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Serpentine is a versatile mineral family rich in Mg silicate with several polymorphic phases,
mainly antigorite and lizardite, all of them with similar chemical composition (Mg,Si,05(OH),).
Their structures are generally composed of octahedral layers rich in Mg[MgO,(OH),]*", attached
to a tetrahedral silicate [Si,Os]*" sheet. The unique physicochemical properties of serpentinites
and the existence of large reserves in Brazil create new important opportunities for research and
technological applications. In this work, serpentinites structures and properties are reviewed, as well
as its occurrence and literature describing its applications in construction/ceramics, agriculture, as a
silica source, in steel production, as an additive/filler in polymers, in the production of composites,
adsorption of cations and organics contaminants, CO, capture and catalysis. The presence of
harmful chrysotile associated with serpentinites, some of its properties and uses are also described.
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1. Serpentinite: Structure and Proprieties

Serpentine is a group of approximately twenty
minerals with typical general composition of
Mg, . (M),Si, (T),05(OH),, where the site M can be
occupied by Mg*, Fe*, Fe**, Al*, Ni**, Mn?*, Zn** and the
site T by Si*, AI**, Fe**.! These minerals are formed by
hydration of olivine ((Mg?**, Fe*),Si0,) in rich ultramafic
rocks at relatively low temperatures.>® Other minerals are
also present in this group, such as brucite (Mg(OH),), talc
(Mg,Si,0,,(OH),), calcite (CaCO,) and magnesite (MgCO,);
magnetite (Fe,0,) usually is a primary accessory mineral.

The structural unit of serpentines (Figure 1) is a layer
with a thickness of 0.72 nm in which the Mg trioctahedral
sheet [MgO,(OH),]% is connected to the tetrahedral silicate
sheet [S1,0;]*.>* On the other hand, perpendicular to the
sheet, tetrahedral-octahedral (T—O) layers are linked to
other T-O layers by a weak H-bonding.

The charge counterbalance can lead to a misfit between
the T layers and O sheets, producing layers either curved
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or flat, which generates different serpentine polymorphs.>?
Lizardite, antigorite, and chrysotile have the same chemical
composition, but their different layer curvatures result in
fibrous chrysotile, lamellar agglomerated antigorite and
lizardite elongated mineral particles.>®

Antigorite is derived from ultrabasic rocks with crystals
in colors white, yellow, green or brown and morphologies
based on flakes or lath-shaped. It also occurs in massive,
fibrous or foliated habits.” Antigorite presents slightly
curved layers. The octahedral sheet is continuous, whereas
the tetrahedral sheet undergoes periodic alternations,
leading to some cross-connection with adjacent octahedral
sheets through covalent Si—O bonds (Figure 2).?

Lizardite has a flat crystal structure favored by coupled
substitutions of AI** and Fe* for Mg?* and Si**. Due to the
many different ways of stacking lizardite layers, different
polytypes are possible. The most common of these forms
is the trigonal layer polytype, where successive layers are
directly superimposed without any lateral shift (Figure 3).
In this structure, the —OH groups can be found on the outer
surface, at the top of the tri-octahedral sheet, or internal,
located between the octahedral and tetrahedral sheets.®
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Figure 1. Serpentine basic structure.

Figure 3. Lizardite: parallel layer structures and scanning electron microscopy (SEM) image.
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The crystalline structure of chrysotile is tubular
(Figure 4) due to the winding of the octahedral [Mg(OH),]
layers (internal surfaces) and the tetrahedral [(Si,0,)]
(external surfaces) layers that have different crystallographic
dimensions in the composition of the unitary cell unit.®®
Its parallel fiber orientation (cross, oblique, or slip) is
mostly determined by the repeated opening of fractures.>!°
Chrysotile has an outer diameter of approximately 100 nm
and its fibers can reach several centimeters in diameter. Its
structure is generally poor in relation to the presence of
AP* and Fe**?

2. Occurrence

Serpentinites are found in different places in the world,
with global reserves estimated in hundreds of millions of
tons.> The map in Figure 5 shows the main serpentinite
reserves. The most important serpentine group natural
deposits occur in Australia, Armenia, Italy, Russia, USA,
Canada, Paraguay, New Zealand, and Brazil.'?

According to Mineral Commodity Summaries," the
estimated global quantity of serpentinite/chrysotile mineral
resources is abundant and corresponds to approximately
200 million tons. In Brazil, the minable serpentinite reserve
corresponds to 158,425,910 tons, mainly concentrated in the
states of Minas Gerais and Paran4.'* Industrial serpentinite
sales are mainly for civil construction (ca. 44%), but also
for steel, soil and fertilizer markets.!?

The serpentinite rocks found in Minas Gerais and Parand
are mainly of the lizardite type; according to the results of
inductively coupled plasma-optical emission spectrometry
(ICP-OES) analyses,'* these samples presented 22.4%
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of magnesium in its composition. The chrysotile type of
serpentinite is found in the state of Goids, produced by
the company SAMA (Minerag¢do of Amianto Ltda), with
reserves of approximately 10,915,000 tons. In the past,
this company operated and benefited about 295,000 tons of
chrysotile per year.!” The state of Goids possess 100% of
the national reserves of chrysotile asbestos, while the state
of Minas Gerais has predominantly industrial serpentinite,
which is part of talc and other mineral fillers category.'* The
company Pedras Congonhas is one of the largest explorers
of this mineral in the State of Minas Gerais.

3. Thermal Behavior of Serpentine

The thermal decomposition evaluated by
thermogravimetric-differential scanning calorimetry
(TG-DSC) curves®" showed an endothermic peak between
300-700 °C which is attributed to the dehydroxylation
reaction according to the simplified equation 1. The
formed intermediate, Mg,Si,0,, is converted into forsterite
(Mg,Si0,) at temperatures above 700 °C (equation 2).'61

Mg;Si,05(OH),, — Mg;Si,0,, + 2H,0, (1)
2Mg;Si,05) — 3Mg,Si0,, + SiOy, 2)

Thermal stability of the serpentinite polymorphs is
quite diverse. For lizardite, chrysotile and antigorite, the
typical temperatures are 635, 664 and 700 °C, respectively.
Recent studies have shown that lizardite can present unusual
behavior, with higher thermal stability and maximum
temperatures between 715 and 720 °C.?° When serpentine
is heated beyond 650 °C, different phases such as SiO,

Figure 4. Chrysotile: concentric structure and scanning electron microscopy (SEM) image.
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Figure 5. Serpentinite main reserves in the world (adapted from reference 11).

(cristobalite), Mg,SiO, (forsterite), and Fe,;Mg,,(SiO5)
(enstatite) are usually observed.?! The formation of these
phases will depend on the position and proportion of the
hydrated ortho-metasilicate anions (ortho-[SiO,]* and
meta-[(Si0,)*7],) originally involved in the serpentine
formation process. '

4. Applications of Serpentinite

Serpentinite can be used in different areas due to
its physical properties, the presence of relatively high
concentrations of Mg and Si, surface characteristics, among
others.” Some of these applications are shown in Figure 6
and described below.

4.1. Construction and ceramics

Serpentinites have been largely used as raw material for
the production of ceramics.”* Some of the studies address
the use of serpentinite tailings from mineral processing.?>%
The use of serpentinites in ceramics and civil construction
(Figure 7) is mainly due to its mechanical properties and
also to its dark green color. Serpentinite has also been
used as a thermal and electrical insulator in industrial
applications.?

The ceramic industry stands out due to the possibility
of recycling the waste from the companies processing this
mineral, since it has a high volume of production, which
allows the consumption of large quantities of tailings and,
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together with the physicochemical characteristics of the
ceramic raw materials and the particularities of ceramic
processing, makes this sector one of the great options for
the processing of this mineral.?>?’

4.2. Application in agriculture

Serpentinites have several interesting features for
application in agriculture and may be used as a source of
magnesium, silica and micronutrients, e.g., Ni, Cr. This
material can also be used to increase the pH of typical
acidic Brazilian soils due to the presence of brucite (Mg
hydroxide layer).

Serpentinite has been tested as Mg source fertilizer in
combination with nitrogen, phosphorus, and potassium.
According to Btoniska er al.??° soils enriched with
serpentinite showed high magnesium content. This
reduced the molar amount of exchangeable calcium with
magnesium, which improved significantly the absorption
of this mineral by the roots of the trees.?®* It was also
demonstrated that serpentinite participates strongly as
fertilizer being as an important Mg source.*

4.3. Source of silica and magnesium

Serpentinite contains 32-38% MgO and 35-40% SiO,
and can be a source for these oxides.*! Pure magnesium
compounds can be produced from serpentinite through
acid leaching (equation 3).
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Figure 7. Use of serpentinite as a decorative stone in construction (photograph taken by the author in Italy).

Mg;Si,O5(OH),, + 6H*

g — 3IMg*,, +28i0, +5H,0, (3)

The leaching generates a soluble magnesium salt,
which accumulates in solution and can be separated from
the insoluble residue and further refined.** The most
used leaching agent is hydrochloric acid, however, other
inorganic and organic acids can be used. The products SiO,
and Mg?* salts have different applications, as illustrated
in Figure 8.

Among the main applications of magnesium hydroxide,

sugar refining is mentioned, as well as industrial
production of paper and cellulose and uranium processing.
In plastic and foam industry, magnesium hydroxide
acts as a flame retardant, being used to minimize the
possibility of combustion and the flame spread in plastic
materials. Magnesium hydroxide may further be used as a
precipitating agent in the treatment of effluents for removal
of heavy metal ions.”
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Figure 8. Magnesium and silica production from serpentinite and some applications of the SiO, and Mg?** salts.**?

Sirota et al.** produced crystalline Mg(OH), through the
treatment of the serpentinite with nitric acid at temperatures
close to 80 °C. The precipitation of Mg(OH), occurred
from the addition of concentrated ammonium hydroxide.

Faster dissolution of magnesium can be obtained if
serpentinite is calcined prior to the leaching step. Moreover,
the use of calcined serpentinite may reduce problems
related to reactor corrosion as solutions of weak acids or
hydrolyzing salts and lower temperatures and leaching
pressures could be used.*!6353¢

The calcination temperature and time have an important
effect on the amount of magnesium dissolved during the
leaching step (with HCI) of the calcined serpentinite.* !¢
Thermal treatment of this mineral at temperatures ranging
from 600-700 °C made the material more reactive. The
percentage of dissolved magnesium was 30 times greater
for the heat-treated serpentinite.

The serpentinite can also be an excellent source of
amorphous silica, obtained from its thermal decomposition.
Amorphous silica can be used in several industrial sectors,
including the reinforcement of elastomer products like tires,
rubber goods, and drug delivery systems; rubber production,
pesticides, paper, catalyst support, and chemical sensors.*
The serpentinite can be used as a source of silica as reported
by Fedorockova et al.*

Silica is the insoluble residue of the acidic dissolution
of this rock. Serpentinite with high lizardite content,
obtained from a mining industry residue, was used to
produce amorphous silica with high purity. The influence
of parameters such as granulometry, HCI concentration,
temperature, and mass/volume ratio in the leaching process
was evaluated by Arce et al.’” Serpentinite with relatively
low AI**, Fe** and Fe?* contents reduce the formation of
hydrated silica and improve the dissolution of the mineral.
Results indicated that in samples larger than 300 mm, the

extractions of magnesium and iron were more efficient.
The appropriate particle size will be a function of the
material chemical characteristics, mainly its mineralogical
complexity and crystal chemistry.

Among the numerous applications of SiO,, their use for
the production of zeolites and mesoporous silicas can be
highlighted.*® These materials have numerous applications,
especially in the petroleum industry, which uses them
as catalysts for the cracking of petroleum.* In addition,
the modification of silica also allows the production
of compounds of greater versatility and with specific
properties related to the species linked to its surface.*4!
The possibility of using a natural source like serpentinite
to obtain silica gel which can then be chemically modified
to produce an inorganic-organic hybrid may be interesting
given the various opportunities these materials can offer.

4.4. Steel/mining

Serpentinite is used in the steelmaking process as
MgO-bearing flux agent.*” In this process, the MgO
combines with impurities in the molten steel to form
the slag. This coproduct slag can be used in different
applications such as road surfacing, concrete aggregate
and embankment fill.*}

4.5, Additives

Serpentinite can be used as a lubricating oil additive
at 400 °C to produce a Si-based protective layer.*
Experimental data shows that the additive takes part
in the formation of the self-repairing film. Isomorphic
replacement between Fe/Cr and the serpentinite occurred,
which was the essence of the tribochemical reaction during
the metal wear process of self-repair.
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4.6. Filler for polymers

Serpentinite can be used as filler in polypropylene
composites®* leading to important improvements in the
mechanical and thermochemical stability of the composites.
It also may be used in high and low-density polyethylene.*
The presence of serpentinite at 20-40 wt.% led to a
substantial increase in different mechanical properties of
polyethylene. Most of these studies used very fine tailings
considered a waste in serpentinite mine.

4.7. Adsorption of metals

The surface of the serpentinite mineral contains a large
amount of water surface —OH groups. These groups are
responsible for the properties associated with high adsorption
capacity that is directly related to surface charge and pH.

The point of zero charges (PZC) of serpentine is
ca. 4.3.47% According to Pollastri et al.*’ in minerals of this
type, charges can arise due to a surface exposure that occurs
because of the breaking of hydrogen bonds that bind the
tetrahedral-octahedral units. These two exposed surfaces
are formed of oxygen atoms and protons that saturate the
other surface that is negative. Acid-base characteristics of
serpentine in water can be ascribed to the acidic silicate
layers and the basic brucite-like layers. In the high pH
range, serpentine is stable and hydroxyls at the surface of
the fiber determine an overall negative zeta potential of
the particle. According to Momcilovic et al.* in water, the
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serpentinite surface has a high concentration of OH groups,
which can resist the surface charge and is pH dependent.
A simplified representation of charge generation on the
serpentine surface is shown in Figure 9.

The adsorption of Cd** (Cao et al.") was investigated
on serpentinite, showing values of 7.7 mg g'!. After thermal
activation, the adsorption capacity increased significantly,
reaching 15.2 mg g'. The Cd** adsorption in both cases
was discussed in terms of electrostatic interaction with a
negative charge on surface oxygen.

Serpentinite can also be used in the removal of
hexavalent chromium. This ion is usually present in
industrial wastewaters such as the ones originated from
electroplating, pigment, chrome plating, leather tanning,
and metal finishing. Hexavalent chromium shows two main
forms, i.e., chromate (CrO,*) and dichromate (Cr,0,*);
both forms are highly toxic in nature.”® According to
Mpouras et al.>® chromium removal might be related to
two main effects: adsorption and reduction. A reduction
of approximately 50% was observed at pH 5. Between
pH 3-7 the adsorption was constant. These two mechanisms
of removal of the contaminant occur on the surface of the

mineral. Reduction is directly influenced by the adsorption
since Cr® must be adsorbed on the surface for reduction to
occur. Serpentinite has also been suggested as a selective
adsorbent for the removal of copper (Cu*) present in
solution with other metals such as Ni**, Mn?**, Zn**, and
Cd2+'52

Figure 9. Development of surface charges on serpentine.
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4.8. Adsorption of organics

Dye adsorption by serpentinite has also been studied,
as described by Shaban er al.®® The dye removal process
was suggested to involve only chemical adsorption. Kinetic
models were utilized to investigate the adsorption mechanism
of Cong red dye and methylene blue on serpentine.
The kinetic model of pseudo 2™ order indicates that the
adsorption mechanism is of the chemisorption type and that
it occurs through cationic exchange. Removal of the cationic
dye (methylene blue) was superior to the adsorption capacity
of the anionic dye (Congo red). This may indicate that
surface loads influence on the removal process. Generally,
as already presented, these minerals present negative charge
and, therefore, a greater affinity for cationic pollutants.*

The adsorption of anionic dyes (Procion red MX-5B,
Procion orange, and Ramazol black) was also evaluated
by Momcilovic et al.*® Removal rates above 98% were
achieved; nevertheless, relatively high adsorbent dosages
were needed for removal of anionic dyes.

4.9. Absorption/capture of CO,

Carbon dioxide sequestration by serpentinites has
been evaluated by several researchers from all over the
world.>**7 Direct carbonation involving serpentinite and
forsterite rocks has been proposed.”*! In this case, the CO,
is dissolved in solution forming carbonic acid. This causes a
pH reduction in the medium, allowing the dissolution of the
magnesium silicate and the subsequent carbonation.® This
process can be summarized in two stages: dissolution of
Mg?* in acidic pH, followed by precipitation of magnesium
carbonate in basic pH (equations 4 and 5). However, very
low efficiencies have been observed.®

Mg,Si,04(OH),, + 3CO,, — 3MgCO,, + 2Si0,, +
2H,0,, + 64 kJ mol" )

2Mg,Si0,, + 2C0,,, —> 2MgCO;, + SiO,, +

90 kJ mol! (3)
EEE—
Thermal tre\atment Forsterite
Mg,SiO,
Serpentinite \ )
Mg;Si,05(OH), Li,SiO,
/ Li,MgSiO,
Impregnation with Li* MgO

followed by thermal
treatment

Figure 10. Possible pathways of CO, capture by serpentinites.
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Two alternative routes for CO, sequestration by
serpentinites have been investigated: using the Mg?* to form
carbonate ¢ and using the silicate with another metal, e.g.,
Li*,'* as shown schematically in Figure 10.

Producing free MgO or Mg(OH), from serpentine
is a first step in magnesium silicate carbonation.’®6366
For serpentine, this implies the following chemistry
(equations 6 and 7):

Mg,Si,05(OH),,, = 3MgO, + 2510, +2H,0,, ©6)
Mg,Si,05(OH),, + 2H,0,, = 3Mg(OH),, + 2SiO,, (7)

Recently, a lithium silicate capable of capturing CO,,
obtained from the reaction between serpentinite and lithium
hydroxide, has been described (equations 8 and 9).

Mg,Si,0,(OH), + 8LiOH — 2Li,SiO, + 3MgO + 6H,0 (8)

Li,SiO, + 2MgO + 2CO, = Li,MgSiO, + Li,CO, +
MgCO, )

The intercalation of lithium in the serpentine minerals
generates Li,SiO, and MgO as main phase (equation 8).
These phases are considered potentially CO, capture agents
because of their high thermal stability and selectivity. Data
obtained previously shows that this material can capture
approximately 25% by mass of CO, in a dynamic cycle and
can reach up to 36% at 500 °C (equation 9). The stability
of this material was also evaluated during cycles of use and
results show a loss of only 6% of its efficiency."

A two-step carbonation has been proposed, in which
stage 1 is related to the surface reaction with CO, to form
a carbonate layer and stage 2 is where the Li* diffusion
controls the reaction."

4.10. Catalysis
Serpentinite has not been used directly as a catalyst but

has shown very interesting results as precursor to producing
active catalysts. The layered structure of serpentine allows

Mg2* €0, MgCO,
H+

o,
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Serpentinite
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Different
structures

Figure 11. Diffusion of metal cations into serpentine interlayer space followed by dehydration to form MSiMg oxides (adapted from reference 18).

the diffusion of different cations in the interlamellar space,
which is followed by a reaction in the solid state that
produces different phases of silicon oxide and magnesium.
The intercalation of metal cations in such structures is thus
a potential versatile route for preparing M,Mg, Si.O, oxides
which can be used in various technological applications
(Figure 11).

The intercalation of serpentine with the alkaline metals
K+ and Na* '8 produced the K,MgSiO, and Na,Mg,Si,O,
silicates, active as basic catalysts for the production of
biodiesel. The catalytic site of phase Na,Mg,Si,0; is
discussed in terms of a Na* interaction with a Si,0, moiety
to form the basic species Si—-O—Na*.'®

Just like the serpentine structure formed basically
by antigorite and lizardite, materials constituted by the
chrysotile polymorph can also be used for various purposes.
The combination of chrysotile fibers with KOH to produce
basic catalysts has also been evaluated. The impregnation
of K* serpentinite followed by heat treatment at 700 °C
produced sintered particles containing phases of MgO
doped with K* catalytically active for the transesterification
of soybean oil with methanol.57

4.11. Composites

Serpentinites have also been used as a precursor
and catalyst support to produce magnetic amphiphilic
composites by chemical vapor deposition (CVD).5%7!

In these works, Fe or Co were impregnated on the
serpentinite surface followed by a CVD using methane
or ethanol, a carbon source to grow carbon nanotubes
and nanofibers.®®”° The resulting composites showed very
interesting features, such as magnetic properties due to the
Fe metal nuclei inside carbon structures and an amphiphilic
character due to the carbon hydrophobic surface combined
with the MgSi oxide hydrophilic surface. These composites
showed good results as magnetic adsorbents for the hormone
ethinylestradiol.® After adsorption, the particles can be easily
removed by a simple magnetic separation process. These

composites using chrysotile were conformed as threads,
screens, and pellets to produce different filtering media.®*”!

Due to their amphiphilic character, these composites
showed the unique property of forming and breaking oil/
water emulsions.®® One application studied using this
emulsion breaking property was the treatment of biodiesel
wastewaters to remove the oil dispersed.”! These amphiphilic
composites were also used to adsorb and oxidize dyes such
as methylene blue by a Fenton mechanism.”

Another interesting application of serpentinite is
the synthesis of electrodes. Electrochemistry of carbon
paste electrode, which contained serpentinite powder and
graphite, was examined in an electrode cell regarding its
electrocatalytic and sensing properties. The results indicate
that the hydroxyls of the minerals structure are responsible
for the main interactions between them and the solution
electroactive species, responsible for electronic transfers.
The serpentinite-modified electrode obtained a better
voltammetric response. There was an amplification of the
current and the electroactive surface area in addition to
a reduction of the separation of the peaks. This suggests
that electron transfer is occurring faster.”> The work of
Momcilovic et al.*® also indicates that, due to its structure,
surface groups, morphology, and composition, serpentinite
and forsterite exhibited good electrocatalytic activity.

4.12. Asbestos-containing chrysotile

Chrysotile also belongs to the serpentinite family and
can usually be found in very small harmless amounts,
mixed with lizardite and antigorite. It has also been
extracted from many mining in the world for different
applications. Asbestos minerals containing chrysotile
presented industrial applications spread between the 19
and 20™ centuries due to some physical properties such as
flame resistance, high tensile strength, thermal insulation,
resistance to chemical and biological agents. The term
asbestos is a generic term that comprises some natural
minerals represented by hydrated silicates which are easily
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separable into thin and flexible fibers.”>” Asbestos is the
common name used for two families of fibrous minerals
that differ in crystal and chemical characteristics: serpentine
(i.e., chrysotile) and amphiboles (i.e., crocidolite, amosite,
anthophyllite, actinolite, and tremolite).” The use of
asbestos was prohibited in several countries,” mainly
after verification of the health risk related to extraction
and production. Exposure to asbestos has mutagenic
effects, inducing some asbestos-related diseases, especially
malignant mesothelioma.”’ The most dangerous fibers are
those having a diameter of 0-1 pm and a length of 5-10 um
with small solubility. Asbestos fits the latter type of fiber,
so its use is banned worldwide.”®”” Several recent articles
in literatures have discussed these points.’s3

5. Conclusion and Challenges for Future
Research

Minerals of the serpentine family have very interesting
physicochemical properties and a great potential for
different technological applications. Despite this potential,
relatively few studies have been carried out. Due to the
existence of large reserves in Brazil, new applications for
serpentinites can offer important opportunities.

Still, several aspects and challenges for future research
on serpentine potential applications must be addressed.
One important issue is the use of tailings of serpentinite
mining, which are based on a fine powder with no current
use. Some of the potential applications of this fine tailing
powder are its use as a polymer filler and the production of
catalyst and adsorbent. In adsorption, more complex and
dangerous organic molecules such as hormones, antibiotic
and other emerging contaminants could be investigated.
Another important aspect of serpentinite investigation is
its structural modification to increase Mg availability for
agriculture and also adsorption of nutrients, ex phosphate
and zinc to produce a new application in agriculture. More
efficient processes to separate MgO and SiO,, concerning
cost and environmental impact, are considerably important.
Another current trend is the use of serpentinite to obtain
silica for geopolymers. As serpentinite has an important use
in the steel industry, new applications of the serpentinite-
based slag waste produced is important. Since serpentines
allow the synthesis at relatively mild conditions of different
MMgSi oxides, the synthesis and application of these
materials can open new and exciting areas. Due to the basic
properties of these oxides, different applications in alkaline
catalysis can be envisioned, as well as CO, capture and
adsorption. Another important aspect to be considered for
serpentinite use is the presence of the harmful chrysotile
asbestos fibers, being an important occupational concern.
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