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Abstract 

Magnesium is a raw material of great importance, which attracted increasing interest in the last 

years. A promising route is to recover magnesium in the form of Magnesium Hydroxide via 

precipitation from highly concentrated Mg2+ resources, e.g. industrial or natural brines and 

bitterns. Several production methods and characterization procedures have been presented in 

the literature reporting a broad variety of Mg(OH)2 particle sizes. In the present work, a detailed 

experimental investigation is aiming to shed light on the characteristics of produced Mg(OH)2 

particles and their dependence upon the reacting conditions. To this purpose, two T-shaped 

mixers were employed to tune and control the degree of homogenization of reactants. Particles 

were analysed by laser static light scattering with and without an anti-agglomerant treatment 

based on ultrasounds and addition of a dispersant. Zeta potential measurements were also 

carried out to further assess Mg(OH)2 suspension stability.  
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1. Introduction 

The growing energy, water and raw materials demand is the challenge that humankind is 

facing every day. In the novel and promising concept of circular economy, what has always 

been a waste becomes a valuable resource to be re-used and valorised. 

Since ancient times, table salt has been harvested from the sea through saltworks. The 

process leads also to highly concentrated mineral solutions (bitterns), free of calcium, as a by-

product. Bitterns represent a treasure chest of some crucial elements, e.g. magnesium (Mg), 

lithium (Li) and other trace elements (TE) [1]. 

Magnesium concentration is typically of 1.1 to 1.7 g/L in seawater and it can reach a value 

up to 60 g/L in bitterns. The magnesium market has risen sharply in recent years and is foreseen 

to considerably grow in the future [2]. Magnesium has also been listed among the 30 Critical 

Raw Materials for the European Union, due to the geographical distribution of its producers, 

which are mainly located in the USA, China and Russia [3]. 

Magnesium is widely employed in the form of magnesium hydroxide (Mg(OH)2) and 

magnesium oxide (MgO). Mg(OH)2 and MgO belong to a group of compounds with large 

numbers of favourable properties and possible practical applications [4]. Magnesium 

hydroxide is used as a flame-retardant filler in composite materials as it undergoes endothermic 

dehydration at high temperature, as an acidic waste neutralizer, as a pharmaceutical excipient, 

as a preservative in the pulp and paper industry, as a fertiliser additive, as a component in 

ethanol chemical sensors and as the most important precursor for the preparation of magnesium 

oxide, which is largely employed as a catalyst [4,5]. Mg(OH)2 nanostructures have been 

obtained through several methods e.g. by microwave or ultrasonic/hydrothermal treatment 

[6,7], precipitation [1,8–12], precipitation with the aid of assistant additives [13], micro-

emulsion method [14], bubbling set-up [15], hydrothermal process [16] and by means of a 

novel ionic exchange membrane crystallizer [17,18].  

The recovery of magnesium from highly concentrated solutions represents a complex task. 

Turek et al. [11] successfully treated hard coal mine brine, which contained 2.84 g/L of 

magnesium, by extracting magnesium hydroxide through reactive precipitation. Cipollina et al. 

[1] produced high purity magnesium hydroxide from real bitterns collected from the saltworks 

operating in the district of Trapani (Italy). Yousefi et al. [10] synthetized magnesium hydroxide 

using poly(ethylene glycol, PEG 4000) as a surfactant; they applied a chemical precipitation 

method to an impure brine of the Khur Potash Complex’s evaporation ponds (Isfahan, Iran). 

Vassallo et al. [19] presented a novel pilot plant for the selective recovery and removal of 
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magnesium and calcium from retentate brines of a nanofiltration unit processing spent brines 

from the industrial water production plant of Evides Industriewater B.V. More than 90% of 

magnesium ions contained in the treated brine were recovered with magnesium hydroxide 

purities above 90%. 

The above-cited authors investigated some effects of operating conditions on the final 

magnesium hydroxide features, such as sedimentation times or solids purity. However, the 

authors did not study the interaction between mixing and precipitation (or reactive 

crystallization) occurring during the whole process, which, in fact, significantly affect the 

characteristics of the produced particles. 

The reactive crystallisation process of Mg(OH)2 is a complex mix of phenomena, involving 

mixing at all scales, including at the molecular scale (i.e. micro-mixing), chemical reaction and 

homogeneous and heterogeneous nucleation, molecular growth, aggregation and 

agglomeration. As mentioned, in the case of very fast crystallization kinetics, mixing has a 

crucial role in the control of the final produced particle characteristics and notable the size 

distribution. Magnesium hydroxide production from a highly concentrated solution represents 

an example of an extremely fast crystallization process. Many studies dealt with the 

characterization of the crystallization kinetics of Mg(OH)2 [20–24]. Different experimental 

apparatuses were used, e.g. T-mixers [20] or stirred reactors [21,22]; the induction time (the 

period of time that elapses between the moment when supersaturated solutions are formed and 

the moment when precipitate appears) was found to be at most of the order of few seconds even 

when the magnesium concentration was as low as ~0.03 g/L [22]. 

Only a few works addressed the effect of mixing on the magnesium hydroxide 

precipitation processes from concentrated solutions. Shirure et al. [25] investigated the 

precipitation of magnesium hydroxide from magnesium chloride solutions (up to 24 g/L) using 

narrow channels T and Y- shaped mixers. The authors reported that at higher reactant flow 

rates, smaller Mg(OH)2 particles were produced. The surfactant Tween 20 was added to the 

Mg(OH)2 suspensions before particle size distributions (PSDs) measurements and the volume-

average particle size was found to be from 5 μm to 30 μm. Song et al. [26] synthetized 

magnesium hydroxide particles with high purity by using MgCl2 solutions (~40 g/L) and NaCl 

solution as assistant additive, in a glass reactor under vigorous stirring. In this case, PSDs were 

measured by static light scattering granulometry analysis without using surfactants and 

particles of the order of micrometres were reported. In addition, significant 

aggregate/agglomerates were observed by SEM images. Tai et al. [27] studied the precipitation 
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of magnesium hydroxide nanoparticles from highly concentrated magnesium chloride 

solutions (up to 20 g/L) using a spinning disk reactor. The spinning disk reactor allowed a very 

good degree of mixing (a mixing time below 1 ms) leading to the synthesis of lamellar 

magnesium hydroxide particles of 50-80 nm length and 10 nm in thickness. In this case, the 

authors used a sonicator and poly(acrylic acid, sodium salt) (PAA) and sodium 

hexametaphosphate as dispersants. Particles were measured using a dynamic light scattering 

technology yielding number-average particle size from 40.0 to 47.5 nm. Shen et al [28] 

developed a novel impinging stream-rotating packed bed reactor. In order to determine the 

particle size and distribution, the prepared samples were dispersed in distilled water by 

sonication for 10 min using a 2% sodium hexametaphosphate solution as a dispersant. Wide 

size distributions were found at low liquid flow rates and rotating packed bed speed, while 

PSDs narrowed when the liquid flow rates and the rotating packed bed speed increased (e.g. 

the increase of the fluid flow rate of a Mg2+ 18 g/L solution yielded a decrease of the volume-

average size from 104 to 58.4 nm when the rotating packed bed velocity was 800 rpm). 

The broad dispersed Mg(OH)2 particle dimensions reported in the above-cited works mark 

the need for a deeper insight into the phenomena taking place during Mg(OH)2 precipitation, 

including the un-doubtful interaction between precipitation and mixing, the effect of 

ultrasounds and/or dispersant addition. To this aim, a comprehensive experimental study is 

here presented on the interaction between reactants mixing and Mg(OH)2 precipitation from 

highly concentrated synthetic MgCl2 solutions (Mg2+ 24 g/L). Two circular cross-sectional T-

shaped mixers, having a diameter of 2 mm or 3 mm, were employed to tune and control the 

degree of reactants homogenization. PSDs were accessed using static light scattering technique, 

with and without ultrasounds treatment and addition of PAA as a dispersant. Also zeta potential 

measurements were conducted at different pH values in order to better investigate the tendency 

of particles to agglomerate.  

To describe the state of particle assemblage, unfortunately, a broad disagreement is 

observed among different authors and sources on the definition of terms “agglomerates” and 

“aggregates” [29]. In the present paper the following definitions will be used:  

• primary particles are single crystals or crystals composed of crystallites (or grain); 

• aggregates are made of primary particles, which are united by strong chemical bonds 

that cannot be broken by fluid shear stresses and sonication; 

• agglomerates are made of more or less loose arrangements of primary particles, 

aggregates or a mixture of the two held together by crystalline bridges or sometimes 
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by electrostatic forces. Agglomerates are weaker than aggregates and can be separated 

by physical treatment such as sonication. 

 

2. Materials and methods  

2.1 Reactive crystallization stage 

2.1.1 Experimental set up and Mg(OH)2 reaction 

A schematic representation of the employed experimental set-up is shown in Figure 1. 

Magnesium hydroxide precipitation was carried out employing two circular-cross sectional T-

mixers with a diameter of 2 and 3 mm, as shown in the insight of Figure 1. The T-mixers were 

drilled in polymethyl methacrylate (PMMA) blocks and are constituted by two horizontal tracts 

(inlet channels) which merge into a vertical one (mixing channel). In both mixers, the inlet and 

mixing channels were of the same diameter (2 mm for mixer A and 3 mm for mixer B). The 

inlet channels were 10 times longer than the mixer diameter, i.e. 20 and 30 mm for mixers A 

and B, while the vertical channels were twenty times longer than the mixer diameter, i.e. 40 

and 60 mm, respectively. The two T-mixers were employed to investigate the effect of mixing 

performance in the reactors on the precipitated Mg(OH)2 particles. In particular, it is expected 

that narrower channels offer better mixing performance with respect to larger ones [30]. 

Magnesium chloride (MgCl2) and sodium hydroxide (NaOH) solutions were pumped using 

two gear pumps (Fluid-o-Tech® FG series) controlled by dedicated software developed on 

LabView 2015.  

 

Figure 1 Schematic representation of the employed experimental set-up: (a) T-mixer, (b) gear pumps, 

(c) computer for pumps control, (d) feed tanks, (e) discharge tank. On the left, an insight of the 3 and 2 

mm T-mixers. 
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Gear pumps are typically used for industrial applications, since they can be operated 

continuously, however they are not pulsation-free. The majority of the experiments reported 

here were conducted at high pump rotational speed, thus the effect of pulsation on the mixing 

of the reactants is expected to be negligible [31]. 

The chemical reaction involved in the formation of magnesium hydroxide is: 

 𝑀𝑔𝐶𝑙2 + 2𝑁𝑎𝑂𝐻 → 𝑀𝑔(𝑂𝐻)2 + 2𝑁𝑎𝐶𝑙  (1) 

MgCl2 and NaOH solutions were prepared by dissolving pellets of magnesium chloride 

hexahydrate for analysis (Sigma Aldrich) and NaOH (Honeywell FlukaTM, with an assay > 

98%) in ultrapure water. MgCl2 concentrations were verified by Ionic Chromatography 

(Metrohm 882 compact IC plus), while NaOH concentrations were measured by titration. All 

solutions were prepared with an error in target concentration lower than 3% with respect to the 

desired values.  

 

2.1.2 Flow rates and estimation of the characteristic mixing times 

To design and scale-up precipitation reactors, it is important to estimate the mixing 

efficiencies and the characteristic mixing time attained in the employed T-mixers. T-mixers are 

characterized by large area-to-volume ratio providing better mixing efficiencies with respect 

to conventional reactors (e.g. stirred reactors). In the last decades, T-mixers have been 

thoroughly investigated both experimentally [31,32] and numerically [30,33]. The 

characteristic mixing time (𝑡𝑚) in such mixers depends on the specific definition adopted. 

However,  an estimate is provided by Roelands et al. [30]: 

 𝑡𝑚 =
12𝐷

𝑣
  (2) 

where 𝐷 is the diameter of the vertical channel and 𝑣 is the mean velocity in the same channel. 

The effect of reactants homogenization, and thus of mixing time, on the precipitation of 

Mg(OH)2 was investigated here at different fluid velocities in the mixing channel: from 0.6±2% 

to 6.4±2% m/s in the T-mixer of 3 mm diameter (mixing times between ~60 ms and ~6 ms); 

and from 4.1±2% to 17±2% m/s in the 2 mm diameter mixer (mixing times between ~6 ms and 

~1 ms). 

Table 1 lists all the cases investigated along with the flow rates, the mean velocity, the 

Reynolds number in the vertical channel and the estimation of the characteristic mixing times 

calculated using Eq. (2). In all cases, a 1M MgCl2 solution, a typical concentration of bitterns, 

was made to react with a stoichiometric 2M solution of NaOH. MgCl2 and NaOH solutions 
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were fed at the same fluid flow rates, each half of the flow rate in the mixing channel. All tests 

were conducted at 25°C. 

 

Table 1 Geometrical and operating conditions of experimental tests. In all cases a 1M MgCl2 solution 

was made to react with a stoichiometric 2M solution of NaOH. The flow rates, the mean velocity and 

the Reynolds numbers are calculated in the mixing channel.   

Case Mixer Diameter 

𝑫 (mm) 

Flow rate  

(mL/min) 

Mean velocity  

𝒗 (m/s) 

Reynolds 

number 

Estimated mixing 

time (ms) 

#1 3 260 ± 2% 0.6 ± 2% 2030 60 

#2 3 460 ± 2% 1.1± 2% 3590 33 

#3 3 1400 ± 2% 3.3± 2% 10970 10 

#4 3 2720 ± 2% 6.4± 2% 21300 5.6 

#5 2 780 ± 2% 4.1± 2% 9170 5.7 

#6 2 1600 ± 2% 8.5± 2% 18830 2.9 

#7 2 2320 ± 2% 12± 2% 27250 2.0 

#8 2 3203 ± 2% 17± 2% 37660 1.4 

 

The Reynolds number was calculated as follows:  

 𝑅𝑒 =
𝜌𝑣𝐷

𝜇
  (3) 

where 𝜌 and 𝜇 are the density and the viscosity of pure water at 25°C (997 kg/m3 and 0.89·10-

3 Pa·s, respectively), 𝑣 is the mean fluid velocity in the vertical (mixing) channel and 𝐷 is the 

channel diameter. The range of the investigated flow rates results in a range of Reynolds 

numbers from 2,000 to 38,000.  

    The suspensions’ pH was measured immediately after the outlet of the mixing channel. In 

all tests here presented, the measured pH values ranged between 10.3 and 10.6 (equilibrium 

pH of 10.48).   

 

2.2 Product characterization stage 

2.2.1 Particle Size distribution measurements 

Mg(OH)2 particle size distributions (PSDs) were measured using a Malvern® Mastersizer 

2000 granulometer with and without ultrasounds treatment and addition of a poly(acrylic acid, 

sodium salt), (PAA, MW 1200, Sigma-Aldrich, Inc.) as a dispersant. 

The Mastersizer 2000 is a static light scattering equipment that uses a blue (488.0 µm 

wavelength LED) and red (633.8 µm wavelength He-Ne laser) light dual-wavelength, single-

lens detection system. The light intensity adsorbed by particles is measured as obscuration and 

refers to the amount of the analysed sample. PSDs are obtained by processing light scattering 
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data using the Malvern’s Mastersizer 2000 software that employs either full Mie or Fraunhofer 

diffraction theories [34].  

 The granulometer was equipped with the Malvern® Hydro 2000 MU that uses a stirrer 

for the dispersion of the sample into ~800 mL of deionised water. All the analyses were carried 

out at stirrer velocity of 2000 rpm. This stirrer velocity was deemed to be the one that did not 

affect the obtained particle size distributions, after performing a preliminary stirrer speed 

influence study on PSDs as suggested in the literature [34–36]. Most Mastersizer2000 

measurements were carried out as follows: (1) the PAA (when adopted) was added to water in 

the Hydro 2000 MU beaker (30 PAA drops for ~5mL of Mg(OH)2 29.3 g/L suspension) and 

the background was measured; (2) the Mg(OH)2 suspension was added until the light 

obscuration reached a value of ~24%; (3) at least 5 PSD measurements were conducted; (4) 5 

minutes of ultrasounds treatment (sonication) were performed using the integrated ultrasound 

probe at 20 kHz; (5) at least 5 further PSD measurements were taken. For comparison purposes, 

some PSD measurements were also conducted without either PAA or sonication. All Mg(OH)2 

samples were analysed within less than 15 minutes from their precipitation. 

The effect of time delay in performing the analysis on the Mg(OH)2 precipitation was 

investigated by quenching Mg(OH)2 precipitates obtained from initial 0.1M MgCl2 and 0.2M 

NaOH solutions. Specifically, the suspension exiting the T-mixer was quenched in a flask 

containing ultrapure water leading to a product dilution of 1:2 and 1:10. The collected solutions 

were then analysed by ionic chromatography to determine the final concentration of Mg2+ ions 

and thus Mg2+ conversion. In all cases, a total Mg2+ conversion was found suggesting that the 

reaction fully developed in the T-mixer; therefore, no effect (or a very low effect) of nucleation, 

particle growth and aggregation was expected after the solution exited the T-mixer. This is 

justified by the fact that supersaturation was already consumed even at these low 

concentrations, lower than those used in the actual tests (Table 1). Each experiment was 

repeated at least twice for the purpose of reproducibility. 

 

2.2.2 Zeta potential measurements 

In order to better understand the stability of Mg(OH)2 colloids (the ability to stay in the 

colloidal form without particle agglomeration through flocculation [37]) and its implications 

on the obtained PSD, zeta potential measurements were conducted analysing Mg(OH)2 

suspensions produced: (i) after 2 hours from the precipitation; (ii) after 1 month of aging. The 

2 hours samples were analysed using a Malvern® Zetasizer Nano SP (analysis conducted at 
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the Advanced Technologies Network Center of the University of Palermo), while the 1 month 

samples were analysed using a Malvern® Zetasizer Nano ZS90 (analysis conducted at 

Politecnico di Torino). All samples were diluted to a Mg(OH)2 concentration of 0.3 g/L and 

drops of 1M NaOH solution were added to adjust the suspensions pH to the desired one. No 

PAA was used. Each experiment was repeated at least twice for the purpose of reproducibility.  

 

2.2.3 SEM analysis  

The morphology of the Mg(OH)2 particles produced for Case #7 was analysed by Scanning 

Electron Microscope (SEM FEI Quanta 200 FEG). Mg(OH)2 suspensions were filtered by 

using a Büchner system and a vacuum pump. The cake was washed to remove the reaction 

produced NaCl that remains trapped in the wet cake, and then dried for 24h in an oven at 120°C.  

 

3. Results and Discussion 

3.1 Influence of the reactants mixing on the produced Mg(OH)2 particles 

In this section, the influence of mixing on the produced Mg(OH)2 particles was assessed 

by comparing the PSDs obtained for the eight experimental conditions reported in Table 1. For 

the chosen concentrations of 1M MgCl2 and 2M NaOH the minimum degree of mixing (the 

highest mixing time, see Eq. (2)) beyond which mixing has no further influence on particle 

formation was determined. As discussed in Section 2, PSDs were measured with and without 

ultrasounds treatment and addition of PAA in the characterization stage in order to assess the 

Mg(OH)2 particle assemblage state.  

 

3.1.1 Mg(OH)2 PSDs without ultrasounds treatment and no addition of PAA 

PSDs measurements were first performed without ultrasounds treatment and addition of 

PAA. The characteristic diameters dkm of the measured PSDs were calculated to study the 

effect of fluid flow regimes on the Mg(OH)2 precipitation process. dkm denotes the ratio 

between the k-th and the m-th moments of the PSD: 

 𝑑𝑘𝑚 = [
∫ 𝑑𝑘𝑛(𝑑)d𝑑

∞
0

∫ 𝑑𝑚𝑛(𝑑)d𝑑
∞

0

]

1

𝑘−𝑚

  (4) 

where 𝑛(𝑑) is the number particle distribution function, such that 𝑛(𝑑)d𝑑 is the number of 

particles having diameter between 𝑑 and 𝑑 + d𝑑. Thus, d10 is the number-average particle size 

more affected by small particles as they outnumber larger ones. Instead, d43 is the volume 
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weighted-average particle size, which is more influenced by the presence of larger particles 

[38]. Figure 2 reports the d43 and d10 characteristic diameters of the PSDs of the obtained 

Mg(OH)2 precipitate for all the fluid flow regimes investigated. 

 

  

 (a)  (b) 

Figure 2 Characteristic diameters of Mg(OH)2 particles obtained using T-mixers with a diameter of 3 

mm  (solid symbols) or 2 mm (hollow symbols) as a functions of Reynolds number: a) d43; b) d10. No 

sonication or PAA treatment was performed. 

 

As can be seen in Figure 2, neither d43 nor d10 exhibit a slightly influence of the Reynolds 

number or the diameter of the T-mixers. In particular, d43 decreases from 30 to 10 μm when 

the 3 mm diameter T-mixer is used (solid symbols in Figure 2.a), while it fluctuates around 

20 μm in the case of the 2 mm diameter T-mixer (hollow symbols in Figure 2.a).  d10 decreases 

from ~6 μm to ~3 μm when the flow rate increases in both mixers (Figure 2.b). These results 

were somehow un-expected, as in previous works the characteristic dimension of the particles 

was reported to decrease and PSDs to become more narrow as the mixing of reactants 

increased, as in the case of barium sulphate [38–40].  

For the sake of completeness, volume-particle size distribution (V-PSD) of all the 

investigated Cases are also illustrated in Figure 3. In particular, V-PSD reports the quantity 

𝜑(𝑑), which is the volume particle distribution function normalized by the total volume of 

particles, such that 𝜑(𝑑)d𝑑 is the volume percent of particles having diameters between 𝑑 and 

𝑑 + d𝑑.  
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Figure 3 Volume particle size distributions for all the investigated Cases. No sonication or PAA 

treatment was performed. Cases #1-4 are obtained in the 3 mm diameter T-mixer, while cases #5-8 in 

the 2 mm diameter (Table 1). 

 

V-PSDs show a rather random influence either of mixing reactants flow rate or T-mixer 

diameter. The obtained Mg(OH)2 V-PSDs are of the same order of particle dimensions with 

respect to those reported by Song et al. [26] and Shirure et al. [25]. Note that also the latter 

authors produced Mg(OH)2 and did not treat particles with ultrasounds and adding dispersants 

(see further remarks at the end of Section 3.2). 

 

3.1.2 Mg(OH)2 particle size distributions with PAA and ultrasounds 

Particle size distributions were also investigated after ultrasounds treatment and the 

addition of PAA. The use of PAA was used by several other authors [37,41,42]. Figure 4 

reports the obtained d43 and d10 for the same cases of Figure 2.  
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  (a)       (b)  

Figure 4 Characteristic diameters of Mg(OH)2 particles obtained using T-mixers with a 3 mm  (solid 

symbols) or 2 mm (hollow symbols) as a functions of the Reynolds number: a) d43; b) d10. PSDs were 

obtained after 5 minutes of ultrasounds treatment and using PAA as a dispersant. 

 

Particle sizes significantly differ from those reported in Figure 2 and a stronger, although 

still irregular, influence of mixing parameters (velocity and diameters) on the characteristic 

particle diameters can be now observed. In particular, d43 (Figure 4.a) decreases from ~5 μm 

to ~1 μm when the Reynolds number increases from ~2,000 to ~20,000 in the 3mm diameter 

T-mixer. Lower d43 values are observed for all the fluid flow rates when the 2 mm diameter 

T-mixer is employed, indicating a better mixing quality. Specifically, d43 values decrease from 

~1 μm at Re of ~10,000 to ~0.1 μm at Re of ~27,000-38,000 (Cases #7 and #8). In the 3 mm 

diameter T-mixer, d10 (Figure 4.b) increases for Reynolds numbers <10,000, while it suddenly 

drops at the investigated highest Reynolds value (i.e. ~20,000). The 2 mm diameter T-mixer 

guarantees better mixing quality as d10 exhibits low values even at the lowest fluid flow rate 

and settles at ~0.08 μm at Reynolds number of ~27,000-38,000 (Case #7 and #8).  

The volume-PSDs for all Cases are shown in Figure 5. 



13 

 

 

Figure 5 Volume particle size distributions for all the investigated Cases. V-PSDs were obtained after 

5 minutes of ultrasounds treatment and using PAA as a dispersant. Cases #1-4 are obtained in the 3 

mm diameter T-mixer, while cases #5-8 in the 2 mm diameter (Table 1). 

 

From Case #4 to Case #6, i.e. for intermediate mixing intensities (mixing times between 6 

and 3 ms), V-PSDs are bi-modal distributions with two peaks, one at ~2.7 μm for coarse 

particles and another at ~0.13 μm for fine particles. Such bi-modal distributions are typical of 

shattering, probably caused by the use of ultrasounds, by which large agglomerates are broken 

into aggregates (the fine particles having peak size ~0.13 nm) and smaller agglomerates 

(exhibiting a peak size of ~2.7μm) [43]. The total volume of larger agglomerates decreases, 

and the total volume of the smaller aggregates increases as mixing increases, while peak 

particle sizes remain almost the same. On the other hand, from Case #1 to Case#3 (high mixing 

times ranging from 60 to 10 ms), V-PSDs indicate a unimodal distribution with the presence 

of mainly coarse particles, whose size is 2-3 times smaller than those shown in Figure 3. 

Finally, at the highest mixing rate (mixing time values lower than 2 ms), Cases #7 and #8, 

particles are again monodispersed exhibiting only one peak at ~0.13 μm, characteristic of 

Mg(OH)2 aggregates. It should be worth to recall that, in the present work, the term aggregates 

refers to primary particles, which are made of crystals united by strong chemical bonds and 

cannot be broken by fluid shear stresses and sonication. On the other side, the term 

agglomerates refers to looser or stronger arrangements of primary particles, aggregates, or a 

mixture of the two, held together by crystalline bridges or sometimes by electrostatic forces. 

Agglomerates are weaker than aggregates and can be separated by physical treatment such as 

sonication. 

A possible explanation of the behaviour exhibited by the above discussed results lies in 

the interaction between mixing and the numerous phenomena involved in the precipitation 
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process, as discussed by many authors [44,45]. Larger particles are produced in the reactive 

stage when mixing is poor (high mixing times) due to the combination of (1) a low 

homogenization degree of the reactants, yielding high local supersaturation levels, and (2) large 

and long-lived Kolmogorov eddies, which can enclose a high number of particles that can 

remain close to one another enough time to establish strong bridges between them. These 

bridges cannot be broken by the low fluid shear stresses. Conversely, at high Reynolds 

numbers, mixing becomes more efficient (low mixing times); more homogenous 

supersaturation is attained; small and short-lived Kolmogorov eddies are formed, so that a 

lower number of particles are entrapped inside each eddy, and stay together for a shorter time. 

These particles could form either small aggregates or weak agglomerates, the latter 

characterized by bridges which could be broken by the high fluid shear stresses.  

For the presented results (Figure 5), it can be stated that a mixing time of at most 2 ms 

(Cases #7 and #8) must be achieved inside the reactor in order to well homogenize highly 

concentrated MgCl2 (1M) and NaOH (2M) solutions. As a matter of fact, Mg(OH)2 

nanoparticles produced for Cases #7 and #8 (mixing times lower than ~2 ms) are characterized 

by aggregates or weak agglomerates, the latter breakable by the use of ultrasounds, leading to 

aggregates of ~100-200 nm after sonication. On the contrary, Mg(OH)2 nanoparticles produced 

for Cases #1-3 (mixing times between 60-10 ms) are characterized by strong agglomerates, 

which require high energy to be broken into aggregates, thus exhibiting V-PSDs of micrometre 

sized agglomerates after 5 minutes of sonication. The intermediate mixing rates of Cases #4-6 

(mixing times between ~6 ms and ~3 ms), instead, consist of a mix of strong and weak 

agglomerates, which can be partially broken to aggregates by ultrasounds leading to a bi-modal 

distribution characterized by aggregates of ~100-200 nm and agglomerates having a peak size 

of ~2.7 μm. 

The importance of mixing time as controlling phenomena is also confirmed by the fact that 

suspensions produced using different T-mixers (3 and 2 mm diameter for Case #4 and Case#5) 

and flow rates (2720 and 780 mL/min for Case #4 and Case #5), but having similar mixing 

times (~6 ms) exhibit similar V-PSDs (see Figure 5) and particle size dimensions (Figure 4). 

Mg(OH)2 nanoparticles obtained for Case #7 and 8 at a mixing time lower than ~2 ms have 

comparable particle dimensions with those reported by Tai et al. [27], i.e. d10 ~60 nm, who 

also produced Mg(OH)2 nanoparticles starting from 1M MgCl2 employing a spinning disk 

reactor where the mixing time was reported to be of ~1 ms. 
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3.2 Zeta Potential measurements 

In Section 3.1 it was shown that particle size distributions significantly vary when 

suspensions are treated by using ultrasounds and adding PAA as a dispersant. In order to better 

understand these results, the effect of superficial electric charge of Mg(OH)2 particles was 

examined by performing Zeta-potential measurements. The stability of Mg(OH)2 suspensions 

was also investigated over time performing the analysis (i) after 2 hours and (ii) after 1 month 

of aging from the precipitation. Zeta-potential depends on the particle properties, the 

suspension conditions (e.g. pH), and the theoretical model applied, e.g. the Smoluchowski 

approximation employed here to derive Zeta-potential values from the electrophoretic mobility 

of particles [46].  Figure 6 presents Zeta-potential values measured for Case #7 (see Table 1), 

as described in section 2.2.2, for suspension pH ranging from 10 to 13.  

 

 

Figure 6 Mg(OH)2  Zeta potential as a function of suspension pH. Hollow circle and triangle symbols 

refer to the same Mg(OH)2 suspension analysed: (i) 2 hours after the precipitation (circles) and (ii) 

after 1 month of aging (triangles).  Lin et al. data were taken from [47]. 

 

The experimental data collected in this study was compared with those presented by Lin 

et al. [47]. The latter authors employed an electro-acoustic technique, while the data reported 

here were obtained by means of Malvern® Zetasizers, which are based on the electrophoretic 

mobility technique, i.e. on measuring the limiting velocity of the particles in an electric field.  

 At solution pH between 10 and 11, a fair agreement is observed between Lin et al. data 

and Zeta-potential values measured analysing the 2 hours samples. On the contrary, aged 

samples showed a better agreement with Lin et al. measurements. 



16 

 

Specifically, Zeta-potential values measured for the 2 hours samples were found to vary 

from ~ 18 mV to ~ 13 mV, while Zeta-potential values reported by Lin et al. and those 

measured for the aged samples decreased from ~23 mV to ~17 mV. Some difficulties were 

encountered for measurements in high pH suspensions due to their high conductivity values, 

so that pH values higher than 12.5 could not be investigated. Lin et al, however, reported Zeta-

potential values of ~ -15mV at pH ~12.5 and ~ -20mV at pH ~ 13. The isoelectric point (the 

point of zero Zeta-potential, where colloids have the largest tendency to agglomerate) of 

Mg(OH)2 particles is detected at a pH value of ~ 12 for both 2h samples and aged samples, in 

good agreement with Lin et al. and with values reported in literature [42,48,49].  

Zeta-potential values measured for samples produced after 2 hours from precipitation and 

those aged for 1 month show that Mg(OH)2 suspensions are characterized by the same stability 

characteristics over time. In particular, from Figure 6, it can be clearly seen that the Zeta-

potential of the Mg(OH)2 particles lies in the range of ±30 mV, which represents a zeta potential 

region were particles are not stable and tend to agglomerate rather than staying apart [46]. 

These Zeta-potential values explain the behaviour shown in Section 3.1. Specifically, in the 

absence of PAA, Mg(OH)2 particles agglomerate due to their low zeta potential values. On the 

other hand, the presence of PAA stabilizes the Mg(OH)2 suspension [37,41]. The 

thermodynamically stable coiled structure of PA− can entrap Mg(OH)2 nanoparticles 

preventing their agglomeration [37]. Thus, V-PSDs obtained in the absence of sonication and 

no PAA addition, as in Figure 3, do not exhibit a significant  influence of mixing in the reactive 

crystallization stage because they mainly regard the size distribution of large and weak 

agglomerates with typical peak dimensions in the 8-20 μm range. On the contrary, V-PSDs 

obtained by applying sonication and PAA treatment (Figure 5) exhibit a much larger influence 

of the mixing intensity experienced in the reactive crystallization stage; for low mixing, V-

PSDs exhibit agglomerates smaller than those in Figure 3, but still characterized by peak size 

of 2-3μm, while, for high mixing, they only consist of aggregates with a typical size of 100-

200 nm.  

 

3.3 Tyndall effect and Mg(OH)2 particles morphology  

The reduction of the particles sizes presented in Figure 4 with respect to those reported in 

Figure 3 was also confirmed by a visual inspection of the Mg(OH)2 suspension contained in 

the Hydro 2000 MU beaker, as shown in Figure 7 for Case #7 and Case #8.  
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 (a)  (b) 

Figure 7 Mg(OH)2 suspensions in the Malvern® Hydro 2000 MU beaker before (a) and after (b) 

applying ultrasounds in the presence of PAA for Case #7 and Case #8. The blueish colour of the 

suspension after the anti-agglomerant treatment (b) indicates the presence of particles with dimensions 

below ~900 nm (Tyndall effect). 

 

The Mg(OH)2 suspension changes from a whitish to a blue colour due to the Tyndall effect. 

The Tyndall effect occurs when light is scattered by particles with diameters below ~900 nm 

[50], demonstrating the presence of nanometre sized particles in the beaker. Contrariwise, 

suspensions of particles produced under conditions #1-6 did not exhibit Tyndall effect due to 

the fact that the presence of large particles dominate and mask the effect of small particles. 

Note that, when measuring nanometre Mg(OH)2 particles, the absorption value of Mg(OH)2 

was changed from 0.1 to 0.  

As far as the morphology of the Mg(OH)2 particles is concerned, Figure 8 presents SEM 

images at two increasing magnifications (1 μm and 500 nm) of the produced Mg(OH)2 particles 

obtained following the procedure described in Section 2.2.3. Mg(OH)2 globular nanometre 

particles with characteristic sizes of ~50-200 nm can be observed with a low tendency to form 

platelet-like nanoparticles. Similar particles morphologies were also reported in literature for 

Mg(OH)2 particles produced by precipitation using MgCl2 solutions [42,51]. 

https://en.wikipedia.org/wiki/Nanometre
https://en.wikipedia.org/wiki/Particle_size
https://en.wikipedia.org/wiki/Nanometre
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 (a)  (b) 

Figure 8 SEM image of the produced particles for Case #7 at a magnification of (a) 1μm and (b) 500 

nm. 
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Conclusions 

 The precipitation process of magnesium hydroxide from 1M MgCl2 solutions was 

experimentally investigated focusing on the effect of reactants mixing on particle size 

distribution by a clearly methodical analytical procedure for the characterization of the 

produced Mg(OH)2 particles. Two circular cross-sectional T-shaped mixers of 2 and 3 mm 

diameter were employed. Eight different cases were investigated with variable flow rates and 

channel diameter, in the range of Reynolds numbers between 2,000 and 38,000, thus leading 

to mixing times ranging from 60 to 1.5 ms. Produced particles were analysed via a light 

scattering technique within 15 mins from precipitation, with and without sonication 

(ultrasounds treatment) and poly(acrylic acid sodium salt) (PAA) addition.  

It was found that in the absence of PAA and ultrasounds treatment particles could not be 

well characterized since similar V-PSDs exhibiting large agglomerates with peak sizes of 8-20 

μm were detected for all the cases investigated. On the contrary, by using PAA and sonication, 

the effect of reactants mixing was clearly shown and the particles assemblage state well 

characterized. Specifically, for intermediate mixing regimes, V-PSDs were found to be bi-

modal with two peaks, one at ~2.7 μm characteristic of small Mg(OH)2 agglomerates and 

another at ~0.13 μm characteristic of Mg(OH)2 aggregates. At low mixing rates, V-PSDs 

indicated a unimodal distribution with the presence of only agglomerates exhibiting a peak of 

~2.7 μm, while at the highest mixing, when mixing time reaches values below 2 ms, particles 

were again monodispersed, exhibiting only one peak size of ~0.13 μm, representative of 

Mg(OH)2 aggregates.  

The similar V-PSDs obtained without any particle treatment were consistent with the low 

measured zeta potential values of the Mg(OH)2 particles, which were found to lie in the range 

of ±30 mV, marking a high tendency of particles to agglomerate due to electrostatic forces.  
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