/or acid addition. The results from ICP-

OES give information about the concentration of all the elements present in the submitted 

sample, including its impurities. The results have to be treated having into account the dilution 

factor, the volume of acid added, the mass of sample and other parameters.  

3.2.2 Microwave Digestion 

Microwave digestion is a sample preparation step prior to ICP-OES in order to analyze 

solids, by dissolving them in a strong inorganic acid (nitric acid). This digestion is done in Ethos 

Easy from Milestone with an SK-15 High-Pressure Rotor and it is set to reach 200 °C in 15 min, 

run at this temperature for 15 min and to cool down for 1 h. The solids are introduced in a 

Teflon vessel with 10 mL of ultrapure HNO3 (64.5–70.5% from VWR Chemicals). After the 

complete microwave digestion of the solid samples, the obtained solution is always diluted ten 

times for security reasons. The acid content in the samples has to be taken into account in 

order to meet the ICP-OES analytical technique’s condition that demands a total acid content 

of 2% as well as the expected concentration of each element to make sure that it is inside the 

quantification limits, which may imply the addition of more acid or dilution of the sample. 

3.2.3 Microscopy Analysis 

As a way to quickly know the composition of several solid samples, microscopy analyses 

were performed. The microscope that was used was Leica MZ 9-5 with the software Leica 

Application Suite for image treatment and acquaintance. In this technique, no preceding 

sample treatment is required and it is possible to analyze, in a fast and easy way, the 

constituents in terms of color, size, shape and general distribution. Vivianite is a mineral that 

is very easily recognizable on a microscope due to its vibrant color in shades of blue and its 

vitreous luster [86]. This analysis was used as preliminary to other studies or as a first analysis 

of formed solids.  
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3.2.4 Ferrozine method to quantify Fe (II) and Fe (III) 

The oxidation of vivianite was evaluated based on a method that quantifies the presence 

of ferrous and ferric iron on a sample (see Annex 1). This is explained in Viollier (2000) [107] 

and it is a colorimetric method that allows the measurement of iron(II) in a sample, followed 

by the possibility of quantifying total iron after a reductive step and another measurement and, 

by substraction, iron(III).  

This spectrophotometric analysis is possible due to the formation of an iron(II) – ferrozine 

stable magenta complex that has a maximum absorbance at a wavelength of 562 nm. The 

reductive reaction is performed with the addiction of hydroxylamine. A calibration curve 

prepared in the lab (April 2019) with standard ferrous and ferric solutions stable under normal 

conditions was used for measurement quantification. The quantification is further explained in 

Annex 1. 

This technique was always performed inside the anaerobic chamber. Solid samples, 

including synthetic vivianite or impure vivianite, were analyzed after dilution with 1 mol/L 

hydrochloric acid followed by dilution with oxygen-free water until the measured concentration 

fell in the range of quantification. 

3.2.5 XRD 

X-ray powder diffraction (XRD) is a fast analytical technique used for recognition of 

crystalline phases in a solid material, which allows the identification of vivianite and other 

possible crystals in solids. These analyses were performed with the apparatus PANalytical X’Pert 

PRO diffractometer with Cu-Ka radiation (5–80° 2θ, step size 0.008°) in TU Delft and the fitting 

was done with the software Origin Pro 9. The materials had to be finely ground, forming a 

homogenized powder that was inserted into 0.7 mm glass capillaries that were sealed with a 

burner and mounted in a sample holder, before submitting for analysis.  These preparations 

were done under oxygen-free conditions when the aim was to study oxidation effects. Each 

crystal has a known unique diffraction peak, which is the result of the interaction between 

monochromatic X-rays that are falling on the sample and the crystalline structures. These X-

rays are diffracted after the collision in a specific way for each crystal, and detected and 

processed for identification [108].  

3.2.6 Mössbauer Spectroscopy 

The Mössbauer Spectroscopy was done in TU Delft with the goal to evaluate the state of 

oxidation of several solids, by detecting and analyzing iron atoms as they are the only that can 

harvest the gamma rays produced by radioactive cobalt. This technique is based on the 

Mössbauer effect that is the recoil-free emission and absorption of gamma rays in solids. If the 
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recoil energy is lower than the lowest quantized vibrational mode, then recoil-free events may 

occur, due to the fact that solid atoms can vibrate [109].  

The weight of the sample was adjusted to have 15 mg of Fe/cm2. A conventional constant-

acceleration spectrometer using a 57Co (Rh) source was used to collect the transmission 57Fe 

Mössbauer absorption spectra at 300 K and 77 K.  An α-Fe foil was used to carry out the velocity 

calibration and the Mosswinn 4.0 program was used to fit the Mössbauer spectra [110].  

3.2.7 pH meter 

The pH meter used in the several pH measurements done in this work was Mettler 

Toledo, SevenExcellence™ pH/mV. The pH electrode used connected to this device was the 

InLab Expert Pro that has a zero point (pH) of (7±0.25).  

3.3 Vivianite 

3.3.1 Synthetic vivianite 

To produce synthetic vivianite, the procedure described in Al-Borno (1994) [111] was 

followed. It was performed inside an anaerobic chamber, without any direct light exposure and 

with oxygen-free solutions. The reactor described in the article was changed to a 1 L beaker 

completely sealed and wrapped with aluminum foil. The salt solutions were prepared with a 

deoxygenized buffer solution made of glacial acetic acid and sodium acetate trihydrate inside 

the glovebox. 

3.3.2 Impure vivianite 

Scaling is a mineral deposit that is formed in pipes [102]. A scaling that is 95% of vivianite 

was found at some stages in WWTP where iron was dosed for phosphorus removal.   

The scaling that was used as impure vivianite is from a return sludge pipe from Venlo. 

This a solid mineral material that is formed in layers due to vivianite genesis and deposition. It 

is possible to observe different layers with distinct shades of blue that may correspond to 

periods where light and oxygen exposure conditions were distinct, leading to different oxidation 

stages of the formed vivianite.  

To perform experiments with scaling, a manual grinding procedure was done. In order 

to study non-oxidized impure vivianite, this grinding was performed inside an anaerobic 

chamber to prevent oxidation.  

3.3.3 Oxidation 

With the aim to study the effect of oxidation in several experiments, grinded vivianite 

was oxidized. Different oxidation stages were mimicked by submitting the samples to different 

oxidation periods, under the same conditions. To oxidize this material, the samples were spread 
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on a petri dish, forming a thin layer, and were left inside a chamber with artificial constant 

visible light during the intended time. 

 The vivianite samples were mixed and homogenized every 24h to make sure that all the 

parts were equally oxidized. This chamber was created in order to minimize deviations on light 

and oxygen exposure, temperature and atmosphere.  

3.3.4 Characterization of the concentrate 

The concentrate used in the several experiments has to be characterized before, mainly 

due to the fact that some of its properties change over time. That way, properties and 

characteristics were determined for each test.  

The amount of total solids present in the concentrate was quantified by drying the 

material inside a fumehood over the weekend and evaluating the mass difference between wet 

and dry sludge.  Microscopic analysis was done using the dry form of the concentrate and the 

images were acquired and treated with the software Leica Application Suite, from the 

microscope Leica MZ 9-5 (see 3.2.3).  

The elemental composition of the concentrate is a very important parameter that was 

evaluated using a quantitative elemental analysis, ICP-OES (Inductively Coupled Plasma - 

Optical Emission Spectrometry), which was described in section 3.2.1.. But, as a preparation 

step for this analysis, microwave digestion is necessary to turn the sample into an aqueous 

inorganic solution, as it was explained in section 3.2.2. 

Having into account the mass percentage of phosphorus in vivianite, and assuming that 

all phosphorus in the sample is present in vivianite, the concentrate’s vivianite grade (see 

Annex 2 – 2.1.1), that is, the content in vivianite of the concentrate, can be estimated using 

phosphorus concentration given by ICP-OES. The results can be compared to the same results 

using iron concentration and iron mass percentage in vivianite instead. It is believed that the 

results regarding phosphorus are more reliable, due to the fact that other magnetic compounds 

with iron might be present in the concentrate and that iron atoms in vivianite might be replaced 

by other bivalent cations.  

3.4 Pre-treatment of the concentrate 

In order to have a more efficient cracking of the vivianite present in the concentrate to 

obtain phosphorus, some treatments prior to vivianite cracking were tested. According to the 

results from the characterization of the concentrate, vivianite was trapped in an organic 

matrix. These organics were small, very light and had a low density. Plus, a lot of big impurities, 

compared to the average size of vivianite, such as wood chips, fibers, leaves and hairs, were 

also found. Some of these bigger impurities had vivianite crystals on the surface.  
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So, the main goal was to add some steps that could eliminate or minimize the presence 

of these two classes of unwanted constituents of the concentrate. The clear difference in 

density between the first category of impurities and vivianite crystals as well as the size 

difference between the second category and the crystals were taken into account for the 

several pre-treatments that were tested.   

3.4.1 Froth flotation 

Based on the principle of froth flotation from mineral purification, a set-up was created 

(Figure 10). This selective separation process separates hydrophobic components by its 

attachment to air bubbles and rise to the surface, forming a froth, and it can be enhanced by 

using surfactants [112].  It is known that in sewage sludge there is hydrophobic dissolved organic 

matter [113]. Futhermore, the organics are less aerodynamic than vivianite so they will go up 

with the air flow.  In this case, no frother was added, because the aim was to purify the 

concentrate, so the addition of other compounds was avoided. The main goal was to use small 

air bubbles that go through the whole column, from the bottom to the top, as a separating 

agent of the small and light organics from the other components of the concentrate with a 

higher density, because they rise to the top of the column and their removal is facilitated. 

 

Figure 10. Scheme of the set-up for the flotation experiments. 

The set-up consisted on a column with 1.5 m height and 1.8 cm diameter, with a sparger 

on the bottom with a glass filter that creates air bubbles with a diameter of 16-40 µm.  

Air was pumped from the bottom of a column filled with 9 mL of vivianite-rich 

concentrate and 180 mL of water, with enough head space in order not to reflux, with two main 

goals. First, turbulence was created to kickstart the separation of the several components of 

the concentrate and to separate small vivianite crystals that were attached to other big 

particles. After a high turbulence period, the pumped air flow was reduced with the aim to 
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make the lighter organics accumulate on top of the column, while leading vivianite and other 

heavier units to stay at the bottom. This second stage was performed for a longer period of 

time so that a steady state could be reached. Using this principle, several air flows were tested.  

In the next table (Table 1), the airflows used in the several experiments are presented.  

Table 1. Airflows used in the several experiments, in mL/min. 

Experiment 
First stage Second stage 

Duration: 10 minutes Duration: 30 minutes 

1 F 1861 184 

2 F 1861 263 

3 F 1861 868 

After the whole 40 minutes of experiment, the column was emptied from the top and 

its content was collected in fractions of, approximately, the same volume, from I to VI (Figure 

10). The deposit that was formed in the sparger was also collected. All fractions were left to 

settle, the liquid part was decanted, and the solids were dried for further analysis of their 

composition and mass.  

3.4.2 Elutriation 

An elutriation process was also mimicked to pre-treat the concentrate. Elutriation is a 

separation process that consists on a liquid flow in the opposite direction of sedimentation that 

will separate particles based on their size, shape and density [100]. That way, the fluid will 

promote the rising of smaller or lighter particles that have a terminal sedimentation velocity 

lower than the upward current of fluid’s velocity. So, the same principle of the flotation was 

used – difference in density between vivianite and light impurities.   

This process was chosen because of its higher applicability to a higher scale process. In 

the settler after the magnetic separation in WWTP Nieuwveer, there is the possibility to use 

water as a separation agent, because it can be designed to set a desired upflow velocity. 

The set-up consisted on a column with 1 m height and 1.8 cm diameter (Figure 11 and 

Figure 12). On the top of the column there was an exit for recirculation and, at the bottom, an 

entrance for pumped water. The procedure for the elutriation experiments was adjusted 

several times in order to have a proper separation. Firstly, the column was filled with water 

and the pumped water flow was adjusted. Then, around 9 mL of concentrate were added from 

the top with a tube, so that it would stay at the column’s half height.  As a first phase, the 

recirculation from the top of the column was pumped and fed back to the bottom of the same 

column (Figure 11).  
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Figure 11. Scheme of the set-up on the first stage of the elutriation experiments. 

This step was performed with a higher flow, 500 mL/min, for a short period of time, 10 

minutes, with the aim to separate the different components of the concentrate. The second 

stage was a settling period of 15 minutes. In the third and last stage, clear water was fed to 

the bottom of the column (Figure 12) with different flow velocities and the refluxes were 

collected to be analyzed. 

 

Figure 12. Scheme of the set-up on the third stage of the elutriation experiments. 

For the third stage, the first water flow was 60 mL/min for a period of 15 minutes, 

followed by a water flow of 100 mL/min for another subsequent period of 15 minutes. These 

flows were chosen, because in the first period it is clear a distribution in the column of different 

density materials, which lets vivianite accumulate in the bottom of the column and, then, a 

higher flow will separate more impurities but it will not disturb as much the vivianite bed as if 

it was the first waterflow applied, which leads to less vivianite losses.  These refluxes were 
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collected as well as the column remaining content, so, after this procedure three distinct 

fractions were collected. Some subsequent treatments were applied to these fractions, 

explained below. To analyze the solids in all fractions, even the ones that suffered a post-

treatment, they were centrifuged at 10 000 rpm for 5 minutes.  

The first elutriation (1E) procedure had no further treatment to the three obtained 

fractions: from the column after the experiment and from the refluxes collected after 15 

minutes of pumping water at 60 mL/min and 100 mL/min.  

In the second experiment (2E), all the fractions were sieved with 900 µm, 425 µm and 

100 µm sieves. The cakes that were formed as well as the filtrate after the last sieve were 

analyzed. That way, a particle size distribution was done and knowledge about the size of 

vivianite particles in each fraction was gathered. In some cases, the cakes from different sieves 

were analyzed together because their masses were not enough for microwave digestion.   

The third experiment (3E) was decided based on the results of these previous 

experiments and it consisted on a post-treatment only of the column-remaining liquid, which 

was sieved using a 425 µm sieve.   

3.4.3 Sieving  

The principle behind this treatment was the difference in size between vivianite and big 

impurities.  Several sieves were used in series to accumulate different size particles in the cake 

that is formed. That way, a particle size distribution study is also possible. 

Three sieves in sequence with a pore size of 1 mm, 400 µm and 100 µm were used to 

separate different components in the sludge according to their sizing. The concentrate was 

sieved in a wet form and water was used to unclog the pores. After the sieving, the collected 

samples were the cakes formed in each sieve as well as the filtrate fraction that passed through 

all the sieves. The samples were dried and weighed and, later, digested and submitted to ICP 

analysis to know their exact composition.  

3.4.4 Manual purification 

Although some pre-treatment procedures were already tested, a pre-treatment that 

could be easily up-scalable, that is easy to implement and effective in the organics and other 

impurities removal has not been discovered yet and it will be the focus of future investigations. 

Based on the observations from the previous sections (3.4.1-3.4.3.), a manual procedure for 

the purification of the concentrate was carried out before proceeding with the alkaline 

treatment experiments.  

 In the future, the concentrate will be pre-treated before the alkaline treatment in order 

to have the highest grade of vivianite possible. So, to study the alkaline treatment for the 
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concentrate with the properties that it will have in the future when a feasible pre-treatment 

protocol is known, the pre-procedure that is described below was followed.  

Three steps of washing and centrifugation, followed by sieving with a 315 μm pore sieve, 

enabled the separation of organic impurities by dissolution and of large sized particles by size 

exclusion.   Then, the remaining fraction was dried and further sieved and three fractions were 

obtained: vivianite crystals bigger than 180 µm [>180 µm], between 180 µm and 100 µm [180 - 

100 µm], and smaller than 100 µm [<100 µm]. This treatment was done under aerobic 

(atmospheric) conditions with normal light exposure, so the oxidation of these crystals will not 

be studied. All of these fractions were submitted to a microscopic analysis and elemental 

constitution analysis.  

3.5 Alkaline treatment 

The alkaline treatment consists on an alkaline reaction that will crack vivianite in its 

components. The following equation (Equation 1) represents the reaction that is taking place: 

𝐹𝑒3(𝑃𝑂4)2 + 6 𝐾𝑂𝐻 → 3 𝐹𝑒(𝑂𝐻)2 + 6 𝐾+ + 2 𝑃𝑂4
3−            (1) 

 So, a solution that is rich in potassium and phosphate and precipitates of iron hydroxide 

will be obtained. To study this treatment, some parameters were changed in order to know 

their effect on the kinetics of the reaction, the maximum recovery of phosphorus and on the 

solids that are formed.  

 Potassium hydroxide is used because the final solution will be rich in potassium as well, 

and this is an element that is also important for inorganic macronutrient fertilizers. That way, 

the final solution, if used as fertilizer, will provide plants with two very important 

macronutrients that need to have a concentration ratio of 1:1 [114].  

3.5.1 Effect of hydroxide concentration 

The hydroxide concentration may affect this treatment, because having more hydroxide 

available in solution may change the reaction kinetics, making it faster, and this may influence 

the formed solids, because faster reactions may lead to more amorphous solids. 

To study this effect, synthetic non-oxidized vivianite was used and the treatment was 

performed with a hydroxide concentration of 0.32 M, 1 M and 3.2 M, under the same conditions. 

The solutions were prepared inside an anaerobic chamber, with oxygen-free water and the 

initial pH of the solution was measured.  

The addition of vivianite and the reaction were also done inside the anaerobic chamber. 

The required stoichiometric amount of vivianite for each assay was calculated in order for the 

pH to drop to 7, according to equation (1). However, in order to have an alkaline environment 
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during the whole treatment duration, only 10% of the required amount of vivianite was added. 

This small percentage will imply that the environment will stay alkaline during the whole 

reaction, which imitates the up-scale process that would be continuous with a stable pH 

throughout the whole time.  

3.5.1.1 Kinetics 

The kinetics of the reaction was studied by collecting 0.2 mL liquid samples over time 

as the reaction takes place. These samples were collected with a syringe and, to make sure 

that the reaction has stopped, the solids were separated from the liquid by filtration using a 

0.45 µm cellulose acetate filter. Considering that the addition of vivianite to the alkaline liquid 

corresponds to time 0, samples were taken at time 0,1, 2, 4, 7, 11, 15, 20 and 25 min.  The 

samples were analyzed with ICP-OES in order to evaluate the amount of phosphorus in solution 

over time. It was assumed that all phosphorus detected in solution corresponded to phosphorus 

that was released from vivianite by the alkaline treatment.  Using phosphorus concentration 

over time it is possible to know the rate of vivianite cracking and calculate the reaction rate 

coefficient (see Annex 2 – 2.4). The total volume used in these experiments was 50 mL and the 

reactions took place inside a closed borosilicate glass bottle.  

3.5.1.2 Maximum Recovery 

The maximum recovery of phosphorus was evaluated after 48h of reaction, with samples 

collected at time 0, 5 min, 15 min, 30 min, 1h, 2h, 4h, 7h, 10h, 24h and 48h. The samples 

analysis was the same as in the kinetics experiment. After this period, the reaction was stopped 

because it was filtered using a folded paper filter. The pH of the filtered solution is measured.  

The reactions with a hydroxide concentration of 1 M and 3.2 M were done with a total 

volume of 100 mL, and the reaction at 0.32 M hydroxide concentration was done with 200 mL. 

These volumes were chosen because it is intended to have enough solids to analyze after the 

reaction. The reactions were performed inside a closed bottle of 100 mL and 250 mL, 

respectively. The medium was homogenized with a magnetic stirrer at 300 rpm throughout all 

the reaction time.  

3.5.1.3 Solids 

The paper filtration that is performed after 48h of reaction is also done with the aim to 

collect the solids. With a new container after the collection of the final solution, the solids are 

washed three times with oxygen-free water. Then, the solids are dried in the filter overnight 

without direct light exposure. After the drying time, the solids are taken out of the paper and 

saved on small Eppendorf tubes wrapped in aluminum foil to prevent unwanted light exposure. 

These solids were analyzed by XRD, so, to prepare them for this analysis, it was necessary to 

grind them into powder to insert in XRD tubes. This whole procedure was done inside the 
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anaerobic chamber. The solids from the experiment at a hydroxide concentration of 0.32 M, 1 

M and 3.2 M were also studied using Mössbauer spectroscopy.  

3.5.2 Effect of oxidation  

The oxidation state of vivianite might affect the alkaline treatment, because the 

oxidation of this mineral brings differences in its structure. So, to know in which way this might 

affect the alkaline treatment, non-oxidized synthetic vivianite and synthetic vivianite oxidized 

for 3 days and 15 days were studied. 

First, to know exactly the state of oxidation, samples of these 3 states were studied 

using the Ferrozine Method (section 3.2.4) and Mössbauer spectroscopy.  

To perform the alkaline treatment, the conditions were the same for the different 

samples and only 10% of the stoichiometric amount of vivianite was added to a potassium 

hydroxide solution with 0.32 M concentration. This concentration was chosen having into 

account the fact that it is not intended to have a very fast reaction, but high alkalinity is 

necessary.  So, 3 oxidation stages were studied at one initial pH value.  The procedure with 

non-oxidized vivianite was all performed under anaerobic conditions and without direct light 

exposure, since its synthesis until the filtration of the final solids, which were also washed and 

dried inside the anaerobic chamber.  

3.5.2.1 Kinetics 

The kinetics of these reactions were studied using the same procedure described before 

(section 3.5.1.1) with a 50 mL volume reaction medium.  

3.5.2.2 Maximum Recovery 

The maximum phosphorus recovery is, also, known after 48h of reaction and the same 

steps described before (section 3.5.1.2) were done in a 200 mL volume. The filtration procedure 

is done inside the anaerobic chamber, so that the samples are not affected by oxidation and 

the effect of the oxidation of the synthetic vivianite is the only variable that is being studied. 

3.5.2.3 Solids 

All inside the anaerobic chamber, the solids after 48h of reaction are dried and prepared 

for XRD analysis as it was explained above in 3.2.5 and the solids from the alkaline treatment 

with non-oxidized and 15-day oxidized vivianite were studied with Mössbauer.  

3.5.3 Effect of impurities 

It is well known that the magnetic concentrate, obtained from sewage sludge, has a lot 

of other constituents besides vivianite. Therefore, to study the effect of other components in 
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this reaction, impure vivianite (scaling) was used instead of synthetic vivianite. It was used 

non-oxidized scaling and scaling oxidized for 15 days. 

What is considered non-oxidized scaling is already partially oxidized, because even 

though it was not submitted to the normal procedure for oxidation, it was formed inside a pipe 

on a WWTP and has been under aerobic conditions ever since.  So, to know exactly the state of 

oxidation, samples of non-oxidized scaling and scaling oxidized for 15 days were analyzed using 

the Ferrozine Method.  

To study the alkaline treatment at different pH with vivianite with impurities, only 10% 

of the stoichiometric amount of vivianite was added to 200 mL of potassium hydroxide solution 

with 0.32 M concentration and the same principle was followed for the experiments with a 

hydroxide concentration of 3.2 M, but in 100 mL solution.  This way, it is possible to study the 

effect that impurities in vivianite have in the alkaline treatment, studying it with scaling at 

two different oxidation stages, non-oxidized and oxidized for 15 days under the same conditions 

as synthetic vivianite. 

3.5.3.1 Maximum Recovery 

The maximum recovery was, also, evaluated after 48h of reaction, with samples 

collected at the same periods of time. 

3.5.3.2 Solids 

The solids in the reactors after 48h of reaction were collected and analyzed with XRD 

using the same procedures.  

3.5.4 Vivianite-rich concentrate 

3.5.4.1 Evaluation of the phosphorus solution  

 The alkaline treatment with concentrate was done after the pre-treatment described in 

the section 3.4.4. The fraction used was a mix of the one obtained after the sieving procedure 

with the 180 µm pore sieve and the one after the sieving with 100 µm sieve. That way, the 

solids that were used were made, mainly, of vivianite crystals, because the big impurities were 

sieved and the light organics were washed. This final fraction had a vivianite grade of 

(80.83±0.03) %.  

 In this alkaline treatment, the goal was to evaluate the solution that is obtained in terms 

of phosphorus and potassium content and heavy metals, in relation to the objective of having 

a solution with a 2 % phosphorus loading. 

 This reaction took place inside a 10 mL plastic tube that was agitated on a rotative 

mixer at 40 rpm. The initial mass of added purified vivianite crystals from the concentrate was 

1.62 g and the initial concentration of the potassium hydroxide solution was 3.2 M.  
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After the reaction time, the whole reaction medium was centrifuged for 15 minutes at 

3750 rpm two times. To do a complete mass balance, the total mass after the reaction and the 

mass of the liquid and solids were registered.  

The supernatant liquid was filtered and submitted for ICP-OES to quantify the amount 

of potassium and phosphorus and heavy metals in solution.  

3.5.4.2 Analysis of the solids  

The solid fraction was analyzed in terms of total solid content and was washed three 

times with water to remove all phosphorus traces. Afterwards, they were submitted to another 

centrifugation with the same parameters, dried, microwave digested for elemental analysis 

with ICP-OES and submitted for Mössbauer spectroscopy.  
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4 Results and Discussion  

4.1 Pre-treatment of the concentrate  

The microscope images from the concentrate were acquired and treated with the 

software Leica Application Suite, from the microscope Leica MZ 9-5, and a picture from the 

vivianite-rich concentrate is presented on Figure 13. 

 

Figure 13. Dried magnetic concentrate image acquired and treated with the software Leica 

Application Suite, from the microscope Leica MZ 9-5.   

 The magnetic concentrate, as it can be observed on the figure above, has a lot of 

different components, including vivianite crystals (blue crystals), other crystals with different 

colors, an organic brownish matrix and a lot of impurities. Due to the presence of so many 

impurities among vivianite, purifications and treatments prior to the recovery of phosphorus 

and iron from this concentrate were studied.  

4.1.1 Froth flotation 

The concentrate used was evaluated before the pre-treatment, in terms of percentage 

of solids and elemental composition, that gives information about vivianite grade (Annex 2). 

The results are expressed on Table 2. 

Table 2. Properties of the concentrate used in the froth flotation.  

Experiment: Froth Flotation (1F; 2F; 3F) 

% solids 13.2% 

Grade of vivianite 62.6% 

 In all the experiments done, seven fractions were collected as explained in 3.4.1. These 

fractions were analyzed in terms of vivianite recovery from the concentrate and in terms of 
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vivianite grade, knowing its mass yield (see Annex 2 – 2.2). The results are expressed on Table 

3.  

Table 3. Vivianite grade and recovery of each fraction formed in the experiments 1F, 2F and 

3F. 

1F Grade Recovery 2F Grade Recovery 3F Grade Recovery 

1F (I) 28% 1% 2F (I) 33% 2% 3F (I) 33% 1% 

1F (II) 32% 3% 2F (II) 34% 2% 3F (II) 31% 2% 

1F (III) 36% 3% 2F (III) 39% 3% 3F (III) 50% 5% 

1F (IV) 56% 18% 2F (IV) 45% 5% 3F (IV) 55% 7% 

1F (V) 55% 15% 2F (V) 59% 20% 3F (V) 55% 17% 

1F (VI) 57% 13% 2F (VI) 61% 18% 3F (VI) 39% 6% 

1F (cake) 73% 40% 2F (cake) 71% 45% 3F (cake) 74% 60% 

 Having into account the total recovery of every fraction in each experiment, vivianite 

losses can be calculated. These could occur in the collection and treatment of the fractions, 

by the fast deposition of vivianite particles in the several containers used and by analytical 

errors in the ICP-OES measurements and in the microwave digestion.  Vivianite losses in each 

experiment were 7% for 1F and 2F and 2% for 3F.  

 Disregarding the losses, it was studied the possibility to combine several fractions, in 

order to discard a group of them and keep the group of fractions that best represent a 

combination of high recovery and high grade. On the following Table 4, the best results of the 

combination of fractions are presented.  

Table 4. Grade and recovery of some fractions from the experiment 1F, 2F and 3F that were 

combined.  

1F Grade Recovery 2F Grade Recovery 3F Grade Recovery 

1F (I) 

32% 8% 

2F (I) 

39% 11% 

3F (I) 

47% 15% 

1F (II) 2F (II) 3F (II) 

1F (III) 2F (III) 3F (III) 

1F (IV) 

65% 92% 

2F (IV) 3F (IV) 

1F (V) 2F (V) 

65% 89% 

3F (V) 

65% 85% 1F (VI) 2F (VI) 3F (VI) 

1F (cake) 2F (cake) 3F (cake) 

 The recovery of vivianite was calculated considering that all the vivianite obtained was 

the total vivianite in the column. The grade of the combined fractions was calculated having 

into account the grade of each fraction and its mass yield on the group of fractions (see Annex 
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2 - 2.1). Considering these results, it is possible to say that the lower the airflow, the highest 

is the recovery of vivianite in the bottom fractions of the column and these values appear to 

be correlated with the presence of impurities, which raise to the top of the column easily with 

the airflow, and vivianite, which settles more easily and stays in the bottom. With higher 

airflows, vivianite settlement is disturbed and its particles are elevated to the top fractions as 

well, which is why the vivianite grade of the top fractions increases as the airflow increases as 

well.  

 Knowing that the main goal is to purify the concentrate, that is, achieving a combination 

of recovering as much vivianite as possible and having a high percentage of vivianite, it is 

possible to say that the experiment with the lowest airflow, 1F, proved to be more effective in 

terms of recovering vivianite. The combinations of the IV, V, VI and cake fraction had a higher 

recovery of 92%, while the grade of the combined bottom fractions is the same for the several 

experiments regardless of the airflow that is being used. However, the achieved grade, close 

to 65%, does not represent a significant improvement from the initial grade of the concentrate 

before purification, around 63%. Only the samples from the cake that was formed in the bottom 

of the column had a higher grade than the concentrate used (see Table 2) in every experiment. 

So, in order to have a purified concentrate with a higher grade than the concentrate, only the 

cake should be considered, but this would represent large vivianite losses. This proves that the 

flotation experiments are not so effective in the purification of the concentrate, because it is 

not possible to obtain a fraction with a good combination of improvement in both vivianite 

grade and recovery.  

4.1.2 Elutriation 

The concentrate used for the first elutriation procedure (1E) and the second one (2E) 

was the same and its properties are expressed on Table 5.   

Table 5. Concentrate used in two elutriation experiments: one with collection of all 

fractions without sieving (1E), and the other with sieving of all the fractions (2E). 

Experiment: Elutriation (1E; 2E) 

% solids 12.9% 

Grade of vivianite 63.2% 

 In the experiment 1E, the three fractions collected and analyzed were the reflux from 

the waterflow of 60 mL/min (R.60), the reflux from 100 mL/min (R.100) and the remaining 

liquid in the column (Col.) and the results are expressed on Table 6. 
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Table 6. Grade and recovery of the products from the experiment 1E.  

Fraction Grade Recovery 

R.60 30% 6% 

R.100 32% 8% 

Col. 75% 85% 

 In this experiment, a total vivianite recovery of 99% was achieved, because the 

collection of the liquids is easier and has minimal losses. The liquid that is present in the column 

was successfully purified, because it has an increase on the grade of around 12 pp. (percentage 

points) comparing to the initial concentrate and the recovery of vivianite is still very high, 

approximately 85%.  

 Regarding the 2E experiment, the three fractions were sieved with three sieves in a row 

but, due to the low mass of some portions, the samples were digested together. From the reflux 

of the 60 mL/min waterflow the final samples were: the cakes formed in the sieves of a pore 

size of 900 µm, 425 µm and 100 µm (R.60 – S.900+425+100), and the filtrate after these sieves 

(R.60 – F.). The reflux from the waterflow of 100 mL/min produced these final samples: the 

cakes formed in the sieves of a pore size of 900 µm, 425 µm (R.100 – S.900+425), the cake 

formed in the sieve of a pore size of 100 µm (R.100 – S.100), and the filtrate after these sieves 

(R.100 – F.). The remaining liquid in the column had these samples: the cakes formed in the 

sieves of a pore size of 900 µm, 425 µm (Col. – S.900+425), the cake formed in the sieve of a 

pore size of 100 µm (Col. – S.100), and the filtrate after these sieves (Col. – F.). The analysis of 

these fractions is present on Table 7.  

Table 7. Fractions from the 2E experiment’s vivianite grade and recovery. 

Fraction Grade Recovery 

R.60 – S.900+425+100 6% 

23% 

0.1% 

3% R.60 – F.  

R.100 – S.900+425 8% 

47% 

55% 

0.2% 

5% 

15% 

R.100 – S.100 

R.100 – F. 

Col. – S.900+425 31% 

71% 

65% 

2% 

38% 

24% 

Col. – S.100  

Col. – F. 

 Vivianite losses were almost 12% and this is explained by the liquid transfer from 

different reservoirs to the sieving procedure as well as the collection of the cakes from the 

sieves and the centrifugations. These results show that only the cake from the 100 µm pore size 
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sieve and the filtrate of the liquid from the column have a higher grade than the initial 

concentrate. If these two fractions were joined, theoretically, it would mean a recovery of 61% 

and a grade of 68%, which is an improvement from the concentrate and the losses are 

minimized. The fractions from both refluxes are neglected, because of the low recovery and 

grade that they represent.   

 Having this information into account, a new experiment was done, 3E, where the liquid 

from the column after the experiment was sieved with a 425 µm sieve. The goal was to keep 

the filtrate and discard every other fraction: the refluxes and the cake from this sieving. The 

concentrate used had different properties (Table 8). The fractions after this experiment were 

evaluated in terms of vivianite grade and recovery and those values are expressed on Table 9. 

Table 8. Concentrate used in the elutriation with sieving of the column fraction properties 

(3E).  

Experiment: Elutriation (3E) 

% solids 13.0% 

Grade of vivianite 67.1% 

Table 9. Fractions from the 3E experiment’s grade and recovery.  

Fraction Grade Recovery 

R.60 43% 7% 

R.100 55% 8% 

Col. – S.425 21% 

78% 

2% 

83% Col. - F. 

 The experimental results differ from the theoretical that were calculated and that might 

be due to differences in the concentrate properties. The grade and recovery of the refluxes 

changed comparing to the results from the 1E and the justification is the same. This procedure 

proved to be effective, because the fraction after the filtration has an increase of about 10pp. 

in the vivianite content compared to the initial concentrate. In this fraction, it is possible to 

recover close to 85% of the vivianite present in the concentrate, which indicates a good 

purification of the concentrate with small vivianite losses.  

4.1.3 Sieving 

The properties of concentrate that was used in the sieving pre-treatment are presented 

on the following Table 10. The vivianite grade and recovery of each fraction generated after 

the sieving are expressed on Table 11. 
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Table 10. Properties of the concentrate used in the sieving.  

Experiment: Sieving of the concentrate 

% solids 12.6% 

Grade of vivianite 58.3% 

Table 11. Vivianite grade and recovery of each fraction generated in this treatment. 

Fraction Grade Recovery 

Conc. - S.1mm 12% 1% 

Conc. - S.400 µm 63% 19% 

Conc. - S.100 µm 68% 47% 

Conc. - F. 62% 33% 

 In the sieving procedure there are a lot of vivianite losses. This procedure is not 

efficient, because the fraction with the highest grade is the one that is between the 400 µm 

and 100 µm sieve with a grade of 68%, but only 47% of vivianite recovery. This grade is not as 

high as it was expected and there are a lot of material losses in this procedure, leading to very 

low recoveries. So, this pre-treatment can separate vivianite crystals, but needs to be improved 

in order to diminish losses.  

4.1.4 Manual purification  

On the following Table 12, the grade of vivianite and the total solids content of the 

concentrate used in this pre-treatment are expressed. 

Table 12. Properties of the concentrate used in the purification of vivianite experiments.  

Experiment: Purification of vivianite 

% solids 12.7% 

Grade of vivianite 59.5% 

 Microscope pictures of the fractions that were obtained in each sieve in this experiment 

are presented on Figure 14, Figure 15 and Figure 16.  
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Figure 14. Microscope picture of the fraction retained in the 180 µm sieve.  

 In the picture from Figure 14, it is possible to see big agglomerates. These agglomerates 

have vivianite particles on it, the blue particles, with different sizes. The coalescing agent that 

binds these agglomerates is the organic matter (visible as a brownish matrix) present in the 

concentrate. This fraction has a vivianite grade of (72.5 ± 0.9) %.  It is possible that a product 

with a higher grade could have been produced if the material collected with the plastic pipette 

had been chosen more carefully and if the manual centrifugation procedure was repeated more 

times. That way, the fast-sinking material would become richer in vivianite, but this would 

imply a much longer and difficult procedure, so a balance between a good purification and yet 

a simple manual procedure needed to be found.  

 

Figure 15. Microscope picture of the fraction with sizes between 180 µm and 100 µm. 

 The particles that are visible on Figure 15 are mainly constituted by vivianite, whose 

recognition is easy due to its vibrant blue color. To a smaller extent, there are other structures 

with the same size but different colorations, like translucid or brownish particles. Also, 

vivianite has different shapes. The grade of this fraction in terms of vivianite is (76.5 ± 0.4) %. 
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Figure 16. Microscope picture of the filtrate after the 100 µm sieve.  

 By analyzing Figure 16 it looks like this fraction is very rich in vivianite, with clearly 

smaller particle sizes when compared to the particles from Figure 15. However, although 

visually this fraction looks purer than the others, vivianite grade did not increase that much, 

reaching a value of (77.6 ± 0.9) %. 

4.2 Alkaline treatment  

4.2.1 Effect of hydroxide concentration 

4.2.1.1 Kinetics 

The alkaline treatment is a very fast reaction, so to study its kinetics it was used the 

phosphorus concentration over time in the first moments of reaction. To know its reaction rate 

coefficient, graphical methods were used (see Annex 2 – 2.4.2). By analyzing the several plots, 

it is possible to see that this is a first-order reaction, regardless of the hydroxide concentration. 

The reaction rate coefficient of these reactions are presented on Table 13Table 13 and its units 

are s-1. 

Table 13. First-order reaction rate coefficients of the reactions with a hydroxide 

concentration of 0.32 M, 1 M and 3.2 M. 

0.32 M 1 M 3.2 M 

(0.44±0.03) s-1 (0.38±0.07) s-1 (0.6±0.2) s-1 

 The coefficients do not show any strong dependence on this variable, because taking 

into account their uncertainty, the values are very close to each other. This hydroxide 

concentration effect study was done with the aim to know to which extent the reaction would 

be faster when there is more hydroxide available in the medium, even when the ratio between 

vivianite and hydroxide is the same. But it cannot be concluded that the hydroxide 

concentration impacts the reaction rate.  



Phosphate and Iron recovery from a vivianite-rich concentrate produced from digested sewage sludge 

39 

4.2.1.2 Maximum Recovery 

Figure 17Figure 17 presents the recovery of phosphorus over time for reactions at the 

three hydroxide concentration values studied. 

 

Figure 17. Recovery of phosphorus over time in the alkaline treatments at a hydroxide 

concentration of 0.32 M, 1 M and 3.2 M. 

 The very high recoveries that are reached in very short periods of time are independent 

from the hydroxide concentration of the medium. So, the phosphorus can be recovered close 

to 100% very fast in all the three alkaline mediums that were studied. Table 14 presents the 

highest recoveries reached for each experiment. 

Table 14. Highest phosphorus recoveries for each reaction at a hydroxide concentration of 

0.32 M, 1 M and 3.2 M. 

0.32 M 1 M 3.2 M 

(94±1) % (95±1) % (97.71±0.03) % 

 High recoveries were reached in all cases, but at a hydroxide concentration of 3.2 M had 

the highest, as it was expected. Even though hydroxide concentration does not present a very 

significant effect on this treatment, not in the reaction rate neither on the maximum recovery, 

for full-scale processes a very high hydroxide concentration may be required to make sure that 

the environment will be alkaline throughout the whole reaction time. 

4.2.1.3 Solids 

The solids that were formed in each alkaline treatment were acquired and treated for 

XRD in the same way. It is known, by Equation 1, that the solids that are formed are iron oxide-

hydroxide that are chemical compounds with a general formula FeO(OH).  
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With this analysis, the goal was to know if the solids were crystalline, and if so, to know 

which crystals were present. There are several iron oxide-hydroxides. In the hypothetic case 

that magnetite was formed, since it is magnetic, a magnetic separation could be performed to 

separate this solid from the liquid. This separation would be way easier than the separation 

procedure used in the separation of vivianite from sludge (see 2.3.3), because this mineral is 

magnetic [115]. If other solids were formed, like hematite or goethite, it would present other 

advantages such as the fact that they are stable.    

On the other hand, if solids after the alkaline treatment have an amorphous structure 

it might present some other advantages such as the fact that they may be easier to break in 

their different components [116] and return back to treatment lines as an iron form. Also, 

amorphous iron oxides have higher surface areas, leading to higher adsorption capacities for 

phosphorus. So, the formed solids can be used in other applications, such as adsorption [83].   

 The results from XRD showed that all of the solids from all of the alkaline treatments 

have a non-crystalline structure, because the XRD analysis could not detect any peaks. With 

this information, it is possible to conclude that the solids are amorphous and several hypotheses 

are presented below. The fact that the solids are amorphous can be easily explained by the 

fact that the reactions are very fast and there is no time to organize a crystalline structure.  

The amorphous hydrated mineral with iron oxide-hydroxide as a main component is 

ferrihydrite, which is probably the main constituent of the solids.  

Without the possibility to conclude the exact structure of the solids that are being 

formed with XRD analysis, some solids were submitted for Mössbauer analysis. This analysis is 

very expensive so a reasonable selection of samples to submit had to be done. So, only the 

solids from the experiment at a hydroxide concentration of 0.32 M and 3.2 M were analyzed.  

The results from this analysis indicated that the solids of the experiments with a 

hydroxide concentration of 0.32 M were 30% magnetite and 70% maghemite; and with a 

hydroxide concentration of 3.2 M were 90% goethite and 10% akageneite. Synthetic pure 

vivianite will not be used in the industrial vivianite cracking, but this study might be interesting 

to know which conditions leads to which solid formation and the cracking is indeed conditioned 

by this variable, hydroxide concentration. Plus, more expertise on minerology is required to 

analyze this data.    

4.2.2 Effect of oxidation  

The three oxidation states of vivianite studied were evaluated using the Ferrozine 

method and the results from Mössbauer spectroscopy (results are presented on Table 15).   

Table 15. Oxidation state of each vivianite studied in this experiment.  
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Ferrozine 

Method 

Non-oxidized 3 days oxidized 15 days oxidized 

7% 36% 35% 

Mössbauer 

spectroscopy 

Non-oxidized 3 days oxidized 15 days oxidized 

20% 32% 36% 

These results can be explained by the fast oxidation that occurs in vivianite when 

exposed to the conditions present in the oxidation chamber [89]. The ferrozine method was 

performed inside the laboratory where vivianite was synthesized, but, on the other hand, the 

Mössbauer spectroscopy analysis where done in another city. Therefore, the samples, even 

though completely sealed and protected from light, could have suffered some oxidation in the 

transference. This is more noticeable in the non-oxidized synthetic vivianite, because in this 

state the oxidation is faster. About the other states, it is possible to conclude that their 

oxidation state is very similar.  

4.2.2.1 Kinetics 

To study the kinetics of the vivianite cracking reactions with the three oxidation states 

of vivianite, a graphical method was used (see Annex 2 – 2.4.2). The most suitable plot indicated 

that these are first order reactions, and the obtained reaction coefficient rates are presented 

on Table 16.  

Table 16. First-order reaction rate coefficients of the cracking reactions with non-oxidized 

vivianite, vivianite oxidized for 3 and 15 days. 

Non-oxidized 3 days oxidized 15 days oxidized 

(0.44±0.03) s-1 (0.45±0.03) s-1 (0.62±0.02) s-1 

 It was expected that as vivianite oxidizes, its cracking would become easier, because 

the structure is more fragile due to the lack of hydrogen ions in the octahedron. However, it is 

not possible to make a connection between the oxidation stage of vivianite and its cracking, 

because the stage of oxidation of the vivianite oxidized for 3 days and of the vivianite oxidized 

for 15 days is very close and the reaction is faster for the vivianite that was oxidized for 15 

days. Also, the oxidation state is very different between non-oxidized synthetic vivianite and 3 

days oxidized synthetic vivianite and the kinetic constant is very close in the studies with these 

two materials. Plus, the difference in the kinetic constants of these three experiments are not 

so significant, so it is not possible to take conclusions.  

4.2.2.2 Maximum Recovery 

The phosphorus recovery against the reaction time is plotted on the graph on Figure 18. 
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Figure 18. Recovery of phosphorus over time in the alkaline treatments with non-oxidized 

vivianite, vivianite oxidized for 3 and 15 days. 

 The same conclusions that were taken after analyzing the graph on Figure 17 can be 

taken for this case. Almost all phosphorus present in vivianite is present in the solution after a 

few moments of reaction and it is independent from the vivianite that is used as input. On the 

following Table 17 there is the maximum recovery that can be achieved for each type of 

vivianite. 

Table 17. Highest phosphorus recoveries for each reaction with non-oxidized vivianite, 

vivianite oxidized for 3 and 15 days. 

Non-oxidized 3 days oxidized 15 days oxidized 

(97.5±0.2) % (99.2±0.5) % (99±1) % 

 The maximum recovery is very high, close to 100%, no matter the oxidation stage of 

vivianite that is used. As it was said before, it was expected that the maximum recovery would 

be reached sooner for more oxidized vivianite, due to a more fragile structure, but this is not 

what is happening. By analyzing these results, the conclusion to take is that the oxidation of 

vivianite does not have any major impact on its cracking. This conclusion presents an advantage 

for the future upscaling of vivianite cracking, because it is the confirmation that this process 

will not require any aeration neither anaerobic conditions to be faster or to reach higher 

recoveries.  

4.2.2.3 Solids 

The solids formed in these alkaline treatments were studied with XRD and the results 

were the same from the solids formed in the experiment to study the effect of hydroxide 

concentration. So, the same conclusions and hypotheses can be taken. The solids that were 
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chosen to be analyzed with Mössbauer were the ones formed in the alkaline treatment with 

unoxidized vivianite and vivianite oxidized for 15 days. 

The results regarding the mineral structure showed that the solids of the experiments 

with non-oxidized vivianite were 30% magnetite and 70% maghemite; and with vivianite 

oxidized for 15 days were 74% mixture of magnetite and maghemite, less than 10% was 

ferrihydrite and it is believed that the rest could be akageneite. This data regarding the mineral 

structure of the solids that were formed should be further investigated. The presence of 

magnetite could present an advantage for the extraction of the solids via magnetic separation, 

but it is unknown if the percentage that is present is enough for a good separation. Also, the 

presence of ferrihydrite could be connected to the oxidation of the synthetic vivianite.  

4.2.3 Effect of impurities  

As it is explained in 3.5.3, the study done with scaling had the goal to study the effect 

that impurities have on the alkaline treatment. But no conclusions about this can be taken, 

because the reaction conditions between the study with scaling and the study with synthetic 

vivianite were different, due to the grinding procedure. The manual grinding produced particles 

were much bigger than the ones that were synthesized and this difference could be easily seen. 

So, it is not possible to directly compare both results to know the effect of impurities because 

the two experiments also vary in the particle size, besides the presence of impurities.  

4.2.3.1 Maximum Recovery 

On Figure 19 it is plotted the phosphorus recovery over time in alkaline treatments done 

at a hydroxide concentration of 0.32 M and 3.2 M and, on Table 18, the highest phosphorus 

recoveries in these experiments. 

 

Figure 19. Phosphorus recovery in the alkaline treatment with scaling at a hydroxide 

concentration of 0.32 M and 3.2 M over time.  
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Table 18. Highest phosphorus recoveries for each reaction with scaling at a hydroxide 

concentration of 0.32 M and 3.2 M 

0.32 M 3.2 M 

(94.0±0.5) % (98.6±0.9) % 

 As explained before, the grinded particles of scaling had a much bigger diameter than 

the vivianite that was synthesized. So, it is unclear whether the slower rates of reaction are 

caused by the differing particle size or the presence of impurities. Either way, in this case, the 

behavior at different hydroxide is more noticeable and at higher hydroxide concentration higher 

recoveries are reached faster.  

The phosphorus recovery against reaction time in alkaline treatments done with grinded 

scaling not submitted to further oxidation and scaling that was in the oxidation chamber for 15 

days is plotted on Figure 20. The maximum phosphorus recoveries achieved in these 

experiments are expressed on Table 19. 

 

Figure 20. Phosphorus recovery in the alkaline treatment with non-oxidized scaling and 15-

day oxidized scaling over time. 

Table 19. Highest phosphorus recoveries for each reaction with non-oxidized scaling and 

oxidized for 15 days. 

Non-oxidized 15 days oxidized 

(94.0±0.5) % (96.3±0.5) % 

 The expected behavior of the alkaline treatment with vivianite oxidized for 15 days and 

non-oxidized vivianite is what is happening in Figure 20: the reaction is faster and higher 

recoveries are achieved faster for oxidized vivianite. This behavior can be explained by the fact 

that the vivianite structure is more fragile when this mineral is oxidized. But it is important to 
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keep in mind that this input has impurities that are also suffering oxidation. And the oxidized 

form of these impurities may favor vivianite cracking, for example, by letting the mineral be 

less coated and more available for the reaction or any other phenomenon that might be taking 

place. Also, the reactant used in this case had less vivianite than in the experiments with 

synthetic vivianite, because of the presence of impurities in scaling, so the conclusions taken 

in the synthetic vivianite’s experiment can’t be compared to the ones with impure vivianite 

(scaling) directly.   

4.2.4 Vivianite-rich concentrate  

This experiment was done with vivianite-rich magnetic concentrate that was pre-

treated before as it is described on 3.4.4 and the fractions used were a proportional mix of the 

fractions pictured on Figure 15 and Figure 16.  

4.2.4.1 Phosphorus solution 

The final pH of the solution after 24h of reaction was (14.29±0.02), which is still very 

high, see Annex 2 – 2.5.1. So, further knowledge on the products of reaction that are formed is 

required, because the pH drop was not as big as it was expected. The phosphorus content in 

solution after 24h was (1.63±0.03) %, which is close to the intended and theoretical 2%. The 

difference can be explained by the fact that the theoretical calculations were done assuming 

that the mass of vivianite was 100% vivianite, but the solids that were added had about 20% of 

impurities. Having into account only the actual vivianite that was in the solids and the final 

amount of phosphorus in solution, the vivianite that was cracked in this experiment was 96%. 

Moreover, the used solids had particle sizes bigger than the lab synthesized vivianite. Due to 

the high pH that the solution has at the end of the reaction there is the possibility to use the 

same solution to crack more vivianite. But this possibility needs to be investigated to know the 

maximum phosphorus content that the solution can have, in order to know how many cycles 

can be done or the maximum mass of vivianite that can be used.  

The potassium content in the solution was studied and the potassium/phosphorus ratio 

was 6:1. For fertilizer purposes it is required a ratio of 1:1 [114] so, as a future after-treatment, 

phosphoric acid could be added to reduce this ratio to have a solution suitable to be used in 

the fertilizer industry. Moreover, as mentioned before, the solution after the reaction, due to 

its still high hydroxide concentration, can be reused to crack more vivianite, so the phosphorus 

load will increase and the ratio can become closer to the intended.   

Other fertilizer’s requirements need to be met so that this solution can be used in this 

market niche. One of them is the heavy metal content in solution. On the following Table 20 

there is the concentration of some heavy metals given by ICP-OES and the comparison with the 
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future recovered phosphorus salts legislation, PFC 1(C)I, Product Fertilizer Categories: 

Inorganic Macronutrient Fertilizer. 

Table 20. Comparison of the solution concentration of heavy metals present compared with 

future recovered phosphorus salts legislation and typical values for phosphate-rock. 

Elements 

(mg/kg of P) 
As Cd Cr Cu Ni Pb Zn 

PFC 1(C)I 

[114] 
87 130 13 3921 649 104 9803 

P-rock 

[117] 

66-94 107-271 536-1993 <1886 <186 50-100 <1864 

Final 

solution 
<1260 <315 <63 <315 <315 <315 135 

 The exact quantification of these elements is not precise due to the salt limitations of 

ICP-OES that require a big dilution, making the quantification of residual elements very hard. 

Therefore, the quantification of heavy metals is not conclusive. Only the zinc concentration 

was successfully quantified and it is inside the limits of the future legislation. Also nickel and 

copper are below the PFC limits, even if its concentration was not quantified precisely. To 

know these concentrations, pre-treatments need to be done to the solution that would reduce 

the salt concentration. Other solution might be to use other elemental quantification analysis 

that would be not so sensitive to the salt concentration.  

4.2.4.2 Solids formed 

A theoretical mass of solids was calculated, assuming that Fe(III)(OH)3 was the product 

of the reaction instead of solids with ferrous iron, due to the aerobic conditions that were 

present in the whole execution of this experiment. If all the iron present in the solids that were 

added to the reaction reacted, the total solids mass, Fe(III)(OH)3, should be 0.84 g. but the 

obtained mass of solids was (0.96±0.01) g, which is 14% more.  

In the final solids, 6% of it was still vivianite, which is estimated to be 5% of the initially 

added vivianite – which is in accordance with the obtained value of 96% of vivianite that was 

cracked. Having into account this value, the amount of vivianite that actually reacted was used 

to calculate the actual mass of Fe(III)(OH)3 that was formed and this value was 0.79 g. To this 

value, it was added the mass of vivianite still in the solids (that did not react) and a final mass 

of 0.86 g was obtained. Still, the obtained final mass of solids was higher than the mass of iron 

hydroxide calculated with the value of vivianite that was cracked plus the mass of vivianite 

that did not react. So, 10% of the real mass of solids is still unknown.  This unknown mass of 

solids can be due to the impurities in the initial solids that may be partly dissolved in the liquids 
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and partly in the solids after the reaction, these impurities may also promote other solids 

formation and other reactions in parallel, among others.  

The quantification of heavy metals is not conclusive because they are below 

quantification limits as it happened in their quantification in the liquid phase. To have more 

knowledge on the formed solids, the solids were analyzed with Mössbauer spectroscopy. The 

results showed that these solids are 100% ferrihydrite, which is an amorphous hydrated mineral. 

It was expected that this iron oxide-hydroxide was being formed, because the reaction is very 

fast and the vivianite, even though purified, has impurities, and a crystal structure was not 

formed. As mentioned before, the formation of an amorphous structure present advantages 

because it is more breakable [116] , so the iron present in the solids is recovered more easily.   

4.2.4.3 Phosphorus and Iron mass balance  

With the information gathered in these studies a mass balance of both iron and 

phosphorus can be done. It was assumed a value of 5% of solid losses, because the recovery of 

all of the pellet after the several centrifugations was difficult and, indeed, some parts were 

lost among the process. On Figure 21 there are the mass balances of phosphorus and iron, in 

percentage for the liquid and solid phase and in milligram of element per gram of solid reagent. 

 

Figure 21. Scheme with the iron and phosphorus mass balance in the alkaline 

treatment with concentrate.  

As it was expected, most phosphorus ends up in the liquid phase and, on the other hand, 

most iron is present in the solids. There are bigger losses, in percentage, associated with iron 

because, even though it was assumed a mass of solids 5% bigger than the one that was actually 

measured, a big amount of solids was lost during this procedure. Since this phase is rich in iron, 

the fact that this phase was not all recovered will imply larger iron losses, in percentage, while 

the phosphorus losses are not so noticeable, because the solids are not so rich in phosphorus. 
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5 Conclusions 

5.1 Concluding remarks 

In this work, several methods for the purification of vivianite concentrate were analyzed. 

The methods that were tested were froth flotation, sieving, elutriation and a manual 

purification. The one that was proven to be the most efficient was the elutriation when the 

filtrate from the column fraction after 15 minutes of pumping water at 60 mL/min and 100 

mL/min was sieved using a 425 µm sieve, and its vivianite grade was 78% and a recovery of 83% 

was achieved. However, more investigations on this subject are required to have a protocol 

that can be up-scalable and that will imply minimal vivianite losses in the process. 

Alkaline treatments were studied to crack vivianite, creating solutions rich in phosphorus 

and forming solids rich in iron. These were studied with synthetic pure vivianite, impure 

vivianite and vivianite from a vivianite-rich magnetic concentrate from digested sludge. Several 

alkaline environments and several states of oxidation of vivianite were tested. The maximum 

amount of recovered phosphorus happened with oxidized forms of pure vivianite at a hydroxide 

concentration of 0.32 M. The formed solids have different compositions and this information 

should be used in the future to know which after treatments to perform and which solid 

formation should be enhanced.  

It is possible to recover close to 99% phosphorus present in vivianite, but high alkalinity is 

demanded. The required high hydroxide concentration environments are a disadvantage to the 

up-scaling of the process. Among others, security measures need to be implemented and studies 

on the resistance of the materials used in the several steps of the process, such as pipes, pumps, 

reactors, among others need to be conducted. Furthermore, the effect of vivianite oxidation is 

minimal in this treatment. This presents an advantage to the future full-scale process, because 

aeration neither anaerobic conditions are required to optimize vivianite cracking.  

Plus, it was proven that the alkaline treatment studied can recover almost all the 

phosphorus present in vivianite in very short periods of time, less than 5 minutes. This shows 

that this treatment will require very low retention times and that it will be able to crack large 

amounts of vivianite completely. So, this treatment is proven to be very promising.  

The experiments with vivianite crystals from the magnetic concentrate achieved a 

phosphorus loading in solution of 1.6%, which is a good loading for fertilizer purposes, and 

produced precipitates made of ferrihydrite, which is an amorphous structure that will be easy 

to break so that iron can be reused. This investigation was a good preliminary study for a future 

industrial process that has the main objective of recovering, with the highest grade possible, 

both phosphorus and iron present in vivianite formed in digested sewage sludge.  
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5.2 Future approach  

As a suggestion for future work, the pre-treatment of the vivianite-rich concentrate should 

be further investigated. An optimal solution is an up-scaled procedure that combines the 

several observations made in the pre-treatments already studied and that can improve the 

vivianite grade of the concentrate, combined with minimal vivianite losses. Also, this treatment 

must be able to process the concentrate in a way that will not delay the downstream 

treatments, so that the whole full-scale treatment can be performed in continuous mode.  

Having these points into account, a possible purification method that could be studied for 

the vivianite concentrate involves using a hydrocyclone. This device can separate particles 

denser than the surrounding fluid, making use of a vortex, and observations that this principle 

may work were already done and are presented in this report. Calculations on the design of 

this equipment as well as on the need to dilute or not the concentrate and studies on the 

materials that should be used will have to be done.  

About the products obtained after the alkaline treatment, both solid and liquid phases 

need to be analyzed using other methods to establish with more precision the heavy metals and 

pathogens content. This information is very important, because these products need to meet 

the legislation so that they can be used for other applications. Thus, to have applicable 

products, these phases after the alkaline treatment should be processed having into account 

its characteristics and the requirements that they need to meet.  

Plus, the knowledge on pure vivianite should be used to create industrial processes to 

treat the magnetic concentrate since it is formed in the Jones separator until there is a liquid 

ready to be sold to the fertilizer industry and solids that can be used, for instance, again in the 

treatment line of a WWTP.  
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Annex 1 Ferrozine Method 
 The Ferrozine Method described in the section 3.2.4 of the Materials and Methods was 

used with the aim to know the state of oxidation of several samples. With this method, the 

concentration of Fe(II), [Fe(II)], and Fe(III), [Fe(III)], in each sample is known due to the 

following expressions.  

The [Fe(II)], in mg/L, in each sample is given by: 

[𝐹𝑒(𝐼𝐼)] =
𝐴1 𝑙 𝜀𝐹𝑒(𝐼𝐼) α−𝐴2 𝑙 𝜀𝐹𝑒(𝐼𝐼𝐼) 

𝑙 𝜀𝐹𝑒(𝐼𝐼) α (𝑙 𝜀𝐹𝑒(𝐼𝐼)−𝑙 𝜀𝐹𝑒(𝐼𝐼𝐼))
     (I.1) 

The [Fe(III)], in mg/L, is given by: 

[𝐹𝑒(𝐼𝐼𝐼)] =
𝐴2−𝐴1α 

α(𝑙𝜀𝐹𝑒(𝐼𝐼)−𝑙𝜀𝐹𝑒(𝐼𝐼𝐼))
          (I.2) 

Then, a state of oxidation is estimated with the following equation: 

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 =
[𝐹𝑒 (𝐼𝐼)]

[𝐹𝑒 (𝐼𝐼)]+[𝐹𝑒 (𝐼𝐼𝐼)]
         (I.3) 

Several calibration curves and validations were done. The calibration curve for this 

method was done with samples of iron (II) and iron (III) of 0, 1, 2, 3, 4 and 5 mg/L. The method 

procedure was followed for these 12 solutions. Graphs of the absorbance A1 (measure of iron 

(II) in the solution) and A2 (after the reducing step, so it measures the total iron (II) and (III) in 

solution) against the concentration of the standard solutions were plotted and a direct 

proportionality was observed. The slope of these graphs were taken into account for the 

calibration and for the correction factor, α, that will adjust the final given values due to 

successive additions of reagents during the procedure. The slope of A1 against the 

concentration of the iron (II) standard solutions gave the value of l*εFe(II); and the slope of A1 

against the concentration of the iron (III) standard solutions gave the value of l*εFe(III). These 

variables, εFe(II) and εFe(III), represent molar absorption coefficients of the Fe (II) and (III) species, 

respectively, and l the optic path length. The correction factor, α, is given by the ratio of the 

slope of A2 against the concentration of the iron (II) standard solutions and the slope of A1 

against the same concentrations and, that way, it is corrected the error associated with the 

addition of chemicals in the procedure, because this factor is present in the expression that 

gives the final value of [Fe(II)] and [Fe(III)] in each sample.  

This method proved to be effective in showing the relative state of oxidation of different 

samples, but the results were not replicable in different experiments of the same samples, that 

is why its results are not always presented. But it was important to have an indication of the 

oxidation of each sample.  
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Thus, the samples used for the ferrozine method were also submitted for ICP-OES to 

identify the iron content (note that this analytical method does not distinguish Fe (II) and Fe 

(III), so it always quantifies the total iron in solution). The values of total iron given by both 

methods were not so different, which proves that the iron quantification using the ferrozine 

method is accurate.  
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Annex 2 Calculations 

2.1 Calculation of vivianite grade 

2.1.1 Solid microwave digested sample 

ICP-OES results are given in µg/L for each element that is analyzed. So, information 

about the sample preparation is crucial to treat these results. The samples, as it was mentioned 

before, have a volume of 10 mL and it can be greater due to acid addition. That is why, when 

nitric acid is further added to meet the requirement of 2% content, a correction factor is used 

to calculate the real concentration. 

For example, a microwave digested sample that was diluted 100 times needs to have an 

acid addition of 0.2 mL (see section 2.3.1 of Annex 2). This addition is done to the finished 

diluted sample therefore a 1.02 correction factor should be used and multiplied to the given 

value. Through this calculation, it is known the mass of phosphorus in each sample and, knowing 

the amount of sample that was digested, a ratio of mass of phosphorus over mass of digested 

sample is calculated. Having into account the theoretical mass proportion of 12.35% phosphorus 

in vivianite, it is possible to estimate the percentage of vivianite in that sample. In this 

calculation it is assumed that all phosphorus that is quantified in the sample is present as 

vivianite.  

An example of a schematic calculation using an ICP-OES result from a microwave 

digested sample of magnetic concentrate that was diluted 100 times to be in range for 

phosphorus and iron quantification will be presented. First, the concentration of phosphorus 

given by ICP-OES is converted from µg/L to mg/L. 

[P]ICP-OES = 2040 µg/L = 2.04 mg/L 

Then, it is considered the addition of 0.2 mL of acid to the sample and its dilution, 

which implies the multiplication of a volume correction factor of 1.02 and the dilution factor 

of 100. That way, the phosphorus concentration in the initial liquid can be obtained. 

[P]initial liquid = 208.08 mg/L 

The volume of the sample is multiplied to the concentration, so that the mass of 

phosphorus, in milligram, can be known. The mass of the digested sample needs to be used as 

well. 

V = 0.010 L 

mP = [P]initial liquid * V            (II.1) 

mP = 2.08 mg 
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mdigested sample = 0.02818 g 

P content = mP / mdigested sample          (II.2) 

  P content = 73.84 mg P/g sample 

Vivianite grade = 
73.84 ∗ 10−3

0.1235
 = 60% 

2.1.2 Liquid sample 

A liquid sample that is submitted for ICP has to be filtered before using a 0.45 µm 

cellulose acetate filter and its characteristics have to be taken into account, such as its acid 

content, approximate expected element concentration and salt concentration. A liquid filtered 

sample with no acid needs an addition of 0.3 mL of nitric acid to the final 10 mL prepared for 

the analysis, which is corrected by the multiplication of a 1.03 factor.  

2.1.3 Combination of fractions 

In the pre-treatment experiments (see 3.1 and 4.1), in some cases, it was studied the 

possibility to combine fractions in order to have a final fraction with a higher grade. To know 

the theoretical grade of the new fraction that results from joining other fractions, it is 

necessary to have the following information from each combined fraction: its mass yield from 

the whole fractions (ratio between the mass of that fraction and the total mass of all the 

fractions added) and its vivianite grade. Then, a multiplication with these two values is done 

for each fraction and the results from the several fractions that want to be combined are added.  

2.2 Calculation of vivianite recovery from the concentrate 

To know the percentage of vivianite that was recovered in a certain fraction when the 

magnetic concentrate was used, first, the vivianite grade of the fraction needs to be calculated 

(see Annex 2 – 2.1). Afterwards, the mass yield is multiplied to the grade of the fraction and 

this outcome is divided by the grade of the concentrate that was used in that experiment.  

2.3 Calculation of the dilution factor for submitting samples for ICP-

OES 

ICP-OES has quantification limits that vary for each element. For example, for phosphorus 

this interval is 20-10000 µg/L and for iron it is 5-10000 µg/L. Therefore, it is very important to 

predict the concentration of the element that is intended to be studied to dilute the sample 

correctly to be in range for this analysis. The concentration of the submitted sample should be 

in the middle of the quantification interval.  

Moreover, the elemental quantification limits are not the only factors to have into 

consideration when calculating the required dilution for each sample, but the salt 
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concentration in solution also needs to be less than 0.5 g/L in every sample, otherwise the 

device can be damaged. That way, the study of elements that have a very low concentration 

can be impossible due to the necessity to dilute the sample to be below the salt concentration 

limit.  

Acid content already present in the samples needs to be taken into account to determine 

if it is necessary to add the required 2% nitric acid content for the method. Calculations were 

always done to know the amount that is necessary to add and, if no acid was present in the 10 

mL sample, 0.3 mL were added.  

2.3.1  Solid microwave digested sample 

After the microwave digestion of a solid sample, a mandatory ten times dilution is made 

for security reasons when the Teflon vessel is emptied. Thus, more dilutions are performed to 

meet ICP-OES limits for each element. A further dilution of 3.5 times will imply that the final 

sample will have a final acid content of 2% as it is required (total dilution of 35 times), so this 

is the smallest dilution that can be done to a solid microwave digested sample to submit for 

ICP-OES. Higher dilutions mean an acid content lower that 2%, requiring concentrated acid 

addition. 

As an example, a microwave digestion can completely digest (25±5) mg of vivianite. 

Assuming that the initial added 25 mg are pure vivianite, of which 35.4% (w/w) is iron, then 7.6 

mg will be iron in the 10 mL of concentrated nitric acid, which is a concentration of 760 mg/L. 

As it was mentioned before, the required 10 times dilution is always done and the final 

concentration will be 76 mg/L, which is still not in range for iron quantification. To simplify 

the experimental procedure, if another 10 times dilution is done, a final concentration of 7.6 

mg/L is achieved. Since this procedure results in a 100 dilution factor, the acid content is about 

0.7%, and a further addition of 0.2 mL is necessary to ensure a final acid concentration of 2%.    

2.4 Kinetics study  

The kinetic study was always done with similar procedures, the biggest difference being 

the initial material that is being cracked: synthetic vivianite, impure vivianite or concentrate. 

In these experiments, it was assumed that all phosphorus detected by ICP-OES in solution was 

initially present in the mineral and, over time, it has been cracked, according to Equation 1.  

The usual calculations to know the mass of phosphorus in the liquid alkaline samples 

submitted for ICP-OES were followed as it is described in Annex 2, section 2.1.1. Over time, 

samples with 0.2 mL volume were taken out of the reaction bottle. It was assumed that all the 

liquid phase in the bottle was homogeneous, so the mass of phosphorus that was lost in the 
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sampling over the 48h of experiment was calculated and added to the amount of phosphorus in 

the reactor.  

2.4.1 Phosphorus recovery over time 

So, considering an alkaline treatment with a hydroxide concentration of 1 M, the initial 

reactional volume was 100 mL but it decreased 0.2 mL each time a sample was taken. So, the 

phosphorus concentration given by ICP was corrected (due to acid addition) and the dilution 

factor in each analysis was also taken into account and this value was multiplied by the 

reactional volume (that is the initial 100 mL minus the 0.2 mL taken in each sampling) to know 

the amount of phosphorus in the reactor after the sampling. Plus, the 0.2 mL taken out in that 

sampling was also multiplied by the concentration of phosphorus and added to the amount of 

phosphorus in the reactor. Also, in the 0.2 mL aliquots already taken out of the reactor in 

previous samplings, there were phosphorus contents that were lost, so this amount was also 

added to know the total phosphorus content that was in solution after a specific time.  

To illustrate this, a first sampling taken out at t=5 min had a phosphorus concentration of 

2440 µg/L and a second one at t=15 min had 3030 µg/L. After the corrections – correction factor 

of 1.03 and dilution factor of 200 - the final concentration was 502.64 mg/L for t=5 min and 

624.18 mg/L for t=15 min. Knowing that, after 5 min, the volume is 0.0998 L (because one 

sample of 0.2 mL was taken) and, after 15 min, the volume is 0.0996 L (because a second 

sample was taken for t=15 min), the mass of phosphorus in the reactor is, respectively, 50.16 

mg and 62.17 mg. To know the mass of phosphorus in each sample, the final concentration, in 

mg/L, is multiplied to the volume taken, which is 0.0002 L. The values are 0.10 mg and 0.12 

mg. So, to know the mass of phosphorus that had been cracked at t=5 min, to the 50.16 mg it 

is added 0.10 mg, which gives a final mass of 50.26 mg; to know the mass that had reacted at 

t=15 min , it is added the mass of phosphorus present in every sample already taken, 0.10 mg 

and 0.12 mg, to the mass in the reactor, 62.17 mg, totalling 62.39 mg.  

By knowing the mass of phosphorus that reacted until a certain time, it is possible to 

calculate the recovery of phosphorus. This recovery represents the initial amount of phosphorus 

that was present in vivianite that is now in solution. So, the mass of vivianite added to the 

reactor is known as well as the theoretical percentage of phosphorus. That way, the mass of 

phosphorus initially added to the medium in the vivianite form is known and a ratio between 

the mass of phosphorus that was released and this initial mass will give the phosphorus 

recovery. 

For example, for t=5 min, the mass of phosphorus released was 50.26 mg. The initial mass 

of pure vivianite was 0.5556 g, with a phosphorus content of 12.35%, so the initial phosphorus 

was 68.62 mg. Therefore, the phosphorus recovery after these 5 minutes of reaction is 73%. For 

t=15 min, following the same calculations, the phosphorus recovery was 91%.  
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2.4.2 Determination of the reaction rate coefficient 

To determine the reaction rate coefficient of each alkaline treatment, a graphical 

method was performed. As it was explained before in the Annex 2 – 2.4.1, the amount of 

phosphorus in solution over time in these alkaline treatments can be calculated. The reaction 

rate coefficient was determined in other experiments performed in shorter periods of time, 

but the calculations were the same and, finally, the amount of phosphorus in solution could be 

known. And, knowing the initial amount of phosphorus added, the amount of phosphorus that 

did not react yet is also known. So, the phosphorus present in vivianite is seen as a reagent and 

the amount of phosphorus in vivianite (the reagent) is given by the difference between the 

initial amount of phosphorus and the amount of phosphorus that already reacted until that 

moment. The concentration of phosphorus in vivianite (reagent) over time is this difference 

divided by the reactional volume in that moment, which is the initial volume minus the volume 

that was already lost in the samples. That way, we have the concentration of phosphorus as a 

reagent (still in the solid form) over time.  

Then, three graphs over time are plotted. First, the concentration of reagent over time. Also, 

the natural logarithm of the concentration of reagent over time and, finally, the inverse of the 

concentration of reagent over time. With these three plots for the same experiment, the best 

regression will indicate the most likely order of the reaction. This is evaluated using the value 

of the correlation coefficient of each linear regression line – the fit is better when the 

coefficient is closer to 1. When the first graph is closer to a straight line, then the reaction is 

a zeroth-order reaction and the reaction rate coefficient is given by the symmetrical number 

of the slope of the regression line and its units are M/s. The integrated rate law gives the 

relationship between reactant concentration and time and this law for reactions with a zeroth-

order produces a straight line and its equation is: 

[𝐴] = [𝐴]0 − 𝑘0𝑡      (II.3) 

In these equations, [A] is the concentration of the reactant A in a specific time t and 

[A]0 is the initial concentration of reactant A, 𝑘0 is the rate of reaction.  

When the plot of the natural logarithm of the concentration of reagent against time is 

closer to a straight line, the reaction is first-order with a reaction rate coefficient equal to the 

module of the slope of the trendline with 1/s units. The exponential form of the integrated 

rate law for a first-order reaction shows that the concentration of reactant will decrease in an 

exponential curve over time and the equation is presented as I.4 and the linearization is the 

equation I.5: 

[𝐴] = [𝐴]0𝑒−𝑘1𝑡                   (II.4) 

𝑙𝑛[𝐴] = 𝑙𝑛[𝐴]0 −  𝑘1𝑡         (II.5) 
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On the other hand, when the plot with a correlation coefficient of the linear regression 

closer to 1 is the inverse of the concentration of the reagent over time, then the reaction is 

second order and the reaction rate coefficient is the slope of the linear regression and its units 

are M-1s-1. The integrated rate law for second-order reactions is: 

1

[𝐴]
=

1

[𝐴]0
+ 𝑘2𝑡      (II.6) 

To explain this method with an example, the results from the experiment of the initial 

kinetics with non-oxidized vivianite with a hydroxide concentration of 0.32 M are presented 

next. On the following Table i, it is presented the values of the concentration of phosphorus as 

a reagent (still in the solids) in different instants until t=7 min, the natural logarithm of this 

concentration and the inverse. 

  Table i. [Preagent] in vivianite, ln([Preagent]) and 1/[Preagent] during the experiment until t=7 

min. 

Time (min) 
[P] as a 

reagent (M) 
ln[P] 1/[P] 

0 0.01 -4.83 125.33 

1 0.006 -5.04 155.93 

2 0.004 -5.64 286.89 

4 0.001 -6.78 938.21 

7 0.0004 -7.75 2324.96 

On the following figures, there is the plot of these values. On Figure i, there is the plot of [P] 

over time to study zeroth-order reactions; on Figure ii, the plot of ln([P]) over time to know if 

it is a first-order reaction; and, on Figure iii, there is the plot of 1/[P] against time to see if it 

is a second-order reaction.  

 

Figure i. [P] in the solids over time to study zeroth-order reactions.  

0

0,002

0,004

0,006

0,008

0,01

0 1 2 3 4 5 6 7 8

[P
] 

(M
)

Time (min)



Phosphate and Iron recovery from a vivianite-rich concentrate produced from digested sewage sludge 

Calculations i 

 

Figure ii. ln([P]) over time to know if it is a first-order reaction.  

 

Figure iii. 1/[P] against time to see if it is a second-order reaction. 

 The linear regression lines that are in each graph, have a correlation coefficient of 0.86, 

0.98 and 0.94, respectively. This is an indication that the plot that is closer to a straight line 

and that has a linear regression that suits its points better is the one on Figure ii. So, this 

reaction is a first-order with a reaction rate coefficient of 0.44 s-1 that is the symmetrical 

number of the slope of the graph on Figure ii. 

2.5 Vivianite-rich alkaline treatment experiment 

2.5.1 Experiment preparation calculations  

To have the intended 2% phosphorus content in solution, calculations were made to 

know the mass of vivianite that it is required. It was assumed that all vivianite would be cracked 

and that it was pure vivianite with a phosphorus content of 12.35%. Knowing that the volume 

of liquid will be 10 mL, the mass of vivianite to be added is 1.6194 g, which is 0.324 mol. 
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It was also assumed that, due to the aerobic atmosphere, the solids would be formed as 

Fe(III)(OH)3. That way, the amount of OH- that reacts is known, 2.9 mol. To make sure that 

throughout the reaction there is an alkaline environment, it was assumed that the final pH is 

13 that is equal to a OH- concentration of 0.1 M. Then, to know the concentration of this ion at 

the beginning of the reaction, it was added to the final amount still in solution the amount that 

reacted plus 20%, to make sure that the vivianite cracking is complete. So, the calculated value 

of the initial concentration of the ion OH- is 349.9 M. 

Clearly, due to safety reasons, such high concentration was not used. Instead, a still 

very high concentration of 3.2 M was used in the beginning of the reaction to test what could 

happen. 


