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A B S T R A C T

Reactive crystallization of magnesium hydroxide from concentrated saline solutions represents an effective route 
for magnesium recovery yet being challenging due to the complexity in controlling crystallization phenomena. 
This study presents the numerical model–guided design and experimental validation of an innovative pilot-scale 
crystallizer, the Multiple Feed Plug Flow Reactor (MFPFR). The reactor configuration was optimized through 
CFD simulations with local supersaturation analysis, identifying the hydrodynamic conditions that minimize 
local supersaturation peaks, thereby slowing nucleation processes and promoting crystal growth. The prototype 
was then constructed and tested using concentrated bitterns ([Mg2+] ≈ 2 M) and 0.5 M NaOH solution as alkaline 
reagent. The produced Mg(OH)₂ suspensions exhibited excellent solid–liquid separation performance, with initial 
settling velocities up to 440 mm/h and filtration rates above 80 kg/(m2⋅h), outperforming literature data. The 
obtained solids showed a high degree of crystallinity, while the overall process achieved magnesium recoveries 
exceeding 99%. These results demonstrate the effectiveness of the integrated modeling–experimental approach 
and confirm the potential of the novel MFPFR for high-quality Mg(OH)₂ production from concentrated saline 
streams.

1. Introduction

Magnesium hydroxide, Mg(OH)₂, is an inorganic compound widely 
employed as a flame-retardant filler in polymeric matrices [1–3], a 
neutralizing agent in wastewater treatment [4,5], a material for CO₂ 
capture strategies [6], etc. Reactive crystallization (or precipitation) 
under ambient temperature and pressure is one of the most widely 
adopted methods for synthesizing magnesium hydroxide (MDH) from 
Mg2+-containing solutions [7]. This approach is cost-effective and easy 
to implement. During precipitation, magnesium ions (Mg2+) react with 
an alkaline solution, leading to the near-instantaneous nucleation of 
MDH particles, owing to its low solubility in water. Despite its 
simplicity, this technique presents several challenges related to the use 
of the produced suspension: (i) poor thickening performance, (ii) low 
filtration rates, and (iii) difficulties in controlling particles morphology. 
These represent the major drawbacks to industrial MDH production 
though precipitation.

Song et al. [8] analyzed the influence of the use of different reactor 

configurations, i.e. single feed and double feed semi-batch arrange
ments, on the filtration rate of MDH slurries produced from a 2 M arti
ficial magnesium chloride, MgCl₂, and a 4 M sodium hydroxide, NaOH, 
solutions. Filtration times ranged from 2 to 3 h (estimated magma 
density of 58.3 g/L) in single feed semi-batch tests; while filtration times 
were lower than 3 min in double-feed semi-batch ones. However, since 
the authors did not specify the filtration conditions, it is not possible to 
derive an area-normalized filtration rate for comparison purposes.

Henrist et al. [9] explored the influence of different alkaline reagents 
and magnesium sources on the MDH precipitation in double-feed tests, 
namely a 1.5 M NaOH and 1.5 M ammonium hydroxide (NH₄OH) so
lutions, using either 0.75 M magnesium chloride (MgCl₂) or magnesium 
sulfate (MgSO₄) solutions. The addition of the NaOH agent, a strong 
base, raised pH values above 13, observing the formation of globular 
particles; conversely, hexagonal platelets were produced using NH₄OH 
solutions, due to the buffer action of ammonia solution (pH values 
around 10). However, despite its advantages in morphology control, the 
use of ammonia raises safety concerns due to its volatility and toxicity. 
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On the contrary, when magnesium sulfate was used as the precursor in 
combination with the NH₄OH solution, the particles appeared highly 
agglomerated, likely due to the weakly basic nature of sulfate ions, 
which increased supersaturation and promoted rapid nucleation and 
agglomeration.

Several other works have investigated the precipitation of MDH from 
real Mg2+-containing solutions.

Turek et al. [10] studied MDH recovery from hard coal mine brines 
using NaOH solutions in a single feed semi-batch reactor. The authors 
reported settling rate of 120 mm/h and filtration rate of 7 kg/m2 h. 
These values are notably low, indicating poor separation efficiency. 
[11]. Dong et al. [11] studied the precipitation process of MDH from 
rejected brines (Mg2+ concentration equal to 1.7 g/L) from a desalina
tion plant in Singapore. The authors observed intense particle aggre
gation and undesirable granular morphology using a highly 
concentrated 16 M NaOH solution added in a batch reactor. Cipollina 
et al. [12] investigated the recovery of MDH from real bitterns from 
saltworks (0.9 M in Mg2+ ions) using 2 M NaOH solutions as the alkaline 
source. Precipitation tests were conducted in semi-batch and continuous 
stirred tank reactors. The authors noted the establishment of highly 
agglomerated particles characterized by extremely low settling and 
filtration characteristics. This was attributed to the use of highly 
concentrated reactants.

Supersaturation, S, is a key parameter that can explain and relate 
MDH filtration, settling and morphology features. Supersaturation is the 
driving force of crystallization/precipitation processes that rules crys
tallization phenomena such as nucleation, growth and aggregation [13].

Yuan et al. [14] investigated the correlation between supersaturation 
and the nucleation and growth rates of Mg(OH)₂ from highly dilute so
lutions ([Mg2+] ≈ 9 × 10− 4 M and [OH− ] ≈ 1.5 × 10− 3 M). Despite the 
use of such dilute system, theoretical calculations yielded average su
persaturation values ranging from approximately 1.8 × 103 to 7 × 103 at 
ambient temperature. Under these conditions, the authors reported that 
both nucleation and crystal growth follow first-order kinetics, exhibiting 
comparable rates within the investigated regime. Alamdari et al. [15]
performed a similar investigation starting from a highly concentrated 
solution (seawater bittern, [Mg2+] ≈ 1.2 M). The study revealed that the 
nucleation depends on the cube of S, while crystal growth follows a 
linear dependence on S, making it the rate-limiting step in the process. 
As a result, when highly concentrated solutions are used and supersat
uration is not properly controlled, the system tends to generate a large 
population of fine, poorly grown particles.

Focused on supersaturation, Romano et al. [16] analyzed the influ
ence of supersaturation on the MDH precipitation process using a semi- 
batch system with a double injection of MgCl₂ and NaOH solutions. The 
authors roughly estimated supersaturation under different operating 
conditions. Hexagonal MDH platelets were successfully produced in 
selected low supersaturation conditions (S ≈ 2.5–190), although 
concentrated NaOH (1–2 M) solutions were adopted. The work high
lighted the need for a quantitative assessment of supersaturation to 
thoroughly control the MDH process, especially in complex or large- 
scale reactors.

In this context, Computational Fluid Dynamics (CFD) is as a powerful 
tool that can integrate fluid dynamics and chemical reaction description, 
providing spatially resolved supersaturation values for the support of 
crystallization phenomena estimation [17] [18] [19]. In 2000, Piton 
et al. [20] employed a CFD tool coupled with the Four-Environment 
Generalized Micromixing (4-EGM) model to simulate the precipitation 
process of fine particles. Local turbulence and micromixing levels had a 
dominant impact in controlling nucleation. One year later, Wei et al. 
[17] numerically investigated the barium sulfate crystallization process 
in a semi-batch system using a CFD-Population Balance Equation (PBE) 
model. The authors observed that nucleation and growth phenomena 
took place mainly in few parts of the reactor volume, where supersat
uration levels depend on reactant injection arrangement and agitation 
speed. Tang and Rigopoulos [21–23], investigated the reactive 

crystallization of barium sulfate in a T-mixer through Direct Numerical 
Simulation (DNS). One of the most significant findings of their work is 
the oscillatory nature of nucleation, arising from the strong non-linear 
dependence of the process on local supersaturation. Turbulent fluctua
tions modulate the local concentration fields, giving rise to bursts of 
nucleation events that occur fluctuating in space and time. Despite the 
highly detailed description of the phenomena, such an approach entails 
an extremely high computational cost, which is rarely sustainable in 
engineering design practice, especially for pilot or industrial scale units. 
Recently, Lin et al. [24] performed a CFD analysis of a rotating liquid 
film reactor (RLFR) for Mg(OH)₂ synthesis, focusing on multifluid mix
ing and reactor geometry optimization. Their model aimed at evaluating 
the effect of hydrodynamics and mixing efficiency on product yield 
under different operating conditions, without specifically addressing the 
crystallization regime or the evolution of supersaturation. Raponi et al. 
[25] analyzed the design of a pilot scale crystallizer for the production of 
Mg(OH)2 at semi-industrial scale from concentrated Mg2+ solutions. The 
authors extended a CFD approach coupled with PBE model previously 
developed to determine precipitation kinetics of Mg(OH)2 in a T-mixer 
[26]. The authors evaluated the impact of mixing and reagent concen
tration in the pilot-scale reactor focusing on their effect on the zeroth 
moment of the particle size distribution (PSD) and supersaturation 
levels. Reported supersaturation peaks ranged between approximately 
103 and 104, highlighting the highly spatially heterogeneous nature of 
the precipitation environment. In agreement with these modeling out
comes, Battaglia et al. [27] conducted an experimental campaign testing 
a pilot scale crystallizer with a similar geometry to that simulated by 
Raponi [25] employing saltworks bitterns mixed with 0.5 M NaOH so
lutions. Highly pure MDH particles (mass purity >99%) were obtained 
with a Mg2+ recovery nearly 100%. Nevertheless, the corresponding 
suspension showed extremely poor filterability and thickening behavior, 
which was ascribed to the formation of globular nanosized particles, 
induced by the very high supersaturation in the reaction environment.

With this respect, the present work addresses the design optimiza
tion, construction, and experimental characterization of a novel pilot- 
scale reactive crystallizer, based on ResourSEAs original concept [28], 
for the synthesis of magnesium hydroxide (MDH) from Mg2+ concen
trated solutions, such as real bitterns. The crystallizer was proposed to 
overcome the limitations highlighted in previous works, with a specific 
focus on controlling particle morphology and improving the sedimen
tation and filtration performance of the suspensions. Based on theoret
ical knowledge and practical expertise, an innovative reagent dilution 
and injection strategy was formulated and assessed through a numerical 
approach based on CFD simulations coupled with micromixing models. 
The optimal configuration identified through the CFD-based analysis 
was implemented in the Multiple Feed Plug Flow Reactor (MFPFR), which 
was constructed and experimentally tested by the University of Palermo 
and ResourSEAs Srl. The concept of this new reactor lies at the core of 
the MareMag LIFE European project [29], where a 100 t/y demonstra
tion unit is currently under development, and is expected to provide the 
foundation for further industrial scale-up of magnesium hydroxide 
production from saline solutions. From an economic point of view, the 
very good solid-liquid separation performance of the MFPFR reactor 
enables the technology to be implemented in industrial scenarios. In 
fact, the faster the settling and filtration rates of suspensions the lower 
the footprint of settlers and filter areas, lowering unit costs. Regarding 
the implementation of the MFPFR technology in treatment chains for 
Mg2+-concentrated solutions, Scelfo et al. [30] conducted an economic 
analysis of a treatment chain treating saltworks Sicilian bitterns 
encompassing an ultrafiltration unit, to remove suspended organic 
matter, a pH Swing Adsorption unit, for the selective extraction of 
boron, a magnesium crystallization reactor (the MFPFR reactor, also 
named Mg-CGCR within the framework of the EU SEArcularMINE 
project), thickeners, a drum filter, to separate Mg(OH)2 solids, a pH 
Swing Adsorption unit, to remove all remaining divalent cations, an 
Electro-Dialysis with Bipolar Membranes pilot, to produce both acidic 
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and basic solutions in situ, a Reverse Osmosis unit, for freshwater re
covery. The analysis demonstrated the economic feasibility of the 
treatment chain, resulting in a Mg(OH)₂ production cost of < €2/kg at 
pilot scale and < €1/kg at industrial scale, in line with market prices.

2. Reactor concept

As an evolution of the concept of the 1st MFPFR prototype 
[25,27,31], the geometry of the 2nd MFPFR was based on a tubular 
system composed of two coaxial pipes, where reactants can be injected 

Fig. 1. 3D drawing of a section of the tubular MFPFR prototype. The sizes of the simulated reactor are expressed as a function of the total device length, L (red lines).

Fig. 2. Schematic representation of the dilution system employed in the MFPFR concept (a), and conceptual representations of “Injection configuration 1” (b) and 
“Injection configuration 2” (c).

F. Miciletta et al.                                                                                                                                                                                                                                Chemical Engineering Journal 543 (2026) 177992 

3 



through nozzles into annular region. To enhance mixing, static elements 
shaped like marine propellers were included, generating a swirling 
motion within the annular volume. The three-dimensional geometry of 
the MFPFR prototype is shown in Fig. 1, where all reactor sizes are 
normalized with the overall device length, L.

A novel dilution strategy and two alternative injection configura
tions of reagents were explored to reduce and control the local super
saturation level in the reaction environment. Fig. 2 presents a schematic 
representation of the new dilution strategy (a) and a conceptual 
description of two possible injection configurations (b,c).

Regarding the dilution strategy, part of the produced Mg(OH)2 sus
pensions is expected to be recirculated back to the inlet section, being 
mixed with the bittern (stream 3III) and/or the alkaline solution (stream 
3IV). In addition, the recirculating suspension could be fed to reactor 
annular region to dilute the reaction environment (stream 3II). As far as 
the injection configuration is concerned, two operative configurations 
may be employed: (a) the bittern stream (1I) is injected through nozzles, 
while the alkaline solution (2I), mixed with the recirculating suspension 
(3IV), is fed through a larger manifold directly to the annular reactor 
volume (no need of stream 3II); (b) the bittern (1I) and the alkaline so
lution (2I) are both fed through nozzles, while the recirculated suspen
sion (3II) is fed to the annular region through the larger manifold.

3. Modeling framework

Computational fluid dynamics (CFD) simulations were employed to 
explore the performance of the novel MFPFR prototype strategies for 
magnesium hydroxide precipitation. Crystallization phenomena, e.g. 
nucleation, growth or aggregation, as well as reactants consumption and 
population balance equations were not implemented due to computa
tional and time requirements deemed to be excessive during the design 
of the prototype where several operating conditions and geometry 
configurations were analyzed. The goal was not to reproduce an existing 
unit, but to design and assess a virtual prototype, thus guiding the 
construction of a real unit. The selected geometry of the MFPFR proto
type followed a preliminary numerical investigation aimed at exploring 
the influence of construction and operating parameters, e.g. the choice 
of the static mixing elements, the position of nozzles and number of 
nozzles. Section S1 in the Supporting Information reports the rationale 
behind the design of the MFPFR prototype.

3.1. Numerical details

Numerical simulations were carried out using the open-source plat
form OpenFOAM. The twoLiquidMixingFoam solver, coupled with the 
PIMPLE algorithm, was employed. Simulations were conducted within 
the Reynolds-Averaged Navier–Stokes (RANS) framework, adopting the 
k-ω SST (Shear Stress Transport) turbulence model, providing accurate 
representation of fluid flow in the system at low computational demand. 
The reactor domain, shown in Fig. 1, was discretized into computational 
cells using the SnappyHexMesh utility of OpenFoam. A grid indepen
dence analysis was carried out to ensure numerical accuracy, leading to 
a final mesh of ⁓3.6 million cells, 98% of which were hexahedral.

The β-Probability Density Function (β-PDF) micromixing model was 
implemented, following the procedure presented in Raponi et al. [26], to 
account for micromixing (molecular-scale interactions between reactive 
species). This is essential when precipitation processes of sparingly 
compounds, as Mg(OH)2, are considered to properly evaluate supersat
uration levels in the reaction environment considering the actual local 
concentration of reactive species available at the molecular scale. On 
this basis, supersaturation, S, was calculated as follows [14,26]: 

S =
γ3
±

(
CMg2+ • C2

OH−

)
− ksp

ksp
(1) 

where CMg2+and COH− are the effective concentrations of magnesium and 
hydroxyls ions at molecular scale, ksp is the solubility product constant 
of magnesium hydroxide, equal 5.61 × 10− 12 [mol3/L3] at room tem
perature [16], and γ± is the mean activity coefficient of ions calculated 
following the Bromley's theory [32].

Boundary conditions were defined for the inlets, outlet, and wall 
regions of the computational domain. In particular, uniform velocity 
and species concentration were imposed at all inlets, while turbulence 
quantities (k and ω) were derived from the reference flow velocity 
assuming a turbulence intensity of 5% [33]. Zero gradient conditions 
were applied to all transported variables at the outlet, except for pres
sure, which was fixed to a reference value of 0. Reactor walls were 
treated as no-slip boundaries, and standard wall functions were adopted 
for turbulence quantities. Simulations were stopped once a statistically 
steady state was achieved, assessed through the stabilization of key 
monitored quantities over consecutive time steps and residuals consis
tently below 10− 6. This configuration ensured numerical stability and 
physical consistency in reproducing flow, mixing, and reactive transport 
within the MFPFR geometry.

3.2. Simulation campaign

Several different operating conditions were explored in the numer
ical study in terms of type of the injection configuration, (see Fig. 2 for 
further details) Mg2+ and OH− flow rates and concentrations before and 
after pre-dilution with recirculating magnesium hydroxide slurry, as 
reported in Table 1.

A 2.0 M Mg2+ concentration was chosen as the representative Mg2+

content in bitterns produced in saltworks [34], while the alkaline so
lution concentration of 0.5 M was the expected one that can be produced 
in situ by an Electrodialysis with Bipolar Membrane unit as it has 
occurred in the SEArcularMINE [35] and MareMag LIFE treatment 
chains. Cases N1 and N2 explored the influence of the pre-dilution of the 
bittern solution when adopting the Injection configuration 1. In this 
case, the higher flow rate of the diluted Mg2+ solution was expected to 
lead to an intensification of the local turbulence near the nozzle loca
tions. Cases N3 and N4 analyzed the use of the Injection configuration 2 
with and without a pre-dilution of both NaOH and bittern solutions.

It is worth noting that, in all cases, the flow rate of solutions/sus
pensions flowing in the annular section (recirculating streams) was 
~130 L/min.

3.3. Numerical results

Spatial distribution maps of Mg2+ concentrations at the outlet cross- 
section of the reactor geometry, and the Mg2+ concentration volumetric 
distribution (not a cumulative distribution) in the reactor are presented 
in Fig. 3 for all numerical cases. In Fig. 3b, the x-axis reports the local 
Mg2+ concentration that occupy a certain reactor volume fraction (the y- 
axis). Therefore, the curves provide a quantitative indication of how the 
Mg2+ concentration is distributed throughout the reactor volume.

Magnesium concentration was quite well distributed in most of the 
outlet section areas in Cases N1, N2 and N4 reaching values lower than 
20 mol/m3 (100 times lower than the inlet value of 2000 mol/m3), 
indicating a good Mg2+ dilution in the annular section. Conversely, a 
localized high Mg2+ concentration plume can be observed in case N3, 
with peak values over 250 mol/m3. This can be mainly attributed to the 
lower flow rate of the non-pre-diluted Mg2+ solution of Case N3 with 
respect to the pre-diluted one of case N4. Interestingly, this result was 
not observed in Case N1, which had the same non-pre-diluted Mg2+ flow 
rate of case N3. This is related to the different injection configurations 
adopted in the two simulations. Specifically, in the first injection 
configuration, only the bittern solution was fed in the annular region 
through spatially equally distributed nozzles, thus guaranteeing a good 
distribution of the reagent, despite the low flow rate. Conversely, in the 
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second injection configuration, both the alkaline solution and the Mg2+

reactants were fed into annular region, affecting their distribution effi
ciency in space. Mg2+ concentration maps of Cases N3 and N4 also 
indicate that an increase of the flow rate of the bittern solution, using the 
Injection configuration 2, favored the dilution of the reagent in the re
action environment, due to the higher local fluid flow regime in the 
system. This can be further observed in Mg2+ concentration distribution 
values evaluated within the annular volume of the reactor, see Fig. 3 (b). 
Higher local Mg2+ concentration values were reached in Cases N1 and 
N3, up to two orders of magnitude higher, with respect to Cases N2 and 
N4, due to the use of lower non-pre-diluted bittern flow rates. As a 
matter of fact, higher flow rates induced a more effective pre-dilution of 
the Mg2+ solution leading to lower concentration values in the system. 
Lower local reactant concentrations are expected to lead to low local 
supersaturation levels, favoring the growth of particles, thus limiting the 
nucleation of tiny ones [20]. On the other hand, high flow rates of the 
reactants can also negatively affect local crystallization kinetics due to 
increased fluid shear stresses that can possibly enhance aggregation or 
breakage phenomena [36]. Fig. 4 presents (a) the spatial distribution 
maps of OH− at the outlet cross-section of the reactor and (b) the 
volumetric concentration of OH− distribution maps.

The alkaline solution was almost homogeneously distributed in Cases 
N1 and N2 thanks to the pre-dilution action of stream 3IV, which is 
characterized by a significantly higher flow rate than the alkaline one, 
leading to a low and uniform OH− concentration throughout the reactor. 
Conversely, in Cases N3 and N4 concentrated and localized OH− plumes 
can be observed, due to the different injection configuration. Higher 
localized OH− concentrations were found in Case N3 with respect to case 
N4 as a result of the dilution action of the higher NaOH solution flow 
rate selected in case N4. As also discussed above for the bittern solution, 
the use of a higher reactant flow rate led to (i) lower local OH− con
centration values and (ii) a better distribution of the reactant in the 
annular section. The observation of the volumetric concentration dis
tribution maps of OH ions (see Fig. 4b) confirms the above consider
ations. In Cases N1 and N2, OH− concentrations were lower than in 
Cases N3 and N4 with an average value of 10 mol/m3 throughout most 
of the reactor volume. Cases N3 and N4 exhibited similar OH− distri
bution patterns within the reactor volume, with slightly lower concen
trations in Case N4 due to the dilution effect of the higher NaOH solution 
flow rate.

Mg2+ and OH− local concentration can be adopted to estimate local 
supersaturation level in the reactor to provide essential guidelines for 
the precipitation phenomena of Mg(OH)2.

Fig. 5 shows (a) spatial distribution maps of supersaturation in the 
outlet cross-section of the reactor and (b) the volumetric distribution of 
micromixing-based supersaturation values (Eq.1).

At the outlet section of the reactor, the highest supersaturation 
values were attained in Cases N2 and N4. Only a very small, localized 
plume was observed in Case N3, indicating a poor macromixing of the 
reactants in the reaction volume. This was confirmed by Mg2+ and OH−

concentration maps reported in Figs. 3 (a) and 4 (a), where Mg2+ and 
OH− lay opposite region of the reactor, thus being in contact, and 
micromixed, only in a very small part of the section of the reactor where 
supersaturation was established.

Volumetric distribution of supersaturation, shown in Fig. 5 (b), 
agreed with those evaluated at the outlet section of the reactor. Cases N2 
reported the highest supersaturation values all over the reaction volume, 
reaching a peak value of ~3500, while Case N1 showed lower super
saturation values, with a maximum peak of about 650. This result in
dicates a prevalent effect of the higher local fluid flow regime, and thus 
higher turbulent energy dissipation, especially close to the nozzle re
gions, attained in Case N2 that enhances micromixing, leading to overall 
higher supersaturation values in the reactor volume, despite the lower 
local concentrations.

Although case N4 showed supersaturation levels slightly lower than 
those of Case N1, concentration profiles of Mg2+ and OH− within the 

reactor differed significantly between these two configurations. To 
better interpret these differences, the axial evolution of the cross-section 
averaged supersaturation is shown in Fig. 6.

Whereas the outlet maps represent a local snapshot, the axial evo
lution of S identifies the position of supersaturation onset and the axial 
region over which reactants are effectively co-present across the section. 
Importantly, the onset of S must be interpreted considering the injection 
strategy, as shown before. Accordingly, Fig. 6 shows that Cases N1 and 
N2 develop a pronounced rise of S around the Mg2+ injection plane, 
where the supersaturation reaches its maximum. Most notably, super
saturation in Case N3 remains close to 0 even after the nozzles section, 
demonstrating that co-injection strategy alone is not sufficient. Macro
mixing limitations still prevent the contact of Mg2+ and OH− , in 
agreement with the confined plume observed at the outlet. In contrast, 
Case N4 shows a gradual and controlled increase of S in the last portion 
of the reactor, indicating that the Injection configuration 2 strategy 
effectively mitigates segregation. Specifically, Case N1 can be described 
as a single-feed system, in which the bittern is injected into the annular 
section where OH− species are already well diluted through the reactor 
volume by the pre-diluting action of the recirculating Mg(OH)2 sus
pension. In contrast, the Injection configuration 2 strategy resembled a 
double-feed one, where both the NaOH and bittern solutions are injected 
separately. In this latter case, the pre-dilution action of the recirculating 
Mg(OH)2 suspensions, along with their further dilution in the annular 
region, avoided the direct contact of highly concentrated reagents, thus 
controlling local micromixing and supersaturation levels. This condition 
is expected to favor the growth of Mg(OH)₂ crystals over nucleation 
[37].

4. Reactor design, construction and experimental validation

Although the numerical investigation did not account for reagent 
consumption in the reactor volume, since crystallization phenomena 
and population balance equations were not computed, the supersatu
ration analysis provided robust design-oriented insights. Among the 
investigated conditions, Case N4 provided the most favorable super
saturation distribution, and it was therefore adopted as the reference 
configuration for the design and construction of the MFPFR prototype. 
As explained above, the lower supersaturation of case N3, see Fig. 5 (b), 
is mainly due to a poor macromixing of the reactants in the reaction 
volume, as can be seen in Figs. 3 (a) and 4 (a), where Mg2+ and OH− lay 
opposite region of the reactor, touching only in a very small part of the 
section of the reactor.

4.1. The MFPFR prototype

The skid of the MFPFR prototype, designed by ResourSEAs and built 
at the University of Palermo, is shown in Fig. 7.

The skid included the tubular reactor along with the piping and 
instrumentation systems required to operate the reactor. Bittern and 
alkaline solutions were handled by a gear (TEOREMA FG213) and a 
regenerative turbine pump (TEOREMA HTP–C), respectively. Streams 
3II, 3III e 3IV were handled by three regenerative turbine pumps 
(TEOREMA models PCM 3 × 12 (3II), PCM 1.5 × 5 (3IiI) and PCM 2.5 × 6 
(3IV). Flow rates were monitored using electromagnetic flow meters 
(KROHNE 4100C and 4300C). A pH meter (KROHNE pH 8320) was 
installed at the reactor outlet to monitor the pH value of the produced 
Mg(OH)2 suspension. All instruments were connected to an NI cDAQ- 
9189 chassis for Ethernet-based signal acquisition and control via a 
LabVIEW software interface. The novel prototype was built to handle 
reagents and Mg(OH)2 suspensions in accordance with all injection and 
dilution systems discussed in Section 2, (Fig. 2).

4.2. Experimental cases

A real bittern collected from Margi saltworks (Trapani, Italy) was 
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tested in the experimental campaign. Table 2 lists the concentration of 
macro and micro components in the bittern. The concentrations of the 
components were evaluated through Ion Chromatography technique 
(IC, Metrohm 882 compact IC plus), Inductively Coupled Plasma Optical 
Emission Spectroscopy (ICP-OES, PerkinElmer Optima 2100 DV) and 
complexometric titration with ethylenediaminetetraacetic acid (EDTA).

Table 3 reports operating conditions explored. In the experimental 
campaign, the influence of the reaction pH, from a value of 10.2 to 12.7, 

was investigated by varying the flow rate of the inlet NaOH solution. pH 
interval spans from stoichiometric OH− amount to an excess of alkaline 
reactant of approximately 30%. 0.5 M sodium hydroxide (NaOH) solu
tions, produced in situ by an Electrodialysis with Bipolar Membrane unit 
(EDBM), were used in all cases. The prototype was washed after each 
test, while no blockage ever occurred.

Case E1 assessed the Mg(OH)2 precipitation process operating the 
new prototype following the same injection configuration and operating 

Table 1 
Summary of operating conditions adopted in numerical simulation: injection configuration, Mg2+ solution flow rates and concentrations before and after pre-dilution 
(S.1 and S⋅1I), OH− solution flow rates and concentrations before and after pre-dilution (S.2 and S⋅2I). Injection configuration and name of streams refer to Fig. 2. In all 
cases, the flow rate of solutions/suspensions flowing in the annular section (recirculating streams) was ~130 L/min.

Cases Inj. conf. S. 1 [L/min] S. 1I [L/min] Mg2+ conc. (S.1) [M] Mg2+ conc. 
(S. 1I) [M]

S.2 [L/min] S. 2I [L/min] OH− conc. 
(S.2) [M]

OH− conc. 
(S. 2I) [M]

N1 1 0.33 0.33 2.00 2.00 2.65 130 0.5 0.0102
N2 1 0.33 10.66 2.00 0.0625 2.65 130 0.5 0.0102
N3 2 0.33 0.33 2.00 2.00 2.65 2.65 0.5 0.500
N4 2 0.33 5.33 2.00 0.125 2.65 5.33 0.5 0.250

Fig. 3. (a) Concentration maps of Mg2+ ions at the reactor outlet section and (b) volumetric distribution (no cumulative) of Mg2+ ion concentration throughout 
the reactor.
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conditions analyzed numerically in Case N1. Case E2 studied the Mg 
(OH)2 precipitation using Injection configuration 2 with the pre-dilution 
of reagents, in accordance with Case N4. For completeness, the influence 
of the pre-dilution of reagents strategy was investigated under Injection 
configuration 2, see performances of Cases E3 and E4 in the Appendix A. 
Case E3 corresponds to the non-pre-diluted configuration, consistently 
with numerical Case N3, whereas Case E4 corresponds to the N4 
configuration as Case E2, but employing a different bittern in terms of 
ionic composition. Thus, E2 and E4 are both associated with the nu
merical Case N4. Although not discussed in detail here for brevity, this 
supplementary analysis provides further evidence supporting the reli
ability of the proposed numerical model.

An additional Case (E2-SYN) was also analyzed feeding the reactor 
with synthetic MgCl2 and NaOH solutions to investigate the possible 
influence of ions on settling and filtration rates of Mg(OH)2 suspensions, 
resulting in negligible differences between the rates obtained with real 
and synthetic solutions (see Section S2 in the Supporting Information).

4.3. Analytical procedure and performance parameters

Mg(OH)2 suspensions and powders were characterized as reported 
in Fig. 8.

In each test, 500 mL of Mg(OH)₂ suspension was collected at the 
outlet of the prototype in a graduated glass cylinder and other 100 mL 
was withdrawn for particle size distribution assessment. Before each 
sampling, the crystallizer was operated until a steady-state condition 
was attained. Approximately a period of about 4–5 residence times was 
waited (30–50 min depending on the operating conditions). The steady- 
state operation was further verified by monitoring the outlet pH and 
electrical conductivity of the suspension. A certain amount of the 100 
mL suspension was added to a beaker filled with 700 mL of distilled 
water aiming at reaching a suspension concentration of about ~0.15 g/ 
L. Suspensions were analyzed by the Malvern® Mastersizer 2000 (point 
1I in Fig. 8) before and after applying an ultrasound treatment of 5 min 
and adding 30 drops of the dispersant poly(acrylic acid, sodium salt), 
(PAA, MW 1200, Sigma-Aldrich, Inc.). The same PSDs assessment pro
cedure adopted by Battaglia et al. [7] was followed. Sedimentation of 
the suspensions filled in the 500 mL cylinder was recorded over 24 h 
(point 1 in Fig. 8). The initial settling velocity was then determined by 
calculating the slope of the settling curve between the 2nd and 20th 
minute, using a height [mm] versus time [h] plot, as also discussed by 
Ventimiglia et al. [31]. After settling, the clarified solution was analyzed 
and the residual Mg2+ content assessed via complexometric titration 
(point 2 in Fig. 8) using Ethylenediaminetetraacetic acid (EDTA, 

Fig. 4. Concentration maps of OH− ions at the reactor outlet section (a) and volumetric distribution (no cumulative) of OH− ion concentration throughout 
the reactor.

F. Miciletta et al.                                                                                                                                                                                                                                Chemical Engineering Journal 543 (2026) 177992 

7 



Honeywell ǀ FlukaTM). Mg2+ recovery was calculated as follows: 

Mg2+recovery =

Mg2+
Bittern − Mg2+

CLAR •

(
QS1+QS2

QS1

)

Mg2+
Bittern

(2) 

where Mg2+
Bittern and Mg2+

CLAR are the molar concentration of Mg2+ in the 
fresh bittern and in the clarified solution after thickening, respectively. 
QS1 and QS2 are the inlet flow rates of fresh bittern and alkaline solu
tions, respectively. The Mg(OH)₂ suspension was washed with demin
eralized water, re-suspended by agitation, and left to settle until the 
conductivity of the supernatant solution was below 200 μS/cm (point 3 
in Fig. 8). After washing, a fixed volume of 100 mL of thickened sus
pension was filtered (point 4 in Fig. 8) in a Buchner funnel using 1.6 μm 
fiberglass filters (Whatman GF/A grade, GE Healthcare Life Sciences) of 
70 mm diameter at an absolute pressure of 0.5 bar, using a vacuum 
pump (BUCHI, VACUUM V700). Filtration time was recorded and 
filtration rates were evaluated as: 

Frate =
Vsol • Mg2+recovery[%] • MMg(OH)2

100 • tfilt • Afilter

[
kg

m2 • h

]

(3) 

where Vsol is the filtered volume of suspension [m3], Afilter is the area of 

the filter [m2] and tfilt is the filtration time [h]. MMg(OH)2
is the magma 

density of the suspension [kg/ m3], expressed as: 

MMg(OH)2 =
Mg2+

Bittern • QS1

QS1 + QS2

•Mg2+recovery[%]

100
MWMg(OH)2

[
kg
m3

]

(4) 

where MWMg(OH)2 is the molecular weight of magnesium hydroxide [g/ 
mol].

The final magma density, MfMg(OH)2
, was also computed as: 

MfMg(OH)2
= MMg(OH)2 •

Vf

Vin

[
kg
m3

]

(5) 

where Vf is the final thickened volume [mL] in the cylinder after 24 h 
and Vin is the initial sample volume, typically 500 mL.

Finally, the filtered cake was dried in an oven at 120 ◦C for 24 h 
(point 5 in Fig. 8) and the Mg(OH)2 powders were analyzed via scanning 
electron microscopy technique (SEM, FEI Quanta 200 FEG and JEOL, 
point 6 in Fig. 8).

4.4. Experimental performance of the novel MFPFR prototype

The MFPFR prototype was designed and operated following the best 

Fig. 5. Spatial distribution maps of supersaturation (S) at the reactor outlet section (a) and volumetric distribution (no cumulative) of S throughout the reactor.
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operating conditions selected through the numerical assessment for both 
Injection configurations 1 and 2, namely Cases N1 and N4. Fig. 9 shows 
the initial settling velocity (a) and the filtration rate (b) of Mg(OH)₂ 
suspensions produced during tests E1 and E2.

As can be seen in Fig. 9 (a), Mg(OH)2 suspensions exhibited markedly 
different initial settling velocity values and behaviors when produced in 
Cases E1 and E2. In Case E1, the settling velocity remained approxi
mately constant at ~140 mm/h within the pH range of 10.2 to 11.2. A 
further increase in pH led to a sharp decline in velocity, reaching values 
below 10 mm/h at pH levels above 12, thus indicating a suspension that 
cannot be effectively separated by sedimentation. Conversely, Case E2 
(corresponding to the simulated configuration N4) exhibited a parabolic 
trend with a distinct maximum. The initial settling velocity was ~130 
mm/h for pH values below 10.5, while increasing the pH, the settling 

velocity reached a peak value of about 440 mm/h in a pH range between 
11.5 and 12. This value was almost four times higher than the highest 
one observed in Case E1. A further increase of pH beyond 12 led to a 
sharp decline in settling performance. Filtration behavior, Fig. 9 (b), 
followed settling trends. Specifically, Case E1 exhibited reasonably good 
filterability performance at pH 10.3 with a filtration rate of 37 kg/ 
(m2⋅h). Performance decreased to approximately 12.4 kg/(m2⋅h) (one- 
third) at pH 11.1. At higher pH values, the suspension became physi
cally unfilterable (data points not reported in the graph). In Case E2, at 
low pH values, filtration rates were comparable to those of Case E1, 
while increasing the pH value a sharp increase was observed reaching 
values between 70 and 85 kg/(m2⋅h) in the pH range between 11.5 and 
12.0. At pH values above 12, the filtration rate dropped again to around 
10 kg/(m2⋅h).

1.0E-05
1.0E-04
1.0E-03
1.0E-02
1.0E-01
1.0E+00
1.0E+01
1.0E+02

0 0.2 0.4 0.6 0.8 1

S

x/L

N1 N2
N3 N4

Fig. 6. Axial profiles of the cross-section averaged supersaturation as a function of the normalized reactor length (x/L).

Fig. 7. Pictures of the skid of the MFPFR prototype. Green, blue and red arrows indicate the bittern, the sodium hydroxide solution and the recirculating suspension 
streams whose nomenclature follows the scheme shown in Fig. 2.
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These results acquire particular significance when interpreted in the 
light of the supersaturation regimes discussed earlier. Battaglia et al. 
[39], working with concentrated saltwork bitterns (Mg2+ 2 M) similar to 
those described by Alamdari et al. [15], operated a pilot-scale reactor at 
pH 10.8 and 12.8. The resulting suspensions had initial magma density 
of 13.2 and 8.5 g/L and exhibited filtration rates of 8.6 and 1.3 kg/ 
(m2⋅h), respectively. In addition, an initial settling velocity could not be 
reliably determined because sedimentation was extremely slow in both 
cases, reaching its conclusion only after ~3000 min. By contrast, Ven
timiglia et al. [31] and Turek et al. [10] investigated the use of dilute 
solutions, comparable to those studied by Yuan et al. [14]. Ventimiglia 
et al. [31], operating a reactor with desalination brine containing ~2 g/ 
L of Mg2+ and 0.5 M NaOH, explored reaction pH of 10.0, 11.2, and 
12.4. The initial magma densities of suspensions were 2.5, 3.4, and 3.2 
g/L, while settling velocities reached 274, 417, and 39 mm/h, with 
corresponding filtration rates of 2.6, 6.5, and 1.9 kg/(m2⋅h), respec
tively. Turek et al. [10] precipitated Mg(OH)₂ from mine brine con
taining 2.84 g/L of Mg2+ (~0.117 M) under stoichiometric NaOH 
dosing. Although magma density was not reported (it is expected to be 
very low given the dilute feed), they achieved settling velocities of 
70–170 mm/h and filtration rates of 3–9 kg/(m2⋅h), depending on 
agitation intensity and temperature. Remarkably, the present study 
delivers settling velocities up to 440 mm/h and filtration rates above 80 
kg/(m2⋅h), translating into roughly one to two orders of magnitude 
higher solid/liquid separation performance than the bittern reference 
case. Even when compared with dilute brine studies, the results remain 
clearly superior, with settling at least comparable to the best reported 
values and filtration still exceeding literature performance by more than 
an order of magnitude.

A possible explanation behind settling and filtration behaviors can 
lay on the combined effect of local supersaturation, local hydrodynamics 
(affected by the use of the different injection configuration) in the reactor 
and the influence of electrostatic interactions (such as lyosorption and 
zeta-potential of particles) between particles at different pH values. In 
details: 

• The injection of the reactants in Case E1 emulated a single-feed 
system, as discussed in section 3, where the bittern is injected into 
a basic environment. This promotes an instantaneous contact be
tween reagents that can cause high local supersaturation levels. Note 
that, increasing the flow rate of the NaOH solution to enhance the pH 
value induced a higher local concentration of hydroxyl ions and thus 
supersaturation (assuming constant micromixing efficiency). 
Conversely, in case E2, the employed injection–dilution–reaction 
strategy effectively allows to control and reduce supersaturation in 
the reactor volume, as suggested by numerical results. This is further 

evident when comparing the performance of the prototype with and 
without the use of the pre-dilution strategy of the reactants. As re
ported in Appendix A, the pre-dilution of the reagents (Case E4) had 
a significant impact on Mg(OH)2 suspension characteristics, with a 
twofold improvement in both settling and filtration rates with 
respect to the non-pre-dilution case (Case E3), indicating a better 
control of the local mixing and supersaturation conditions in accor
dance with numerical results of Cases N3 and N4. It is worth recalling 
that, as discussed in section 3.3, the pre-dilution of the reagents can 
also have a detrimental effect depending on the adopted injection 
system as observed for Cases N1 and N2. In this latter case, the high 
local micro mixing condition promoted by the pre-dilution strategy 
(Case N2) caused higher supersaturation values than those calcu
lated in the non-prediluted N1 case.

• Zeta potential is a key parameter governing interaction between 
colloidal particles in a suspension, since it represents the electrostatic 
potential at the slipping plane of particles dispersed in a liquid. When 
the absolute value of zeta potential is high (>30 mV), electrostatic 
repulsion hinders particle–particle attachment. Conversely, when 
the zeta potential approaches zero (isoelectric point), electrostatic 
interactions are minimized and aggregation becomes more favorable 
[40]. Literature data indicate that Mg(OH)₂ particles reach their 
isoelectric region in the alkaline pH range between 11 and 12 
[7,41–44]. However, although zeta potential can indicate whether 
aggregation is favored or not, the effectiveness of aggregation also 
depends on the size and morphology of crystals/particles, the latter 
phenomena also strongly affected by the local supersaturation 
regime, as discussed above.

• Lyosorption is the formation of lyospheres, namely aggregated 
structures that entrap large volumes of solvent, that results in iso
dense particles with scarce settling performance. This phenomenon 
is promoted at high pH values (>12.5) [10,31].

Overall, it can be postulated that, in Case E1 supersaturation and 
lyosorption were the dominant factors overcoming the zeta-potential of 
particles. As the pH increased, both effects intensified, leading to the 
formation of very fine, solvent-rich particles that exhibited scares 
settling and filtration properties, see Fig. 9 (a).

On the other hand, in Case E2, the use of the pre-dilution as well as 
the novel Injection configuration 2 strategy reduced local supersatura
tion values leading to a possible observation of the influence of the zeta 
potential on precipitated particles. As a matter of fact, increasing the pH 
led to a parabolic trend of filtration and settling performance of the 
suspensions reaching the best condition at the isoelectric point, as 
observed in Fig. 9 (b). A further increase of the pH makes lysorption and 
local supersaturation levels dominant phenomena, hindering suspension 
performance.

The influence of these phenomena as function of pH values for Cases 
E1 and E2 can be further studied in SEM images shown in Fig. 10.

In Case E1, Mg(OH)2 powders exhibited a moderate degree of crys
tallinity at a low pH of 10.6. Primary crystals with a hexagonal 
morphology were formed alongside amorphous ones (Fig. 10, a1 and 
a2). An increase of the pH to a value of 11.2 resulted in a complete 
decline in crystallinity, yielding amorphous aggregates in which the 
hexagonal crystals were replaced by completely irregular entities 
(Fig. 10, b1 and b2), due to the prevailing effect of high supersaturation 
levels.

In Case E2, similar results were obtained at low pH values, as well as 
for other parameters previously analyzed, emphasizing the minimal 
difference in terms of morphology between the two configurations at 
this operating point. At pH 11.9, close to the Mg(OH)2 particles iso
electric point, highly aggregated particles with a very high degree of 
crystallinity were observed. Specifically, hexagonal platelets formed 
with the complete disappearance of amorphous zones in the solid 
(Fig. 10, d1 and d2). This phenomenon was attributed to the enhanced 
ion diffusion mechanism around the crystal under zero zeta potential 

Table 2 
Ionic composition of bitterns adopted in the experimental campaign. The Limit 
of Quantification (LOQ) for Ca ions is 0.002 g/L.

Macro-component Bittern 
[g/L]

Bittern 
[mol/L]

Analytical technique

Na+ 41 ± 1 1.80 ± 0.04 IC*
K+ 14.9 ± 0.5 0.38 ± 0.01 IC*
Mg2+ 50 ± 1 2.06 ± 0.04 IC*/EDTA**
Cl− 148 ± 5 4.18 ± 0.14 IC*
SO4

2− 56 ± 1 0.59 ± 0.01 IC*

Micro-component Bittern 
[mg/L]

Bittern 
[mol/L]

Analytical technique

Ca2+ <LOQ <LOQ IC*/EDTA**
B 125 ± 1 0.0116 ± 0.0001 ICP-OES***

* Ion Chromatography (IC).
** Complexometric titration with EDTA.
*** Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).
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Table 3 
Summary of operating conditions adopted in the experimental campaign: injection configuration, Mg2+ solution flow rates and concentrations before and after pre- 
dilution (S.1 and S⋅1I), OH− solution flow rates and concentrations before and after pre-dilution (S.2 and S⋅2I). In all tests, the main recirculating 3IV stream was fixed at 
130 L/min. Note that, in the Injection configuration 1, the recirculating 3IV stream corresponds to the S⋅2I. In addition, the adopted pumps had a ± 5% flow rate 
oscillation with respect to their set point. Mg2+ and OH− concentrations in streams S⋅1I and S⋅2I were calculated based on mass balance calculations.

Cases Inj. 
conf.

S.1 [L/ 
min]

S.1I [L/ 
min]

Mg2+ conc. (S.1) 
[M]

Mg2+

conc. 
(S⋅1I) [M]

S.2 [L/min] S⋅2I [L/ 
min]

OH−

conc. 
(S.2) [M]

OH− conc. 
(S⋅2I) [M]

E1 1 0.33 0.33 2.06 
±0.04

2.06 2.70, 2.85, 3.06, 3.20, 
3.50

130 0.50 
±0.02

0.010, 0.011, 
0.012, 
0.012, 
0.013

E2 2 0.33 5.33 2.06 
±0.04

0.125 2.65, 2.70, 2.85, 3.06, 
3.20, 
3.50, 
3.70

5.33 0.50 
±0.02

0.250, 0.253, 0.267, 0.287, 0.300, 
0.328, 0.347

Fig. 8. Analytical processing of Mg(OH)2 suspensions and powders.

Fig. 9. Initial settling velocity values (a) and filtration rates (b) for Cases E1 (red dots) and E2 (black squares). For the sake of comparison, the blue triangles and the 
green circles represent the values reported by Ventimiglia et al. [31] and Battaglia et al. [38], respectively.
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Fig. 10. SEM images of Mg(OH)₂ powders for Case E1 at pH 10.6 (a1, a2) and pH 11.2 (b1, b2), and for Case E2 at pH 10.5 (c1, c2), pH 11.9 (d1, d2), and pH 12.7 (e1, 
e2), shown at magnifications of 100,000× and 200,000 × .
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conditions [45]. The resulting hexagonal platelets had the best filtration 
and settling properties. Upon further increasing the pH to 12.7, the 
system underwent a complete loss of crystalline order, giving rise to 
poorly defined, submicron-sized globular particles (Fig. 10, e1 and e2). 
In this latter case, the resulting highly porous and nested structures 
accounted for the severe challenges encountered in the separation pro
cesses previously discussed, where lyosorption was deemed to be the 
most influencing phenomenon on separation performance.

As discussed so far, local supersaturation, local hydrodynamics and 
electrostatic interactions (such as lyosorption and zeta-potential of 
particles) between particles at different pH values strongly affect par
ticle morphology, settling and filtration rates. A possible influence of the 
above phenomena on particle size distributions of Mg(OH)2 particles 
was also investigated. Results are reported and discussed in section S3 in 
the Supporting Information. PSDs ranged between 1 and 10 μm, after the 
ultrasound and PAA treatment, regardless of operating conditions and 
reactor configurations. This was mainly attributed to the strong aggre
gation phenomena occurring in the MFPFR reactor induced using the 
recirculation strategy that enhances collisions between particles through 
their circulation in the reactor volume, as also discussed in Morgante 
et al. [46].

Overall, experimental observations were consistent with the nu
merical predictions of supersaturation and reagent distribution within 
the reactor volume across Cases N1 to N4. Supersaturation profiles 
derived from simulations under stoichiometric conditions indicated 
Configuration N4 (E2) as the most effective in controlling local super
saturation. This prediction was confirmed by the best settling, filtration 
and produced Mg(OH)2 particles (in terms of morphology), thereby 
validating the numerical approach and establishing Configuration N4 as 
the reference configuration for further possible reactor optimization.

For the sake of completeness, Table 4 and Table 5 report the values of 
initial magma density (Eq. 4), final magma density (Eq. 5) at the end of 
the thickening process, and magnesium ion recovery (Eq. 2) for Cases E1 
and E2, respectively. These numbers are useful for a fair comparison of 
settling and filtration performance of Mg(OH)2 slurries.

In Case E1, the magma density increased approximately fourfold, 
from an initial value of ~10 g/L to around 50 g/L, regardless of the 
reaction pH, after the settling process. It is also noteworthy that mag
nesium ion recovery exceeded 98% at pH values above 11.0, while 
under near-stoichiometric conditions, the recovery reached only about 

80%. A trend with a maximum in the final magma density values was 
observed for Case E2, Table 5, in accordance with thickening and 
filtration results. Peaks of ~150 g/L and ~ 110 g/L were achieved at pH 
value of 11.5 to 11.9, corresponding to a concentration factor of ~13 
and ~ 10. In agreement with Case E1, the magnesium conversion in Case 
E2 also exceeded 98% at pH values above 11.0.

5. Conclusions

This study presented a model-based strategy for design optimization 
of a crystallizer dedicated to the recovery of magnesium hydroxide from 
concentrated saline solutions. CFD simulations were employed to 
compare alternative reactor configurations with the goal of mitigating 
local supersaturation, the key parameter governing crystallization phe
nomena. The influence of injection configurations of the reagents and 
pre-dilution strategies, before reagents injection through nozzles and in 
the reaction environment by Mg(OH)2 recirculation streams, were 
investigated. Among the simulated cases, Injection configuration 2 with 
pre-dilution of reactants (Case N4) emerged as the most effective option, 
providing reduced supersaturation peaks and more homogeneous re
agent distribution.

Specifically, the injection configuration 1 resembled a single-feed 
system, in which the bittern was injected into the annular section of 
the reactor, through nozzles, where OH− species were already well 
diluted through the recirculation of produced Mg(OH)2 suspension fed 
to the annular region of the reactor (Cases N1 and N2). In contrast, in the 
Injection configuration 2 (N2 and N4 cases) strategy, both the NaOH and 
bittern solutions were injected separately, as in a double-feed reactor. In 
this latter case, the injection configuration and the pre-dilution of re
actants avoided the direct contact of highly concentrated reagents, thus 
controlling local micromixing and supersaturation levels. On the other 
hand, the pre-dilution of reagents before their injection (case N2) had a 
detrimental effect when adopting the injection system 1, where the 
higher flow rates caused higher local micro mixing enhancing super
saturation with respect to the non-prediluted case (N1).

The numerical findings were translated into a pilot-scale prototype, 
which was constructed and operated under real process conditions. 
Experimental campaigns confirmed the predictive outcomes of the 
simulations, despite crystallization phenomena and population balance 
equations were not computed in simulations: when operated according 
to the N4 configuration, the reactor delivered markedly improved sol
id–liquid separation, with settling velocities up to 440 mm/h and 
filtration rates exceeding 80 kg/(m2⋅h) within the optimal pH range of 
11.5–12.0. SEM analyses further demonstrated that these conditions 
promoted the formation of highly crystalline hexagonal platelets, 
whereas less favorable regimes led to amorphous or globular morphol
ogies. In addition, comparison between Cases E3 and E4 clearly high
lighted the beneficial effect of the pre-dilution strategy of the reactants 
when adopting the injection system 2, observing a twofold improvement 
in both settling velocity and filtration rate of Mg(OH)2 suspensions 
passing from a non-prediluted condition to a prediluted one.

The strong agreement between numerical predictions and experi
mental evidence highlights the potential of CFD-guided design for 
crystallizer optimization. This approach not only allowed the identifi
cation of the best-performing configuration but also accelerated the 
transition from conceptual design to pilot-scale validation.

In summary, the adoption of Injection configuration 2 with pre- 
dilution as the reference configuration provides a robust foundation 
for further optimization and scale-up of MFPFR technology. The out
comes of this work directly support the development of the 100 t/y 
demonstration plant within the MareMag LIFE project, representing a 
significant step toward the industrial valorization of saline effluents into 
high-quality magnesium hydroxide.

Table 4 
Initial magma density, final magma density after the thickening process and 
Mg2+ recovery in Case E1.

pH Initial Magma density 
[g/L]

Magma density after 
thickening [g/L]

Mg2+

recovery

10.2 10.6 ± 0.2 45.8 ± 0.9 81.6 ± 0.1
10.3 11.2 ± 0.2 48.2 ± 1.0 90.2 ± 0.1
10.5 11.0 ± 0.2 47.5 ± 1.0 94.8 ± 0.1
11.1 11.0 ± 0.2 47.5 ± 1.0 98.6 ± 0.1
12.4 10.4 ± 0.2 44.3 ± 0.9 99.7 ± 0.1

Table 5 
Initial magma density, final magma density after the thickening process and 
Mg2+ recovery in Case E2.

pH Initial Magma density 
[g/L]

Magma density after thickening 
[g/L]

Mg2+

recovery

10.3 11.0 ± 0.2 31.4 ± 0.6 82.39 ± 0.1
10.6 12.1 ± 0.2 38.8 ± 0.8 92.29 ± 0.1
10.9 12.2 ± 0.2 41.2 ± 0.8 97.95 ± 0.1
11.5 11.7 ± 0.2 146.4 ± 2.8 99.74 ± 0.1
11.9 11.2 ± 0.2 112.2 ± 2.2 >99.90
12.4 10.3 ± 0.2 79.5 ± 1.5 >99.90
12.7 9.8 ± 0.2 65.2 ± 1.3 >99.90
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Nomenclature and abbreviations

MDH magnesium dihydroxide
S supersaturation
CFD computational fluid dynamics
PBE population balance equations
PSD particle size distribution
MFPFR Multiple Feed Plug Flow Reactor
k turbolent kinetic energy [m2/s2]
ω specific dissipation rate [1/s]
u velocity [m/s]
P pressure [Pa]
C chemical species concentration [mol/m3]
Frate filtration rate [kg/(m2⋅h)]
MMg(OH)2 magma density of magnesium hydroxide [g/L] or [kg/m3]
MFMg(OH)2 final magma density of magnesium hydroxide [g/L] or [kg/m3]
Vf final volume [mL]
MW molecular weight [g/mol]
SEM scanning electron microscope
LOQ limit of quantification
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Appendix A. Influence of the pre-dilution strategy

To further validate the numerical campaign, the influence of the pre-dilution strategy of reagents via Mg(OH)₂ suspension recirculation was 
investigated adopting the Injection configuration 2 at a fixed pH of 12 (near-complete conversion of magnesium ions and good Mg(OH)2 perfor
mances, based on experimental).

In the tests, due to the lack of the bittern of tests E1 and E2, another bittern was collected from Trapani saltworks. Note that, due to sampling 
location and month variability, the bittern had a slightly different composition than that reported in Table 2. The composition of the 2nd bittern is 
reported in Table A1.

Table A1 
Ionic composition of the bittern adopted in the experimental campaign to assess the influence of pre-dilution strategy. The 
same analytical procedure described in the main text was employed for the characterization of the solution. The Limit of 
Quantification (LOQ) for Ca ions is 0.002 g/L.

Macro-component Bittern 2 [g/L] Bittern 2 [mol/L] Analytical technique

Na+ 64 ± 1 2.80 ± 0.04 IC*
K+ 6.7 ± 0.3 0.17 ± 0.01 IC*
Mg2+ 39 ± 1 1.60 ± 0.04 IC*/EDTA**
Cl− 194 ± 5 5.47 ± 0.14 IC*
SO4

2− 34 ± 1 0.35 ± 0.01 IC*

Micro-component Bittern 
[mg/L]

Bittern 
[mol/L]

Analytical technique

Ca2+ <LOQ <LOQ IC*/EDTA**
B 125 ± 1 0.0116 ± 0.0001 ICP-OES***
* Ion Chromatography (IC).
** Complexometric titration with EDTA.
*** Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).

Table A2 lists details of the operating conditions adopted to study the influence of the reagents pre-dilution strategy. The same experimental and 
analytical procedures described in the main text were followed for the characterization of Mg(OH)2 suspensions and powders.
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Table A2 
Operating conditions to study the influence of the pre-dilution strategy: Mg2+ solution flow rates and concentrations before and after pre-dilution (S.1 and S.1I), OH−

solution flow rates and concentrations before and after pre-dilution (S.2 and S⋅2I). In all tests, the Injection configuration 2 was chosen and the recirculating 3IV stream 
was always fixed at 130 L/min. The adopted pumps had a ± 5% flow rate oscillation with respect to their set point. Mg2+ and OH− concentrations in streams S.1I and 
S.2I were calculated based on mass balance calculations.

Cases S. 1 [L/min] S. 1I [L/min] Mg2+ conc. (S.1) [M] Mg2+ conc. 
(S⋅1I) [M]

S.2 [L/min] S. 2I [L/min] OH− conc. 
(S.2) [M]

OH− conc. 
(S⋅2I) [M]

E3 0.33 0.33 1.60 
±0.04

1.60 2.65 2.65 0.50 
±0.02

0.50

E4 0.33 5.33 1.60 
±0.04

0.100 2.65 5.33 0.50 
±0.02

0.25

The operating conditions were selected to resemble those numerically analyzed in Cases N3 and N4. The same operating conditions of case E2 were 
used in E4, where the main difference was the adopted bittern.

Fig. 11 shows the initial settling velocity (a) and filtration rate (b) of Mg(OH)₂ suspensions synthesized in tests E3 and E4.

Fig. 11. (a) Initial settling velocity and (b) filtration rate for Cases E3 (hatched bar) and E4 (solid bar).

The pre-dilution of the reagents had a significant impact on Mg(OH)2 suspension characteristics with a twofold improvement in both settling 
velocity and filtration rate for Case E4 compared to Case E3. Specifically, suspensions produced in Cases E3 and E4 exhibited initial settling velocities 
of 246 mm/h and 458 mm/h, and filtration rates of 15 kg/(m2⋅h) and 30 kg/(m2⋅h), respectively. Results confirm the outcomes provided by numerical 
assessment. The poor macromixing level in Case N3 (conditions similar to E3) would cause precipitation process to occur under uncontrolled con
ditions that, although better than Case E1, would hinder the performance of Mg(OH)2 slurries. Fig. 12 reports SEM images of Mg(OH)₂ powders 
obtained at pH 12.0 in Cases E3 (a1 and a2) and E4 (b1 and b2).

Fig. 12. SEM images of Mg(OH)2 powders produced in Case E3 (a1, a2) and E4 (b1, b2) at a magnification of 100,000× and 200,000× at pH 12.

The SEM images shown in Fig. 12 clearly demonstrate that aggregated particles were formed in both cases. Powders in Case E4 exhibited a higher 
degree of crystallinity, featuring hexagonal platelet-shaped crystals with a more pronounced thickness, thanks to the better reactant distribution in the 
reactor volume.

Table 6 reports values of initial magma density (Eq. 4), final magma density after thickening (Eq. 5) and Mg2+ recovery (Eq. 2) of the suspensions 
produced in tests E3 and E4.
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Table 6 
Initial magma density, final magma density after the thickening process and Mg2+ recovery in Case E1.

Case Initial Magma density [g/L] Magma density after thickening [g/L] Mg2+ recovery [%]

E3 10.3 ± 0.2 129.1 ± 2.5 >99.90
E4 10.3 ± 0.2 172.1 ± 3.3 >99.90

Mg(OH)2 suspensions produced in Case E4 reached a value of 172 g/L after 24 h of thickening, achieving a thickening degree approximately 30% 
higher than Case E3. Mg2+ recovery was always greater than 99% due to the adopted pH value of 12, confirming the absence of influence from other 
types of operating conditions.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cej.2026.177992.

Data availability

Data will be made available on request.
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