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Abstract: Revalorization of mining residues is of central
concerns to the mining industry and the environment.
Specifically, environmental management of residual
products from the exploitation of chrysotile in the Thetford
Mines region is one of the government concerns in Quebec
and Canada. This work uses mining wastes in a second
resource generation for production of magnesium from
cheap and health-friendly mineral sources; the goal being
to produce chrysotile-depleted pre-concentrates for a use
as precursors in the leach off extraction of magnesium. The
concentration of lizardite/antigorite from chrysotile con-
taining serpentine rock mine tailings originating from the
CareyMine site in East-Broughton (Québec)was carried out
using a suite of hydrocyclone, settling/decantation and
magnetic separations. Four size classes of the mining res-
idue, namely (−3150,+1580), (−1580, +600), (−600, +300)
and (−300, +150) μm,were testedwith an aim to reduce the
level of objectionable asbestos fibers to allow access to the
safer Mg-bearing minerals contained in the mine waste
sources. The asbestos fibers clean-up consisted of sub-
jecting the sieved fractions to two hydrocyclone steps, six
settling/decantation steps and two magnetic separation
steps. The best results were achieved when the hydro-
cyclone separators led to Mg recovery of 85% (±4) for the

coarsest size fraction size. Both hydrocyclone underflow
streams underwent settling/decantation separations. The
settling tests lasted 30 min and led to Mg recoveries of
82.5% (±1.8) of Mg in the ultimate concentrate. SEM char-
acterizations revealed that it was possible to reduce sub-
stantially the amount of chrysotile fibers to render the
coarse-sized fraction in the mining waste usable while
significantly lowering the health risk of the fibers. A two-
step magnetic separation was applied to the final settling/
decantation underflow to remove magnetic minerals such
as magnetite from the lizardite/antigorite concentrate. The
final quasi-non-magnetic chrysotile-depleted lizardite/
antigorite concentrate allowed sample recovery of 62.5%
(±0.9) wt. of Mg. These preliminary results are intended as
a first compulsory step in support of viable restoration and
sustainable development scenarios for the Thetford Mines
mining sites as second-breath sources for valuable
magnesium.

Keywords: antigorite; lizardite; mining residue; physical
separation; serpentine; waste valorization.

1 Introduction

The exploitation of chrysotile asbestos had to come to a halt
in 2012 after over a century of industrial mining activity
following the causal link established between asbestos fi-
bers and occupational health issues for the field workers
chronically exposed to raw/manufactured chrysotile prod-
ucts (Nicholson 2001). Nonetheless, the mineral extraction
since the 1880s had led to an accumulationof large amounts
of wastes in the form of chrysotile mine tailing piles. These
artificial man-made aboveground “inverted” mines have
become an appealing source forminerals, as a rich source of
magnesium (Barbeau, Couture, and Roy 1972; Thibault
2011), in demand bymodern industrial activities. Unlike the
fibrous chrysotile present in minor proportions, lizardite
and antigorite are the two most abundant sheet-like poly-
morphs in chrysotile mine tailings. Obviously, revaloriza-
tion of mining residues has become central to the mining
industry and the environment due to the green opportunity
they offer by allowing the supply of key metals and/or
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minerals. Likewise, it can cause significant reduction in
greenhouse gas emission and infrastructure investments for
costly mining technologies.

Magnesium in itsmetallic formhas found applications in
the industry due to its notable characteristics in terms of
material rigidity, lightweight andwear resistance. In the form
of mineral oxides, oxy-hydroxides or silicates, magnesium is
also used in the chemical and biological industries for the
production of chemical fertilizers, salt for road, use in health
industry, etc (Blazy 1970). The most popular application of
Mg-bearing mine tailings as cheap alkaline sources for the
capture of anthropogenic carbon dioxide acidic emissions
has been in the air for many years. However, industrial pro-
duction of Mg from serpentine rock tailings faced resistance
such as with the Magnola process which never took off
20 years ago (Huot and Hébert 2003). The main objection to
the use of chrysotile mining tailings concerns non-
compliance with the standards to abide by that are associ-
atedwith public health (Nicholson 2001). Numerous research
studies have been conducted to find suitable methods to
extractmagnesium from tails. Specifically, studies have been
carried out on the valorization of serpentine rock mine tail-
ingsby concentrating chrysotile andantigoriteusingphysical
separation techniques such as hydrocyclone, spiral concen-
trators and shaking tables (Barbeau, Couture, and Roy 1972;
Blazy 1970;Collings 1977;Hébert 1985;Huot andHébert 2003;
Martinez 1974; Riordon 1973; Thibault 2011). Performance of
gravity separators directly depends on their operating con-
ditions and solids physical properties, optimization of these
latter is essential to an efficient separation (Plitt, Flintoff, and
Stuffco 1987). For instance, increasing the solids concentra-
tion in the pulp (Neesse et al. 2004) or increasing the pulp
flow rate (Mukherjee et al. 2003) induces opposite trends on
the particle size cut-off and thus on the process efficiency.
Among these physical beneficiation methods, hydrocyclone
separation has been identified as the most efficient process
used in the chrysotile mining industry (Barbeau, Couture,
and Roy 1972; Blazy 1970; Collings 1977; Hébert 1985; Huot
andHébert 2003;Martinez 1974;Riordon 1973; Thibault 2011).
Throughout mineral separation in hydrocyclone, the mineral
particles, being pulped, are separated through an acting
centrifugal force by developing a negative pressure vortex
along the hydrocyclone axis. In this condition, the less dense
(or fibrous) particles will go towards an overflow
(i.e., enriched in chrysotile)while thedenser/coarserparticles
are routed towards an underflow (i.e., enriched in lizardite
and antigorite) (Collings 1977). In addition to gravity separa-
tors, the use of magnetic separators has been attempted to
beneficiate lizardite and antigorite and their separation from
ferromagnetic bearing minerals (e.g., magnetite) (Sztuke
1979; Veetil et al. 2015).

The subject of this study is to develop a concentration
process for recovering lizardite/antigorite from chrysotile
contained in the serpentine rock mine tailings originating
from the Carey Mine site in East-Broughton (Québec). Such
an aim to commodify purifiedMg solid sources, i.e., mainly
lizardite and antigorite, will allow commercial exploitation
of this waste-resource by downstream industrial actors in
needs to procure a safe Mg mineral source for their own
industrial operations without necessitating additional in-
vestments to comply with the regulations vis-à-vis the
obnoxious nature of the chrysotile fibers. If such a goal
admits disruption of the raw mine tailings, it renders solid
streams commercially available with minimized fibers’
content in the commodified solid streams. We present in
this study the first phase of research on the beneficiation of
lizardite and antigorite as Mg-bearing serpentine silicate
minerals as potential precursors to chemical or biological
leaching (Riordon 1973) after tailings clean-up of its
chrysotile fiber content. Matter-of-factly, lizardite and
antigorite are characterized by their less dissolution ki-
netics under acidic conditions as compared to chrysotile
(Evans 2010; Viti et al. 2018). However, apart from these
magnesium silicate polymorphs, chrysotile mine tailings
also contain other mineral components, mainly magnetite
from the hydration of olivine (Huot and Hébert 2003), talc
from the alteration of orthopyroxene, and magnesite from
the ambient mineral carbonation of erstwhile brucite or
serpentines.

In this study, the main mineralogical, chemical and
physical characterizations of the Carey mine tailings were
completed. Then, a laboratory-based experimental proto-
col consisting of several physical separation steps was
carried out using a suite of hydrocyclone, settling/decan-
tation and magnetic separations. Evidence of chrysotile
removal was elaborated on the basis of thorough scanning
electron microscopy (SEM) observations. Finally, the
separation-concentration best conditions were evaluated
through comparisons ofMg recoveries aswell as Si/Mg and
Fe/Si ratios of the separation products with an aim to
produce chrysotile-depleted final non-magnetic underflow
concentrate rich in lizardite/antigorite.

2 Material and methods

2.1 Minerals and characterization methods

Samples of mining serpentine rock residue with a total mass of 120 kg
were collected at 1m depth fromfive different spots located on the sides
of the waste pile from the former Carey Mine site (Canadian Inc., East-
Broughton, Québec). The samples were stored in five 20 L capacity
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polyethylene containers at room temperature for subsequent tests and
analyses.

The particle size distribution of the samples was determined by
coarse sievingwith a SWECO typeVibro-Energy round separator having
steel meshes within the [3150–150] µm range. Four size classes, namely
(−3150, +1580), (−1580, +600), (−600, +300) and (−300, +150) µmwere
isolated with the respective percent yields, 22, 32, 24 and 22%. The
choice of these four fraction sizes was made according to the overflow
andunderflowopenings of the hydrocyclone used for the concentration
of lizardite and antigorite in this investigation. To simplify notations,
only the values of upper mesh will be used to identify these size classes
in the rest of text: (+1580), (+600), (+300) and (+150) µm.

The residue sample mineralogy was identified by X-ray diffraction
(XRD) using a portable Inxitu Terra 237 diffractometer with Co Kα radi-
ationby sweeping the 2 θdiffractionangle over a rangeof 5–55°at 0.02°/s
(Viti et al. 2018). A SEM equipped with an energy dispersive X-ray de-
tector (Hitachi [SU1510] & Bruker [Quantax]) was used for powder sam-
ples’ semi-quantitative analyses. Raman scattering spectroscopy (Bruker
Senterra & Olympus BX51) was used to identify characteristic signatures
from the different serpentine polymorphs in the analyzed powder sam-
ples. The specific surface areas of the samplesweredeterminedbymeans
of a Micromeritics analyzer (Gemini VII – Model 2390t) whereas their
relative density was measured using a helium pycnometer (Micro-
metritics accupyc ii1340). The total carbon analysis of the as-received
residue was performed on a Leco apparatus whose analytical limit is
0.01%. Themass of sample taken for analysis, ca. 2mg,was inserted in a
nacelle to which vanadium pentoxide was added as oxidant.

Analysis major elements of the samples was performed in X-ray
fluorescence (XRF) using a Bruker-type dispersion spectrometer (S8
Tiger). Analysis was carried out on melted-borated samples following
loss on ignition at 1000 °C in pressed pellets. The elemental concen-
tration is detectable in ppm with an accuracy of about 0.05%. The

SEMIQUANT software was used for quantification of major and minor
oxides in terms of recovery and grade in the solid samples before and
after separation. In particular, the oxide mass contents (%) were
subsequently converted to elemental grade (%) for determination of
Si/Mg and Fe/Si concentration ratios both in the initial sieved samples
and in their separated concentrate or rejection products. The Si/Mg
ratio was chosen as the main indicator of the separation efficiency to
recognize the serpentine polymorphs. According to O’Hanley (Fou-
quet et al. 1997), Si/Mg≈0.67 reflects leafletmorphologies reminiscent
of lizardite whereas Si/Mg ≈ 0.78 leans rather towards the fibrous
chrysotile (Büttner and Saager 1982). Iron as the main contamination
in the serpentine rock residue after separation was assessed through
the Fe/Si ratio.

2.2 Separation-concentration experiment protocol

General scheme of the physical separation steps of the serpentine rock
tailings from the East-Broughton mine waste pile is illustrated in
Figure 1 for which three separation-concentration (physical separa-
tors) methods were used to treat 4 kg batches of each of the four size
fractions of the mining residues.

In the first step, 4 kg of sieved sampleswerepulped for 5minunder
agitation at 1725 rpm in a reservoir prior to be fed into a 2″ ID Krebs
hydrocyclone using a diaphragm pump capable of delivering pulp feed
rates between 22 and 36 L/min at pressures from 4 to 10.5 psi (Figure 1).
The feed pressure was maintained for all tests at 8.5 psi corresponding
to a flow rate of 32 L/min for four sieved fractions pulped at 30, 40 and
50% solids loadings. For each combination of sieved fraction and pulp
concentration, the underflow stream, UFH-1, from first separation was
re-pulped before undergoing a second hydrocyclone separation to yield
a chrysotile-depleted lizardite/antigorite concentrate in the form of an

Figure 1: General protocol used for the separation-concentration experiments undertaken for beneficiation of the mining residue.
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underflow stream UFH-2 (Figure 1). In this manner, OFH-1 and OFH-2
overflow streams from hydrocyclone separation (Figure 1) enabled
retention of some of the fines and chrysotile fibers contained in the
treated feeds. Both overflow streamswere subsequently mixed into one
single chrysotile-rich overflow stream. For all tested separation mo-
dalities, the products of (overflow/underflow) separation were filtered,
dried in an oven at 100 °C for 24 h, and weighed before characterization
and analysis. The separation efficiency was evaluated on the basis of
product quality, i.e., as Mg, Si and Fe recoveries and in terms of Si/Mg
and Fe/Si ratios of the hydrocyclone products.

In a second step, settling tests were performed on the final
hydrocyclone concentrate (UFH-2) using a 70-L capacity Denver cell to
further polish removal of the recalcitrant chrysotile fibers and fine par-
ticles that might have sneaked into the hydrocyclone concentrate.
Approximately 3 kg of hydrocyclone concentrate were pulped in ca. 47 L
water to achieve relatively dilute pulpswith ca. 5%solids concentration.
After stirring for homogenization during 5 min at 688 rpm, the pulp was
allowed to decant for 5 min. During this time interval, a Masterflex *P/S
1400 Series Laboratory peristaltic pump with a suction flow rate of
100 mL/min was used to collect the objectionable jetsam of chrysotile
fibers and fine particles in the overflow stream (OFS-1). For each of the
particle size fraction used (+1580, +600, +300 and +150microns) in this
study, the solid concentration wasmaintained at 5 wt% and the stirring
speed at 688 rpm. The overflow suction rate was set at 100 mL/min for
30 min for all of the tests. A six-fold depletion sequence of the solids
suspension to be cleansedwas scheduled as illustrated in Figure 1. Each
time, the overflow liquid collecting the entrained jetsam (OFS-1–OFS-6)
was enabled after 5min of decantation time of the Denver cell. Likewise,
underflow sampling and re-pulping (UFS-1–UFS-5) has been planned to
withdraw samples under gravity underflow at the opening of the bottom
valve (Figure 1). After sixth settling/decantation operations, the ultimate
concentrate (UFS-6) accumulated at the bottomof the cell was recovered
by gravity at the opening of the drain valve. The products resulting from
the separation were filtered, dried at 100 °C for 24 h prior to their char-
acterization. The efficiency of separation was evaluated in terms of ki-
netic curves as a function of the settling time along with the evolution of
the Si/Mg in the separation products.

As a third and final step,magnetic separationwas carriedout on the
ultimate concentrates (UFS-6) to get rid of their ferromagnetic mineral
content, mainly magnetite. Typically, 1 kg of dried concentrate samples
was exposed to twosweepsbyapermanentmagnet (SEPOR type,GENEQ
Inc.) with a magnetic field intensity of ca. 700 Gauß. The magnet device
consistedof analuminumassemblywith amagnetic ironball attached to
a rod. Upon actuation of the magnetic field, the rod enabled cherry-
picking themagneticminerals (Mags 1 &Mags 2) fromUFS-6 concentrate
to yield the final non-magnetic concentrate (Non-Mags 2), see Figure 1.

3 Results & discussion

3.1 Minerals characterization

The sieved fractions of the mine tailings were first character-
ized to disclose their physical, chemical and mineralogical
properties as presented in Table 1. As presented in Table 1, in
the case of particle size distributions, the coarsest fraction
(+1580µm)was themostabundant in the tailingsascompared
to the three finer ones which contributed almost equally.

Regarding chemical properties of the sample, elemental
analysis for the metals, and Si and C content revealed the
presence (in order ofmass percentage in the sample) ofMg, Si,
Fe, C, Al, Cr, Ca, Na, Ni and K irrespective of sieved fraction
(Table 1). Detection of ca. 1.5% C in the samples can be due to
either presence of carbonatite minerals or to weathering
products resulting from the “atmospheric” mineral carbon-
ation ofMg andCabearingminerals pre-existing at the time of
disposal in the ore mineralogy (Bodénan et al. 2014; Zarandi
et al. 2017). For instance, the reaction over time of brucite and
the serpentine rock with atmospheric CO2 is sensitive to the
prevailing ambient parameter variations such as temperature,
CO2 composition, water saturation, and seasonal wetting/
drying and freeze/thaw cycles. Ambient carbonation leads to
various hydrous magnesium carbonates, e.g., nesquehonite,
and thus is certainly one of themain reasons behinddetection
of carbon C (Table 1) in our samples (Zarandi et al. 2017).

Table : Chemical, physical andmineralogical characteristics of the
serpentine rock mining residue.

Element mass % Sieved fraction size (µm)

(+) (+) (+) (+)

Mg . . . .
Si . . . .
Fe . . . .
C . . . .
Al . . . .
Cr . . . .
Ca . . . .
Na . . . .
Ni . . . .
K . . . .

Physical properties (+) (+) (+) (+)

Specific surface area (mg−) . . . .
Density (g cm−) . . . .
Mass fraction (%) . . . .

XRD results-identified mineralsa (+) (+) (+) (+)

Lizardite/antigorite M M M M
Chrysotile m m m m
Hydromagnesite m m m m
Magnetite [(Fe+Fe

+) O] m m m m
Talc [Mg(SiO)(OH)] m m m m
Clinochlore [(Mg, Fe+)Al(SiAl)
O(OH)]

tr tr tr tr

Biotite
[K(Mg,Fe+)AlSiO(OH,F)]

tr tr tr tr

Element mass ratio (g/g) (+) (+) (+) (+)

Si/Mg . . . .
Fe/Si . . . .
C/Mg . . . .

aM = major (%); m = minor (%); tr = trace (less than %).
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Likewise, it was observed that the most abundant ele-
ments in the sample are Mg and Si which their concentra-
tions are homogeneously detected in different size fractions.
However, this evenness did notmask sensitivity of the Si/Mg
ratio to particle size indicating a clearly decreasing trend
from coarsest (Si/Mg =0.80) to finest (Si/Mg = 0.74) fractions
(Table 1). Depending on particle size, these ratios are also
seen to deviate in an irregular manner with respect to
the theoretical Si/Mg = 0.77 mass ratio for the contaminant-
free serpentines (Mg3Si2(OH)4). Lizardite, antigorite and
chrysotile were identified through XRD as the prominent
minerals in the sieved samples of the mine tailings (Table 1).
However, traces of talc (Si/Mg = 1.54), biotite (Si/Mg = 1.16),
and clinochlore (Si/Mg = 0.69) were also detected (Table 1)
contributing to impact, by excess or default, the overall
Si/Mg ratio with respect to the theoretical ratio. Worthy of
notice is the fact that tremolite–actinolite fibers, as another
type of asbestos, were not detected in the sample by XRD.
Despite their attested presence in the Thetford Mines region
mining tails (Case et al. 1997;GermineandPuffer 2015, 2020),
it may be argued that their concentration level is below the
XRD analytical detection limit. This would lead to the
reasonableassumption that the chrysotilefibers are themain
contaminant to cope with. A final important remark that
should be regarded from an environmental standpoint, and
also perhaps from the vantage point of another economic
opportunity, is the presence of two transition metals, Ni and
Cr, at meaningful concentration levels (Table 1) (Hamilton
et al. 2018). From the latter perspective,nickel can eventually
be aimed at from the sieved fractions. Indeed, nickel pre-
sumably in the sulfidic forms of pentlandite (Fe,Ni)9S8 and
heazlewoodite (Ni3S2), or as nickel-iron alloys, e.g., awaruite
(Ni2.5-3Fe) is not uncommon in the serpentine lithologies
such as in the Dumont sill project Abitibi-Temiscamingue
region in North-Western Québec (Canada) (Zarandi et al.
2017). Amongst Ni and Cr, the latter element is of particular
environmental concern, especially its toxic and carcinogenic
hexavalent cation. Unlike the passive carbonation of mine
tailings for which monitoring the escape of similar toxic
metals through leaching into the receiving natural waters is
compulsory (Hamilton et al. 2018), mature technologies
already exist for the recovery/abatement of these metals
from industrial streams before discharge.

Furthermore, carbon and iron contents gradually
increased from the coarsest (+1580 µm) to the finest
(+150 µm) fractions (Table 1). Doubling, on the one hand, of
the carbon mass (from 0.037 to 0.073 g/g) on a per-gram
basis of magnesium is evidence for greater carbonation
reactivity with atmospheric carbon dioxide of the tailings as
the sieved material gets finer (Table 1). On the other hand,
the predominantly increasing trend of Fe/Si ratios the finer

the particles points to the buildup of increasing amounts of
iron-containing minerals, most notably magnetite
[(Fe2+Fe2

3+)O4], and perhaps clinochlore and biotite, present
as traces, according to XRD identifications (Table 1). How-
ever, a further complication in the interpretation of Si/Mg
elemental ratios arises from the fact that Fe–Mg and Fe–Si
intra-framework substitutions also occur both in octahedral
and tetrahedral coordinations in the serpentines.Mössbauer
spectroscopy analyses (Büttner and Saager 1982) in our
group have shown that beside magnetite, the total intra-
framework iron may account for up to 36% of the total iron
present in the ore with up to 80% (20%) of the incorporated
iron in octahedral (tetrahedral) coordination.

The XRD spectra corresponding to each sieved fraction
are illustrated in Figure 2. These spectra highlighted
qualitatively the same set of minerals grouped into major
(M), minor (m) and trace (tr) minerals (Table 1). As
mentioned, the majority minerals identified according to
their relative abundance andXRDangleswere lizardite and
antigorite (2 θ ≈ 41.6 & 14.7°), and to a lesser extent,
chrysotile. Distinction of relative abundances of the three
serpentine polymorphs, i.e., lizardite, antigorite and
chrysotile, as a function of four sieved fractions was not
attempted because of limitations of the field XRD analyzer
at our disposal. However, considering the origin of the
tailings chrysotile is expected to be the minor polymorph.
Moreover, the specific surface area tended to increase as
the size fractions became finer (Table 1). Doubling of the
specific surface area from (+1580) to (+150) µm fractions
(Table 1) could partly be ascribed to a tendency for the
chrysotile fibers to accumulate preferentially towards the
finer fractions as well as reduction in particle size.
Furthermore, hydromagnesite (2 θ ≈ 38.1°), magnetite and
talc belonged to the minority minerals in addition to traces
of iron-containing clinochlore and biotite found across all
the size fractions. These spectra also reveal that the in-
tensity of the peak assigned to hydromagnesite increased
while moving from the coarser to the finer size fraction in
accordance with a similar increasing trend of the samples
carbon grade (Table 1).

Samples from the four particle size classes were also
studied by means of Raman spectroscopy (Figure 3) with
Raman spectra and corresponding photo insets:
(1) = (+1580) µm (Figure 3-(1)); (2) = (+600) µm (Figure 3-(2));
(3) = (+300) µm (Figure 3-(3)) and (4) = (+150) µm (Figure 3-
(4)). Furthermore, Raman spectra for reference minerals of
predominantly single-polymorph chrysotile (a), lizardite
(b), antigorite (c) as well as talc (d) (see photo insets in
Figure 3) were also acquired to help discriminating the
serpentine polymorphs contained in the sieved tailings. In
agreement with the literature (O’Hanley and Wicks 1995;

D. Kabombo et al.: Chrysotile removal from mining wastes 487



Sarvaramini and Larachi 2011), the small band emerging at
the highest wavenumber near 1100 cm−1 is typical of anti-
symmetric stretching mode of the Si–Onb groups associated
with chrysotile (Figure 3a). In the same large-wavenumber
region, a band is also visible in the case of lizardite
(Figure 3b) which was assigned to vibrations of the SiO4

tetrahedra or silicon-oxygen bonds linkages according to
Rinaudo andGastaldi (O’Hanley andWicks 1995). Antigorite
is relatively inactive over this samewavenumber regionwith
an inchoate protrusion (Figure 3c) possibly assigned to
antisymmetric stretching modes of the Si–Ob–Si (Groppo
et al. 2006; Kloprogge and Frost 1999; Rinaudo andGastaldi
2003). The band protruding around 690 cm−1 is a signature
of the symmetric stretching mode of the Si–Ob–Si groups
(Figure 3a–c). Being common to the three serpentine poly-
morphs, it cannot be used for discrimination (Groppo et al.
2006;KloproggeandFrost 1999;RinaudoandGastaldi 2003;
Sarvaramini and Larachi 2011). The lower-intensity band
detected at 627 cm−1 for all three serpentine polymorphs
(Figure 3a–c) is reminiscent of the OH–Mg–OH translation
modes (O’Hanley and Wicks 1995), and likewise would
barely be helpful in discerning among the threemagnesium
silicates. Moreover, two bands are visible in the Raman
spectrum at 390 and 349 cm−1. For all three polymorphs, the
higher-intensity band is assigned to bending vibrations of
the SiO4 tetrahedra (Groppo et al. 2006; Kloprogge and Frost
1999; O’Hanley andWicks 1995; Rinaudo andGastaldi 2003;
Sarvaramini and Larachi 2011). Also, the band lying at
235 cm−1 is attributed to vibrational features stemming from
the Onb–H–O groups which involve one silicate non-
bridging oxygen atom and a hydroxyl group from a nearby
Mg–OH moiety. Its commonness to lizardite, antigorite and
chrysotile makes it non-specific marker for discrimination.

Interestingly, antigorite lack of vibrational activity nearby
543 and 462 cm−1 could make this region worthy of further
inspection for discriminating which form of polymorph is
contained in the tailings sieved fractions. Finally, in com-
parison to the serpentine vibrational features, the Raman
spectrum of talc over the 1100– 200 cm−1 range purports
relatively fewer features, especially a prominent band at
678 cm−1 and a tepid vibrational activity near 368 cm−1

(Figure 3d).
Visual inspection of Raman spectra for these reference

minerals along with the spectra acquired for each sieved
fraction (Figure 3-(1)–(4)) shows that most of the single-
mineral vibrational bands are also borne in the sievedmulti-
mineral (Figure 2) fractions. The tendency to broadening of
the bands in the latter spectrawent upwith coarseningof the
sieved fractions. Such broadening was also accompanied
with a drift in the positions of the main bands towards the
lower (687 vs. 690 cm−1, 379 vs. 390 cm−1 and 229 vs. 235 cm−1)
or higher wavenumbers (1110 vs. 1100 cm−1) as is especially
perceivable for the coarsest fraction. In the region near
627 cm−1, the brucite-like sheets present in the tri-octahedral
layers of the hydrous phyllosilicate structures (Larachi,
Daldoul, and Beaudoin 2010) contribute with a lower-
intensity signal as ascertained from the single-mineral
Raman spectra. Interestingly, strengthening of the 627 cm−1

band, irrespective of sieved fractions, could be attributed to
the presence of unreacted native brucite (Assima et al. 2014)
though its detection through XRDwas unresolved. The band
intensities of the vibrationmodes at 543 and462 cm−1 tended
to slightly fade out from the coarser towards the finer frac-
tions. These signatures are prominent in the Raman spec-
trum of the single-mineral lizardite sample (Figure 3b). This
possibly suggests that the relative proportion among the

Figure 2: XRD spectra corresponding to
samples from each sieved fraction of the
mining residue.
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serpentine polymorphs is inhomogeneous from one fraction
to another. Likewise, it can be concluded that chrysotile has
tendency to accumulate (as short fibers) in the finest fraction
inaccordancewith above surface areaobservations. Peaksat
543 and 462 cm−1 go undetected in the case of antigorite
alone (Figure 3c). However, it is not the reason to exclude the
presence of antigorite in the sieved fractions, because of the
lizardite and chrysotile interfering Raman vibrational fea-
tures. Therefore, it can be concluded from Raman studies
that lizardite would be a predominant polymorph whereas
chrysotile would be present in minor quantities.

3.2 Hydrocyclone separation

This part of study endeavors to identify operating condi-
tions favorable to beneficiate lizardite/antigorite (by
hydrocyclone) at the expense of magnetite and fibrous
chrysotile (both considered as contaminants in the sepa-
rated product stream).

Recoveries are reported in terms of Fe (Figure 4a), Si
(Figure 4b), and Mg (Figure 4c) for the hydrocyclone UFH-2
concentrate (as final product of hydrocycloning) as a func-
tion of the sieved fraction (+1580, +600, +300 and +150 µm)

and for different concentrations of solids in the pulp. Irre-
spective of the treated fraction, an increase in solids pulp
concentration tended to decrease the quality of UFH-2
concentrate (Figure 1) in terms of iron contamination
(Figure 4a). For instance, virtually all the iron contained in
thefinest fractionwas retained in the concentrate (Figure 4a)
suggesting that, regardless of pulp loading, density differ-
ences amongst minerals did not promote sizable entrain-
ment of magnetite particles into OFH-1 and OFH-2 overflow
streams. The tendency to cut on iron contamination was
more favorable for the coarsest size fraction especially at the
lowest pulp concentration (Figure 4a). Although this was
tantamount to lesser Si and Mg recoveries (Figure 4a,b), the
decreasing iron grade from 7.47% (+150 µm class) to 5.15%
(+1580 µm class) leans towards privileging treatment of the
coarsest sieved fraction (Table 1).

The Si/Mg and Fe/Si ratios of hydrocyclone products at

different pulp solids concentrations are shown in

Figure 5a–d, respectively. During the process of concen-

trating lizardite and antigorite by hydrocycloning, varia-

tions (increase or decrease) in the levels ofMg, Si, and Fe as

the major elements in the concentrates were observed and

given in Table 2. The dashed line in Figure 5a,b represent

Figure 3: Raman spectra corresponding to each sieved fraction: (a)–(d) indicating spectra of reference minerals and their corresponding
photos, and also (1)–(4) indicating spectra of mining sample residue in four selected fraction sizes and their corresponding photos.
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the theoretical Si/Mg ratio for iron-free serpentines. The
standard deviations between the results obtained are due
to the instability of the hydrocyclone feed pump, sampling
and dilutions which did not allow a sufficiently coherent
material balance to be obtained.

For a given pulp concentration, the concentrate Si/Mg
ratios tended to decrease as the treated size fraction
became finer (Figure 5a). This was accompanied with a
nearly monotonic increase of the Fe/Si ratio (Figure 5c) of
the corresponding concentrates.

In this study, for the concentrates recovered from the
underflow, the Si/Mg ratios at 30% solids show Si/Mg ra-
tios greater than 0.67 (Si/Mg ≈ 0.77 and 0.78) (Figure 5a),
with Fe/Si variations between 0.25 and 0.35 (Figure 5c). Si/
Mg ratio = 0.67 is interpreted to correspond to lizardite in
which iron is present in the crystal structure (O’Hanley and
Wicks 1995). Likewise, Si/Mg ratio of 0.78 indicates

chrysotile containing about 49.2% iron in the crystal lattice
(Sarvaramini and Larachi 2011). Therefore, it can be
concluded that these concentrates possibly contain iron-
rich silicates, quartz (SiO2) probably combined with an
amorphous material potentially undetected in XRD.
Conversely, the overflow Si/Mg ratios are almost equal to
chrysotile theoretical ratio (Si/Mg ≈ 0.78), (Figure 5b) with
low Fe/Si ratios of 0.05–0.25 (Figure 5d).

On the other hand, the Si/Mg ratio exceeded the 0.77
theoretical limit (Figure 5a,b) for the concentrate and
overflow alike, and the hydrocyclone-treated sieved frac-
tion. However, Si prevailed mostly in the serpentine min-
erals as shown from the XRD-identified crystalline species
(Figure 2). The presence of talc and biotite would unlikely
be responsible for such inflated Si/Mg ratios. A more
plausible interpretation for these ratios is rather attribut-
able to iron incorporation into the serpentine lattice and

Figure 4: Recovery trends of (a) Fe, (b) Si and (c) Mg for the hydrocyclone UFH-2 concentrate at different size fractions.

Figure 5: Dependence of Si/Mg (a, b) and Fe/Si (c, d) mass ratios to particle size and pulp concentration for underflow stream (UFH-2)
concentrate and compounded overflow streams (OFH-1+2).
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substitution with Mg during the underground hydrother-
mal processes leading to these ultramafic rocks (Büttner
and Saager 1982).

Regarding the solid percent effect, at 30% solids
percent, the final recoveries were 87.4% for Mg, 88.1% for
Si and 93.1% for Fe, with Si/Mg and Fe/Si ratios of 0.78
(Figure 5a,c) and 0.25 (Figure 5c), respectively. For solid
concentration values of 40 and 50%, the behavior of the
hydrocyclone gradually changes from a classifier with an
umbrella discharge (30% solids) to a thickener with a coil
discharge (40 and 50% solids).

3.3 Efficiency of chrysotile fibers removal
and SEM observations

SEM was also taken into account for further understanding
of the separation process. Systematic SEM observations of
the overflow (tailing) and underflow (concentrate) streams
of the hydrocyclone for all the examined size fractions are
illustrated in Figures 6 and 7. A key observation arises from

Table: Si, Fe&Mg recoveries after hydrocyclone separation for the
concentration of lizardite/antigorite.

Pulp solid
percent

Elements Recovery of elements (%) in different
sieved fraction (µm)

(+) (+) (+) (+)

% Si .
(±.)

.
(±.)

.
(±.)

.
(±.)

Mg .
(±.)

.
(±.)

.
(±.)

.
(±.)

Fe .
(±.)

.
(±.)

.
(±.)

.
(±.)

% Si .
(±.)

.
(±.)

.
(±.)

.
(±.)

Mg .
(±.)

.
(±.)

.
(±.)

.
(±.)

Fe .
(±.)

.
(±.)

.
(±.)

.
(±.)

% Si .
(±.)

.
(±.)

.
(±.)

.
(±.)

Mg .
(±.)

.
(±.)

.
(±.)

.
(±.)

Fe .
(±.)

.
(±.)

.
(±.)

.
(±.)

Figure 6: SEM images of hydrocyclone test for +1580 µm size class: (a) underflow (concentrate UFH-2) and (b) overflow (tailing OFH-2).
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examination of the SEM images of the underflow (UFH-2)
and overflow (OFH-2) streamsof the secondhydrocyclone as
a function of particle size. Most of the fibrous structures are
gotten rid of at the second hydrocyclone stage in the content
of the underflow streams regardless of the tested size frac-
tion. Nevertheless, the SEM photographs show some re-
fractory fibers in UFH-2 streams but the contrast with the
fluffy-looking overflow streams is staggering.

SEM images show the morphology and texture of the
hydrocyclone products (Figure 6a,b). Plates in Figure 6a
show thepresenceof largegrains of serpentinemineralswith
low inclusions of chrysotile in the particle size class (+1580)
microns for average ratios Si/Mg ≈ 0.78 and Fe/Si ≈ 0.25. On

the other hand, plates in Figure 6b show a chrysotile fiber
aggregate which consists of thin fibrils accompanied by
talcum grains entrained in the overflow corresponding to Si/
Mg ≈ 0.78, Fe/Si ≈ 0.05. Analysis of these figures shows that
magnetite is mostly attached to the serpentine (Figure 6a)
compared to the overflow (Figure 6b)where the observed Fe/
Si ratios are almost nil. These semi-quantitative results
indicate that chrysotile could successfully be separated into
the overflowas reject of the separationprocess.However, the
fine chrysotile fibrous entities, which still persist in the
underflow concentrate (Figure 6a) will be subjected to
further settling tests in a cascade of gravity separations to be
discussed next.

Figure 7: SEM images of underflow (UFH-2) & overflow (OFH-2) streams of 2nd hydrocyclone (see Figure 1) as a function of particle size
fractions.
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3.4 Settling experiments

Settling tests were conducted only using hydrocyclone con-
centrates obtained from 30% solid percent concentration
pulps. Indeed, this pulp composition was identified to corre-
spond to the best conditions considering Fe content during
hydrocyclone separation. The recoveries of Mg, Si and Fe in
the underflow (concentrate) from the settling experiments
carried out at different particle sizes are reported in Table 3.
The objective of these laboratory-scale settling tests was to
determine optimal operating conditions that could lead to the
purification of the hydrocyclone concentrate (lizardite and
antigorite) by deschlammation in order to extract the slurry or
fine particles. It was observed that the recoveries in Mg and Si
were almost constant in all the fraction sizes.While variations
in recoveries of Fe (magnetite), as a contaminant, were
observed. Optimal resultswere obtained for the+1580 µm size
class sample where recoveries of 82.5 (±1.8) Mg, 82.6 (±0.8)%
Si and 72.5 (±1.2) Fe (Table 3) were achieved.

The results of the influence of particle size on the
settling kinetics as well as themonitoring of Si/Mg ratios are
presented inFigure 8a–d, respectively. In the settling kinetic
tests, optimal conditions were obtained in the cases of
coarse fraction sizes (+1580 and +600 µm) due to the size
andhighdensity of these samples, aswell as the low volume
of chrysotile fiber in these size classes (Figure 8a). However,
the settling kinetics observed for the finer particle size
classes (+300 and+150 µm) indicated a slowdown reduction

in mass recovery yield which can be due to the formation of
suspended fiber filaments, and hence developing hindered
settling conditions.

In the cases of coarse fractions, mass recoveries ranged
from80 to83%withSi/Mg ratios≈0.78during the first 20min
(Figure 8a). Note that these ratios exceed the Si/Mg ratio of
theoretical lizardite (Si/Mg ≈ 0.67) (Fouquet et al. 1997). Also,
Figure 8b shows that the mass recoveries of the overflow
decreased during time with computed Si/Mg ratios around
0.78 (Figure 8d) and corresponding theoretically to those of
chrysotile (Büttner and Saager 1982). Conversely, for the fine
fractions, the recoveries of underflow varied between 69 and
71%over the first 20min (Figure 8a) with Si/Mg ratios around
0.78 (Figure 8c) which are also higher than lizardite Si/Mg
theoretical ratio. This higher value of Si/Mg ratio of the con-
centrates can be ascribed to the presence of various minerals
such as magnetite, iron-rich silicates as well as quartz com-
bined with a potentially undetected amorphous silicate. In
the overflow, theSi/Mg ratios obtained for thesefine fractions
are lower than those anticipated on the basis of chrysotile
theoretical stoichiometry (Büttner and Saager 1982).

SEM was also used to analyze overflow and underflow
samples to disclose further information regarding the sepa-
ration.A keyobservationarises fromexamination of the SEM
images of the underflow (UFS-6) and overflow (OFS-6)
streams of the last decantation unit as a function of particle
size. Chrysotile fibers in the underflow streams after six
decantation operations of the UFH-2 stream are virtually
undetectable in UFS-6 in the case of the coarsest fraction
(Figure 9a). However, one can see that very few fiber left-
overs may be present in the underflow stream the finer the
treatedparticle size fraction (Figure 10). Therefore, a focuson
valorizing the coarsest fractions should be the safest among
all the sieved fractions according to our SEM analyses.

The SEM images show themorphology and texture of the
decantation products (Figure 9). These photographs show
the qualitative aspect of the decantation products obtained
after 30 min at 5% solid percent in the pulp for particle size
class +1580 µm. Figure 9a shows a photograph of a purified
concentrate of lizardite and antigorite containing talc grains,
ferromagnesian minerals, aluminosilicates and magnetite
grains liberated and mostly in the form of inclusions.
Conversely, plates indicated in Figure 9b show photographs
of an agglomerate of chrysotile fibers accompanied by plate-
like grains (talc) and carbonates (e.g., magnesite) resulting
from the capture of talc in the overflow. These semi-
quantitative results demonstrate that chrysotile fibers can
be more separated by settling experiments and the concen-
trate is relatively free of harmful fibers. This concentrate will
be subjected tomagnetic separation for furtherpurification in
the next step.

Table : Mg, Si and Fe recoveries and mineralogical properties of
the settling (underflow) concentrates as a function of particle size.

Pulp solid
concentration

Elements Recovery of elements (%) in various
Fraction size (µm)

(+) (+) (+) (+)

% Si .
(±.)

.
(±.)

.
(±.)

.
(±.)

Mg .
(±.)

.
(±.)

.
(±.)

.
(±.)

Fe .
(±.)

.
(±.)

.
(±.)

.
(±.)

Identified minerals by XRD (+) (+) (+) (+)

Lizardite [Mg (Si-x) (OH) -x] M M M M
Antigorite [Mg (Si-x) (OH) -x] M M M M
Chrysotile [Mg (Si-x) (OH) -x] m m m m
Magnesite [Mg(CO)(OH)·HO] m m m m
Magnetite [(Fe+Fe

+) O] m m m m
Talc [Mg (Si)(OH)] m m m m
Clinochlore[(Mg, Fe+)Al(SiAl)
O(OH)]

tr tr tr tr

Biotite [KMgAlSiO(OH)F] tr tr tr tr

M = major (%); m = minor (%); tr = trace (less than %).
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Figure 8: Influence of particle size on the settling kinetics in terms of: (a) underflowmass recovery, (b) overflowmass recovery, (c) evolution of
Si/Mg in underflow and (d) evolution of Si/Mg in overflow.

Figure 9: SEM images of settling test for +1580 µm size class: (a) underflow and (b) overflow.
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3.5 Magnetic separation

Si, Mg and Fe recoveries from the non-magnetic fractions at
the second pass of the magnetic separator obtained on the
settling concentrates are shown in Table 4.

Optimal conditions for magnetic separation were ob-
tained at a magnetic intensity of 700 Gauß on the dried

settling concentrates with +1580 µm size class. The mass
percentage of the non-magnetic fraction was 65.0% (±1.8)
with a recovery efficiency of 62.5% (±0.9) for Mg recovered
from the raw feed. The resulting concentrate contains
56.5% iron included in lizardite and antigorite. X-ray dif-
fractograms of the raw samples and non-magnetic con-
centrates for different Si/Mg ratios are shown in Figure 11.

Figure 10: SEM images of underflow (UFS-6)
& overflow (OFS-6) streams of 6th decan-
tation unit (Figure 1) as a function of particle
size fractions.

Table : Mg, Si and Fe recoveries and properties of non-magnetic concentrates as a function of particle size.

Magnetic intensity Elements Recovery of elements (%) in various size fraction (µm)

(+) (+) (+) (+)

 Gauß Si .(±.) .(±.) .(±.) .(±.)
Mg .(±.) .(±.) .(±.) .(±.)
Fe .(±.) .(±.) .(±.) .(±.)

Identified minerals by XRD (+) (+) (+) (+)

Lizardite [Mg (Si-x) (OH) -x] M M M M
Antigorite [Mg (Si-x) (OH) -x] M M M M
Chrysotile [Mg (Si-x) (OH) -x] m m m m
Magnesite [Mg(CO)(OH)·HO] m m m m
Magnetite [(Fe+Fe

+) O] m m m m
Talc [Mg (Si)(OH)] m m m m
Clinochlore[(Mg, Fe+)Al(SiAl)O(OH)] tr tr tr tr
Biotite [KMgAlSiO(OH)F] tr tr tr tr

M = major (%); m = minor (%); tr = trace (less than %).
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The main crystal phases observed for the non-magnetic
concentrates, identified successively as C1, C2, C3 and C4 in
the figure, were assigned to lizardite and antigorite.

Magnetite and magnesite were also found in the concen-
trate. Other crystal phases detected were minor and included
biotite, clinochlore, talc, and other unidentified phases. The
obtained spectra show a strong presence of magnesite in the
fine particle size classes (+300 and +150 µm) with high X-ray
intensities and aweak presence in the coarse ones (+1580 and
+600 µm). The Fe/Si ratios were around 0.1. These results
confirm that these fractions are controlled by magnesite and
magnetite and possibly by other unidentified mineral phases.

The ratios of Si/Mg and Fe/Si of the non-magnetic and
magnetic concentrates are shown in Figure 12a–d, respec-
tively. Variations (increase or decrease) in Mg, Si and Fe
contents as themain elements in concentrateswere observed
in the magnetic and non-magnetic fractions. Table 4 sum-
marizes the analyses in terms ofMg, Si and Fe recoveries and
mineralogical properties of non‐magnetic concentrates as a
function of particle size. The Si/Mg ratio was chosen as the
main indicator of the separation efficiency in comparison
with theoretical Si/Mg ratio of lizardite and antigorite
(Figure 12a,b). Likewise, the Fe/Si ratio was chosen as a
secondary indicator for the presence of iron with(in) the
serpentine rock (Figure 12c,d). Concerning the non-magnetic
fractions, the Si/Mg ratios for the coarse grain size classes
(+1580 and +600 µm) were slightly higher than the theoret-
ical ratio for lizardite (0.67 [Fouquet et al. 1997]) (Figure 12a)
with Fe/Si ratios equal to 0.15 and 0.10 (Figure 12c). On the
contrary, for thenon-magnetic fractions corresponding to the
fine grain size classes, the Si/Mg ratios were less than 0.67

Figure 11: X-ray diffraction spectra of the sieved mining residue: (a)
+1580µm, (b)+600 µm, (c)+300 µmand (d)+150 µmand also for the
non-magnetic concentrates C1–C4 (Data acquired using Co line Kα
over a diffraction angle of 2 θ ranging from 5 to 55°).

Figure 12: Si/Mg ratio of (a) non-magnetic and (b) magnetic concentrates, and of Fe/Si ratio for (c) non-magnetic and (d) magnetic
concentrates.
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(Fouquet et al. 1997). This suggests that these concentrates
are mostly controlled by carbonates and mainly magnesite
observed in XRD (Figure 11) as compared to the coarse frac-
tions. The magnetic fractions (Figure 12b,d) contain more
iron (magnetite) than carbonates at low levels. Figure 12b
reveals an excessive entrainment of talc and quartz at the
second pass of the magnet in non-magnetic concentrates
(lizardite and antigorite). The latter possibly containing iron-
rich silicates, and quartz (SiO2) probably combined with a
potentially amorphous phases undetected by XRD.

Figures 11b and 13a help grasp an optical overview of the
products from the magnetic separation for the +1580 µm
fraction in the case of non-magnetic and magnetic fractions,
respectively. Differences in their colors provide an additional
qualitative assessment of the separation between magnetic
and non-magnetic minerals through the chain of separation
units examined in this study.

4 Conclusion

Beneficiation of lizardite and antigorite concentrate from a
serpentine rock mining residue through physical separators
was studied in order to identify some optimal parameters at
each stage of the separation process. For this purpose, three
physical separation techniques consisting of hydro-
cycloning, decanting (settling) andmagnetic separationwere
undertaken for four size classes of the residue, namely
(−3150, +1580), (−1580, +600), (−600, +300) and (−300,
+150) µm. Hydrocycloning, as the most economical method
for beneficiation of lizardite and antigorite, was firstly taken
into consideration. A recovery of 85% (±4) in magnesium
(Mg) was achieved for the particle size class +1580 µm.
Underflow of two steps hydrocycloning was used for settling
experiments for further processing. Settling tests lasting
30 min led to recoveries of 82.5% (±1.8) of Mg in a purified
concentrate. Then, after six settling steps, thefinal underflow
was routed to a magnetic separation unit in which two steps

ofmagnetic separationwere carried out.Magnetic separation
in two steps produced a final non-magnetic concentrate with
a recovery of 62.5% (±0.9) wt. of Mg with low iron content.
SEM characterizations revealed that it was possible to reduce
substantially the amount of chrysotile fibers to render the
coarse-sized fraction in the mining waste usable while
significantly lowering the health risk of thefibers. This nearly
non-magnetic concentrate of lizardite and antigorite can be
contemplated as a purified feed stream for chemical or bio-
logical leaching for Mg extraction as well.
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