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Effect of different parameters on caustic magnesia
hydration and magnesium hydroxide rheology:
a review

Ghada Bassioni, {2 *® Reham Farid,© Mayar Mohamed,“ Rawia M. Hammouda® and
Fritz E. Kihn (22

Magnesium oxide and magnesium hydroxide are two compounds that show favorable properties,
leading to their use in many industrial applications. This review discusses the methods of synthesizing
magnesium oxide and magnesium hydroxide from dolomite, magnesite, brines and sea water using
the conventional methods of precipitation and hydration. Nanoparticle preparation is via precipitation
using sonochemical, sol-gel and electrochemical methods or via hydration using solvothermal
and hydrothermal methods. Moreover, the application of both magnesium oxide and magnesium
hydroxide is discussed in this review. This review article also provides extensive information on the
hydration process of magnesium oxide and the effect of different parameters including the pH,
temperature, surface area, particle size, hydrating agents, etc., which affect the rheological behavior of
Mg(OH),. This review is a source of scientific as well as practical information on the applications of
Mg(OH), and MgO at the present time and on the methods of obtaining them, in the light of available
and applied research techniques and discoveries made so far in the field of advanced powder
technology.

with a molar mass of 58.30 g mol ™' and a density of
2.40 g ml*?

Magnesium hydroxide and magnesium oxide are commercial
compounds that are readily available. Both Mg(OH), and
MgO belong to a group of compounds with a unique
nature, in view of their large number of favorable properties
and possible practical applications. There are many ways
to extract these powders traditionally. Due to their excellent
properties for many industrial applications, they are
commonly used as additives in the paper industry, as
reinforcement powders in polymeric matrix composites” used
in flame retardants as well as in the purification of water
pollutants.”

Magnesium oxide (MgO, or magnesia) can be described as
white powdered material with a molar mass of 40.31 g mol™*
and a density of 3.58 g ml '. Magnesia has a cubic
crystal structure and melts at a high temperature of 2827 +
30 °C. Magnesium hydroxide (Mg(OH),) is also a white solid
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Recently, micrometric and nanometric magnesium oxide
and magnesium hydroxide have become key in high-rate
technology  development.”>  Ultra-superfine ~ magnesium
hydroxide powder is used as a non-toxic flame-retardant filler
in plastic matrix composites, rubber, and other halogen-free
polymeric materials.”> Improvement of the mechanical
properties of the material, such as a high thermal stability,*
high fire retardancy and very low toxicity, have been observed.”
The studies performed by Dong et al.® have shown that nano-
sized magnesium hydroxide can act as an antibacterial agent.”
The rate of hydration of magnesium oxide affects the size of the
magnesium hydroxide aggregates. As the rate of hydration
increases, the surface area of the hydroxide that is formed also
increases.”

The basic point of reference for this literature review is
research concerning the specific functions of Mg(OH), and
MgO and the possibility of their application, as well as methods
of obtaining those compounds. The aim of the research is to
create possibilities for optimum and wide-ranging use of Mg(OH),
and MgO in technological and biotechnological applications,
particularly in environmental protection, construction, electro-
chemistry, pharmaceuticals, medicine, chemistry (organic,
inorganic and hybrid materials) and biochemistry (Fig. 1).
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Magnesium oxide (MgO)

Magnesium oxide is an inorganic compound that occurs in
nature in form of the mineral periclase. It can also be obtained
through the heating of various forms of magnesium carbonate.
The reactivity of magnesium oxide depends on the temperature
and the duration of heat treatment of the magnesium compounds
during its production. The reactivity of magnesium oxide
determines the rate and extent of rehydration of the magnesium
oxide sample when exposed to water. The methods used to
produce magnesium hydroxide can also be used to produce
magnesium oxide, following calcination.>?

Methods for synthesizing magnesium oxide

Minerals for the production of magnesium oxide are mainly
magnesium carbonate (also known as magnesite), and
dolomite (CaMg(COs3),), hydro-magnesite (Mg(CO;)-4H,0),
brucite (Mg(OH),), and serpentine (MgSiO;o(OH)g). Sea water,
and underground salt deposits of brines are also sources for
magnesia production.

The calcination process® is the process in which magnesite
(magnesium carbonate) decomposes at a temperature ranging from
650 °C to 700 °C to form magnesium oxide and carbon dioxide:

MgCOs; (s) + heat — MgO (s) + CO, (g)-

Table 1 Grades of magnesium oxide?
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Fig. 1 Schematic diagram of the synthesis and use of MgO and Mg(OH),.

There are several grades of magnesium oxide MgO formed
by applying heat, and different temperatures and times can
result in the formation of different grades of magnesium oxide.
Table 1 describes the grades of magnesium oxide (MgO), the
reactivity of each type, the temperature ranges used, and their
uses. These grades are light-burned also known as caustic
calcined magnesia or medium reactive magnesia, hard-
burned magnesia, and dead-burned magnesia.’

Applications of magnesium oxide

Light-burned magnesium oxide. Light-burned magnesia is
used in abrasives as a binder in grinding wheels, as a boiler
additive to reduce the corrosion of steel pipes as well as for the
purpose of preventing steam and sulfur emissions to get into
the environment. It is also used in lubricating oils as an
additive to neutralize acids, as a plastics filler, an acid acceptor,
a thickener catalyst and in pigment enlargement, and in rubber
compounding.’

Hard-burned magnesium oxide. Hard-burned magnesium
oxide is used in animal feed supplements as a source of
magnesium ions for chickens, cattle, and other animals. It is
also used in the chemical production of other magnesium salts,
such as sulfate and nitrate, in fertilizers as a source of plant
nutrition as well as in pharmaceutical uses of magnesium

Light-burned magnesium oxide

Hard-burned magnesium oxide Dead-burned magnesium oxide

Temperature range 700-1000 °C

Reactivity High reactivity

Uses Plastics, rubber, paper and pulp processing, Animal feeds and fertilizers
and adhesives

6520 | Mater. Adv, 2021, 2, 6519-6531

1000-1500 °C
Narrow range of reactivity

1500-2000 °C
Reactivity has been eliminated
Steel production and linings for equipment

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydroxide, oxide and carbonate in antacids, cosmetics, tooth-
paste, and in constipation remedies."’

Dead-burned magnesium oxide. Dead-burned magnesium
oxide has a very high resistance to thermal shock so it can be used
as a refractory material and in ceramics as it is the basic
ingredient in product formulations for the steel industry.
It is also used in the steel industry annealing process as a coating
for grain-oriented silicon steel used in electrical transformers, in
oil and gas drilling, and in specialist glass manufacture."!

Magnesium hydroxide Mg(OH),

Magnesium hydroxide is also known as the mineral brucite.
It is usually found as a low-temperature, hydrothermal vein
mineral associated with calcite, aragonite, talc, or magnesite. It
appears as a decomposition product of magnesium silicates
associated with serpentine, dolomite, magnesite, and chromite.
Brucite also occurs as a hydrated form of periclase and is found
in serpentine, marble, and chlorite. Magnesium hydroxide
can be prepared using either physical or chemical methods.
Examples of chemical methods are direct precipitation method,
hydrothermal method and hydration method.>**™*3

The magnesium hydroxide suspension must have a high
solid loading and be reasonably stable with adequate fluidity to
prevent the aggregation and sedimentation of particles over a
broad range of solid loadings."* To produce a pumpable slurry,
the addition of a dispersant is typically required to lower the
slurry viscosity. Unless the suspension is stable, the solid will
have the tendency to settle to the bottom of the storage vessel,
although the settled solids can be easily resuspended and
do not form a hard cake at the bottom of the container.
Magnesium hydroxide has many characteristics, such as its
low water solubility. Its alkaline character is released slowly
when heated, and it can absorb heat and decompose,"” and
produce water. This is accompanied by good adsorption
properties and high reaction activity. Hence, it is used in
wastewater treatment instead of caustic soda and lime, in flue
gas desulfurization, in flame resistant materials, and in other
fields.'® There are many methods of extracting magnesium
hydroxide, and other methods used to prepare it in the
laboratory are described in detail in the next section.

Traditional methods of synthesizing magnesium hydroxide

Several traditional methods are used to synthesize magnesium
hydroxide, such as the precipitation method from sea water or
brines, and the hydration method ‘dissolution—precipitation

process”'® as well as modern techniques."”

Precipitation methods of magnesium hydroxide

There have been many studies on the precipitation of magne-
sium hydroxide from brines or sea water with an alkali. The
precipitation of magnesium hydroxide from brines or sea water
occurs according to the following stages:”

1. Magnesium ion precipitates by mixing brine with an alkaline
medium such as calcium hydroxide or sodium hydroxide.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2. In order to precipitate further amounts of magnesium
oxide, mixing fresh brine or sea water in a single stage is
recommended, where each amount is separately added to the
alkaline suspension.

3. The precipitated magnesium hydroxide is then washed
using an alkaline solution, e.g., with sodium hydroxide or
calcium hydroxide several times, then filtered.

The reactions for production of magnesium hydroxide can
be written as follows:"®

e Calcination process:

CaMg(CO3), — Ca0-MgO + 2CO, (g) (1)

o Slaking process:

Ca0-MgO + 2H,0 (I) - Ca(OH), + Mg(OH),  (2)

e Precipitation of magnesium hydroxide (Mg(OH),):

Ca(OH), + Mg(OH), + MgCl, — 2Mg(OH), + CaC1, (3)

The most common chemical precipitation technique
describes the use of ancestors of magnesium inorganic salts
like MgCl,, MgSO, and Mg(NO3),, while organic compounds of
magnesium, such as Mg(CH;CO,),,">*° are used occasionally.
In the precipitation method, the reaction takes place in which
the synthesis of magnesium hydroxide Mg(OH), from a
magnesium salt and NH,OH with direct functionalization with
polyethylene glycol is precipitated from solutions of salts using
a precipitating agent, such as a strong base like ammonia.**

For this reason, many research groups are studying experi-
ments focused on determining the reaction conditions that will
have the most favorable effect on the course of the reaction,
and consequently on the specific properties of the product,”

Hydration of magnesium oxide to Mg(OH),

The hydration process is the most desirable method for
preparing magnesium hydroxide because this product can be
easily handled, transported, stored and pumped. The suspensions
of magnesium hydroxide should be at a high solid loading level to
minimize transportation and storage costs. However, there is a
disadvantage with this process that sedimentation and hard-cake
formation at the bottom of the container may occur due to the
absence of agitation; this occurs when the magnesium hydroxide
solid content in the suspension exceeds 45 wt%, such that the
viscosity becomes very high.?

Magnesium hydroxide is usually synthesized by the hydration
of magnesium oxide in water and the following reaction
mechanism has been proposed by Feitknecht and Braun:**

e A liquid layer is formed on the surface of the solid as a
result of adsorbed water vapor.

e Then water reacts with magnesia forming magnesium
hydroxide on the surface layer.

e This leads to magnesium hydroxide dissolving in the
water layer.

e When water solution becomes saturated with magnesium
hydroxide particles, precipitation occurs.

Mater. Adv., 2021, 2, 6519-6531 | 6521
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The reaction of magnesium oxide in water occurs according
to the reaction in eqn (4)

MgO (s) + H,O (I) —» Mg(OH),(s) (4)

The effect of different parameters on the hydration of
magnesium oxide (MgO) plays an important role in modifying
the hydration process. The main factors are temperature, pH,
hydrating agents and other factors.

Two-phase reaction systems such as gas-solid, liquid-solid
or liquid-liquid hydration reaction systems are most studied
for the preparation of magnesia. Recently, other studies have
reported the advantages of a three-phase, namely, gas-liquid-
solid, hydration reaction system.'?® This study showed that a
three-phase reaction is better than a two-phase reaction. The
two-phase reaction is considered to proceed via a common
dissolution-precipitation mechanism, while the three-phase
reaction system differs in that the initial stage is like the
dissolution-precipitation process, where magnesium hydroxide
is formed and covers the surfaces and pores of magnesium
oxide (MgO) particles. The steam applied in a three-phase
reaction causes cracking and peeling off of the Mg(OH), layer
from the magnesia particles. Finally, the fresh magnesium
oxide (MgO) surface that is left behind by peeling-off the
Mg(OH), is attacked by water again. It can be concluded that
the peeling-off process exclusively causes a higher hydration
rate and efficiency.'**?

Also, a multi-rate model has been proposed to describe the
mechanism of magnesium oxide hydration.>*

Synthesizing nanoparticles of magnesium hydroxide

The same traditional methods, such as precipitation and
hydration, are used to produce nanoparticles of magnesium
hydroxide, but these methods are carried out different media
and under different conditions. For precipitation, there are
many methods used to produce nanoparticles of magnesium
hydroxide, such as sonochemical, sol-gel, and electrochemical
methods. For hydration, there are solvothermal and hydrothermal
methods, which are discussed briefly in the next section.

Precipitation of magnesium hydroxide

Sonochemical method. This method produces very finely
powdered magnesium hydroxide, and takes place under
extreme conditions to synthesize the very small particle
diameters and a more homogeneous structure. Many studies
and research centers have shown that sonochemical methods
may be used to synthesize nanoparticles of magnesium hydroxide
successfully.> The sol-gel method is a hydrolysis process that is
based on the alkoxides reactive metal precursors, and has been
used for the preparation of metal oxides of nanometre size.>® This
method results in the production of the desired metal hydroxide
and an alcohol. The condensation of molecules accompanied by
the removal of water molecules, leading to the formation of a
structural network in the form of a dense, porous gel.

Electrochemical method. This method is used to produce
nanoparticles of hydroxides, but it is a rarely used technique,

6522 | Mater. Adv, 2021, 2, 6519-6531
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due to relatively high costs of production and the low quality of
the final products, which may occur with the production of
agglomerates and impurities.*® There are not many studies and
literature reports about this method, but it remains the focus of
attention for many researchers.

Hydration of magnesium hydroxide

Hydrothermal method. This is a process that uses chemical
reactions, taking place in aqueous solutions under pressure
and at a temperature above boiling point, to crystallize materials.
Key advantages of the hydrothermal method include the low
probability of forming agglomerates in the powder in addition to
excellent control over the size and morphology of the crystallites.
The products of the hydrothermal method usually improve
homogeneity and solubility and enhance the kinetics of the
chemical reactions and crystallization. The hydrothermal
method enables the synthesis of magnesium hydroxide
(Mg(OH),) crystallites with very small sizes and surface
areas.>”’

The solvothermal method is a process in which aqueous
solutions are replaced by other solutions under critical
conditions. The solvothermal method is often used because it
reduces the impurities®® that appear in materials produced
using the hydrothermal method. An analysis was made of how
the properties of the hydroxide depended on the magnesium
precursors, the solvents, and the process conditions. Using the
hydrothermal process it is possible to control the morphology
of magnesium hydroxide (Mg(OH),) particles by controlling pH
of the process, leading to the formation of many different
shapes, such as nanoflowers, needles, platelets, and regular
and irregular spherical particles.>

Application and uses of magnesium hydroxide

Applications of magnesium hydroxide include its capability as
an antibacterial agent,’® as a neutralizer of acidic water
pollutants, liquid wastes and gases, as a filler in the paper
industry, as a neutralizing agent in pharmaceuticals, as a
fertilizer additive, as a precursor for the production of magne-
sium oxide and as a new-generation flame retardant.>

Industrial wastewater treatment

Magnesium hydroxide is used in the treatment of industrial
wastewater. The white solid suspension of magnesium
hydroxide is added to raise the pH of acidic solutions in an
environmentally acceptable manner. It is not a harmful alkali
like caustic soda or lime neutralizing compounds.*® Magnesium
hydroxide is safe and non-hazardous and does not cause
chemical burns as do caustic soda or lime.*" Magnesium
hydroxide can neutralize wastewater without exceeding the limit
of acidity above pH of 9-10.>

Flame-retardant filler

Magnesium hydroxide can be used as a flame-retardant additive
in polymer production.®” It is more environmentally friendly
than flame retardants based on antimony metal or halogenated
compounds because it contains neither halogens nor heavy

© 2021 The Author(s). Published by the Royal Society of Chemistry
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metals.>*7°

Magnesium hydroxide hydrated from magnesite can
be used as a flame retardant, which is more cost effective than
magnesium hydroxide hydrated from commercial magnesia, for

which purification is needed before use.?

Magnesium hydroxide as a paper preservative

One of the most important uses of magnesium hydroxide is in
the preservation of paper. Papers are subjected to many
changes in their physical, chemical and mechanical properties
as a result of their storage and use. Due to the morphological
dispersion and homogeneity of magnesium hydroxide, it can be
best used in paper preservatives.>>

The effect of different parameters on
the hydration of MgO

MgO hydration is dependent on many parameters. Fig. 2 shows
an overview of these factors, which are discussed in detail in
the next sections.

Effect of temperature

Temperature is one of the main factors affecting the hydration
of MgO, as it affects the degree of hydration of magnesia and
the amount of magnesium hydroxide formed, thus influencing
the homogeneity of the suspension.>?® Kurama et al. discussed
how the temperature affects the product weight. The author
compared different samples of calcined and un-calcined
magnesia at three different temperatures (40, 60, and 80 °C)
finding that the higher weight measured for the calcined
sample clearly indicated the importance of the calcination step
before the hydration process, as shown in Fig. 3. Kurama et al.>®
showed that TG curves can be used to discuss the mass loss %
difference due to the change in temperature in calcined and
uncalcined magnesia samples. There is a huge mass loss % in
both samples, but when the temperature was increased to
600 °C the mass loss % of the calcined sample dropped to
78%, which was less than in the uncalcined sample which
dropped to 83%.
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Fig. 2 Schematic of the factors affecting the hydration of MgO.
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Effect of hydrating agent

According to the literature, the degree of hydration depends on
the use of different hydrating agents.

Kgabo et al. studied the influence of each hydrating agent on
the hydration of magnesium oxide and carried out a study
concluding that there was no significant difference in the
hydration behavior of the hydrating agents up to 50 °C, where
less than 10% of magnesium hydroxide was formed. The
amount of hydroxide increased at temperatures above 60 °C.
When compared with hydration in water, all the hydrating
agents, except for sodium acetate, showed a significant increase
in the degree of hydration. Kgabo et al. used hydrating agents
such as aqueous solutions of ammonium chloride, magnesium
acetate, magnesium nitrate, nitric acid, acetic acid, magnesium
chloride, sodium acetate and hydrochloric acid, with distilled
water as the control. The results indicate that the degree of
hydration is very sensitive to the hydration temperature. The
optimum amount of magnesium hydroxide formed at higher
temperatures is because of the high solubility of MgO at higher
temperatures and thus the precipitation of magnesium
hydroxide is high, as shown in Fig. 4.%”

As shown in Fig. 4, sodium acetate formed the lowest amount of
magnesium hydroxide, ranging between 1.2 and 12.2% magnesium
hydroxide, while the largest percentage is 56.7% of magnesium
hydroxide formed from hydration in magnesium acetate at 80 °C.
The increased degree of hydration in magnesium acetate can be
attributed to the presence of acetate ions.>” This result has been
verified in more recent studies as well.*® The three-phase reaction
system showed a significantly higher degree of hydration than that
of a two-phase reaction system. The hydration rate was determined
by the rate of magnesia dissolution and the precipitation of
magnesium hydroxide.

The comparison of the hydration degree under three-phase
and two-phase reaction systems at a hydration time of 0.5 h was
further discussed in the literature. A higher degree of hydration
was obtained under a three-phase reaction system in the same
solution when compared with a two-phase reaction system
because of the pressure. Aphane studied the effect of varying
the Mg(CH3COO), concentration between 0 and 0.2 M. Table 2
shows the results of the percentage mass loss and the percentage
Mg(OH), formed from MgO hydrated in magnesium acetate
solutions ranging from 0 and 0.2 M, using 15 g of MgO in
100 ml of solution. The percentage of magnesium hydroxide in
the samples was determined via TG analysis and was calculated
using the experimental mass loss obtained for the sample and
the theoretical mass loss of magnesium hydroxide (30.9%).*°

As shown in the results of Table 2, the optimum concen-
tration was found to be 0.2 M. The hydration temperature
affected the solubility of magnesium oxide and magnesium
acetate, resulting in a higher concentration of magnesium ions
in solution, which precipitates out as magnesium hydroxide.

Effect of surface area

Normally the surface areas of the products produced from
hydration decreased slightly at a hydration temperature of

Mater. Adv,, 2021, 2, 6519-6531 | 6523
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Table 2 Influence of magnesium acetate concentration (0-0.2 M) on the
hydration of magnesia®®

[MgAc]/(M) Mass loss % Mg(OH),%
Untreated 0.50 1.6

0.005 9.60 311

0.01 10.03 32.4

0.05 10.40 33.7

0.1 12.69 41.1

0.15 13.39 43.3

0.20 14.73 47.7

80 °C, except for magnesium acetate and acetic acid.
Magnesium acetate and acetic acid showed an increase in the

6524 | Mater. Adv., 2021, 2, 6519-6531

product surface areas with increasing temperature. The
products formed from hydration in water had surface areas
close to those obtained from hydration in ammonium chloride,
magnesium nitrate, hydrochloric acid, sodium acetate and
magnesium chloride.’” Magnesium acetate was the hydrating
agent that showed the strongest temperature dependence, with
the highest product surface areas. Due to the rapid hydration of
magnesium oxide, relatively small hydroxide particles with high
surface areas are formed. This can explain the higher surface
areas of products formed via hydration in magnesium acetate and
acetic acid. It seems that the products were formed at a rate that
decreased the possibility of crystal formation or agglomeration.>"*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Effect of particle size

The particle size of magnesia powder affects the hydration rate.
The hydration rate increases with temperature and with
decreasing mean particle size. Magnesia powders with different
parameters were selected, and their composition, particle size
and the activity of citric acid were discussed. To make a
comparative study between the size of the powder particle, as
shown in Table 3, the first and third samples of magnesia
powder were selected with a similar activity but with different
particle sizes with a control pressure of 0.20 MPa."?

Magnesia with a smaller particle size has a larger specific
surface area; correspondingly, the contact area with water is
larger, and therefore the hydration rate is higher. In the
hydration process, magnesia powder dissolves and forms
magnesium hydroxide on the surface of the parent particles.
According to previous research, high pressure steam can
gradually dissolve some products in the three-phase hydration
reaction system. Therefore, as the reaction proceeds, the larger
particles of magnesia are dissolved, and the particle size is
gradually reduced until the steam stripping ability is insufficient to
reduce the particle diameter. For the two kinds of magnesia powder
with different initial particle sizes, the magnesia hydration rates are
consistent with the results of Ohira et al.™>*

Effect of pressure

One of the important factors affecting hydration and the degree of
hydration of MgO is pressure. It is challenging to apply pressure to
the system as it demands high-efficiency equipment to be
installed. Tang et al. decided to apply three reaction pressures,
0.1 MPa, 0.15 MPa and 0.2 MPa, with a control precision of
£0.01 MPa. They prepared a slurry with a concentration of 10 wt%
using MgO with a particle mesh size of 300 with 95% purity. Fig. 5
shows the relationship between the degree of hydration under
different reaction pressures with time.**

According to Fig. 5, the degree of hydration is directly
proportional to the reaction pressure and time. The highest
degree of hydration was obtained with a hydration pressure of
0.2 MPa. The curve shows that at a pressure of 0.2 MPa,
0.15 MPa and 0.10 MPa, the rate was 0.571, 0.569 and 0.533,
respectively. The reaction temperature corresponding to the
reaction pressure was 120, 110 and 100 °C, respectively.

Tang et al. prepared Mg(OH), via MgO hydration under a
gas-liquid-solid (three-phase) reaction system. Fig. 6 shows a
comparison between the degree of hydration of MgO of the
three-phase reaction system and the two-phase reaction with
time. It was found that the degree of hydration of MgO of the

Table 3 Chemical compostion of different purities and mesh sizes of
magnesia™

LOI MgO AlL,O5 Fe,0; Particle size Activity
Item % Mesh size S
1 1.73 95.38 0.01 0.31 300 55
2 1.88 95.21 0.01 0.31 80 81
3 2.09 92.45 0.21 0.45 80 54
4 2.87 90.40 0.21 0.45 80 99

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Relationship between MgO concentration and the degree of
hydration.*®

three-phase hydration reaction system is significantly higher
than that of the two-phase hydration reaction system."?

Yimin et al. reported on an invention to prepare a magnesium
hydroxide slurry stably and efficiently by reacting magnesium
oxide with an aqueous vapor via controlling the pressure and
temperature. The hydration ratio was discussed where magnesium
oxide accounts for 5-15% of the total weight, where the pressure
was controlled to be 0.2-0.5 MPa as the temperature reaches
90-150 °C and circulating for 10-35 min. Table 4 shows the 6
samples under different conditions used to reveal the hydration
ratio.*!

This patent compared the traditional method (two-phase)
and the invented method (three-phase) with an applied
pressure of 0.2-0.3 MPa. The comparison concluded that the
invented method, compared with the traditional method, had
the remarkable advantage of being quick and efficient. Because
of a shortened reaction ratio, the occupied area of the device
disclosed by the invented method was greatly reduced compared
with that of a traditional device, as shown in Table 5.

Effect of slurry concentration

The slurry concentration has a significant effect on the degree
of hydration of MgO. Tang et al. investigated the degree of
hydration of MgO using three different slurry concentrations
under a constant pressure of 0.2 MPa. The slurry concentrations

Mater. Adv., 2021, 2, 6519-6531 | 6525
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Table 4 Six examples under different conditions*
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Embodiment MgO% by weight (%) Pressure (MPa) Temperature (°C) Circulation flow(L min™") Hydration degree (%)
1 5 0.2-0.3 90-120 1.95 59.1
2 5 0.3-0.5 120-150 1.55 59.4
3 10 0.2-0.3 90-120 1.2 83.4
4 10 0.3-0.5 120-150 2.9 82.1
5 15 0.2-0.3 90-120 3.1 92.4
6 15 0.3-0.5 120-150 2.75 95.1
Table 5 Comparison between the traditional method (a) and the invented 1004 PR ———e—a-aaaa
- -
method (b)** e

@

MgO% Temp. Stirring Time Hydration
by weight (°C) rate (rpm) (min) degree
Traditional method

10% 90 900 120 77.7%

(b)

MgO% by Temp. Circulation flow Time  Hydration
weight (°C) (L min™") (min)  degree
Invented method

10% 90 -120 1.2 10 82.5%

were 5 wt%, 10 wt% and 15 wt%, using MgO particles of mesh
size 300 with 95% purity. As shown in Fig. 7, the degree of
hydration of MgO is inversely proportional to the slurry
concentration. The degree of hydration (about 60%) was better
when the slurry concentration was 5 wt%. However, after 30 min,
the degree of hydration for the three slurry concentrations did
not change further.'®

Effect of pH

The hydration process was found to depend on the hydrating
solution and its pH value. Matabola et al. investigated the
influence of different hydrating agents on the pH of hydrating
solutions, the degree of hydration of MgO and the product
surface area as a function of temperature. As shown in Fig. 8, a
decrease in the solution pH was observed when the hydration
temperature was increased. Similar trends were observed for

0.7 4 @
0.6 o ——f=—— —
0.5

=

b

B 0.4

S

=S

T o34

<

o

2 p2 5% wiw

g 10% w'w
0.1+ 15% w'w
0.0
-0.1 T T T T T T

0.0 02 0.4 05 0.8 1.0

Time(h)

Fig. 7 Relationship between MgO concentration and the degree of
hydration.*®
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hydration studies performed with most of the other hydrating
agents.*’

Tang et al. examined the effect of hydrating agents on the
degree of hydration of MgO in a three-phase reaction system.
The initial pH value was measured before MgO was added to
the solution. The effect of pH with hydration time is shown in
Fig. 9, where the pH of all the solutions increased with time
except for Mg(CH;COO),. The pH increases as large amounts of
OH ions are released. As for Mg(CH;COO),, large amounts of
Mg®" and OH ™ ions are in solution already, thus there is no
increase but an obvious decrease in the pH."

Kurama and Hosgun studied the hydration behavior of MgO
waste, both calcined and uncalcined, as the reactivity of

——-— Deionized water

—o—Mg(CH_COO0),

—&— CH,COOH
NH_CI

0.0 0.2 0e 08 0.8
Hydration Time (h)

Fig. 9 Variation of pH with hydration time under a three-phase reaction
system. 2
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MgO determined the degree of hydration of the sample. The
hydration experiments were carried out at temperatures
ranging from 30 °C to 80 °C. As shown in Fig. 10, the pH value
of the solution was inversely proportional to the time and the
temperature, but higher pH values were obtained for calcined
samples.>®

Rheological behavior of Mg(OH),

The rheological behavior of a Mg(OH), suspension is influenced
by many factors, such as the solid loading, the dosage of
dispersants, the shear rate and the temperature, as shown in
Fig. 11. The effect of these factors on the stability and the
rheological behavior of Mg(OH), was investigated by means of
viscosity and sedimentation measurements.

Effect of dispersant

A dispersant, or a dispersing agent, or a surface-active sub-
stance is usually added to a suspension of Mg(OH), to improve
the separation of particles and to prevent settling or
clumping.*’ Dispersants consist normally of one or more
surfactants. Recent studies have reported on the effect of
dispersants on the rheology of Mg(OH), hydration.**
Furthermore, the effect of NaPA on the rheological behavior
and stability of Mg(OH), suspensions was investigated. The
influence of NaPA on the viscosity of Mg(OH), suspensions was
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13
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Fig. 10 Variation of the solution pH during the hydration process.*®
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Fig. 11 Schematic of the rheological behavior of magnesium hydroxide.
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examined. As the dispersant dosage increases, the viscosity
decreases, and the viscosity reached a minimum when the
dispersant dosage exceeded 0.6 wt% and generated a lower
sedimentation height. However, flocculation will occur in the
presence of excess or an insufficient NaPA concentration.

The effect of comb-like polyelectrolyte NaPAA-PEO on the
rheological behavior and stability of Mg(OH), suspensions was
also studied. The influence of NaPAA-PEO on the viscosity was
examined; the viscosity decreases with an increase in the
NaPAA-PEO dosage accompanied by a remarkable shear
thinning behavior with the increase in solid loading. As
sufficient stabilization was successfully induced at 0.6 wt% of
NaPAA-PEO, a reduction in the viscosity was effectively
obtained with 40 wt% Mg(OH), suspensions, although the
sedimentation height decreased with an increase in the
NaPAA-PEO dosage.*’

Influence of solid loading

The solid loading of Mg(OH), suspensions, with 0.6 wt% NaPA
added to all the samples to facilitate the viscosity measurements,
was studied. The influence of solid loading on the shear
dependent behavior is illustrated in Fig. 12; as the viscosity
increases, the shear rate decreases. When the solid loading of
the suspensions was less than 30 wt%, there was only a slight
shear thinning. When it exceeded 40 wt%, there was noticeable
shear-thinning behavior, indicating the presence of direct
contacts between the particles.*’

Furthermore, the rheological behavior and stability of
aqueous magnesium hydroxide suspensions in the presence
of a comb-like polyelectrolyte was studied, namely, sodium
salts of poly(acrylic acid)-poly(ethylene oxide) (NaPAA-PEO), at
a high ionic strength of 0.9 wt% NaPAA-PEO to facilitate the
viscosity measurements. The influence of the solid loading on
the rheological behavior of Mg (OH), suspensions is illustrated
in Fig. 13; as the viscosity increases, the shear rate decreases.
When the solid loading of the suspensions was less than
50 wt%, there was only slight shear thinning. When it exceeded
50 wt%, there was noticeable shear-thinning behavior,
indicating the presence of particle packing in the suspensions.
As shown in Fig. 14, as the shear rate is increased, the flocs

35
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Fig. 12 Effect of solid loading on the viscosity for suspensions dispersed

with 0.6 wt% NaPA.#®
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n
§ Flocs in close packing
w
-
Particle in close packing
0 >

Shear rate Y

Fig. 14 Schematic of particle packing in suspensions with increasing
shear rate.*®

were gradually destroyed and a higher particle packing density
was obtained.®

Influence of dosage

The dosage of dispersants influences the preparation of
Mg(OH), suspensions and affects the rheological behavior of
the suspensions. The specific dosage of dispersant facilitates
the stability and fluidity of the suspensions of particles. As
shown in Fig. 15, the effect of NaPA dosage on the viscosity of
Mg(OH), suspensions with a 40 wt% solid loading was
examined. As the NaPA dosage is increased, the viscosity
decreases and the shear rate increases, where the optimum
dosage is 0.6 wt%.*>

The effect of NaPAA-PEO dosage on the rheological behavior
of Mg(OH), suspensions with 40 wt% solid loading was
examined. As shown in Fig. 16, as the NaPAA-PEO dosage is
increased, the viscosity decreases and shear rate increases.
From 0.6 wt% to 1.2 wt%, NaPAA-PEO dosage, the surface
coverage of the particles is sufficient to generate a platform,
thus the suspensions are well dispersed and exhibit Newtonian
behavior.*®
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Fig. 16 Shear stress of 40 wt% Mg(OH), suspensions with different NaPA dosage.

Influence of temperature

The effect of temperature on the rheological behavior of 40 wt%
Mg(OH), suspensions with 0.6 wt% NaPA dosage has been
reported. As shown in Fig. 17, shear-thinning behavior was
observed in all the suspensions within the shear rate range, and
the apparent viscosity decreased as the temperature was
increased. This is attributed to the fact that the increase in
temperature causes activation of the adsorption of NaPA,
resulting in a thicker adsorbed layer.*

Sedimentation behavior

The sedimentation behavior with different dosages of NaPA
and ionic strengths in Mg(OH), suspensions was studied. After
7 days, the sedimentation heights of Mg(OH), suspension were
measured for several dosages. As shown in Fig. 18, the higher
NaPA dosage generated a lower sedimentation height and a
stable suspension. As shown in Fig. 19, in the absence of KNO; the
sedimentation height decreases as the NaPA dosage is increased,
and a more stable suspension including a cloudy supernatant and
low sedimentation can be obtained. However, an excess of KNO; in
the suspension causes the cloudy supernatant to become clear at
high NaPA dosages, as shown in Fig. 20.*°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Effect of NaPA amount and ionic strength on the sedimentation
height of Mg(OH), suspensions. Period, 7 days; solid loading, 10 wt%. The
numbers in parentheses refer to the rough height at the interface of the
cloudy and clear supernatant.*®

The sedimentation behavior with different dosages of
NaPAA-PEO and counter-ions (K", Mg”* and Ca**) in Mg(OH),
suspension was investigated. After 7 days, the sedimentation
heights of the Mg(OH), suspensions were measured for several
dosages, as shown in Fig. 21. As the NaPAA-PEO dosage
increases, the sedimentation decreases and Mg(OH), particles
were well dispersed. The suspensions with NaPAA-PEO also
exhibited excellent salt-tolerance for monovalent K" ions and
divalent Ca*>" and Mg*" ions.*®

wt%

Fig. 19 Sedimentation of the suspensions with different concentrations
of NaPA. Period, 7 days; solid loading, 10 wt%.*®
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Fig. 20 Sedimentation of the suspensions with different concentrations
of NaPA. Period, 7 days; solid loading, 10 wt%; ionic strength, 0.1 mol L™*
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Conclusions

A large number of scientific reports published on the study of
Mg(OH), and MgO provides evidence of the constantly growing
level of interest in these materials, and will undoubtedly lead to
the spread of knowledge about both compounds and the
development of new opportunities for their use. Currently,
magnesium hydroxide is most renowned as a flame retardant,
used not only in combination with polymeric materials but it is
also known as an antibacterial agent and a neutralizer of
pollutants in freshwater and wastewater. Moreover, attention
is frequently drawn to magnesium oxide’s surface reactivity,
porosity and high specific surface area, which favor the use of
the compound in adsorptive and catalytic processes. This
review gives an overview of the possibility of producing
magnesium hydroxide with a high solid content with increasing
reaction pressures. It is speculated that the main reason for
the success of the three-phase hydration reaction system in
improving the hydration rate is the spalling effect caused by a
high-pressure steam blast, which contributes to the product
layer being peeled off from the parent particles, so that the
exposed MgO can continue to react with water. Magnesium
acetate as a hydrating agent increases the solid content
produced due to a large number of acetate ions at high
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temperatures. The rheological behavior and stability of
Mg(OH), suspensions are found to be affected strongly by the
solid loading, polyelectrolyte concentration, temperature and
ionic strength. The apparent viscosity of concentrated Mg(OH),
suspensions decreased pronouncedly as the dispersant dosage
was increased.

As a futuristic outlook, it is expected that researchers will
develop new methods for the synthesis of magnesium hydroxide
and magnesium oxide from the perspective of producing
materials with better physicochemical and utility properties.
A very important and innovative step will certainly be the combi-
nation of magnesium hydroxide and oxide with widespread
biopolymers, among others lignin and its derivatives, cellulose,
chitin, and other materials. This will give multifunctional hybrid
materials for specific applications.
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