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SUMMARY

Phosphorus is a limited resource which availability is gradually depleting. Due to the shortage
of phosphorus within the European Union (EU) and the EU's dependence on phosphorus imports,
phosphorus has been classified by the EU as a critical raw material. Accordingly, the EU is
seeking technologies and alternatives to recover phosphorus. One of the most promising
possibilities under study is the recovery of phosphorus present in wastewater through the
precipitation of struvite. However, the problem of struvite precipitation is the cost associated with
the addition of magnesium and an alkaline reagent. The price of magnesium sources (e.g.
magnesium chloride, magnesium hydroxide) is relatively high, thereby imposing economic
constraints on the process economic feasibility. Moreover, magnesium also classifies as an
essencial raw material for the EU. As a result, cheaper magnesium sources are being sought to
carry out struvite precipitation. One of the promising new sources is the utilization of a by-product
rich in magnesium oxide (named LG-MgO) from the calcination of natural magnesite. It has
already been demonstrated that this by-product can precipitate phosphorus as struvite with a high
efficiency (60% - 90%). The problem of LG-MgO utilization lies in the limited knowledge of its
dissolution behaviour, with a lack of understanding regarding the release of magnesium and
hydroxide ions from this by-product. Therefore, this study develops a dissolution kinetic study for
the LG-MgO in both neutral and acidic media, with the aim of helping optimize the LG-MgO
dosage and usage. Two kinetic models have been proposed, allowing the calculation of the
amount of magnesium dissolved under a wide range of operational conditions. This research
provides valuable information for the utilization of this industrial by-product for struvite
precipitations by reducing the need for raw materials for struvite precipitation and taking a first
step into circular economy.

Keywords: Struvite, phosphorus recovery, MgO dissolution, dissolution kinetics, wastewater
treatment, resource recovery, circular economy.
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REsum

El fosfor és un recurs limitat que cada vegada es va esgotant, fent que el preu d'aquest
augmenti dia rere dia. A causa de la mancanga de fosfor dins de la Unié Europea (EV) i la
dependéncia que té I'EU de les importacions d'aquest mineral, el fosfor s'ha catalitzat com una
substancia critica. Per aquesta rao, I'EU busca tecnologies i alternatives per recuperar fosfor.
Una de les possibilitats que s'esta estudiant és la recuperacié del fosfor que hi ha a les aiglies
residuals a partir de la precipitacio d'estruvita. El problema d'aquest material és que no és viable
precipitar-ho a escala industrial a causa del cost associat a I'addicié de magnesi i un reactiu alcali.
El preu de fonts de magnesi (e.g. clorur de magnesi, hidroxid de magnesi) son relativament
elevats, imposant limitacions econdmiques a la viabilitat econdmica del procés. A més a més, el
magnesi també és una substancia essencial per I'EU. En conseqiéncia, s'estan buscant noves
fonts de magnesi on el preu sigui més assequible. Una de les noves fonts que té molt de potencial
és la utilitzacio d'un subproducte ric en dxid de magnesi (anomenat LG-MgO) provinent de la
calcinacio de magnesita natural. Aquest ja s'ha demostrat que pot precipitar fosfor en forma
d'estruvita amb un rendiment elevat (entre 60% a 90%). El problema recau en el poc coneixement
que es té sobre com és dissolt el LG-MgOi la manca de coneixements relacionats amb
I'alliberament d'ions hidroxid i magnesi del subproducte. Per aquesta rad, aquest treball
desenvolupa una cinética de dissolucié del LG-MgO en medis neutrals i medis acids, amb
l'objectiu d'ajudar a optimitzar la dosificacio i utilitzacié del LG-MgO. S'han proposat dos models,
permetent calcular la quantitat de magnesi dissolt sota un rang ampli de condicions operacionals.
En conseqliéncia, aquest estudi dota de valuosa informacié per la utilitzacié industrial d'aquest
subproducte per precipitar estruvita, reduint la necessitat de matéria primera, fent un primer pas
cap a una economia circular.

Paraules clau: Estruvita, recuperacié de fosfor, tractament d’aiglies residuals, recuperacio
de recursos, economia circular.
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SUSTAINABLE DEVELOPMENT GOALS

This study develops a dissolution kinetic study for the LG-MgO, an idustrial by-product that
can be utilized for municipal and industrial wastewater treatment. Speficically, LG-MgO can be
used to recover phosphorus from wastewater by precipitating it in the form of struvite, which is a
slow-release fertilizer that can be used in agriculture. Struvite precipitation also allows reducing
the amount of nutrients discharged into the environment, thereby reducing eutrophication risk in
water bodies. Accordingly, this master final thesis aligns with the following sustainable
development goals:

e Zero hunger (Objective 2): Sustainable agriculture is being achieved by using struvite
as a fertilizer because this fertiliser does not depend on phosphorus importation or local
mining.

e  Clean water and sanitation (Objective 6): By obtaining fertilizer from the precipitation
of phosphorous in wastewateras struvite, the process facilitates nutrient recovery from
wastewater.

e  Decent work and economic growth (Objective 8): By obtaining an economical and
cheap fertilizer using a by-product, we are creating new opportunities and markets for
and industrial by-product as well as promoting a circular economy.

e Life below water (Objective 14): Recovering phosphorus from wastewater reduces
the spread of phosphorus in the environment, thereby mitigating eutrophication.
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1. INTRODUCTION

1.1. PHOSPHORUS IMPORTANCE

Phosphorus (P) is a non-renewable resource essential for global food production, and it is an
essential ingredient in fertilizers [1]. According to Daneshgar et al. [2], approximately 95% of the

global phosphorus production is utilized for the manufacture of fertilizer.

The European Union (EU) depends on over 90% of imports for ph

the United States, and Kazakhstan [3,4] as EU has very limited phosphate rock deposits [5]. The

availability of existing phosphate rock deposits are declining rapidly. Inde
that phosphate rock reserves will last between 300 to 400 years [6]. Fu

associated with extracting, purifying, stockpiling, and converting them are rising because the
quality and accessibility of currently available phosphate rocks are worsening [7]. The European
Commission has included phosphate rock in the list of 20 Essential Raw Materials, for which

supply security is at risk and economic importance is high [8].

osphorus from Morocco,

ed, it has been estimated
rthermore, the expenses

.
Heavy Rara Earth Elements

-
Light Rafe Earth Elemants

« Miobium Artimany

.
Magnesium Matural Geaphite
.

Supply risk

Gemanume Flugrspar
® Indium »
Galium Cobsh L
Baryliume  SPHCon meta

Phosphate Rack = Platinum Group Melals
.

Magnesita
H
Tungsten e

Coking coal
.

a o
Vi
o sk umn e
[ oan
Beerar g ™ =
o Tamd o sacx
it o oz i

 Livasira

]
o

Eopper

Do 0 o T

Eo

Chromiug
vt
]
=
o
==

0 o

Economic importance

Figure 1. EU list of the 54 critical raw materials. The Raw Essencial Mater

ials are highlighted [5].




8 Botines Ramallo, Pau

Van Dijk et al. [9] showed that one of the largest phosphorus losses within the EU occurs via
wastewater, where P recovery from wastewater could represent about 15% of the EU imports.
Van Dijk et al. [9] suggested that there is significant potential for phosphorus recovery from
municipal sewage. It is estimated that up to 50% of the phosphorus in wastewater could be
recovered from the liquid phase while the recovery can reach up to 90% if it is recovered from
sewage sludge or sewage sludge ash [10]. This potential recovery, combined with rising expenses
and dependency on other countries, encourages the EU to seek technologies that are capable of
recovering phosphorus from wastewater.

1.2. PHOSPHORUS TREATMENT IN WATER TREATMENT PLANTS

In the last few years, wastewater treatment plants (WWTPs) have been in charge of
controlling the discharge of phosphorus into the environment to prevent water bodies pollution,
primarily eutrophication [11,12]. To achieve the discharge concentration limits, WWTPs use
several treatments (e.g. phosphorus removal) including physicochemical, biological, algae-based,
or a combination of them [13]. WWTPs are where municipal sewage is treated to achieve water
quality standards in line with water safety regulations. To achieve the quality standards, the
wastewater is subjected to several stages where different treatments take place. The first stage,
called the preliminary treatment, prepares the wastewater for the following stages. It mainly
consists of removing objects with high dimensions, grease, and sand particles. These are
removed because they could damage equipment used in the following stages. The second stage,
called the primary treatment, removes suspended solids. During this process, chemicals such as
coagulants and flocculants can be added to improve removal of suspended solids. The third
stage, also knonw as secondary treatment, is in charge of removing organic matter from the water,
as well as nutrients such as nitrogen and phosphorus. This stage generally uses microorganisms
to remove these pollutants from wastewater. At this point, the treated water meets the defined
discharge requirements and is returned into the environment [14].

The most common process or widely used for phosphorus removal is physicochemical
treatment [13], involves adding metal salts (e.g., FeSOs, AICl3) to the wastewater to precipitate
phosphorus with metal ions and forming a highly insoluble precipitates [15]. Although the resultant
precipitates may contain a high concentration of phosphorus, the recovery process from this
phosphorus can be challenging as the methods studied are very costly [16].
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Biological treatments consist of phosphorus-accumulating organisms (PAOs) that remove
phosphorus from activated sludge systems [17] and preserve it as polyphosphate in their
organism as an energy reserve [18]. Once the phosphorus is removed with PAOs, the sludge
formed by these microorganisms can be used because it is a sludge rich in phosphorus. This
method is considered an economical and environmentally friendly alternative to physicochemical
methods [19].

Algae-based treatments involve using microalgae bioreactors to remove phosphorus from
wastewater under specific growing conditions. Similar to PAOs, the retained phosphorus is stored
as polyphosphate for energy reserves.

Considering the growing demand for the phosphorus recovery process, one of the most
promising methods is the precipitation of magnesium ammonium phosphate hexahydrate
(MgNH4PO4-6H20), also known as struvite [20].

1.3. STRUVITE PRECIPITATION

Struvite is a slow-release fertilizer with high phosphorus and ammonium content. This mineral
can reduce phosphorus concentrations into the environment due to controlled release compared
to liquid fertilizers [21]. Phosphorus and nitrogen are nutrients that contribute to plant growth and
development. Phosphorus precipitation as struvite precipitation requires that the concentration of
magnesium, phosphate, and ammonium in the wastewater exceeds the struvite solubility product
constant (Ksp) according to Equation 1 [22]. The reported range of pKsp is 12.67 to 14.28 [52,53]
where the pKsp is the negative logarithm of the Ksp. Ksp value depends on several factors, including
temperature, pH, ions among others, for this reason, there are different values in the literature
[23,24].

Mg2* + NHs* + Hi\PO4#3 + 6 H20 & MgNH4PO4- 6 H20 + nH* where n =0, 1 or 2. (Eq. 1)

The struvite precipitation in WWTPs requires the addition of magnesium because its
concentration found in the wastewater is insufficient to exceed the solubility product constant [25].
Marti et al. [26] and Uysal et al. [27] showed that struvite can be efficiently precipitated in a stirred
crystallization reactor fed with anaerobic digestion supernatant due to its realtively high phosphate
and ammonium concentration. Uysal et al. [27], who used magnesium chloride (MgClz-6H20) to
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facilitate struvite precipitation, reported that the concentrations of heavy metals and
micropollutants present in struvite did not surpass the regulatory thresholds established by the
EU in the precipitated struvite.

The main magnesium sources used to induce struvite precipitation are magnesium chloride
(MgCl2-6H20), magnesium oxide (MgO), and magnesium hydroxide (Mg(OH).) [28]. These salts
are dosed to achieve a P:Mg molar ratio between 1:1 and 1:2 [21,22,29,30]. Despite the potential
loss of magnesium when using a higher P:Mg molar ratio of 1:1, promoting system oversaturation
that enhance phosphorus recovery. Furthermore, the salts are dosed into systems where the pH
is adjusted to achieve an optimal pH range using an alkali reagent, typically sodium hydroxide
(NaOH) [31]. The optimum pH range for struvite precipitation is between 8 and 9 [29,32,33].
Although different magnesium sources proved to be effective in struvite precipitation, the process
lacks economic viability for full-scale implementation [21,22,29,30]. This economic impediment is
attributed to the high cost of magnesium salts, which account for approximately 75% of the
expenses, alongside other reagents [28]. Additionally, magnesium is included in the EU's crucial
primary substances [34]. For these reasons, side/waste stream-derived magnesium sources may
present a more cost-effective and desirable alternative for struvite precipitation within the circular
economy framework.

1.4. MAGNESIUM RICH BY-PRODUCTS

Different magnesium-rich by-products, such as brine, wood ash, bittern, and low-grade MgO
(LG-MgO) have shown potential for making the full-scale struvite precipitation cost-effective [35].
Among these by-products, LG-MgO has been proven effective for struvite precipitation in WWTPs
anaerobic digestion supernatants with phophorous recoveries values by means of struvite
precipitation ranging between 60% and 90% [35,36,37,38]. LG-MgO is obtained from the
calcination of magnesite, which is recovered from air pollution control systems. These systems
utilize cyclones to filter the combustion gases from the kiln, resulting in the recovery of fine
particles of LG-MgO as by-product. LG-MgO has a heterogeneous composition, including
magnesium oxides (MgO), magnesite (MgCOs), calcite (CaCO3), dolomite (CaMg(COs)2) amonjg
others [39]. The composition of LG-MgO by-product and chemical and physical properties
depends on the composition of the raw material and the thermal processes employed in its
production [39]. Additionally, LG-MgO is 10 times cheaper than MgCl. which makes this by-
product potentially more cost-effective [35].
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Although LG-MgO proved to be effective in the process of struvite precipitation there is limited
understanding regarding its dissolution behavior and magnesium liberation. This lack of
investigation indicates that the utilization of LG-MgO is not optimizited which could led to
significant losses of magnesium in the process. One way to optimize LG-MgO dosage is to
understand the dissolution properties of LG-MgO and consequenly the efficacy of struvite
precipitation when using LG-MgO.

2. KINETIC STUDY

To develop the kinetic dissolution model, the introduction of theoretical kinetics is undertaken
to better comprehend the foundation of this study.

Chemical kinetics is a branch of chemistry that encompasses the investigation of reaction
rates which the reactants (R) are transformed into products (P) to understand the kinetic
mechanisms for any given chemical reaction [40]. The term "mechanism” is defined as the
sequential arrangement of elementary steps that collectively form an overall chemical change. An
elementary step denotes the advancement of a reactant or reaction through a singular transition
state to a chemical form characterized by a precisely defined and detectable lifetime (Eq. 1) [56].

In instances where the chemical transformation involves multiple elementary steps, the
chemical structures that arise after each prociding elementary step, leading up to the eventual
formation of the final product, are formally recognized as reaction intermediates (1) (Eq. 2) [41].

R — P (Eq. 1)
R—>I—>P(Eq.2)

The reaction rate is inherently influenced by various factors, including reactant concentration,
temperature, contact surface area, and other variables. Kinetic studies are primarily derived on
experimental data, wherein initial operating conditions are established, keeping specific variables
of interest constant while tracking their effects over time. With the experimental data, kinetic
equations that describe the reaction rate can be determined. In addition to experimental
measurements, theoretical or computational methods can be used to obtain information about
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reaction mechanisms and kinetic parameters, such as rate constants and reaction orders. Two
branches emerge depending on the complexity of the reaction: simple kinetics and complex
kinetics.

2.1. SIMPLE REACTIONS

The kinetics of simple reactions refers to the study of the reaction rate and mechanism of
simple chemical reactions (Eq. 3). In this context, a simple reaction occurs in a single elementary
step, meaning it does not involve intermediate stages.

The rate of a reaction is defined as the rate at which reactants are converted into products. It
can be expressed in different ways, but it is generally measured as the change in concentration
of reactants or products over time. The rate is expressed using a rate equation, which relates the
rate to the concentrations of the reactants:

vaA+veB—vcC+vwo D (Eq.3)
r=k[A]*[BJ® (Eq. 4)
where:

e Va,VB,Vc, and vp are the stoichiometric coefficient.

e Aand B are the reactants.

e CandD are the products.

o ris the reaction rate (mol/(L-min)).

o kis the reaction rate constant (units depend on the fractional parameters).
e [A], [B], are the concentrations of reactants (mol/L).

e aand f are the fractional parameters.

2.1.1 Temperature dependent term of a rate equation

For many reactions, especially elementary reactions, the rate expression is written as a
product of a temperature-dependent term and a composition dependent term. The temperature-
dependent term is represented by the reaction rate constant (k). In most cases, the reaction rate
constant has been well represented by Arrhenius’ equation [42].

The Arrhenius equation introduces the relationships between the reaction rate and a pre-
exponential factor (A), activation energy (Ea) and the temperature (T). In simple, single-steps
reactions, Arrhenius equation is descibred as it is seen in Equation 5.
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k= A - exp(-Eo/RT) (Eq. 5)
where:

e Ais the pre-exponential factor for the reaction.

e Eais the activation energy for the reaction (J/mol).
e Risthe gas constant: 8.3145 (J/mol-K).

e Tisthe temperature (K).

The pre-exponential factor, is a constant that can be derived experimentally or numerically. It
is also called the frequency factor and describes how often two molecules collide. To first
approximation, the pre-exponential factor is considered constant [43].

The activation energy, represents the minimum energy requirement that must be met for a
chemical reaction to occur. Every molecule possess a certain minimum amount of energy. When
these molecules come into contact, the kinetic energy of the molecules can be used to stretch,
bend, and ultimately break bonds, leading to chemical reactions. If molecules move too slowly
with little kinetic energy lacking sufficient kinetic energy, or if they meet at an unfavorable angle
they do not react and simply bounce off each other. However, when molecules approach with
adequate speed and the correct orientation, such that their combined kinetic energy surpasses
the activation energy barrier, a chemical reaction ensues [43].
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Energy

e Transition State

Reactants

Products

Reaction Coordinate

Reaction: HO- + CH;Br = [HO-—CH;-—Br]* = CH;0H + Br

Figure 2. Reaction coordinate diagram [60].

The activation energy, denoted as AG* in Figure 2, is the energy difference between the
reactants and the activated complex, often referred to as the transition state. In a chemical
reaction, the transition state is defined as the highest-energy state of the system. When molecules
from the reactants collide with enough kinetic energy exceeding that of the transition state, they
initiate a reaction, leading to the formation of products. In other words, the higher the activation
energy, the harder it is for a reaction to occur and vice versa [43].

2.2. COMPLEX REACTIONS

The kinetics of complex reactions refers to the study of the reaction rate and mechanism of
chemical reactions that involve multiple elementary steps [44]. These reactions are characterized
by a series of multiple reaction stages, transient intermediates, parallel reactions, or any
combination of these factors between the reactants and the final products. In general, they are
divided into two categories: chain reactions and step reactions.

In chain reactions, an initial step, known as initiation, generates reactive species that then
propagate and are consumed in a series of reactions. These reactions can include elementary
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addition, elimination, or substitution reactions, depending on the reactants and products involved.
Finally, the reaction has a termination step, where the reactive species combine or deactivate.

Step reactions involve multiple elementary steps that occur in parallel or in sequence. Each
step can have its own reaction rate and may involve the formation or breaking of chemical bonds.
These steps can be reversible or irreversible.

Compared to simple kinetics, the rate of a reaction cannot be described as a general equation
for all complex reactions because each of them has specific conditions that have to be present in
the rate equation.

2.2.1. LG-MgO dissolution reaction

LG-MgO is primarily composed of MgO about a 50% [39,45]. For this reason, the kinetics
revolve around the dissolution properties of MgO.

MgO is almost insolubility in water due to the presence of intramolecular forces that water
cannot overcome, i.e., it dissolves to a limited extent [54]. The surface of MgO undergoes
hydration, converting the magnesium oxide into magnesium hydroxide. Subsequently, when
magnesium hydroxide is dissolved in water, it dissociates into magnesium ions (Mg?*) and
hydroxide ions (OH-). The described process is shown in Equations 6 and 7.

MgO () + H20 (aq) 2 Mg(OH)2 aq) (Eq. 6)
Mg(OH)2 (ag) @ Mg?* (aq) + 2 OH (ag) (EQ. 7)

However, MgO can be dissolved in acidic solutions due to the reaction with acid.

Park et al. [46] showed that the dissolution behavior of powdered magnesium oxide is quite
similar to that of magnesium hydroxide. This led them to conclude that the magnesium oxide
surface is rapidly converted to hydroxide, which later reacts with hydrogen ions in the dissolution
reaction. Altough the described reaction involves different simple reactions, the mechanism is
shown in Equation 8.

MgO () + H* (ag) @ M@?" (ag) + OH-a) (EQ. 8)

Equations 6, 7, and 8 are equilibrium reactions. This phenomenon arises from the equilibrium
state between the solid reactant and the Mg?* and OH- species in the medium. As the medium
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pH reaches the equilibrium pH, the amount of dissolved magnesium ions decreases due to the
equilibrium formed in the system. Considering the MgO Ksp, the equilibrium pH is about 10.3 [47].
Due the fact that the kinetics revolve around equilibrium reactions, equilibrium reactions are
explained in the following subsection.

2.2.2. Reversible reactions

In reversible reactions, the extent of the reaction is limited by the fact that the reactants
transformed by the forward reaction are, as the reaction proceeds, regenerated in proportion by
the reverse reaction. After a certain amount of time, the rates of the forward and reverse reactions
become equal. At this point, an equilibrium state has been reached [48].

=) Equilibrium state

Reaction rate

Time ———»
Figure 3. A visual representation of the variation in reaction rate versus time for a reaction involving: Rectant
A + Reactant B 2 2 Product P [49].

Chemical equilibrium is a dynamic process. The forward and reverse reactions continue to
occur even after equilibrium has been reached. However, because the rates of the reactions are
the same, there is no change in the relative concentrations of reactants and products for a reaction
that is at equilibrium [49].

Equilibrium state can be achieved in various ways: it can result from the opposition of
reactions of the same order (whole or fractional), reactions of different orders, or even the
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opposition of reactions that do not follow any order [48]. In this study, the reversible reactions that
result from the opposition of reactions are considered to exhibit a certain order. An equilibrium
reaction can be symbolized in the form:

vaA+vsB2wM+wN (Eq.9)
where:

e VA, VB, Vi, and vnare the stoichiometric coefficients.
e Aand B are the reactants.
e Mand N are the products.

The reaction rate from direct (vp) and inverse (vi) reaction is represented in Equation 10,
according with the consideration made before (both reactions follow a specific order):

vo = ko [A]°[B]f vi= ki[M]™ [N] (Eq. 10)
where:
e ko is the direct reaction rate constant (units depend on the fractional parameters).
e  kiis the inverse reaction rate constant (units depend on the fractional parameters).

e [A],[B], [M], [N] are the concentrations of reactants and products (mol/volume).
e 0, B, m, and n are the fractional parameters.

The general rate reaction from the direct reaction is the difference between the direct reaction
rate and the inverse reaction rate:

r=ro-n=(1/va) - (d[A}/dt) = ko [A]*[B]? — ki [C]* [D]* (Eq. 11)
where:
e ris the general reaction rate (mol/(L-min)).
e rpis the direct reaction rate (mol/(L-min)).
e nis the inverse reaction rate (mol/(L-min)).
e d[A]/dtis the reaction rate where A is being consumed to form C and D.
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Once the system reaches equilibrium, the direct and inverse reaction rates have the same
value, resulting in a net reaction rate of 0. By combining the resulting net rate with Equation 11,
Equation 12 is formed:

0O=r=m-n— ([M]meq.' [N]neq.) / ([A]Geq.' [B]Beq.) =ko/ ki =K (Eq 12)
where:

e Kcis the equilibrium constant.

The rate expression is written as a product of a temperature-dependent term and a
composition dependent term where the temperature-dependent term is represented by the
reaction rate constant (k). In equilibrium reactions, the Arrhenius Law is fulfilled for the direct and
the inverse reaction. Equations 13 and 14 show the Arrehnius Law for a reversible reaction.

ko = Ap - exp(-Eap/RT) (Eq. 13)
ki = A - exp(-Ea/RT) (Eq. 14)
where:

e Apis the pre-exponential factor for the direct reaction.

o Ais the pre-exponential factor for the inverse reaction.

o  Eapis the activation energy for the direct reaction (J/mmol).
o  Eqis the activation energy for the inverse reaction (J/mmol).
o Risthe gas constant: 8.3145-10-3 (J/mmol-K).

o Tis the temperature (K).
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3. OBJECTIVES

The main objective of this study is to investigate the dissolution kinetic behavior of LG-MgO,
a magnesium-rich industrial by-product suitable for struvite precipitation. The dissolution kinetic
behaviour was studied in an acidic medium and a neutral medium. To meet this main objective,
the following specific objectives were planned:

e Investigate the dissolution of Mg?* of the LG-Mg in an acidic medium. Analyze the effect
of temperature and the initial LG-MgO concentration on the dissolution kinetics and
identify any trends or correlations.

o Study the dissolution of Mg?* of the LG-MgQ in a neutral medium. Compare the dissolution
rates in the neutral medium with those obtained in the acidic medium.

o Explore the influence of temperature on the dissolution kinetics of LG-MgO and determine
the activation energy associated with the dissolution process. Perform dissolution
experiments at different temperatures within a defined range (15, 25, 35, 45 and 55 °C),
both in the acidic and neutral media.

¢ Find the kinetic values that will enable the proposed kinetic study to accurately describe
the amount of magnesium ions that dissolve in the medium.

By accomplishing these specific objectives, this research paves the path for optimizing
LG-MgO dosage to facilitate struvite precipitation and minimize magnesium losses through the
effluent. Future research and applications can utilize this knowledge to determine the amount of
LG-MgO that needs to be dosed in the medium and its dissolution behaviour.
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4. MATERIALS AND METHODS

4.1. MEDIUM PREPARATION

4.1.1. Neutral medium

The dissolution experiments of LG-MgO in a medium without buffer solution where carried
out in deionized water.

4.1.2. Acidic medium

The acidic medium was chosen as wastewater presents buffer capacity able to react with the
released OH- (NH4*, HCOs and H:POx). Therefore, the experiments aimed to estimate the
amount of magnesium dissolved when LG-MgO is added in wastewater.

The medium used consists of a buffer solution containing citric acid. Citric acid is a triprotic
acid with pKa values of 3.128, 4.761, and 6.369 at 25 °C [50]. The initial pH for the acidic medium
had approximately the value of 6.369. This choice was made because the ionic chromatograph
used to measure the concentration of magnesium ions does not provide accurate readings at low
pH values.

To prepare the acidic medium, different solutions were created as follows:

- A 1.5 M citric acid solution was prepared by using deionized water and citric acid
anhydrous.

- A2 M solution of NaOH was prepared by using deionized water and sodium hydroxide
pellets, extra pure, from Scharlab S.L.

Next, 6.2 L of deionized water were mixed with 93 mL of the 1.5 citric acid solution.
Subsequently, 170 mL of the NaOH solution was added to the mixture to achieve the buffer pH.

4.2. LG-MGO COMPOSITION

The LG-MgO industrial by-product used to develop the dissolution kinetic model was provided
by Magnesitas Navarras, S.A (Navarra, Spain). The mineral composition of the LG-MgO used in
this study was provided by Magnesitas Navarras, S.A (Table 1).
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Table 1. Mineral composition of LG-MgO.

Units

MgO % 46.14
Ca0 % -
SiO; % 213
Mg(OH): % 2.89
MgCO:; % 21.711
CaMg(COs). % 5.67
CaCO:; % 10.37
MgSO4 % 3.20
CaS0q % 311
Others % 3.7

4.3. LG-MGO COMPONENTS DISSOLUTION PROPERTIES

As shown in Table 1, the substances that contain magnesium of LG-MgO are MgO, Mg(OH)z,
MgCOs, CaMg(COs)2, and MgSOa. Although MgO is the main component, the properties of the
other compounds are the following:

Mg(OH)2 (magnesium hydroxide) is soluble in water. It has a low solubility, but it does dissolve
to a small extent in water, forming magnesium ions (Mg?*) and hydroxide ions (OH-). The
dissolved ion concentration increases with decreasing pH due to equilibrium formed at pH around
10.3.

MgCO; (magnesium carbonate o magnesite) and CaMg(COs)2 (dolomite) are both partly
soluble in water. They do not easily dissolve in water, and their solubility is generally low because
they present intramolecular forces that water cannot overcome. However, they can dissolve to
some extent in acidic solutions due to the reaction with acid.

MgSO4 (magnesium sulfate) is soluble in water and acid, dissociating into magnesium ions
(Mg?*) and sulfate ions (SO42).

For these reasons, the results in an acidic medium are expected to have a higher magnesium
ions concentration than in neutral conditions.
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4.4. EXPERIMENTAL SET-UP

4.4.1. Experimental device

The experimental device used consists of two closed jacketed reactors with stirring connected
to a thermal bath (Figure 4). Two reactors were used to duplicate to verify the accuracy of the
experimental results.

Figure 4. Experimental device.

4.4.2 Experimental procedure

In two reactors two liters of deionized water or acidic solution were introduced. Afterward, the
thermal bath was connected, and the temperature value was set (15, 25, 35, 45 or 55 °C). Stirring
was then connected to ensure that the medium reached the targeted temperature. Next, the
selected amount of LG-MgO was introduced into both reactors. Once all the LG-MgO was in
reactors, the timer was started. From this point, at 5, 10, 15, 20, 25, 30, 40, 50, and 60 minutes,
10 mL of the solution were withdrawn from both reactors. These samples were immediately
filtered using a 0.22 pm regenerated cellulose syringe filter, and the pH of each sample was
measured afterward. Finally, the samples were diluted and duplicated for analysis. Once each
sample was analyzed, the dissolved Mg2* concentration was obtained.

4.4.3. Experiments

30 experiments were carried out in this research. A duplicate of each experiment was carried
out to verify the accuracy of the results. Table 2 shows the experimental conditions of each
experiment.
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Table 2. Conditions of the experiments carried out in this research.

Experiment LG gndgdzg(()::::grlgtlon Temp()otzr; ture Medium
1 3.875 15 Neutral
2 3.875 25 Neutral
3 3.875 35 Neutral
4 3.875 45 Neutral
5 3.875 55 Neutral
6 3.875 15 Acidic
7 3.875 25 Acidic
8 3.875 35 Acidic
9 3.875 45 Acidic
10 3.875 55 Acidic
11 5.812 15 Neutral
12 5.812 25 Neutral
13 5.812 35 Neutral
14 5.812 45 Neutral
15 5.812 55 Neutral
16 5.812 15 Acidic
17 5.812 25 Acidic
18 5.812 35 Acidic
19 5.812 45 Acidic
20 5.812 55 Acidic
21 7.750 15 Neutral
22 7.750 25 Neutral
23 7.750 35 Neutral
24 7.750 45 Neutral
25 7.750 55 Neutral
26 7.750 15 Acidic
27 7.750 25 Acidic
28 7.750 35 Acidic
29 7.750 45 Acidic
30 7.750 55 Acidic

The results of the LG-MgO dissolution in neutral medium at temperatures of 45 and 55°C are
not shown due to an error in the sample analysis.
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4.5. ANALYTICAL METHODS

Mg2* was analyzed using an 861 Advanced Compact IC Metrohm ionic chromatographer
equipped with Metrosep C 4-150/4.0 column and following manufacturer’s protocol (Figure 5).

Before ion analysis, the samples were filtered through a 0.22 um regenerated cellulose syringe
filter. pH was measured using MultiMeter MM41 (Crison) equipped with a pH electrode (Crison,
50 52) (Figure 6).

Figure 6. MultiMeter MM41 (Crison).
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4.6. KINETICS DISSOLUTION MODELING

In the neutral medium experiments, it was observed that when 0.15 to 0.7 mg/L of MgO were
dosed, an equilibrium pH was achieved. However, dosing the same amount of MgO into acid the
equilibrium pH was not reached. For these reasons, the reaction and the kinetic used in a neutral
medium considers the dissolution reaction as an equilibrium reaction, while the reaction and the
kinetic used in the acidic medium considers the dissolution reaction as a simple reaction due to
the excess of H* ions.

4.6.1. Neutral medium model description

Considering the system as a reversible reaction where the molar relation is 1:1, the dissolution
reaction is:

A (dissolution) 2 B (precipitation) (Eq. 15)
where:

e Aare magnesium ions undissolved.
e B are magnesium ions dissolved.

The proposed model, based on Quintana et al. [44], applies a first-order kinetic model. This
model relates the dissolution rate (ra) to the rate constant (k) and the reactant concentration at
time t (Ca) minus the reactant concentration at equilibrim (Ce). The proposed kinetic model can
be expressed as follows:

-(dCwdt) = ra =k - (Ca- Ce) (Eq. 16)

By integrating Equation 16, the following equation was obtained:

-AIn((Ca - Ce) / (Co- Ce)) =k - (t-to) (Eq. 17)
where:

e  Cois the initial concentration of undissolved magnesium (mmol/L).
e fois the initial time (min).
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Ordering the terms found in Equation 17, isolating Ca and considering to equals to 0 min,
Equation 17 can be represented as follows:

Ca = Ce - (Co- Ce) - € (Eq. 18)

4.6.2. Acidic medium model description

Considering the system as a forward reaction where the molar relation is 1:1, the dissolution
kinetics can be represented as follows:

A — B (Eq. 19)
where:

e Aare magnesium ions undissolved.
e B are magnesium ions dissolved.

The proposed model consists in a alfa order model that assumes that the dissolution rate
depends on the concentration of the undissolved magnesium ions raised to a fractional
parameter (a). The proposed kinetic model can be expressed as follows:

-(dCa/dt) =ra=k - (Ca)e (Eq. 20)
where:

o rais the dissolution rate at which the magnesium ions dissolve (mmol/min).

e  kis the dissolution rate constant.

o  Cais the magnesium ions concentration that did not dissolve at a specific time (mmol/L).
o ais the fractional parameter.

By integrating Equation 20, the following equation was obtained:

((Cae*t — Coa*t) [ -a+1) =k - (t-to) (Eq. 21)
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where:

e  Cois the initial concentration of undissolved magnesium (mmol/L).
e tois the initial time (min).

Ordering the terms found in Equation 17, isolating Ca and considering to equals to 0 min,
Equation 21 can be represented as follows:

Ca = (Coa*! —k t (-a+1)) 11 (Eq. 22)

4.6.3. Parameter determination using the minimum sum of squared difference

To determine the values of the different kinetic parameters such as E, A, k and a for both
models, a parameter estimation process was carried out. The minimum sum of squared difference
approach was used, comparing the experimental concentrations of undissolved magnesium
results with the model predictions.

The experimental value of Ca and Co for both models was obtained experimentally using the
Advanced Compact IC Metrohm ionic chromatographer.

The predicted value of Ca using both model was calculated following the next steps:

1. Arrhenius equation (Equation 5) has been employed to estimate the activation
energy (Ea) and pre-exponential factor (A). By giving a random number to those two
parameters, a value of k was calculated for each temperature and models.

2. The value of Ce used for the neutral medium model was the value of Ca obtained at
time equal to 60 min. For each temperature and initial concentration, a different
value of Ce was used.

3. Arandom number was given to a.

Combaining all of these steps, and using Equations 18 and 22, a number of Ca is obtained.
Once obtained, the minimum sum of squared difference was used.
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5. RESULTS AND DISCUSSION

5.1. DISSOLUTION OF LG-MGO IN NEUTRAL MEDIUM

Figure 7 depict the variation in undissolved magnesium ion concentration in the LG-MgO over
time in neutral medium. The resulds showed that the concentrations of magnesium ions dissolved
at 15, 25 and 35 °C are around 0.72, 0.85 and 0.95 mmol/L respectively, regardless of the
concentration of LG-MgO added. Furthermore, for durations exceeding 40 minutes, the
undissolved magnesium ion concentration remained nearly constant for all temperatures. Also,
the results indicate an increase in the dissolved concentration as the temperature increases.
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Figure 7. Variation of undissolved magnesium concentration over time in neutral medium.

Initial concentration of LG-MgO (i) 0.25 mgiL, (ii) 0.375 mglL, (iii) 0.5 mg/L
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Figure 8 illustrates the pH changes over time when LG-MgO is added to neutral medium.

The pH behaviour follows a logarithmic trend. In first minutes there was a rapid increase in pH,
then the pH stabilized around 10.9 to 11.0 in all experiments, close to the MgO acid-base

equilibrium pH.
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Figure 8. Variation of pH over time in neutral medium.
Initial concentration of LG-MgO (i) 0.25 mg/L, (ii) 0.375 mg/L, (iii) 0.5 mg/L

The behavior of the dissolution of the Mg ion from LG-MgO and the pH follows the same trend.
The dissolution reaction of MgO produces OH- ions (as illustrated in Equations 6 and 7).
Consequently, as more magnesium dissolves (less magnesium in the LG-MgO), the pH value
increases. This can be observed in the initial 40 min. Afterwards, both the magnesium dissolution
and pH decrease. The dissolution of magnesium and the pH are constrained by the proximity to
the equilibrium of MgO.
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The percentage of undissolved magnesium ions was estimated by dividing the difference
between the concentrations at time 0 and 60 by the concentration at time 0 (referenced in Table
1). The outcomes of this calculation are presented in Table 3.

Table 3. Percentatge of undissolved magnesium carried out in neutral medium.

Undissolved magnesium (%)

Temperature (°C)
LG-MgO mass (g) 15 25 35
0.5 82.9 79.7 75.3
0.75 86.9 84.4 83.4
1.0 90.6 89.2 88.1

As illustrated in Figures 7 and 8, along with Table 3, an increase in temperature correlates
with a decrease in Mg2* concentration and a corresponding rise in pH across all experiments.
Higher temperatures privde higher kinetic energy to the particles, accelerating their movement
and enhancing the likelihood of collisions and reactions [55]. Consequently, a more rapid
dissolution occurs upon contact with water, resulting in increased magnesium dissolution. This
clarifies why the percentage of undissolved magnesium decreases as the temperature increased
from 15 to 35 °C (Table 3). These results show that the equilibrium constant is temperature-
dependent. As noted above, after 40 minutes the Mg concentration in the LG-MgO and pH varies
little, therefore, the magnesium concentration at 60 minutes was considered to be the equilibrium
concentration. In all experiments, fluctuations in this parameter were evident with changing
temperatures, with values increasing as temperature increased. This suggests that the equilibrium
constant (Keq), the parameter linking the concentrations of reactants and products at equilibrium
under specific conditions, increases as the temperature increases. Applying the Van't Hoff
equation, which correlates changes in the equilibrium constant of a reaction with temperature
variations based on the standard enthalpy change (AH), and Le Chatelier's principle, which
proposes that a system at equilibrium adjusts in response to external disturbances, reveals that
the dissolution of magnesium ions is an endothermic process.
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5.2. DISSOLUTION OF LG-MGO IN ACIDIC SOLUTION

Figure 9 depicts the variation in undissolved magnesium ion concentrations in the LG-MgO
in an acidic solution over time. Exponential curves were observed in all experiments. This results
in a swift decrease in magnesium ion concentration within the initial 10 minutes, with this effect
being more pronounced at higher temperatures. After 40 minutes, the concentration of

undissolved magnesium ions in all experiments remained nearly constant. Additionally, an

increase in the initial concentration of LG-MgO led to a reduced concentration of undissolved
magnesium ions.

i)

45
40
35
3.0
25
20

1.0
05

Mg? undissolved concentration (mmol/L)

0.0

i)
65
g ¥ ; 15°C
3 ®15°
°15° T BT 25
25°C E 3~ *35°C
+35°C 5 45+ A5
A45°C B 40+ o
E %55°C
° XB5C 5§ 5. %
L ° § sl T e °
b { ° T s A%2e0,4,
® o E X, ® e o
X ; % e a - 2 20+ A x ) L]
22¢ o 3 <x4X% % % 2
= X A ; B 157 X %
A ; & 10+ KX
2 o5
| | | | | | 0.0 ' ' | | | |
10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
i)
65
o e.o£
[=}
E 557 ®15°C
= 507 25°C
g 457 +35°C
g 40 1 o A45°C
2 3571 %55°C
8 ‘e
S 304 °
2 sl ART 04,
S X A L 4 ) Py PY
g 20+ S aly ) S
2 o154 ARRD 2 I 3
& 104 XX
o
= 05 +
0.0 : " : : : :
0 10 20 30 40 50 60
Time (min)

Figure 9. Representation of predictions from the kinetic model observed in neutral medium.

Initial concentration of LG-MgO (i) 0.25 mg/L, (ii) 0.375 mglL, (iii) 0.5 mg/L
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Figure 10 illustrates the pH variations over time when LG-MgO is introduced into an acidic
medium. All experiments showed a rapid rise in pH within the first 5 minutes, with this effect being
more pronounced at higher temperatures. Additionally, there was a notable discrepancy in pH
values between experiments. Specifically, while the pH remains relatively consistent throughout
the entirety of the experiment in Figure 10 (i), (i) and (iii) display an upward trend in pH values
from 0 to 30 minutes. Subsequently, the pH stabilizes and remains nearly constant.

i) ii)
8 8 —
7 T ‘ ‘
K¥% ¥ & % jasd
T 6 ééévvv - L J [ ] IB——...... . . by
@®15°C = &
. ®15°C
25°C
5 ®35°C 5+ *35°C
445°C A45°C
0
55 C % 55°C
4+ t t t 1 4 } t t } } {
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
ii)
9 —
8 .
NRRE
< 7
=) [ ] [ ]
‘ ‘ E ~-9o® g ®15°C
v - 25°C
6 + #35°C
% A45°C
X55°C
5 f f } f } |
0 10 20 30 40 50 60

Time (min)
Figure 10. Variation of pH over time in acidic medium.
Initial concentration of LG-MgO (i) 0.25 mg/L, (ii) 0.375 mglL, (iii) 0.5 mg/L

The rapid decrease in concentration suggests that LG-MgO exhibits high reactivity upon initial
contact with an acid solution. However, this reactivity diminishes after a certain period, typically
after 10 minutes. LG-MgO primarily comprises MgO, which reacts with H* (Equation 8). The
excess of protons promotes the dissolution of MgO. This acid solution incorporates a meticulously
selected citric acid buffer solution designed to counteract pH increases and maintain a consistent
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pH level throughout the experiment. Consequently, there minimal pH fluctuation were observed
during the experiment. After first 30 minutes, the concentration of undissolved magnesium ions
remained stable in all experiments. To elucidate this behavior, the percentage (%) of undissolved
magnesium ions was estimated. The outcomes of these calculations are presented in Table 4.

Table 4. Percentatge of undissolved magnesium carried out in acidic medium.

Undissolved magnesium (%)

Temperature (°C)
LG-MgO mass (g) 15 25 35 45 55
05 321 | 300 | 250 | 213 | 186
0.75 370 | 319 | 207 | 260 | 194
10 374 | 299 | 267 | 241 | 237

Table 3 shows that the reaction remains incomplete due to the presence of unreacted
magnesium. LG-MgO is a by-product comprising various components. When this particle interacts
with acid, its constituents (such as MgO, MgOH, and MgSQs) increase their solubility when
dissolved in acidic media as shown in this section,resulting in the dissolution of a substantial
portion of magnesium within a shorter timeframe. Conversely, components like MgCOs react with
the acid to a lesser extent and require more time to dissolve a significant amount of magnesium.
This elucidates why the concentration of undissolved magnesium ions stabilizes in all experiments
after 30 minutes (Figure 9). These experimental results imply that more extended durations are
requisite to completely dissolve a higher percentage of magnesium due to the slower reaction
rates of certain magnesium components. Experimental results also show that temperature exerts
a notable influence on LG-MgO dissolution in acid media. As depicted in Figure 9 as well as Table
4, the concentration consistently diminishes across all experiments with increasing temperatures.
As explained in Section 5.1, higher temperatures provide higher kinetic energy to the particles,
enhancing their mobility and collision frequency, thereby accelerating reactions.
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5.3. LG-MGO DISSOLUTION KINETICS

5.3.1. LG-MgO dissolution kinetics in neutral medium
The kinetic parameters were obtained by minimizing the sum of squared differences, where
it was aimed for the concentrations obtained by the model using Equation 18 to align with the

experimental concentrations. Figure 11, illustrates the kinetic model predictions alongside the
experimental values over time.
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Figure 11. Representation of predictions from the kinetic model observed in neutral medium.
Initial concentration of LG-MgO (i) 0.25 mgiL, (ii) 0.375 mglL, (iii) 0.5 mg/L

Figure 11 shows the concentrations predicted by the kinetic model and the experimental
concentrations. It can be seen that the kinetic model adjusts better as the temperature and time
increase. Although the graphical representations suggest the model's effectiveness, a definitive
confirmation remains elusive. To validate the kinetic model, a residual plot was constructed. This
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plot graphically illustrates residuals or errors on the vertical axis against the independent variable
(or predicted values) on the horizontal axis. Figure 12 display the residual plots corresponding to
each initial concentration of LG-MgO. Within each plot, a linear regression was executed to
ascertain the model's accuracy.
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Figure 12. Residual plot for the kinetic model in neutral medium.
Initial concentration of LG-MgO (i) 0.25 mg/L, (ii) 0.375 mg/L, (iii) 0.5 mg/L

Upon examining the R? values presented in Figure 12, it can be inferred that the proposed
first-order kinetic model predictions approach the experimental values. Furthermore, R? indicates
that the proposed model could be modified to achive an R? higher than 0.99. Despite that, it can
be concluded that the first-order kinetic model effectively predicts the variaton of concentration
over time (up to 60 minutes) within temperatures ranging from approximately 15°C to 35°C in a
neutral medium.
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Subsequently, Table 5 displays the values of the kinetic parameters utilized to formulate this
model.

Table 5. Kinetic parameters for neutral medium.

Kinetic parameters
Ea (J/mmol) 6.72
A (mmol/L-min) 1.31
k values for each temperature (mmol/(L -min))
15°C 7.92:102
25°C 8.70-102
35°C 9.50-102

Observing Table 5, an increase in the value of the reaction constant is accompanied by a
decrease in the equilibrium concentration as the temperature rises.

5.3.2. LG-MgO dissolution kinetics in acidic medium

The kinetic parameters were obtained by minimizing the sum of squared differences, where
it was aimed for the concentrations obtained by the model using Equation 22 to align with the
experimental concentrations. Figure 13, illustrates the kinetic model predictions alongside the
experimental values over time.
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Figure 13. Representation of predictions from the kinetic model observed in acidic medium.
Initial concentration of LG-MgO (i) 0.25 mg/L, (ii) 0.375 mglL, (iii) 0.5 mg/L

Upon completing the minimization of the sum of squared differences, values for the predicted
kinetic model were derived from Equation 22. To validate this model against experimental values,
calculations based on the kinetic model were graphically represented in Figure 13. It is evident
that the predicted values closely align with the experimental values when the initial mass of LG-
MgO is 0.75 g. However, for the other two cases, the trend is similar although the experimental
values and predicted values diverges. To conclusively interpret these observations, a residual
plot was developed for each experiment. Figure 14 presents the residual plots corresponding to
each initial concentration of LG-MgO. Within each plot, a linear regression was conducted to
determine the model's accuracy, and consequently, the R2 value has been included in each plot.
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Figure 14. Residual plot for the kinetic model in acidic medium.
Initial concentration of LG-MgO (i) 0.25 mg/L, (ii) 0.375 mgl/L, (iii) 0.5 mg/L

As observed, the model predictions closely match the experimental variations in the
concentration of undissolved magnesium ions when the initial concentration of LG-MgO is 0.375
mg/L. However, this alignment diminishes when the initial concentration of LG-MgO varies.

Considering the information presented above, one can infer that the proposed kinetic model
tailored for acidic mediums does not accurately forecast the variation in the concentration of
undissolved magnesium ions over time. However, the magnitude at which these values diverge
seems to fluctuate based on the initial concentration of LG-MgO. This suggests that the initial
equation employed for the kinetic model (Equation 20) may require an additional parameter
representing the initial concentration. By integrating this parameter into the equation, it could
potentially refine the model, addressing the observed discrepancies.
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5.3. COMPARISON BETWEEN ACIDIC MEDIUM RESULTS AND NEUTRAL
MEDIUM RESULTS
When comparing the previous results obtained from neutral and acidic media, the following
conclusions can be drawn:

e ltisevident that the quantity of dissolved magnesium is significantly greater in the acidic
medium. This fact is exemplified by the data presented in Tables 3 and 4, which clearly
demonstrate a considerably lower total concentration of undissolved magnesium in the
acidic medium compared to the neutral medium. The reason for this disparity can be
attributed to the equilibrium pH. While in the neutral medium this equilibrium is reached
resulting in minimal magnesium dissolution, in the acidic medium no equilibrium is
reached. Even more, LG-MgO exhibits a more pronounced dissolution reaction with
acid as opposed to water. This happens due to the excess of protons in the acidic
medium, which prevents reaching the equilibrium pH, allowing magnesium to continue
dissolving. Consequently, the amount of magnesium that can be dissolved is higher in
acid.

e  For the neutral medium, kinetics were obtained from literature while for the acidic
medium, semi-empirical kinetics was applied. The parameter estimates for each model
showed a better prediction for the basic medium kinetics. This discrepancy can be
attributed to the fact that the neutral medium accounted for equilibrium considerations.
Equilibrium reactions are influenced by the equilibrium concentration, which is directly
influenced by the temperature. Consequently, the proposed model for the acidic
medium fails to accurately predict experimental values, indicating a potential
dependency on the initial concentration that was not accounted for.






Dissolution kinetic model of a by-product rich in magnesium oxide suitable for struvite precipitation. 41

6. CONCLUSIONS

e The temperature exerts a notable influence on these experiments. An increase in
temperature correlates with a decrease in concentration and a corresponding rise in pH
(in neutral medium) across all experiments.

e  LG-MgO is poorly soluble in neutral medium, resulting in minimal Mg dissolution. The
solubility of MgO is limited by its pH. However, in acidic environments, the solubility of
MgO increases as the equilibrium pH is not reached.

e In acidic medium not all of the Mg in the LG-MgO dissolved within 60 minutes.
Furthermore, most of the dissolved Mg occurred in the first few minutes, after which the
concentration of dissolved Mg decreased. When LG-MgO comes into contact with more
reactive constituents, such as MgO, MgOH, and MgSO,, they initiate faster reactions,
leading to rapid dissolution. In contrast, components like MgCO; react with the acid to
a lesser degree and necessitate more time to dissolve a substantial amount of
magnesium. This suggests that more time is required to achieve a higher yield of
dissolved magnesium.

e When LG-MgO dissolves in neutral medium, the MgO dissolves and reaches
equilibrium. The first-order kinetic model effectively correlated the rate of phosphorus
removal with its concentration. It was observed that as the temperature increased, there
was a rise in the value of the reaction constant and a corresponding decrease in the
equilibrium concentration.
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The proposed kinetic model designed for acidic mediums fails to accurately predict the
variation in the concentration of undissolved magnesium ions over time. However, an
alternative approach was proposed. The initial equation utilized for the kinetic model
(Equation 20) requires the incorporation of an initial concentration parameter. By
integrating this new parameter into the equation, it could potentially refine the model
and address the discrepancies observed.
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