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A B S T R A C T   

Phosphorus recovery via struvite precipitation in wastewater treatment plants (WWTPs) is a key technology for 
nutrient recovery. This work investigates the dissolution kinetics of an industrial low-grade magnesium oxide 
(LG-MgO) by-product as an alternative to common magnesium sources for struvite precipitation. The main aims 
were to develop a parsimonious dissolution kinetic model capable of predicting the release of magnesium into 
the solution with accuracy and studying the influence of temperature on dissolution kinetics. The simultaneous 
fitting of all the experiments by non-linear regression rendered overall process values of the dissolution model’s 
frequency factor (498,606 L3.22 min− 1 mmol− 1.74), activation energy (37.51 kJ⋅mol− 1), and reaction order 
(2.74). The goodness-of-fit for all experiments was evaluated by the total sum of squared residuals and R2 co
efficients, being excellent under all conditions. The estimated kinetic coefficient values showed a temperature- 
dependent variation of the kinetic coefficient, increasing from 0.079 to 0.219 L3.22 min− 1 mmol− 1.74 when the 
temperature increased from 15 to 35 ◦C. The magnesium dissolution was fast in the first 5 min, where 40–78 % of 
magnesium dissolved with respect to the initial magnesium in the solid. Despite the assumptions made in the 
model derivation, the developed kinetic model provides a practical, reliable, and easy-to-use tool for WWTPs to 
estimate the LG-MgO dosage required to achieve targeted magnesium concentrations, thereby improving reagent 
use efficiency and phosphorus recovery.   

1. Introduction 

Phosphorus recovery via struvite precipitation is an emerging tech
nology due to the need to recover this critical material while avoiding 
associated environmental problems. Currently, there are about 80 full- 
scale struvite precipitation plants in municipal and industrial waste
water treatment plants (WWTPs) worldwide [1]. However, this number 
is expected to increase rapidly since several countries (e.g. Germany and 
Switzerland) have enacted laws requiring phosphorous recovery in 
municipal WWTPs [2]. 

Struvite (NH4MgPO4⋅6H2O) is a valuable mineral that can be used as 
fertiliser due to its low impurity levels and slow release of nutrients 
[3,4]. Struvite precipitation could reduce phosphorus rock extraction 
since ~ 95 % of the phosphorus is used for fertiliser production world
wide [5]. Yuan et al. [6] estimated that phosphorous recovery as struvite 
from municipal sewage could meet 15–20 % of global phosphorous 
demand, reducing the need for phosphate rock exploitation. The struvite 

precipitation process in municipal WWTPs requires dosing a magnesium 
source and alkaline conditions [7,8]. Reagent consumption can account 
for as much as 75 % of the operational costs depending on the phos
phorus concentration when using magnesium chloride (370 €⋅t− 1) and 
sodium hydroxide (620 €⋅t− 1) as reagents [9,10]. Accordingly, research 
on more cost-efficient alternative sources of magnesium has gained 
relevance to reduce struvite precipitation process operational costs 
[4,5,9,11]. 

Alternative magnesium sources for struvite precipitation include 
seawater, wood ash, spent refractory brick, magnesium oxide (MgO), 
and MgO by-products, among others [9,12–17]. Phosphorus recovery of 
over 90 % can be reached by using wood ash and seawater [15]. How
ever, wood ash may contain a high heavy metal content, representing a 
problem for the final precipitate use as fertiliser [16], and seawater use 
is limited to WWTP located near the sea [9]. In addition, both wood ash 
and seawater require an additional dosage of alkaline reagent. Li et al. 
[18] used a leaching solution of spent refractory brick that contained 
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high concentrations of calcium and magnesium. The precipitation con
ditions were a Mg:N:P molar ratio of 2:1:2 at pH 9.5, with 99.6 % of the 
phosphorus recovered as calcium phosphate and struvite. MgO is a basic 
oxide that can be used as both a magnesium source and an alkaline re
agent. Reported phosphorus recoveries using reagent grade MgO range 
80–90 % at pH 8.2–8.8 [19–21]. However, important drawbacks are the 
low solubility of MgO in water and the difficulties in controlling the 
release of magnesium ions (Mg2+) given the strong dependence of its 
solubility on the solution pH [15]. The solubility of MgO increases with 
decreasing solution pH and increasing temperature [22,23]. Park et al. 
[15] studied the MgO dissolution in acid solutions (H2SO4, NH4Cl, 
NaHCO3 and others) and integrated these findings into the struvite 
precipitation model. The different acid solutions were an attempt to 
simulate the main protonic (H+) species present in anaerobic digestion 
(AD) supernatants (NH4

+, HCO3
− and H2PO4

− ) [15,18]. Park et al. [15] 
concluded that the MgO dissolution is governed by the H+

concentration. 
The application of low-grade magnesium oxide (LG-MgO) by- 

products from the calcination process of natural magnesite (MgCO3) 
as a magnesium source and an alkaline reagent to precipitate struvite in 
WWTPs has already been addressed [12,13,24–29]. Quintana et al. [26] 
used LG-MgO to precipitate struvite in batch experiments, reporting 
phosphorus recovery from AD supernatant of 90 % after 240 min and pH 
of 8.6. Chimenos et al. [24] observed that a part of struvite was formed 
onto the LG-MgO particles, which served as both a magnesium source 
and a seed. Aguilar-Pozo et al. [27] reported a 75–85 % struvite content 
in the precipitate when using LG-MgO for P:Mg molar ratios of 1:0.5, 1:1 
and 1:3. Quintana et al. [30] used a first-order kinetic model to describe 
struvite precipitation when using a LG-MgO by-product. However, the 
rate coefficient and equilibrium concentration varied with the added 
amount of by-product, requiring to adjust the model constants based on 
the P:Mg molar ratio. This suggests that other reaction orders should be 
considered since, under the theoretical basis rate coefficients are solely 
dependent on temperature. The comprehension of the factors control
ling the dissolution of LG-MgO could lead to develop more general and 
realistic models, disentangling the rate constants dependence on the 
MgO and LG-MgO concentration. 

The main objective of this study is to develop a simple, practical and 
parsimonious kinetic model that can accurately predict (i) the magne
sium concentration over time, and (ii) the influence of temperature on 
the LG-MgO dissolution. Accordingly, the model should be able to 
render the amount of LG-MgO required to achieve targeted Mg2+ con
centrations, such as those required in the struvite precipitation process. 

2. Materials and methods 

2.1. Magnesium oxide by-product origin and composition 

The low-grade magnesium oxide (LG-MgO) by-product used was 
supplied by Magnesitas Navarras, S.A. (Navarra, Spain). The LG-MgO 
was collected from the cyclones and fabric filters of a rotatory kiln 
during the calcination of natural magnesite. Within the rotary kiln, the 
fine particles are dragged by flue gases to the gas treatment units 
throughout the combustion process. The calcination process determines 
certain properties of the LG-MgO, e.g. particle size distribution (PSD), 
composition, and reactivity. The LG-MgO was mainly composed of MgO 
(47.8 wt%) but also contains other mineral phases, including 21.7 wt% 
MgCO3, 10.4 wt% CaCO3, 5.7 wt% CaMg(CO3)2, 2.9 wt% Mg(OH)2, and 
small amounts of Al2O3, CaSO4, Fe2O3, MgSO4, and SiO2. The mineral 
composition was estimated by combining characterisation information 
from X-ray fluorescence (XRF, Philips PW2400 sequential wavelength- 
dispersive X-ray fluorescence spectrophotometer) (Table A1), X-ray 
diffraction (XRD, Bragg-Brentano PANalytical X’Pert PRO MPD) 
(Fig. 4a) and thermogravimetric analysis (TGA, SDT Q600 Simultaneous 
TGA204 DSC) [12,31]. The porosity of the LG-MgO was 0.5, which was 
measured using a Micrometrics Tristar 3000 porosimeter with the BET 

single-point method. The mean diameter (d50) was 22.7 µm, as deter
mined by the PSD using a Beckman Coulter LS 13320 laser diffraction 
particle size analyser. The LG-MgO particles exhibited a relatively nar
row unimodal PSD (Fig. A1). The morphology of the LG-MgO was 
analysed using scanning electron microscopy (SEM) with a Quanta 200 
FEI scanning electron microscope. The particles displayed irregular 
morphology (Fig. A2), with some being more elongated and others 
chunkier. However, their elongation ratio is generally not significant 
enough to prevent them from being approximated as sphere-like bodies. 
Aguilar-Pozo et al. [12] provide a complete characterisation of the LG- 
MgO used in this research, referred to as LG-MgO_B. 

The acid neutralisation capacity (ANC) test was used to determine 
the buffering capacity of the LG-MgO [32]. Fig. 1 shows the ANC curve 
for the LG-MgO used in this study, which can be divided into three 
stages. Stage 1 (11.1 > pH > 10.5) is controlled by the dissolution 
equilibrium of Mg(OH)2. Stage 2 (10.5 > pH > 8.5) is mainly dominated 
by the dissolution equilibrium of MgO. Stage 3 (8.5 > pH > 4.3) is 
governed by the CO3

2− /HCO3
− equilibrium from the presence of magne

sium and calcium carbonates within the by-product. The ANC curve 
shows that the dissolution equilibrium of MgO predominantly controls 
the buffering capacity of LG-MgO. Protons were primarily consumed by 
the MgO phase and by the Mg(OH)2 phase. The CO3

2− /HCO3
− equilibrium 

represented about 9 % of the total proton consumption. 

2.2. Anaerobic digestion supernatant and synthetic supernatant solution 

The anaerobic digestion supernatant was obtained from a full-scale 
mesophilic anaerobic digester located in a WWTP in Navarra (Spain) 
with a population equivalent treatment capacity of about 750.000. 
Table 1 shows the characterisation of the supernatant. 

The synthetic supernatant solution was prepared using deionised 
water, anhydrous citric acid (C6H8O7, Merck Sigma-Aldrich) to provide 
buffer capacity and sodium hydroxide (NaOH, PanReac AppliChem) to 
adjust pH. Citric acid is a triprotic organic acid thus exhibiting three pKa 
values (3.1, 4.8, and 6.4, respectively) [33]. Two different citric acid 
concentrations were used: (i) 0.1 mol⋅L− 1 for LG-MgO additions below 1 
g⋅L− 1, and (ii) 1 mol⋅L− 1 for LG-MgO additions greater than or equal to 1 
g⋅L− 1. Subsequently, a 2 mol⋅L− 1 NaOH solution was added dropwise to 
increase the pH to 5.5, allowing the buffer capacity of the dissociation 
reaction equilibrium to be used in the aqueous suspension of LG-MgO 
(Eq. (1)). 

Fig. 1. Acid neutralisation capacity curve of the LG-MgO. Horizontal dashed 
lines delimit the stages that control the dissolution equilibrium. 

V.B. Aguilar-Pozo et al.                                                                                                                                                                                                                       



Separation and Purification Technology 353 (2025) 128406

3

(1) 
The synthetic solution used to assess the dissolution of LG-MgO 

particles kept the pH of the solution well below the MgO equilibrium 
pH of 10.5 to prevent equilibrium limitations that would limit the 
continuous release of Mg into the medium [34]. 

2.3. Experimental set-up 

2.3.1. LG-MgO dissolution in anaerobic digestion supernatant 
The magnesium dissolution trials in AD supernatant were carried out 

in duplicate using a jar test device (Velp Scientifica® JT6) and beakers 
containing 0.5 L of useful solution volume, under continuous mixing at 
200 rpm for 70 min at room temperature (ca. 20 ◦C). The LG-MgO added 
was 1.1 g⋅L− 1, corresponding to a P:Mg molar ratio of 1:4. During the 
experiments, 6 mL aliquots were sampled at 0, 5, 10, 20, 40, and 70 min, 
which were immediately filtered using a 0.22 µm regenerated cellulose 
syringe filter. Subsequently, the pH and Mg concentrations were 
measured by a micro pH electrode and an ionic chromatograph, 
respectively. The main objective of this experiment was to show the 
continuous release of magnesium from LG-MgO when used in the 
anaerobic digestion supernatant. 

2.3.2. LG-MgO dissolution in a synthetic solution 
The magnesium dissolution trials in synthetic solution were per

formed in two identical 4 L jacketed glass reactors used as technical 
duplicates, under continuous mixing at 200 rpm by paddle overhead 
agitators. The isothermal conditions (±0.2 ◦C) were ensured by circu
lating water through the reactor jacket from a thermostatic bath (CORIO 
CBT9). 

The dissolution kinetics were studied at five different LG-MgO con
centrations (i.e. 0.25, 0.375, 0.50, 1.00 and 2.50 g⋅L− 1) and three 
different temperatures (i.e. 15, 25 and 35 ◦C), resulting in a total of 
fifteen different experimental conditions with their replicates. The LG- 
MgO concentrations of 0.25, 0.375, 0.50, 1.0 and 2.50 g⋅L− 1 corre
spond to P:Mg molar ratios of 1:1, 1:1.5, 1:2, 1:4 and 1:10, respectively, 
considering that phosphorus concentration in the supernatant is 120 
mg⋅L− 1. Each experiment comprised 2 L of synthetic solution (0.1 
mol⋅L− 1 for LG-MgO additions < 1 g⋅L− 1, and 1 mol⋅L− 1 for LG-MgO 
addition ≥ 1 g⋅L− 1) and lasted for 60 min. To monitor the LG-MgO 
dissolution kinetics, 6 mL aliquots were sampled at 0, 5, 10, 15, 20, 
25, 30, 40, 50 and 60 min, which were immediately filtered using a 0.22 
µm regenerated cellulose syringe filter. The pH and Mg concentration 
were measured in duplicate by a micro pH electrode and an ionic 
chromatograph, respectively. 

2.4. Analytical methods 

pH was measured with a micro pH electrode PHEL-GB3-001 con
nected to a MultiMeter MM41 (Crison). The Mg concentration was 
measured using an ionic chromatographer 861 Advanced Compact IC 
Metrohm equipped with a Metrosep column from cation analysis (Met
rosep A Supp 17–250/4.0). The mobile phase is a solution containing 
1.7 mmol⋅L− 1 of nitric acid and 0.7 mmol⋅L− 1 of dipicolinic acid in ul
trapure water, resulting in a pH of 2.6. It should be noted that any 
complexation between magnesium and citrate would be decomplexed 
by the low pH of the mobile phase. 

After each run, the remaining undissolved solids were analysed by 
XRD and TGA techniques. XRD was carried out using a Bragg-Brentano 
PANalytical X’Pert PRO MPD alpha1 powder diffractometer with CuKα1 
radiation (λ = 1.5406 Å) focalising Ge (111) primary monochromator, 
ranging from 4 to 100◦ (2θ-angle) with a step size of 0.026◦ and 
measuring time of 100 s. The X’Pert HighScore software was used to 
identify the crystalline mineral phases of the solids. TGA was conducted 
using an SDT-Q600 Simultaneous TGA204 DSC (TA Instruments) under 
an inert N2 gas atmosphere. The temperature-controlled program con
sisted of a heating rate of 10 ◦C⋅min− 1 within a temperature ranging 
from 30 to 1200 ◦C. TGA was used to quantify the weight loss percentage 
of each mineral phase (Mg(OH)2, MgCO3, CaMg(CO3)2 and CaCO3) 
through their thermal decomposition reaction (Eq. (2)–(5)).  

Mg(OH)2(s) → MgO(s) + H2O(g)                                                    (2)  

MgCO3(s) → MgO(s) + CO2(g)                                                       (3)  

CaMg(CO3)2(s) → MgO(s) + CaO(s) + 2 CO2(g)                              (4)  

CaCO3(s) → CaO(s) + CO2(g)                                                         (5)  

2.5. Empirical kinetic model for MgO dissolution 

The MgO dissolution in an acid medium illustrates a liquid–solid 
dissociation reaction of an ionic solid. The process involves the 
consecutive steps of external mass transfer and dissociation reaction. In 
this context, external mass transfer refers to the diffusion of H+ from the 
bulk solution through the film to the particle surface, as well as the 
reverse diffusion of ionic reaction products from the solid surface to the 
bulk liquid. The dissociation reaction, or ionisation reaction of the solid, 
takes place on the particle surface as a result of the solute–solvent mo
lecular interactions, resulting in the production of magnesium ions and 
water (Eq. (6)).  

MgO(s) + 2H+(aq) → Mg2+(aq) + H2O(l)                                       (6) 

Bugajski et al. [35], Fedoročková et al. [23] and Raschman et al. [36] 
proposed a kinetic model for MgO dissolution in an acidic medium, 
where the rate of reaction is described by a power-law function of the 
activity or concentration of H+. Raschman et al. [36] concluded that the 
MgO dissolution is controlled by the chemical reaction since the esti
mated kinetic coefficient was three orders of magnitude lower than the 
external mass transfer coefficient. In this study, a MgO by-product 
containing other alkaline phases was used (e.g. CaCO3). These addi
tional phases can also consume H+ in the acidic medium, thereby 
affecting the activity or concentration of H+ used in the kinetic model of 
MgO dissolution. Therefore, the model derivation was based on the 
monitoring of Mg solution concentration. Moreover, the proposed 
parsimonious empirical kinetic model considers the following 
assumptions:  

• The dissolved magnesium comes from the MgO and Mg(OH)2 phases, 
and the Mg(OH)2 dissolution is very similar to that for the MgO [37]. 

Table 1 
Characterisation of the anaerobic digestion supernatant.  

Parameters Units Values 

PO4-P mg P⋅L− 1 132 
Cl− mg⋅L− 1 562 
SO4

2− mg⋅L− 1 24 
Mg2+ mg⋅L− 1 36 
TAN† mg N⋅L− 1 1356 
Ca2+ mg⋅L− 1 160 
Na+ mg⋅L− 1 70 
K+ mg⋅L− 1 338 
pH − 7.9 
Partial Alkalinity mg CaCO3⋅L− 1 3483 
Total Alkalinity mg CaCO3⋅L− 1 4465  

† TAN: total ammoniacal nitrogen. 
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• In an acid medium with excess H+, MgO does not reach equilibrium 
and the MgO particles undergo dissolution.  

• The reaction rate (r) is related to the undissolved Mg from the LG- 
MgO (reactant).  

• The apparent kinetic coefficient (k*) includes the H+ concentration, 
which is assumed to be constant (excess reactant) throughout the 
experiment due to the buffered solution. It also includes information 
regarding the reduction of particles’ surface area over time caused by 
dissolution. 

The reaction rate of the magnesium contained in the LG-MgO is 
expressed as a power-law and describes the variation of Mg concentra
tion (cMg(s)) in the LG-MgO particles over time (Eq. (7)). The derivation 
of this equation is based on the diffusion–reaction theory [33], which 
considers dissolution to be a two-step process in series: the surface re
action triggers the detachment of magnesium molecules from the solid 
surface, followed by the diffusion from the solid surface to the bulk 
solution via the film boundary layer. The latter is known to depend on 
the mass transfer coefficient showing, a linear relation with tempera
ture, while the surface reaction often exhibits higher reaction orders 
concerning the dissolution of some salts [38]. When the concentration 
range covered by the dissolution experiment is far from equilibrium, the 
solubility is not considered in the driving force, and, consequently, the 
reaction rate only depends on the actual concentration. 

dcMg(s)

dt
= r = −

k*

cMg(s),0
⋅cβ

Mg(s) (7)  

where β is the reaction order and cMg(s),0 is the initial Mg concentration 
of the LG-MgO. 

Since five different concentrations of LG-MgO were studied, the in
clusion of cMg(s),0 in the model is considered appropriate. This normal
isation of rate values ensures that all experiments have the same weight 
during the regression process, minimising the sum of squares errors. The 
apparent kinetic coefficient (k*) entails the contribution of the true rate 
coefficient, which depends on temperature following an Arrhenius–like 
equation (Eq. (8)). Additionally, it considers the change in surface area 
with time (A) caused by particle dissolution and the assumed virtually 
constant protons concentration according to the excess reactant 
simplified kinetics. Here, A*0 = A0•A•cH+ where A0 is the frequency 
(pre-exponential). 

k∗
= A∗

0⋅e

(
− Ea
R⋅T

)

(8)  

where A*0 is the apparent frequency (pre-exponential) factor and Ea is 
the apparent activation energy (kJ⋅mol− 1), R denotes the gas constant 
(0.0083 J⋅k− 1⋅mmol− 1) and T is the absolute temperature (K). 

Combining Eq. (7) and (8), a general kinetic expression is obtained 
(Eq. (9)): 

dcMg(s)

dt
= −

A∗
0⋅e

(
− Ea
R⋅T

)

cMg(s),0
⋅cβ

Mg(s) (9) 

The integration of Eq. (9) results in Eq. (10), which expresses the Mg 
concentration change in the LG-MgO over time (t). In Eq. (10), t0 is the 
initial time that is 0. 

cMg(s)
− β+1

− β + 1
−

cMg(s),0
− β+1

− β + 1
= −

A∗
0⋅e

(
− Ea
R⋅T

)

cMg(s),0
(t − t0) (10) 

Finally, Eq. (11) relates the Mg concentrations in the solid and the 
liquid. The Mg concentration in the medium over time (cMg

2+) is the dif
ference between the initial Mg concentration in the LG-MgO and the Mg 
concentration in the LG-MgO over time (cMg(s),0 − cMg(s)). 

CMg2+ = cMg(s),0 −

⎛

⎜
⎜
⎜
⎜
⎝

cMg(s),0
− β+1 −

A∗
0⋅e

(
− Ea
R⋅T

)

cMg(s),0
t⋅( − β + 1)

⎞

⎟
⎟
⎟
⎟
⎠

1/(− β+1)

(11) 

Eq. (11) has been fitted simultaneously for all experimental results 
using Excel, enabling the estimation of β, A*0, and Ea. This was achieved 
through a non-linear regression, involving the minimisation of the sum 
of squared residuals (SSR) between the experimental and estimated Mg 
concentrations at different conditions (i.e. LG-MgO initial concentration 
and temperature). To ensure the convergence at a global minimum, the 
initial values for the estimates were varied over several orders of 
magnitude. 

It should be noted that the apparent pre-exponential factor repre
sents the lumped product group of constants A0•A•cH+ since separating 
individual contributions is unadvisable due to the high correlation be
tween estimates. Accordingly, the reported estimated values must be 
interpreted with caution, as they are specific to the surface area values 
related to the particle size features of the LG-MgO by-product used in 
this study. In other words, if the dissolution model attempts to be used 
for other particle sizes, different parameters to those estimated in this 
research must be determined. 

The sphere-shrinking model has yielded reasonably good results in 
modelling the dissolution kinetics of some salts [39]. Nonetheless, the 
resulting mathematical expression is considerably more complex mak
ing its application unjustifiable for certain purposes. LG-MgO is a by- 
product with heterogeneous characteristics in shape, size, and compo
sition that can influence the dissolution kinetics. Therefore, it was 
decided to simplify the study and consider certain constant parameters 
that are included in the estimated values, such as the variation of the 
surface area over time. The aim of modelling the dissolution kinetics is 
to provide a simple, practical, and parsimonious model capable of pre
dicting the Mg concentration with high accuracy while avoiding 
overparameterisation. 

3. Results and discussion 

3.1. Dissolution of LG-MgO in anaerobic digestion supernatant 

The dissolution of 1.1 g⋅L− 1 of LG-MgO in AD supernatant is shown in 
Fig. 2, where the Mg concentration and pH increased to 134 ± 2 mg⋅L− 1 

and 8.67 ± 0.01, respectively. The impact of phosphorous precipitation 
in these experiments can be disregarded because magnesium was added 
in excess (molar ratio P:Mg 1:4). The buffering capacity of AD 

Fig. 2. Evolution of pH and Mg2+ concentration over time for the LG-MgO 
dissolution in anaerobic digestion supernatant. Reading direction: left Mg2+

concentration (←) and right pH (→). 
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supernatant, mainly due to HCO3
− and CO3

2− species, limited the pH in
crease, promoting the continuous release of Mg2+ from LG-MgO into the 
medium. These results confirmed the suitability of LG-MgO as a mag
nesium source and as an alkaline reagent for struvite precipitation. 
However, the effective use of LG-MgO and dosing strategies design 
require gaining further understanding on the dissolution kinetics. The 
kinetic study in the supernatant AD would impede the measurement of 
the real concentration of dissolved magnesium, as it can precipitate with 
phosphates and carbonates. This would result in a lower measured 
magnesium concentration than the actual amount present. Accordingly, 
the dissolution kinetic experiments were carried out in a synthetic su
pernatant solution. 

3.2. LG-MgO dissolution in a synthetic supernatant solution 

The dissolution of LG-MgO particles in a synthetic acid solution 
showed a continuous release of Mg2+ from LG-MgO, with pH values far 
from equilibrium (pH ≪ 10.5) (Fig. 3). This behaviour is similar to that 
observed for the dissolution of LG-MgO in AD supernatant (Fig. 2). The 
dissolution rate of LG-MgO increased with temperature, resulting in 
higher Mg2+ and hydroxide (OH− ) concentrations in the medium. These 
results are consistent with previous MgO dissolution studies [22,40]. 
The Mg2+ released during the first 5 min of the experiments shows a 
notable dependence on temperature and accounted for approximately 
40–78 % of the magnesium contained in the LG-MgO. After this initial 5 
min period, the release of Mg2+ proceeded at a slower rate. 

Fig. 3. Dissolution in synthetic solution at different LG-MgO concentrations (●) 0.25 g⋅L− 1, (■) 0.375 g⋅L− 1, (◆) 0.50 g⋅L− 1, (▴) 1.00 g⋅L− 1 and (▾) 2.50 g⋅L− 1. (●) 
Mg2+ concentration and (○) pH over time for each LG-MgO initial concentration Temperature of ( ) 15 ◦C, ( ) 25 ◦C and ( ) 35 ◦C. Dashed lines are a guide for the 
eye. Reading direction: left Mg2+ concentration (←) and right pH (→). 
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Fig. 3 illustrates the Mg2+ concentration and pH trend at different 
LG-MgO concentrations. Specifically, the Mg2+ concentrations at 35 ◦C 
after 60 min were 70.6 ± 0.6, 99.8 ± 0.5, 138 ± 1, 295 ± 11 and 738 ±
13 mg⋅L− 1 when the initial LG-MgO concentration was 0.25, 0.375, 
0.50, 1.00 and 2.50 g⋅L− 1, respectively. The dissolution of LG-MgO in 
deionised water showed an opposite trend, i.e. the higher the concen
tration of LG-MgO in deionised water, the lower the Mg2+ released [12]. 
The dissolution of LG-MgO in deionised water was limited by equilib
rium since the pH of the solution reached 10.7 due to the lack of buffer 
capacity in deionised water [12]. The solution of 0.1 mol⋅L− 1 acid citric 
used in LG-MgO additions of 0.25, 0.375 and 0.50 g⋅L− 1 evidenced that 
pH increased with the addition of LG-MgO and time (Fig. 3a-c). pH 
values around 7.3 were reached when working with LG-MgO additions 
of 0.50 g⋅L− 1, which is close to the citric acid buffer breakthrough (pKa3 
= 6.4). To provide enough alkalinity to the system, a 1 mol⋅L− 1 citric 
acid solution was used for LG-MgO concentrations of 1.00 and 2.50 
g⋅L− 1, increasing the solution medium with a higher buffering capacity 
(Fig. 3d-e). For these LG-MgO concentrations, the maximum pH value 
recorded was 7.2 (Fig. 3d-e). 

3.2.1. Characterisation of the LG-MgO before and after dissolution 
The mineral phases of the raw LG-MgO were MgO, MgCO3, Mg(OH)2, 

MgCa(CO3)2, CaCO3, CaSO4 and SiO2 (Fig. 4a). These mineral phases are 
typical of industrial MgO by-products from natural magnesite 

calcination, where MgO is the main mineral phase, followed by MgCO3 
and CaCO3 [12,31,32]. After the dissolution experiments, the solid 
fraction collected had MgCO3, MgO and MgCa(CO3)2 as main mineral 
phases. The presence of Mg(OH)2, CaCO3, and CaSO4 (Fig. 4b) was not 
detected. These results indicate that these mineral phases either dis
solved in the acid solution or were present in quantities below the 
quantification limit of the XRD equipment. No diffraction bands were 
present between the theta angle 0–15◦. 

The weight loss of the solid harvested after dissolution experiments, 
compared to the initial mass of LG-MgO added, ranged from 43 to 45 wt 
%. In a specific representative run (2.5 g⋅L− 1 and 15 ◦C), a total solid 
mass of 2.25 ± 0.21 g was collected out of the initial amount of LG-MgO 
added of 5.00 ± 0.01 g. TGA analysis of the collected solids revealed 
that the percentages of MgCO3 and MgCa(CO3)2 doubled compared to 
the initial LG-MgO composition (Table 2). In the same specific repre
sentative run, 1.11 ± 0.10 g of MgCO3 and 0.26 ± 0.02 g of MgCa(CO3)2 
were collected after the experiment, compared to the 1.10 g of MgCO3 
and 0.29 g of MgCa(CO3)2 present at the beginning of the experiment. 
Therefore, the amount of magnesium dissolved from carbonate mineral 
phases can be considered negligible and the magnesium carbonates 
presented in LG-MgO were classified as unreactive phases. In other 
words, the predominant source of the Mg2+ was MgO, with a minor 
contribution from Mg(OH)2. These observations are evidence confirm
ing that the dissolved Mg2+ arises from the MgO and Mg(OH)2 phases. 
The remaining solid contained 2.36 wt% of Mg(OH)2 after dissolution, 
indicating a three-fold reduction of this with respect to the initial con
centration. The CaCO3 phase was never detected in the undissolved 
solid, suggesting its complete dissolution in the acidic solution. 

3.3. Empirical kinetic modelling 

The estimates of β, A*0 and Ea were 2.74, 498,606 
L3.22⋅min− 1⋅mmol− 1.74 and 37.5 kJ⋅mol− 1, respectively. These model 
parameters (β, A*0 and Ea) were estimated from the collected pool of 
experimental data using Eq. (11). As illustrated in Fig. 5, and excellent 
prediction capability of the model developed is observed, evidenced by 
nearly identical values of the experimentally measured and estimated 
Mg2+ concentrations (Fig. 6a). The simultaneous fit of all experiments 
yielded very high coefficients of determination (R2 > 0.99). The indi
vidual fitting of each experiment also resulted in remarkably high R2 

values, always above 0.99 (Table A2). These outcomes demonstrate the 
excellent prediction capability of the model derived from the values 
estimated to explain the experimental reality observed. This conclusion 
is further supported by the random and even distribution of residuals 
discarding the presence of hidden systematic errors on the measure
ments or hidden mathematical artifacts from the modelling derivation, 
and also by the almost perfect distribution of values across the parity 
plot diagonal. As indicative figures, the estimated parameters enabled 
the calculation of kinetic coefficients at 15, 25 and 35 ◦C are 0.079, 
0.134 and 0.219 L3.22⋅min− 1⋅mmol− 1.74, respectively. An immediate 
aftermath from such values is the confirmation of dissolution kinetics 
featured by rate values increasing with temperature, as expected from 
the Arrhenius-like temperature relation of the coefficients. This is 
particularly noticeable during the first 5 min of dissolution (Fig. 5). After 

Fig. 4. X-ray diffractograms of the (a) LG-MgO raw material and (b) undis
solved solid fraction (experiment: 2.50 g⋅L− 1 of LG-MgO and 15 ◦C). Mineral 
phases: (1) MgO, (2) MgCO3, (3) Mg(OH)2, (4) MgCa(CO3)2, (5) CaCO3, (6) 
CaSO4 and (7) SiO2. 

Table 2 
The decomposition temperature range and weight loss percentage of Mg(OH)2, 
MgCO3, CaMg(CO3)2 and CaCO3 present in the initial LG-MgO and the undis
solved solid (experiment: 2.50 g⋅L− 1 and 15 ◦C).  

Species LG-MgO(wt 
%) 

Undissolved solid (wt 
%) 

Temperature ranges 
(◦C) 

Mg(OH)2  7.71 2.36 204–––420 
MgCO3  22.05 49.43 420–––640 
CaMg 

(CO3)2  

5.82 11.45 640–––780 

CaCO3  10.53 0 780–––970  

V.B. Aguilar-Pozo et al.                                                                                                                                                                                                                       



Separation and Purification Technology 353 (2025) 128406

7

Fig. 5. Experimental Mg2+ concentrations (symbols) and estimated Mg2+ concentrations (line) at (a) 15 ◦C, (b) 25 ◦C and (c) 35 ◦C for each LG-MgO initial addition 
(●) 0.25 g⋅L− 1, (■) 0.375 g⋅L− 1, (◆) 0.50 g⋅L− 1, (▴) 1.00 g⋅L− 1 and (▾) 2.50 g⋅L− 1. 

Fig. 6. (a) Experimental Mg2+ concentrations vs estimated Mg2+ concentrations where (⋅⋅⋅) is the trendline and (b) standardised residuals vs estimated Mg2+

concentrations. Initial LG-MgO concentration: (●) 0.25 g⋅L− 1, (■) 0.375 g⋅L− 1, (◆) 0.50 g⋅L− 1, (▴) 1.00 g⋅L− 1 and (▾) 2.50 g⋅L− 1. Temperature of ( ) 15 ◦C, ( ) 
25 ◦C and ( ) 35 ◦C. 
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this initial period, the influence of temperature became progressively 
less relevant (Fig. 5). During the first 5 min of dissolution, the dissolved 
Mg2+ increased by 10–40 % for each 10 ◦C increase, depending on the 
initial LG-MgO concentration and the temperature. Comparatively, the 
corresponding increase in Mg2+ concentration for each 10 ◦C at 60 min 
was more limited (from 3.5 to 11.3 %). Deducible inferences from such 
behaviour are that the sampling during the first 5 min produces the 
richest values in terms of variance and function curvature, underscoring 
the key importance of such values in the determination of the dissolution 
process kinetics. 

A more detailed analysis of the parity plot (Fig. 6a) shows the 
capability of the proposed model to predict the experimental behaviour 
over the full range of LG-MgO concentrations and temperatures without 
any particular conditions showing a poor prediction. Analysis of the 
standardised residuals (Fig. 6b) unveils a barely symmetrical distribu
tion with 65 values above zero and 70 values below. The different 
clusters of points observed are due to the different ranges of dissolved 
magnesium concentrations associated with the different initial concen
trations of LG-MgO. Summarising the main points from the above 
analysis, the main conclusion is that the proposed model is perfectly 
valid and suitable for the intended functionality [41,42]. This justifies 
its preferential application of the proposed model when compared to 
more complex models such as the sphere-shrinking dissolution model or 
the surface complexation model, as long as its use is restricted to the LG- 
MgO by-product. 

The final estimated Ea value for the used LG-MgO was 37.5 
kJ⋅mon− 1, which is within the same order of magnitude but slightly 
slower than the previously reported values by Bugajski et al. [35], 
Fedoročková et al. [23] and Raschman et al. [36], which used pure MgO 
and followed the H+ concentration. These authors reported Ea values of 
57, 93–96 and 58 kJ⋅mol− 1, respectively. Larger Ea values than those 
reported for pure MgO could have been expected since the citric acid test 
classified LG-MgO as dead-burnt [12]. The lower reactivity of LG-MgO 
compared to pure MgO is because LG-MgO is obtained from a high- 
temperature calcination process that favours the sintering of crystal
lites [31]. However, if explained by sintering originated from either 
migration and coalescence or Ostwald Ripening mechanisms at high 
temperatures, the lower reactivity of LG-MgO is associated with the 
sintered MgO crystallites of larger size. This results in lower surface area 
and thus slower kinetics, as can be expected from the direct relationship 
between surface area and dissolution rate. With respect to the reaction 
order, values close to 0 (0.26–0.48) were obtained in the three cited 
studies [23,35,36]. In this study, the estimated reaction order was 2.74, 
indicating that the dissolution rate is directly related to the Mg con
centration in the LG-MgO and that such relation is highly non-linear 
with a close to cubic proportion. The mentioned studies followed a 
different reagent with different compositions of that herein used, which 
might be responsible for the different values estimated as kinetic pa
rameters. Our close to three estimated reaction order value compares 
with reasonable coherence to the reaction order values of ~ 3.97 and ~ 
2.00 reported for the dissolution of MgCO3 and CaMg(CO3)2, respec
tively [41]. 

Bearing in mind the two step process in series conceived in the dif
fusion–reaction theoretical basis, it must be noted that for a surface 
detachment (reaction) controlled process, typical Ea values range 
~40–60 kJ⋅mol− 1 and (ii) β > 1 [38,43], whereas a mass transfer 
dominated dissolution process its characterised by Ea ranging 10–20 
kJ⋅mol− 1 [38,43] and β values close to the unity. Accordingly, the es
timates from this work stem from a surface reaction controlled process 
as the most likely for the LG-MgO dissolution, which was also assumed 
in the model proposed by Raschman et al. [36]. 

4. Conclusions 

Anaerobic digestion supernatant promoted the dissolution of LG- 
MgO, showing that it can be used as a Mg source and an alkaline 

reagent for struvite precipitation. The dissolved Mg2+ arises from MgO 
and Mg(OH)2 in the LG-MgO instead of from the dissolution of car
bonates (i.e. MgCO3 and MgCa(CO3)2). Most of the magnesium con
tained in the LG-MgO particles was dissolved (40–78 %) in the first 5 
min with a notable dependence on temperature. The developed kinetic 
model is simple, practical, parsimonious and specific for the by-product 
used. It provides excellent Mg concentration prediction capability over a 
wide range of conditions, as evidenced by the high global coefficients of 
determination (R2 > 0.99) and the even and random distribution of the 
standardised residuals. The estimated β, A*0 and Ea were 2.74, 498,606 
L3.22⋅min− 1⋅mmol− 1.74 and 37.5 kJ⋅mol− 1, respectively. These estimates 
underscore surface reaction as the rate limiting step for the LG-MgO 
dissolution process instead of the mass transfer through the interfacial 
boundary film layer. The resulting kinetic coefficient values from 15 to 
35 ◦C ranged 0.079–0.219 L3.22⋅min− 1⋅mmol− 1.74, respectively. The 
findings suggest a potential application of the simplified dissolution 
kinetics model as a tool for predicting the Mg2+ concentration and 
optimising the required reagent dosage. 
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