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Abstract

This study aims to increase the particle size of the precipitate, aiming for an increasing
settling speed. The effluent contains 21.88 g/L of sulfate, 526.5 mg/L of calcium, 2.9 mg/L
of cadmium, 4.73 g/L of magnesium, 332.8 mg/L of manganese, and 205.8 mg/L of zinc.
Based on thermodynamic simulations, evaluating the pH increase up to 9.0, it was possible
to determine that the main species are CaSO4·2H2O(s), Mg(OH)2(s), MnO2(s), ZnO(s), and
Cd(OH)2(s). In the precipitation tests, it was determined that a concentration of 2.0 mol/L
of Ca(OH)2 resulted in a particle size of 12.2 µm. The increase of temperature has an
opposite effect, decreasing 40% of the particle size at 80 ◦C in comparison to 25 ◦C. On the
other hand, the reaction time increases particle size, reaching 300% of an increase from
10 min to 3 h. In the seed tests, it was found that a seed ratio of 10 g/L to 100 g/L with the
CaSO4 (2) seed had the greatest impact on particle size growth, resulting in a 700% increase
in particle size compared to the test without seeds. In the settling tests, a sedimentation
rate of 177 mL/min was achieved using seeds and flocculants, compared to 50 mL/min in
the test without reagents.

Keywords: seeds; settling; precipitation; nucleation

1. Introduction
Crystallization can be divided into four methods: cooling, evaporation, precipitation

and anti-solvent crystallization. Cooling crystallization occurs through the decrease in the
temperature, while evaporation occurs through the opposite. Precipitation occurs with the
addition of a compound that reacts with the solute forming an insoluble compound, and
anti-solvent crystallization happens with the addition of a solvent where the solute has a
lower solubility [1].

The main force that guides crystallization is supersaturation (∆c, Equation (1), where c
is the concentration and c* is the equilibrium concentration). The nucleation process occurs
when supersaturation is achieved, and crystals are formed. Nucleation can be divided
into primary and secondary categories, and primary crystallization can be divided into
homogenous and heterogenous categories [2].

∆c = c − c* (1)
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Primary nucleation happens in the absence of crystals, while secondary nucleation
happens in the presence of crystals. A homogeneous primary nucleation occurs starting
with the clear solution (e.g., without the presence of crystals), whilst the heterogeneous
primary nucleation occurs in the presence of other substances (e.g., sodium chloride crystals
in the crystallization of calcium sulfate) [1]. Secondary nucleation, on the other hand, occurs
in the presence of crystals of the solute (also known as seeds). This technique can help
control the characteristics of the crystals formed since the ions deposit around the seeds,
instead of crystallizing on their own, that can help suppress the primary nucleation and
support crystal growth [3].

Crystallization is applied in different industries, such as pharmaceutical and chemical
industries, and has been successfully applied for wastewater treatment as a purification
process [4]. Another application of crystallization is in mining for wastewater treatment.
For instance, in 2023, 19.2 billion metric tons of minerals were mined, reflecting a generation
of tons of wastewater containing residues and impurities that need further treatment [5].

Crystallization in wastewater with the presence of sulfates have been studied before,
with authors Talebi, Rezaei and Rafiei [6] applying sodium carbonate and sodium sulfate
to remove lithium and strontium from a solution. Another study focused on the recovery
of manganese from mining wastewater using seeds [7]. Authors Yang et al. [8] studied
the recovery of potassium and phosphorus from wastewater through the crystallization of
magnesium potassium phosphate.

For the evaluation of crystallization in mining wastewater treatment, we studied the
zinc mining wastewater provided by a zinc refinery located in Minas Gerais, Brazil, and it
was a mixed effluent of different stages of the process including flotation and leaching.

In the current process, there is a stage for Zn(OH)2 precipitation (Equation (2)) using
Ca(OH)2 at pH 7.0, and then after solid–liquid separation, more Ca(OH)2 is added until
reaching a pH of 9.0 for impurity removal. Our study focused on wastewater treatment
after Zn(OH)2 precipitation and aimed to improve the removal of impurities and CaSO4.

ZnSO4 + Ca(OH)2 → Zn(OH)2 + CaSO4 (2)

The main gap in the current process is the decantation time that can take hours due
to the small particle size distribution [9]. Depending on the supersaturation level, and
the crystal particle sizes, the decantation process can take a higher time, leading to a less
efficient process [10].

Therefore, the aim of this study was to increase the particle size of the precipitate
formed in the second Ca(OH)2 treatment. The method developed can be adapted for other
industrial processes, allowing for increased efficiency in wastewater treatment, reducing
operational costs, and with potential for upscaling. Our novel investigation is the evaluation
and adjustment of precipitation parameters to promote controlled particle growth during
the treatment of zinc mining effluent, with the aim of accelerating the decantation process
and increasing the efficiency of the solid–liquid separation process.

2. Materials and Methods
2.1. Materials

The wastewater was characterized by an inductively coupled plasma optical emission
spectrometer (ICP-OES) for the determination of Ca, Cd, Mg, Mn, and Zn using calibration
curves of 0.1–1.0 mg/L and 1.0–10.0 mg/L in HNO3 3%, and ion chromatography for the
determination of sulfate with a calibration curve of 1.0–10.0 mg/L in ultrapure water.

The precipitating agent used was Ca(OH)2. This reagent was prepared with the
addition of the Ca(OH)2 mass to ultrapure water. The mass was relative to the concentration
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evaluated. The reagent was maintained in constant stirring to assure the homogeneity,
given the low solubility of Ca(OH)2 (0.17 g/100 mL of water at 20 ◦C) [11].

For the precipitation experiments, five seeds were evaluated. Two of the seeds were
based on the methodology of Chagwedera, Chivavava, and Lewis (2022) [12]. These seeds
were prepared with the addition of a 0.6 mol/L solution of CaCl2 to a 0.6 mol/L solution
of Na2SO4 at 70 ◦C and then filtered (0.45 µm). The crystals formed were washed four
times with ultrapure water to remove the NaCl and analyzed. The seed labeled CaSO4 (1)
(Figure 1b) is this seed passed through a 25 µm sieve to have a more similar size to the
other seeds evaluated, and the CaSO4 (2) (Figure 1a) seed was the original size (39 µm).
The other 3 types of seeds (Figure 1c) were recirculated from the process formed in the 10,
20, and 30 min experiments.

 

Figure 1. Diagram representing the different seeds’ production, where two seeds were prepared from
solution and sieving and three seeds were recirculated from the time experiments.

A synthetic solution was used for the decantation experiments given that 2 L were
necessary per experiment and the sample received was insufficient. The synthetic solution
was prepared with CaCl2, MgSO4, ZnSO4·7H2O, MnCl2·2H2O, Cd(OH)2·XH2O, and H2SO4

to simulate the concentrations of the real solution. The pH was adjusted to 7.0 with NH4OH.
This solution presented the same aspect of the sample when prepared.

2.2. Methods
2.2.1. Thermodynamic Simulations

Thermodynamic simulations were carried out for a better understanding of the so-
lution behavior in our precipitation experiments. FactSage 8.3 was used to formulate
Pourbaix diagrams and to determine the precipitation of the metals. Phreeqc Interactive
3.7.3 was used to perform a speciation calculation providing the species in solution and the
degree of supersaturation. The limitations of the software are the databases, which should
include the species studied. Phreeqc Interactive 3.7.3 is recommended when dealing with
diluted solutions, such as the sample studied.

2.2.2. Precipitation Experiments

Precipitation experiments were carried out with 100 mL of solution in a beaker under
magnetic stirring and constant pH measurement. A suspension of Ca(OH)2 was added
until the pH reached 9.0. Then, the solid–liquid mixture was filtered in a vacuum pump
with a 2 µm filter, and the precipitate (solid) was washed using ultrapure water. The
average particle size distribution was determined by SEM-EDS where the dried sample
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was attached to the stub with a carbon tape and submitted to a vacuum chamber before
analysis for unattached sample removal.

The effects of Ca(OH)2 concentration (1.0 mol/L, 1.5 mol/L, and 2.0 mol/L), temper-
ature (25 ◦C, 50 ◦C, 60 ◦C and 80 ◦C), and reaction time (10 min, 20 min, 30 min, 1 h, 2 h,
and 3 h) were evaluated aiming to increase the particle size. These parameters can affect
the nucleation of the crystals formed and therefore their impacts on the particle size were
studied [1].

Another technique evaluated was seeding, where crystals were added in the solution
prior to the Ca(OH)2 suspension for better control of the precipitate characteristics and
size [13]. Different seeds and proportions were analyzed, and a 2.0 mol/L Ca(OH)2

suspension was later added until the pH reached 9.0 (25 ◦C for 1 h). The five seeds
evaluated were tested in the proportion of 0.5 g/L. Following this, the seed with the higher
particle size was evaluated with the proportions of 0.5, 1.0, 5.0, 10, and 50 (g/L), based on
the levels defined by He et al. (2020) [3].

2.2.3. Decantation Experiments

Decantation experiments were carried out to verify the impact of the particle size in a
2 L graduated cylinder [14]. A precipitation experiment was carried out for 1 h at 25 ◦C
with the addition of a suspension of Ca(OH)2 at 2 mol/L until a pH of 9.0 was reached.
The solid–liquid mixture was then added into the graduated cylinder and decantation
time was measured. Four reagents evaluated were provided by Clariant S.A. and will be
denominated as F1, F2, F3, and F4, and seeds were evaluated as well. Table 1 displays the
reagents’ characteristics as well as the proportion used in the decantation experiment by
the company recommendation.

Table 1. Characteristics and proportions of the reagents evaluated.

Reagent (Commercial Name) Characteristic Proportion

F1 (Floticor AD17797) Polymer coagulant 0.05% m/m
F2 (Floticor AD17097) Polymer coagulant 0.05% m/m
F3 (Floticor AD18011) Mineral coagulant 0.05% m/m
F4 (Floticor FL7130) Anionic flocculant 0.01% m/m

The seeds were added prior to the suspension of Ca(OH)2, as in the precipitation ex-
periments, while the reagents were added soon after the 1 h had passed and this was main-
tained under low-medium stirring for 1 min, before being added to the graduated cylinder.

3. Results and Discussion
3.1. Solution Characterization and Thermodynamic Simulations

The chemical characterization of the tailing sample is displayed in Table 2. These
concentrations can be expected due to the composition of the zinc ore used in the process
(willemite) containing Ca, Cd, Mg, Mn, and Zn [15,16]. The SO4

2− concentration is also
expected, owing to the H2SO4 leaching process [17].

Table 2. Chemical characterization of the tailing sample in ICP-OES and IC.

SO42− Ca Cd Mg Mn Zn

21.8 g/L 526 mg/L 2.9 mg/L 4.7 g/L 332 mg/L 206 mg/L

Thermodynamic simulations were carried out to determine the species for each ion
and to evaluate how the pH can influence precipitation. It was possible to determine the
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species present in the solution, as well as concentration (Table 3) and the supersaturation of
the compounds (Table 4).

Table 3. Concentration of the species/compounds in solution determined through Phreeqc
Interactive 3.7.3.

Species/Compounds Concentration (mg/L)

CaSO4 947
Ca2+ 263

Cd(SO4)2
2− 3.7

CdSO4 1.6
Cd2+ 0.7

MgSO4 11,291
Mg2+ 2584

MnSO4 452
Mn2+ 178
SO4

2− 12,536
Zn2+ 206

Table 4. Supersaturation of the compounds determined through Phreeqc Interactive 3.7.3.

Compound Supersaturation

CaSO4 −0.03
CaSO4·2H2O 0.14

CdO −6.99
Cd(OH)2 −5.75

MgO −9.26
Mg(OH)2 −4.78

MnO −7.09
Mn(OH)2 −4.49

This information was important to predict which compounds will precipitate in the
process, while the supersaturation determines which compounds are on the verge of
precipitating. If the supersaturation is positive, as it was for CaSO4·2H2O (0.14, Table 4),
the compound will precipitate in the sample conditions, although the supersaturation is
near 0, requiring a large amount of time to process.

Abdel-All, Rashad, and El-Shall (2004) [18] studied the supersaturation effect on the
induction time in CaSO4 crystallization, where a supersaturation of 1.301 resulted in the
start of nucleation in 66.7 min, whilst a supersaturation of 1.880 resulted in the start of
nucleation in 11.7 min. When comparing the authors’ results with the supersaturation of
the sample, it is possible to imply that a supersaturation of 0.14 (Table 4) is not adequate
for precipitation in a practical amount of time, hence the addition of the suspension of
Ca(OH)2 to increase the Ca2+ concentration.

Pourbaix diagrams were prepared considering the sample conditions as received. The
red dots on Figure 2 represent the sample conditions, and the green dots represent the
conditions at a pH of 9.0. It is possible to determine that these five metals may precipitate
as CaSO4, Mg(OH)2, ZnO, MnO, and Cd(OH)2.
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Figure 2. Diagrams of Eh/pH prepared in Factsage 8.3 for (a) Ca-S-H2O, (b) Mg-S-H2O, (c) Zn-S-H2O, (d) Mn-S-H2O, and (e) Cd-S-H2O.
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3.2. Precipitation Experiments Without Seeds

The effects of the concentration of the Ca(OH)2 suspension, temperature, and time on
the particle size were evaluated. Particle size increased with the increase in the Ca(OH)2

concentration suspension (Figure 3a) because of solution supersaturation, as there is a
predominance of the growth of the already-formed particles over the formation of new
particles, which can be explained by the crystal growth equation (GN = kg,sσg f (L)) which
shows a direct dependence between the crystal growth (GN) and the supersaturation (σ) [2].
We also made thermodynamic simulations in Phreeqc Interactive 3.7.3 with the addition
of Ca(OH)2 in different concentrations to the sample, which resulted in a CaSO4·2H2O
supersaturation of 0.95 for 1.0 mol/L, 1.07 for 1.5 mol/L, and 1.15 for 2.0 mol/L. The mean
particle size was 7.1 µm at 1.0 mol/L, 7.1 µm at 1.5 mol/L, and 12.3 µm at 2.0 mol/L.

Figure 3. The effect of the concentration of Ca(OH)2 suspension (a), temperature (b), and time (c) on
the particle size.

The temperature causes the opposite effect and decreases the particle size as CaSO4

solubility decreases with the increase in temperature; at 20 ◦C, the solubility is 3.0 g/L and
at 80 ◦C, it is around 1.0 g/L [19]. Therefore, the degree of supersaturation increases rapidly,
leading to primary nucleation, where smaller nucleus are formed rather than the growth
of the crystal already formed. The equation that correlates the size of the critical nucleus
formed (r*) with the temperature (T) also shows an inverse relationship (r∗ = 2σ

ps |∆µ| where
∆µ = −k T lnS); the equation also presents that the nucleus is dependent on the surface
interface (σ) and the density of the nucleus formed (ps) [20]. The mean particle size at 25 ◦C
was 12.3 µm, at 50 ◦C was 9.8 µm, at 60 ◦C was 7.0 µm, and at 80 ◦C was 7.8 µm (Figure 3b).
This effect was also observed by Luo et al. (2010) [21] when studying the influence of
temperature on the morphology and structure of calcium sulfate, where the increase in
temperature from 20 ◦C to 100 ◦C led to a decrease in particle size.

The increase in reaction time also increased the particle size due to supersaturation
decrease over time and also the Ostwald ripening, where the smaller particles tend to
dissolve and the ions re-deposit onto larger particles [22]. The equation that guides the

Ostwald ripening (r ∗ (t) = r0 ∗
(

t
τ′D

)1/2
) demonstrates a direct dependence between the

particle size (r*(t)) and the time (t) [23]. The mean particle size at 10 min was 4.6 µm, at
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20 min was 5.8 µm, at 30 min was 5.7 µm, at 60 min was 8.0 µm, at 120 min was 17.3 µm,
and at 180 min was 20.0 µm (Figure 3c). In crystallization without seeds, the ions in solution
gather in a cluster forming a nucleus that dissolves and recrystallizes continuously, until a
critical size is reached and this nucleus grows into a crystal over time (Figure 4).

Figure 4. Diagram representing the crystallization phenomena.

When comparing the experiments without seeds, needle-like-shaped crystals are
formed, typically with the CaSO4 morphology (Figure 5a,b,e,f), with the increase in con-
centration and time. The rising of the temperature (Figure 5c,d) also demonstrated an
aggregation of the particles formed, although they had a smaller size compared to the
other conditions.

3.3. Precipitation Experiments with Seeds

The use of seeds in crystallization promotes secondary nucleation, increasing the
particle size distribution. We evaluated five types of seeds and different proportions.
The seeds labeled S10, S20, and S30 were recirculated from the precipitation process at
10 min, 20 min, and 30 min, and the labeled CaSO4 (1) and (2) were based on the work
of Chagwedera, Chivavava, Lewis (2022) [12]. Table 5 presents the seeds’ mean particle
size and the particle size achieved in the experiment. All experiments had the following
conditions: 1 h, 25 ◦C, 2.0 mol/L of Ca(OH)2 to elevate the pH until it reached 9.0, and a
seed proportion of 0.5 g/L.

Table 5. Seed mean size and particle size achieved with seeded experiments.

Seed Seed Mean Size Particle Size Achieved

S10 4.6 µm 8.5 µm
S20 5.8 µm 9.0 µm
S30 5.7 µm 8.0 µm

CaSO4 (1) 5.6 µm 23.4 µm
CaSO4 (2) 39.0 µm 40.8 µm
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1.5mol/L – 7.1µm 60°C – 7.0µm 
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10min – 4.6µm 
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2.0mol/L – 12.2µm 
80°C – 7.8µm 180min – 19.9µm 
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Figure 5. SEM images and EDS spectrum of precipitates formed in 1.5 mol/L (a), 2.0 mol/L (b), 60 ◦C (c), 80 ◦C (d), 10 min (e), and 180 min (f) experiments.
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The CaSO4 (2) seed exhibited a higher increase in the particle size (approximately 400%
higher, Figure 6a and Table 5) in comparison with other seeds (S10, S20, and S30) due to the
presence of other metals (e.g., Mn, Zn, and Mg) promoting a heterogeneous primary crys-
tallization while the CaSO4 (2) was only constituted by calcium sulfate [2]. A heterogenous
primary crystallization has an increased nucleation rate, creating smallernucleus instead
of promoting crystallization on the seed, which was the aim. The difference between the
results achieved by CaSO4 (1) (23.4 µm) and CaSO4 (2) (40.8 µm) also demonstrated that
the seed size influences the particle size.

Figure 6. The effects of the type of seed (a) and the proportions of seeds (b) on the particle size.

The particle size distribution is proportional to the seeds added in the reaction (pro-
portion of seeds) (Figure 6b), which can be explained by the secondary nucleation equation
(BN = kn,sN j

i Mk
Tσb) which correlates with the secondary nucleation (BN) and the mass

of seeds added (Mk
T) [3]. Proportions of 10–100 g/L are expected to improve crystal

growth when a system has slow kinetics. However, a proportion of 1.0 g/L improves the
nucleation control, avoiding spontaneous nucleation but not necessarily affecting crystal
growth. Crystals with a needle-like morphology demand more seeds than round crystals
due to the surface area available for growth [3].

In seed crystallization, the ions in a supersaturated solution precipitate around the
seed and make the crystal grow (Figure 7) instead of gathering in a cluster. The proportions
of 0.5 g/L (Figure 8a), 5.0 g/L (Figure 8b), and 50.0 g/L (Figure 8c) demonstrated that the
particle size increases with the increase in the proportion of seeds.

 
Figure 7. Diagram representing the seeding technique in nucleation.

3.4. Decantation Experiments

An experiment was conducted without the addition of any reagent for comparison,
demonstrating an average speed of 50 mL/min (Table 6), to determine whether the increase
in particle size observed in the precipitation tests and the addition of flocculants would
impact the settling velocity.
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Figure 8. SEM images and EDS spectra of precipitates formed in 0.5 g/L (a), 5.0 g/L (b), and 50.0 g/L
(c) seed proportions experiments.

Table 6. Average speed and growth % of the decantation experiments with different reagents.

Reagent Average Speed Increase in Average Speed %

- 50 mL/min -

Seeds 10 g/L 110 mL/min 120%

F1 0.05% m/m 120 mL/min 140%

F2 0.05% m/m 140 mL/min 180%

F3 0.05% m/m 160 mL/min 220%

F4 0.01% m/m 166 mL/min 232%

Seeds 10 g/L and F4 0.01% m/m 177 mL/min 254%

The addition of seeds in a 10 g/L ratio caused a 700% increase in particle size
and a 120% increase in the settling velocity that can be explained by Stokes’ Law

(V = 2
9
(ρp−ρ f )

µ g·R2
)

, which correlates particle size (R) with the settling velocity (V) [24].

The use of coagulants and flocculants was also promising for increasing the average
speed. F1 and F2 (Table 6) provided a 140% and 180% increase in speed, respectively,
while F3 and F4 resulted in increases of 220% and 232%, respectively. The addition of
seeds combined with F4 also demonstrated an increase of 254% in the decantation time in
comparison to those without the use of coagulants, flocculants, or seeds.

The use of reagents helped increase the average speed due to their characteristics.
Coagulants can neutralize the particle charges, clustering the particles, while flocculants
have long carbon chains to aggregate particles [25]. F4 showed the best result due to its
flocculant characteristic while the others are coagulants.

4. Conclusions
The aim of this study was to increase the settling velocity in the zinc mining tailing

treatment by increasing the particle size of the precipitate. The effects of concentration,
temperature, and time were evaluated, as well as the use of seeds, coagulants, and floc-
culants. When evaluating the parameters in experiments without seeds, increasing the
concentration of the Ca(OH)2 suspension from 1.0 mol/L to 2.0 mol/L resulted in a 70%
increase in particle size, justified by the higher degree of supersaturation. An increase in



Metals 2025, 15, 710 12 of 13

temperature did not favor particle growth, with the particle size at 80 ◦C being 40% smaller
than at 25 ◦C, due to the solubility of CaSO4 decreasing with rising temperature. Reaction
time was a determining factor for particle growth, with a 300% increase observed from
10 min to 3 h, explained by the slow reaction kinetics and the Ostwald ripening. Regarding
the use of seeds, it was found that the seed prepared according to the methodology of
Chagwedera, Chivavava, and Lewis (2022) [12] resulted in particle sizes that were 400%
larger than those obtained with recycled process seeds. As for the seed proportion, adding
seeds in the range of 10–100 g/L led to a 700% increase in particle size. In the decantation
experiments, it was possible to determine an increase in the decantation speed when using
seeds (120% growth), the F4 flocculant in a 0.01% m/m rate (232% growth), and both
(254% growth).
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