c dHaaa s
OF
G'G --\ SUSTAINABLE
EIIIIIIIIIII § MINING

Manuscript 1469

Recovery of magnesium sulfate and calcium sulfate from zinc
flotation tailing

Author(s) ORCID Identifier:
Raquel Hungaro Costa: (' 0000-0002-3314-9018

Jonathan Tendrio Vinhal: {:! 0000-0002-4391-2443
Tatiana Scarazzato: (' 0000-0002-9526-1937
Denise Crocce Romano Espinosa: ©' 0000-0003-2359-9485

Follow this and additional works at: https://jsm.gig.eu/journal-of-sustainable-mining

b Part of the Explosives Engineering Commons, Oil, Gas, and Energy Commons, and the Sustainability

Commons


https://orcid.org/0000-0002-3314-9018
https://orcid.org/0000-0002-4391-2443
https://orcid.org/0000-0002-9526-1937
https://orcid.org/0000-0003-2359-9485
https://jsm.gig.eu/journal-of-sustainable-mining?utm_source=jsm.gig.eu%2Fjournal-of-sustainable-mining%2Fvol24%2Fiss4%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1401?utm_source=jsm.gig.eu%2Fjournal-of-sustainable-mining%2Fvol24%2Fiss4%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/171?utm_source=jsm.gig.eu%2Fjournal-of-sustainable-mining%2Fvol24%2Fiss4%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1031?utm_source=jsm.gig.eu%2Fjournal-of-sustainable-mining%2Fvol24%2Fiss4%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1031?utm_source=jsm.gig.eu%2Fjournal-of-sustainable-mining%2Fvol24%2Fiss4%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages

Recovery of magnesium sulfate and calcium sulfate from zinc flotation tailing

Abstract

Resource recovery is a process that has been used to obtain products from industrial waste. Mining
tailings can be used as an alternative through ore beneficiation to create by-products for this type of
waste. The work herein investigated the recovery of two products from a real tailing generated in the Zn
beneficiation route in the flotation step. A non-magnetic fraction was submitted to a hydrometallurgical
route to produce MgS04 and CaS04. Thermodynamic simulations using FactSage software were
performed to evaluate the optimal leaching conditions varying the S:L ratio, the sulfuric acid
concentration, and temperature. The best modeled conditions for pure dolomite were established in 1.2

molxL™ H2S04, S:L ratio 1:10, at room temperature, showing 100% Mg extraction. The simulation with the

real composition showed 100% Mg extraction using 1.0 molxL! H2S04, S:L ratio 1:10, at room

temperature. Experimental leaching tests led to Mg and Ca extraction yields of 72% +5 and 2%,
respectively, obtained at 50°C in 35 min. The cementation step resulted in 92.3% of Cd removal from the
leach liquor with Zn:Cd ratio of 100:1 in 5 min at 25°C. The obtained by-products were CaS04 and

solubilized MgS04. Both are potentially usable for agriculture purposes, being magnesium sulfate a
secondary macronutrient as fertilizer, and CaSQ4 as a soil conditioner.
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Recovery of magnesium sulfate and calcium sulfate
from zinc flotation tailing

Raquel H. Costa’, Jonathan T. Vinhal, Tatiana Scarazzato, Denise C.R. Espinosa

University of Sao Paulo, Polytechnic School, Chemical Engineering Department, Rua do Lago, 250, Cidade Universitaria, Butanta, 05508-
030, Sao Paulo, Brazil

Abstract

Resource recovery is a process that has been used to obtain products from industrial waste. Mining tailings can
be used as an alternative through ore beneficiation to create by-products for this type of waste. The work herein
investigated the recovery of two products from a real tailing generated in the Zn beneficiation route in the flotation step.
A non-magnetic fraction was submitted to a hydrometallurgical route to produce MgSO,4 and CaSO,4, Thermodynamic
simulations using FactSage software were performed to evaluate the optimal leaching conditions varying the S:L ratio,
the sulfuric acid concentration, and temperature. The best modeled conditions for pure dolomite were established in
1.2 mol-L~! H,SO,, S:L ratio 1:10, at room temperature, showing 100% Mg extraction. The simulation with the real
composition showed 100% Mg extraction using 1.0 mol-L™" H,SO, S:L ratio 1:10, at room temperature. Experimental
leaching tests led to Mg and Ca extraction yields of 72% +5 and 2%, respectively, obtained at 50°C in 35 min. The
cementation step resulted in 92.3% of Cd removal from the leach liquor with Zn:Cd ratio of 100:1 in 5 min at 25°C. The
obtained by-products were CaSO, and solubilized MgSO,. Both are potentially usable for agriculture purposes, being
magnesium sulfate a secondary macronutrient as fertilizer, and CaSO, as a soil conditioner.

Highlights

e Waste minimization proposal for a mining tailing containing 90 wt.% dolomite.
e Recovery of two by-products — CaSO, and MgSO,.

e Simulations proved to be a good basis for selecting leaching parameters.

e Cementation removed 92% Cd from Mg-rich liquor.

1°: Tailing ization and physical il 2% T ics si ion of 3% | test (leaching and purification step)
leaching parameters =
(j? Cemented
* Magnetic fraction 4 material

92 % Cd

O
: : Cementation . //\A SO,
—-+Non- gs
Non-magnetic fraction Teaching % 850,

1
1
1
1
1
1
J

MgS0; (o) « —
GaSOy e = = = 1
MgS0, 1
*+  Solid:liquid ratio o UL‘(]SO, !
W—\ "+ H,SO, concentration !
= Temperature P e - !

= > {Z3%% CaSO,2H,0

(O &P’ PbSO,

Zinc tailing FactSage software

Keywords: Resource recovery, Hydrometallurgy, Mining tailing, Magnesium sulfate, Calcium sulfate

1. Introduction technologies currently present. There is constant
population growth, and the demand for raw mate-

he demand for metals is intrinsic to society’s  rials is also larger to supply their needs. To obtain
development, especially due to the new  these minerals as products (metallic or oxides) to be
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applied in technologies or in general use, tech-
niques known as extractive metallurgy are used [1].
Zinc is the third most common metal of the non-
ferrous group — aluminum and copper are above it.
The galvanizing supply industries are dependent on
the extraction and beneficiation of Zn due to a
common process of coating to prevent metals from
corrosion — e.g., mostly steel or iron. The method
used for obtaining Zn is known as hydrometallurgy
and pyrometallurgy. Sulfides, oxides, and silicates
are the composition of Zn ores [2]. To obtain a Zn
concentrate, the flotation step is used in the bene-
ficiation process. Usually, in flotation, a gangue is
produced, which may be a compound of dolomite,
goethite, quartz, kaolinite, calcite, barite, and feld-
spar [3—5]. The gangue composition may be diver-
sified due to the location and geologic environment
[6]. Also, elements considered toxic metals, such as
Pb and Cd can be found in Zn tailing. However,
studying strategies and alternatives to reduce or
even eliminate these elements is fundamental to
obtaining a by-product from Zn tailing [7—9].

Mineral processing industries bring consequences
such as the volume of waste generated and the
volume of processed materials. For example, ac-
cording to United States Geological Survey, Zn
beneficiation has a world production estimated at
13.8 million tons [10]. In mineral processing, a
problem faced by the companies is the final desti-
nation, followed by controlling the tailing genera-
tion. Examples of recycling material alternatives are
important: in the United States, in 2022, it was
estimated that 60% of refined zinc was recovered
from secondary materials in primary and secondary
smelters [11].

Some impacts occur in mining fields, while some
examples are deforestation, road construction (to
access the whole infrastructure to the mine), dril-
ling, and site exploration - those represent an entire
chain of impacts. Some other given examples are
stockpiling of waste and tailing dams; excessive use
of water for many purposes; natural habitat distur-
bances; in some cases, cultural heritage; noise
pollution; accidental or deliberated release of un-
treated solid/liquid/gaseous contaminants into the
ecosystem [12]. Therefore, methods and techniques
that aim to reduce impacts and achieve a better use
of resources, focusing on minimizing exploitation,
are one of the keys to pursue sustainable develop-
ment [13,14].

Alternatives were shown according to previous
studies that focus on reusing or even recycling
tailings from metal beneficiation in mining fields
[8,9,15,16]. Some options for materials acquired
from the recycling mining tailing are focused on

obtaining by-products in agroforestry, building
materials, coatings, resin products, glass, and ce-
ramics. Materials stored in landfills can be used as
secondary material with a new purpose. These
purposes are, for example, to return as clay-rich to
improve sandy soils. Also, they may be used as
fertilizers in agriculture or in the construction in-
dustry [12]. The reuse of biomass after a thermo-
chemical treatment/incineration/wet extraction was
applied as N, P, K, and Mg macronutrient fertilizer
in a study reported by Chojnacka et al., (2019) [17].
Techniques such as cementation are essential for
the purification step to reuse tailing aimed at
obtaining by-products [1,18]. Magnesium sulfate is
known as a fertilizer in agriculture, and it is also
considered a secondary macronutrient along with C,
H, O, N, P, K, Ca, and S. Meanwhile, calcium sulfate
is known as a soil conditioner. Thus, a natural
source for these elements, Mg and Ca, is dolomitic
limestone — a gangue from Zn tailing [19].

Furthermore, magnesium is also considered a
critical element, according to Perez et al. (2019) [20],
due to its economic importance and supply risk.
Critical raw materials are obtained from natural
source exhaustion and are defined as difficult to
replace. Besides that, their ores are found in low
concentration, and there is a risk of abruption sup-
ply disruption [20]. Alternatives from tailings
deemed to be non-explorable may be a solution to
recover such elements and acquire by-products
using hydrometallurgical routes. Hence, eliminating
or reducing toxic metals from tailings focusing on
by-products also contributes to reducing the
exploitation of new resources coming upon to sus-
tainability concepts [20—25].

Thus, focusing on recovering Mg and Ca as sul-
fates from dolomite (gangue material in Zn tailing)
was investigated in this work. The aim was to obtain
a potential raw material (by-product) as fertilizers
and soil conditioners, also to perform a preliminary
study to remove toxic metals from these by-
products, which was preliminary investigated, being
an alternative for mining tailings.

2. Materials and methods

2.1. Composition of the tailing

A material from a beneficiation plant located in
Minas Gerais, Brazil, was obtained to be investi-
gated. This material was a tailing acquired from
the Zn ore (willemite) from the flotation step. In a
previous study, the characterization and physical
processing of the tailing was presented [26—29].
According to the prior results, the composition
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of the dolomite-rich fraction (non-magnetic mate-
rial using a rougher cleaner route), as shown in
Figure 1, was characterized by the main compo-
nents of 0.34% Al, 21.62% Ca, 0.04% Cd, 2.70% Fe,
11.91% Mg, 0.08% Mn, 0.21% Pb, 1.37% Si and
1.73% Zn. Dolomite was the predominant mineral
in the non-magnetic fraction with 90.3 wt.%. This
work aimed to investigate a hydrometallurgical
route to produce MgSO, and CaSO, from the non-
magnetic fraction aforementioned. The leaching
parameters were supported by thermodynamics
simulations, as detailed in item 2.2. Also, a mass
balance was proposed, estimating the mass of
the main by-products, which were MgSO,-7H,0
and CaSO, produced from a pre-fixed amount
of tailing. The suggested route is described in
Figure 1.

2.2. Thermodynamic simulation of leaching parameters

The thermodynamic simulation software FactSage
was initially developed for pyrometallurgy, and it
has been constantly improved for several other ap-
plications, such as hydrometallurgy and electro-
metallurgy. The software contains databases, which
allow one to evaluate the thermochemistry of the
reactions involved in the process. The thermody-
namic study in hydrometallurgy is based on chem-
ical equilibrium. Therefore, calculations are

performed based on thermodynamic models for
each phase, providing species and phase diagrams
for aqueous/solid/gaseous compounds for pure
substances or multicomponent systems. All ther-
modynamic and phase equilibrium data is evalu-
ated for a given system that simultaneously obtains
one set of model equations for the Gibbs energies as
functions of temperature and composition are
simulated [30,31].

The leaching parameters for simulation were
performed with the aid of FactSage 7.2 Equilib
module software, and the FactPS, FTmisc, and
FToxid databases were established. Thus, aiming to
establish the optimal leaching conditions with
temperature, solid:liquid ratio, and leaching agent
(H,SO4) concentration to produce MgSO, from
dolomite was evaluated, according to Equation (1).

CaMg(COs), + 2H,S0,—MgSO,

The input data were provided considering 100 g of
pure dolomite [CaMg(COs3),]. Nevertheless, a frac-
tion of impurities could be found in the tailing. Due
to that, the simulation was carried out in two steps:
Step one) conditions using pure dolomite (100 g).
Step two) conditions using dolomite (90.3 g) with
impurities (9.7 g) based on the characterized Zn
tailing material.

(Mg, Ca, Fe, Pb, Cd, Al, Zn, Si, Mn)

Mining tailing

|

Non-magnetic fraction
(Dolomite and impurities)

1
1
1
1
|
1
1
1
1
1

Thermodynamic simulation of

[ leaching parameters

Acid leaching
(H,80,)

l

Magnetic fraction
(Hematite and impurities)

Vinhal et al., 2020.

| Non-leached fraction

* By-product: CaSO, containing Pb

Purification:
Cementation

l

}
| Cemented material ‘
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containing Cd

Fig. 1. Flowchart diagram showing the proposed process for the recovery of Mg and Ca by-products from Zn tailing. Cited reference as Vinhal et al.,

2020 [26].
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For step one, the initial input data were selected as
follows:

» Temperature: from 25°C to 90°C, at 5°C
intervals;

= Solid:liquid ratio: 1:5 and 1:10;

= H,SO, concentration: 0.5 mol-L %, 1.0 mol-L!
and 2.0 mol-L ™.

After an initial screening of the thermodynamic
simulations, another set of simulations was per-
formed (closer to the optimal conditions), consid-
ering the following parameters:

= Temperature: from 25°C, 60°C and 90°C;

= Solid:liquid ratio: 1:4, 1:5, 1:6, 1:7, 1:8, 1:9, 1:10;

= H,SO, concentration: 1.0 mol-L™%, 1.2 mol-L 7},
14 mol-L™Y, 1.6 mol-L™}, 1.8 mol-L™! and
2.0 mol-L ™%

For step two, a simulation considering the real Zn
tailing composition was carried out to evaluate the
presence of impurities. The initial input data were
selected using the following parameters:

= Temperature: from 25°C to 90°C, at 5°C
intervals;

= Solid:liquid ratio: 1:10;

= H,SO, concentration: 0.5 mol-L™*, 1.0 mol-L !
and 2.0 mol-L ™",

The focus on the simulation with pure dolomite
was to evaluate the yield of Mg and Ca leaching.
Simulation data from Zn tailing was evaluated to
determine the yield of Mg, Ca, Pb, Cd, Zn, Al, and
Fe extraction to be compared with the results of
pure dolomite. The results with the highest pre-
dicted MgSO, formation in the simulation were
chosen as optimal conditions to conduct the exper-
imental leaching tests.

2.3. Acidic leaching

To compare the simulation results, the leaching
tests were carried out. The experimental tests eval-
uated different temperatures (25, 50, 75, and 90°C)
under constant magnetic stirring. The leaching
agent was a 1.2 mol-L " H,SO, solution — as indi-
cated by the simulation — while the reaction time
was set to 180 min. The volume of the leaching so-
lution was 0.5 L, and the mass of Zn tailing was 50 g.

The assembly consisted of a 1 L five-neck glass
reactor placed on a heating and stirring plate.
A condenser was connected to the reactor and
coupled to a thermostatic bath. The temperature
inside the reactor was monitored at 5-min intervals

with a thermometer placed in one neck of the
reactor. Also, 2 mL samples were collected at a fixed
time interval (5, 10, 20, 30 min) with the aid of a
hydrophobic PTFE-25 mm x 0.45 pm syringe filter.

Leaching tests were also carried out to assess the
optimal concentration of H,SO, by varying it in
0.8—1.0—1.2—1.5—2.0 mol-L " at 50°C and fixing the
reaction time in 35 min (all in duplicates). The tests
were carried out in 0.25 L Erlenmeyer flasks under
constant magnetic stirring, and the temperature was
measured continuously every 5 min. The initial con-
ditions in mass (tailing weight) and volume (leaching
solution) were 10 g and 0.1 L, respectively, for all tests.

At the end of each test, the solution was submitted
to a vacuum filtration system equipped with a
quantitative paper filter (2 and 6 um) — obtaining
the leach liquor. Then, a non-leached fraction was
obtained and digested according to the procedure
described in item 2.5.3. Both leach liquor and the
non-leached fraction were forwarded to chemical
analyses, as described in item 2.5.

2.4. Cementation post-treatment

To remove reminiscent impurities from the leach
liquor, especially Cd, a purification step was evalu-
ated. First, a synthetic solution was studied to assess
the behavior of Cd and Mg. Subsequently, tests
were executed with real leach liquor.

The synthetic solution was prepared by dissolving
MgSO,4-7H,O and Cd(NO;),-4H,O salts in a
1.2 mol-L ™" H,SO, solution media. Then, Zn pow-
der was added as a cementation agent with different
Zn:Cd ratios (100:1, 50:1, 10:1, 5:1, 2.5:1 and 1:1) —
considering the Cd weight in grams. In this exper-
iment, a magnetic stirrer was used at 600—800 rpm.
Also, the temperature and time were fixed at 25°C
and 20 min, respectively. The time effect in Cd
cementation was evaluated through chemical ana-
lysis by atomic absorption spectroscopy (AAS) (see
item 2.5) of 0.1 mL aliquots taken every 5 min from 1
to 50 min. The solution acquired was filtered after
the fixed time in a filter paper. The non-leached
fraction was characterized using Scanning electron
microscopy/energy dispersive X-ray spectroscopy
(SEM/EDS), described in item 2.5.

2.5. Chemical analysis

The leaching (leach liquor and non-leached frac-
tion) and cementation samples were analyzed with
the following pieces of equipment: X-ray diffraction
(XRD) and scanning electron microscopy paired
with dispersive energy spectroscopy (SEM/EDS).
Only solid materials were characterized in XRD and
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SEM-EDS, in this case, the non-leached fraction and
cemented particles. In contrast, the leach liquor was
analyzed by the following analyses: ion chroma-
tography (IC), atomic absorption spectroscopy
(AAS), and inductively coupled plasma optical
emission spectrometry (ICP-OES) for the quantifi-
cation of Mg, Ca, Pb, Cd, Fe, Zn, Al, and Mn.

The non-magnetic fraction and non-leached frac-
tion, when analyzed by ICP-OES, were submitted to
a digestion step to then achieve a sample that is
allowed to characterize the material in a liquid form.

2.5.1. X-ray diffraction (XRD)

To evaluate the predominant phases of the non-
leached fraction, X-ray diffraction was used. The
equipment used was a Rigaku Miniflex 300 diffrac-
tometer, configured from 3° to 100° with 0.02 steps at
1.5°/min speed in step mode, scanning the non-
leached fraction samples. To perform the samples’
comminution into the most satisfactory particle
sample (holder compacting), an agate mortar was
used.

2.5.2. Scanning electron microscopy and dispersive
energy spectroscopy (SEM-EDS)

To analyze the particle structure, scanning electron
microscopy was performed using a Phenon ProX
microscope coupled to an EDS instrument to iden-
tify and analyze semi-quantitatively the elements.

The equipment used for the SEM/EDS analyses
was conducted in a Phenom Pro X benchtop mi-
croscope with an accelerating voltage of 15 kV and a
back scattered electron detector (BSE). The SEM
analyses with focused ions beams (FBI) were per-
formed in a Quanta FEG (Field Emission Gun) from
FEI Company with an accelerating voltage of 30 kV
and a current of 29.6 pA for FIB images. Dispersive
spectroscopy (EDS) was used to qualitatively char-
acterize the samples.

2.5.3. Inductively coupled plasma optical emission
spectrometry (ICP-OES)

Both leach liquor and non-leached fractions were
performed for quantitative characterization of the
elements by ICP-OES. The non-leached fraction was
analyzed after microwave digestion using a CEM
Corporation Modelo Mars 6 microwave instrument.
The digestion was carried out by weighing 0.25 g of
the solid sample and mixing different acids: 2 mL
HF, 3 mL HNO;, and 5 mL HCI. The digestion was
fixed in two stages: 1400—1600 W, ramp time for
5-10 min (first stage), holding time was for
15—35 min (second stage), the temperature at 160°C
(first stage) to 210°C (second stage), and a Temp-
Guard of 260°C. To neutralize the samples after

their digestion using the CEM microwave due to HF
acid, 20 mL H3;BOj; was used (10 mL or 0.45 g was
added for each 1 mL of HF). The samples digested
were filtered and diluted in a solution of 25 or
50 mL. This procedure was fixed in one stage:
900—1500 W, ramp time for 15 min, holding time for
15 min, and a TempGuard of 170°C.

The quantitative chemical analyses for Ca, Cd, Fe,
Pb, Al, Mn, and Zn were carried out by ICP-OES
instrument (Agilent 710 Spectrometer) under the
following conditions: plasmas flow 15.0 L-min
auxiliary Argon flow 1.50 L-min~' and nebulizer
pressure of 200 kPa.

2.5.4. Ion chromatography (IC)

The samples from the kinetic study were analyzed
by the ion-chromatography instrument. Magnesium
(Mg”) analyses were conducted in an ion chroma-
tography system (Metrohm 850 Professional IC
AnCat-MCS and 858 Professional Sample Proces-
sor) with a Metrosep C4-150/4.0 cation exchange
column. The eluent contained dipiconilic acid
(117 mg-Lfl) and nitric acid (1.7 mmol-L™ ). The
system flux was set to 0.9 mL-min ', and the tem-
perature was 30°C.

2.5.5. Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy was used to
determine the content of Cd in the post-cementation
liquor. The instrument used to perform the analyses
was the atomic absorption AA-700 system (Shi-
madzu), equipped with a Cd hollow cathode lamp
(Hamamatsu Photonics K.K.), with the following
specifications: a low current peak of 8 mA, a high
current peak of 100 mA, and a wavelength of
228.80 nm with an Air-C,H, flame type, a C;H, flow
rate of 1.8 L-min ' with a burner height of 7 mm
and a slit width of 0.7 nm.

3. Results and discussion

3.1. Thermodynamic simulation of leaching parameters

3.1.1. Magnesium extraction

The thermodynamic simulations were performed
with the aid of FactSage software version 7.2. Ac-
cording to the databases available in FactSage soft-
ware, a simulation of the leaching process of
dolomite using sulfuric acid and the assessment of
the temperature effects on the leaching yield was
possible to perform. The databases contain a
calculation of energy activation and Gibbs free en-
ergy for all possible compounds that may be formed
[1,30—33]. They also involve reactions in aqueous
media. Figure 2 shows the first set of simulation
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Fig. 2. Modeled magnesium extraction for (a) S:L = 1:5; (b) S:L = 1:10; (c) 1 mol-L™! H,SOy; (d) 2 mol- L™ H,SO,.

results that evaluated the H,SO, concentration,
solid:iliquid ratio, and temperature variation to
optimize the conditions of Mg leaching from dolo-
mite. According to Ramalingom et al. (2001) [34], the
MgSO, has a greater solubility until 90°C. Above
this temperature, it becomes insoluble and starts to
precipitate as MgSO,. Hence, the temperature range
chosen for this simulation varied from 25 to 90°C.

The simulation shown in Figure 2a was carried out
with an S:L ratio equal to 1:5 that evaluated ther-
modynamic behavior in H,SO, concentrations of
0.5—1.0—2 mol-L . None of the conditions reached
100% extraction. Also, a low Mg extraction was
observed, mainly at 0.5 and 1.0 mol-L™", with an
extraction of around 20% in temperatures below
50°C. As expected, increasing the temperature to
90°C, the Mg extraction percentage decreased to 1%.
Thus, under stoichiometric conditions with an S:L
ratio equal to 1:5, magnesium sulfate shows an
extraction below 10% even at temperatures below
90°C. From Figure 2a, the temperature effects
showed no or little influence on Mg extraction. Be-
sides, the Mg extraction for S:L = 1:5 was lower than
20% for all modeled temperatures when considering
0.5 and 1.0 mol-L~! H,S0,.

Differently from the first simulation, in Figure 2b,
an Mg extraction of 100% was achieved using

2.0 mol-L-1 H,SO,4 and an S:L. = 1:10. At 25°C the
percentage extraction for 0.5 and 1.0 mol-L™" were
85 and 40%, respectively. According to the stoichio-
metry reaction (1), at least 1 mol-L™! of H,SO, is
used to react with dolomite in an S:L = 1:10 ratio,
then allowing the Mg leaching. It was observed that
the highest Mg extraction was in an acid concen-
tration of 2.0 mol-L ! (Fig. 2b and c). Further, the
MgSO, solubility increases in temperatures be-
tween 25 and 60°C. Despite that, at temperatures
above 60°C, the MgSQ, is re-precipitated, as shown
in Figure 2a and b [34,35]. Also, in Figure 2c the
condition of 1.0 mol-L~! H,SO, in the range of S:L
ratio from 1:4 to 1:10 was evaluated. Even using the
highest ratio, the maximum Mg extraction was
around 80%. The temperature has shown no influ-
ence on the extraction in S:L ratios from 1:7 to 1:10 —
as confirmed in Figure 2¢ and d. The S:L ratio effect
is shown in Figure 2d fixing the H,SO, concentra-
tion in 2.0 mol-L ™. The ratios from 1:6 to 1:9 for the
extraction were close to 100%. Therefore, only in the
simulations results comprising a 1:10 ratio, 100%
extraction was reached. In this case, the temperature
had no influence on any of the S:L ratios.

Noticed from the previous results that
2 mol-L ™" H,SO, in an S:L ratio equal to 1:10 was
accomplishable to obtain a 100% Mg extraction. The

=
]
=
=
&
<
o
9]
&
<
o
192]
=
&




=
F
%2]
%
>
=
0
s
>
=
=
@)
=
s

492 JOURNAL OF SUSTAINABLE MINING 2025;24:486—505

effect of H,SO, concentrations for both S:L ratios
equal to 1:5 and 1:10 was investigated, as shown in
Figure 3a and b.

The results from Figure 3a demonstrate that for an
S:L ratio equal to 1:5, the Mg extraction increased
linearly when increasing the acid concentration
from 1.2 mol-L™" to 2.0 mol-L™" while Figure 3b
indicates that for an S:L ratio of 1:10 the Mg
extraction achieved a maximum value for
1.2 mol-L™! H,S0, remaining near 100% for all
subsequent S:L ratios. Thus, if the S:L ratio is lower
than 1:10, the acid concentration must be increased,
according to the stoichiometry presented in Equa-
tion (1).

By analyzing the results from Figures 2a—d and
3a—b, the optimal parameters for the leaching
experimental tests with pure dolomite were estab-
lished as follows:

» S;L = 1:10 and H,SO, concentration equal to
1.2 mol-L ™", allowing to use less concentrated
leaching agent and reach a 100% Mg extraction
according to the modeled results shown in
Figure 3b. Despite that, experimental leaching
tests using higher H,SO, concentrations were
carried out to validate the results.

» Temperature = 25°C, since increasing tempera-
ture does not influence the Mg extraction.
Similarly, experimental leaching essays were
performed at higher temperatures to validate the
results.

3.1.2. Calcium extraction

Considering that the predominant material of Zn
tailing is dolomite (90.3 wt.%), the reaction with
H,504 would produce MgSO,, which has a higher
solubility at temperatures between 50 and 80°C and

a

) *— 25°C
100 q = 60°C
x— 90°C
804

60 4

40

Magnesium extraction (%)

204

T T T T T T
1.0 1.2 14 16 18 20
H,SO, concentration (mol.L™")

has CaSO, considered insoluble. The phases formed
by calcium sulfate are mostly gypsum and anhy-
drite; for example, at temperatures between 75 and
100°C, the anhydrite phase is formed [34,36,37]. The
thermodynamic simulation for Ca extraction in
different temperatures, H,SO, concentrations, and
S:L ratios are shown in Figure 4a—d.

It can be noticed from Figure 4a that the temper-
atures had no influence on Ca extraction. Besides,
due to the low solubility of calcium sulfate, less than
0.25% Ca extraction was obtained. Using an S:L ratio
equal to 1:10 the Ca extraction increased to 1% in
temperatures from 50 to 90°C as presented in
Figure 4b. Even modeling the conditions that could
increase the Ca extraction, such as varying the S:L
ratio, the yield of Ca extraction was lower than Mg,
as presented in Figure 4c and d. The Ca extraction in
function of temperature was evaluated from 25 to
90°C in three different acid concentrations. Then,
the highest extraction yield was around 1% with
2 mol-L™! H,SO, at 90°C and an S:L ratio equal to
1:10 (Fig. 4b).

The S:L ratio intervals study in two concentrations
of H,SO, (1.0 mol-L ! and 2.0 mol-L™ 1) is presented
in Figures 4c and d. For 1.0 mol-L~! H,SO,, the Ca
extraction was close to 0%, even increasing the S:L
ratio and temperature. Due to the solubilities of
CaSO, and MgSO, differences, the simulation
indicated the possibility to separate calcium sulfate
and magnesium sulfate, being advantageous in this
dissimilarity, obtaining two by-products from Zn
tailing.

FactSage simulation showed the data was
compatible with the above-mentioned information
about Ca phases. The simulations with tempera-
tures above 75°C suggested the anhydrite formation
as expected. The behavior of Ca extraction using an
excess of acid was also studied, as indicated in
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Fig. 3. Modeled magnesium extraction for (a) S:L = 1:5 and (b) S:L = 1:10.
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Fig. 4. Modeled calcium extraction for (@) S:L = 1:5; (b) S:L = 1:10; (c) 1 mol-L™" H,SOy; (d) 2 mol-L ™" H,SO,.

Figure 5a and b. Neither temperature nor acid
concentration increased the Ca extraction using an
S:L ratio = 1:5 (Fig. 5a). On the other hand, when
simulating an S:L ratio = 1:10, a subtle variation was
observed. Despite the Ca extraction increase with an
S:L ratio = 1:10, the modeled results merely reach
1%, as presented in Figure 5b.

To evaluate the leaching of Mg, Ca extraction was
also assessed (Fig. 5b), following the set conditions:
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1.2 mol-L™" H;SO4 S:L = 1:10, and T = 25°C.
Evaluating an excess of acid equivalent to 20% using
1.2 mol-L7}, the Ca extraction was below 0.5% for all
simulated temperatures.

Thus, as indicated in the simulations from Mg
leaching with the following conditions of
1.2 mol-L ™" H,S0, at 25°C, and an S:L ratio equal to
1:10 would produce soluble MgSO, and insoluble
CaSO, (gypsum or anhydrite).
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Fig. 5. Modeled calcium extraction for (a) S:L = 1:5 and (b) S:L = 1:10.
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3.1.3. Thermodynamic simulation for non-magnetic
fraction from Zn tailing

The simulations considering the Zn tailing
composition (non-magnetic fraction), such as pre-
vious results found in Vinhal et al. (2020) [26], aimed
to analyze the behavior of the elements found in the
material, not only Mg and Ca. Particularly, attention
was paid to impurities and toxic metals that can be
found in real tailings, focusing on identifying which
elements may be soluble or not in the leach liquor
(MgSOQ,) or remaining in the non-leached fraction
(CaSO,). The extraction of Mg, Ca, Pb, Cd, Fe, Zn,
and Al were assessed for a range of H,SO, con-
centrations and temperature from 25 to 90°C, fixing
the S:L ratio in 1:10. These conditions were set based
on the previous simulations with pure dolomite.

The results from the simulations with an opti-
mized effect on the Mg extraction are presented in
Figure 6a—c. In Figure 6a even with the elements’
interference (such as: Ca, Fe, Zn, Al, Pb, and Cd),
Mg had the highest leaching yield at 25°C, showing
40% extraction. It was also observed that Cd and Pb
had almost zero extraction following the same
behavior of the Fe, Al, Ca, and Zn at temperatures
higher than 60°C.
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Figure 6b shows that increasing the acid concen-
tration to 1 mol-L™}, such as Mg and Cd, had a 100%
extraction, particularly above 60°C. Calcium fol-
lowed the same behavior as the previous simula-
tions with an extraction close to zero, and Pb
followed the same trend. Both elements, Ca and Pb,
have low solubility as sulfate, differently from Mg
and Cd.

According to Apelblat and Korin (2007) [38], Cd as
CdSO,-8/3H,0 phase and at temperatures above
44°C becomes cadmium sulfate monohydrate
(CdSO4-H0). Based on studies, at higher temper-
atures (1000°C), phases that are associated with
CdSO,4 decompose, obtaining a 2CdO-CdSO, phase
[39]. Some cadmium phases, such as CdSO,,
CdSO,4-8H,0, and CdSO4-H,O have a solubility
equal to 767 g-L ™" (T = 25°C) [40].

In Figure 6b, the simulation carried out has a
divergence with the Mg extraction when compared
with the modeled Mg leaching from pure dolomite
in Figure 3b. The non-magnetic fraction of the Zn
tailing (90.3% dolomite) achieved a 100% Mg
extraction using 1.0 mol-L™' H,SO, due to the
smaller mass of dolomite. The simulations with pure
dolomite achieved 100% Mg extraction using

Acid concentration (H>SOs ) - 1.0mol.1 * Mg
S:L ratio - 1:10 . Ca
N * Fe
B 7/n
100 LER IR 2R R B B R Y S I I N o Al
Mg p a— Pb
e Cd
804 o~
5
60 4
40 $
.
20 4 Cd .
o o0
Ca.Pb. Fe. Al
04 LR I BRI R B I B R I I I ]

20 30 40 50 60 70 80 90 100

Temperature (°C)

Fig. 6. Modeled Zn tailing for Mg, Ca, Fe, Zn, Al, Pb, and Cd extraction with S:L = 1:10 for (a) 0.5 mol-L™! HySOy (b) 1.0 mol-L™! H,SOy; (c)

2 mol-L™! H,SO,.
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1.2 mol-L ™! H,S0,, while the non-magnetic fraction
from Zn tailing was possible to reach a 100%
extraction using 1.0 mol-L ™! H,SO,. The behavior of
some elements, such as Ca and Pb with
2.0 mol-L™! H,S0, was the same, achieving a
percent equal to zero of extraction over the range
temperature chosen (25—90°C), as presented in
Figure 6¢. Both Figure 6b and c suggested that the
non-leached fraction generates a predominance of
CaSO, and a Pb phase.

As shown in Figure 6¢, the elements, in particular
the Zn, Al, and Cd, reached a 100% extraction along
with Mg, and Fe presented a 100% extraction until
65°C. From 65 to 90°C, Fe extraction decreased to
values lower than 40%. Therefore, Fe?* was oxidized
to Fe>", which may be explained by the presence of
CO;, in the reaction of dolomite and sulfuric acid.
The solubility of Fe*" is 7.2 g-L™!, and Fe' is
considered insoluble [40,41]. This may explain the

possibility for Fe to decrease its extraction, as shown
in Figure 6¢, also because of the reaction that can
change the pH system and allow Fe in the ionic form
[42].

FactSage software provided the thermodynami-
cally favored phases supposedly formed in the non-
leached fraction along the studied temperature
range that were summarized in Tables 1-3.

Table 1 details the amount of Mg that was not
leached would form the solid phases: CaMg(CO3),,
MgCO;, and MgsAl,Siz019(OH)s. Simulations of
dolomite did not obtain complete solubilization in
temperatures from 25 to 90°C (conditions
0.5 mol-L~ ! H,S0,), as discussed previously. Hence,
magnesium carbonate would be formed from the
incomplete dissolution of dolomite. Additionally,
calcium is initially presented as dolomite and as
calcium sulfate. It is found as gypsum
(CaS0O4(H,0),) in temperatures from 25 to 60°C and

Table 1. List of solid phases thermodynamically predicted by Factsage considering H,SOy 0.5 mol-L™", S:L ratio 1:10 and varying temperature from 25

to 90°C.

Temperature (°C) Compounds

Ca Pb Fe

Mg Zn Al Cd

25 CaSO4(H20)z PbSO4 F9203
30 and CaMg(CO3),
35

40

45

50

55

60

65 CaSO, and

70 C aMg(C 03)2

75

80

85

90

CaMg(CO3), ZnCO; AlLO5;(H,0) CdCO;
and MgCO;

Zn,Si04

Mg5A12513O1 O(OH)g

Table 2. List of solid phases thermodynamically predicted by Factsage considering H,SO4 1.0 mol-L™?, S:L ratio 1:10 and varying temperature from 25

to 90°C.

Temperature (°C) Compounds

Ca Pb

Fe Zn Al Cd

25 CaSO4(H20)2 PbSO4
30

35

40

45

50

55 CaSO,
60

65

70

75

80

85

90

Fe203 ZnCO3 A1203(H20) CdCO3

Zn,Si0, Al,O5(H,0)
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Table 3. List of solid phases thermodynamically predicted by FactSage
considering H,SO, 2.0 mol-L™, S:L ratio 1:10 and varying temperature
from 25 to 90°C.

Temperature (°C)

Compounds
Ca Pb Fe

25 CaSO4(H20)2 PbSO4 Fe203
30

35

40

45

50

55 CaSO,
60

65

70

75

80

85

90

as anhydrite (CaSO,) in temperatures from 65 to
90°C, which means that while the temperature in-
creases, the composition loses water.

The simulation using the following conditions of
0.5 mol-L ! H,SO, shows that more compounds are
formed in the non-leached fraction, compared with
simulations conditions of 1.0 and 2.0 mol-L~! H,SO,
as shown in Table 1. In this case, Cd was formed as a
carbonate after the addition of sulfuric acid, while
Pb was formed as a sulfate — independently of the
temperature set. Another element found as a car-
bonate was Zn at a T = 25—35°C and as a silicate at

T = 40—90°C. The Fe remained as hematite in all
temperatures.

It is observed that increasing the H,SO, concen-
tration to 1.0 mol-L ™" has resulted in phases listed
in Table 2. It was observed that dolomite is no
longer present in the non-leached fraction. Other
compounds are formed in conditions presented in
Table 2, except for Mg, which achieved 100%
extraction.

In Table 3, the condition wused was
2 mol-L ™" H,SO,, and then phases with Ca, Pb, and
Fe was presented in the non-leached fraction. Due
to the difference in the temperature, calcium sulfate
was acquired in two phases: gypsum (CaSO4(H,0),)
and anhydrite (CaSO,). The Fe remained as hema-
tite and Pb as sulfate. In this case, even when
increasing the concentration of sulfuric acid, these
compounds’ behavior is set as insoluble.

3.1.4. Eh-pH diagrams for thermodynamic modelling
of impurities

The thermodynamics of the leaching route con-
siders the chemical equilibrium with all the possible
species in every reaction [1]. Through the Eh-pH
diagrams and the phases/species formed, it was
possible to understand the fate of the impurities
from the tailing before the experimental leaching
tests. In particular, the behavior of PbSO, and
CdSO, — considered toxic elements — were inves-
tigated since their presence must be avoided in
leach liquor. Figure 7 shows the Eh-pH diagram
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£ 04y PY.(OH),[44] :
= o02f
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[2+]
02 F tig[2+] v E
V4 \ F
o
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Fig. 7. Speciation diagram — FactSage EpH module with the main compounds of the non-magnetic Zn flotation tailing.
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assembled according to the composition of the non-
magnetic fraction from Zn tailing.

In addition to Figure 7, it is observed that Cd as-
sumes its ionic form in an aqueous medium [Cd*']
in the same pH range as Mg”" and Pb*" (pH 0 to 4)
at 25°C. This contrasts with the solubility of CdSO,
at 25°C, which is around 767 g-Lfl, while the solu-
bility of PbSO, is lower (equal to 0.04 g-L ). Like-
wise, the solubilities of MgSO, and CdSO, are
approximately 357 g-L™' and 2.05 g-L™", respec-
tively [40,43]. Considering the difference in solubil-
ities, the leach liquor is expected to present
negligible amounts of Pb. Otherwise, the dissolution
of Cd must be considered [34,44,45].

The reactions among the compounds found in the
non-magnetic Zn tailing added with sulfuric acid
are represented by Equations (2)—(8) as follows:

MgCO3(S) + HZSO4(aq) R
Hzo(l) + COz(g) + MgSO4(aq) (2)

CaCOs + HZSO4(aq) «
H,Oqy + COz(g) + CaSO0y,) 3)

Fe;O3(s) + 3H2SO4q) < 3H20q) + Fex(SO4)3)  (4)

ZnOy) + HZSO4(aq) < H,O + Zl’lSO4(aq) (5)

A1203(s) + 3H2804(aq) < 3H,O) + A12(804)3(aq) (6)

CdO(s) + H2804(aq) “ HzO(]) + CdSO4(aq) (7)
PbO(S) + HZSO4(aq) “ HZO(I) + PbSO4(S) (8)
a) x—25°C
100 - + 50°C
x— 75°C
e 90°C
£ Wt
% F O (23 2 S e
g 60 ', i X:}:fv . et ~ ; y
£ X $
§ 404 *
¢ |3
= 20
0

T T T T T T T T |
0 20 40 60 80 100 120 140 160 180
Time (min)

3.2. Acidic leaching

The performance of the leaching tests was done to
ascertain the results from the thermodynamic
simulation and to evaluate the kinetic effects. Be-
sides, the aim was to compare the simulation and
the results from leaching tests and then follow the
leach liquor to a purification stage.

The leaching agent used was 1.2 mol-L ™' H,SO,
solution — as indicated by simulations (item 3.1).
The S:L ratio was fixed at 1:10 for all assays.
Figures 8a and b shows the acidic leaching of Mg
and other elements from the non-magnetic fraction
using H,SO,. Figures 8a shows the Mg extraction
percentage as a function of time and temperature.
According to Figure 8a, after 60 min, the Mg
extraction was directed to stabilize. The extraction
was lower at 25°C when compared to other tem-
peratures until 50 min. Then, it stabilized at similar
yields.

Also, based on Figure 8a, the Mg extraction using
1.2 mol-L™' H,SO, achieved higher rates after
approximately 30—50 min. After 60 min, a slight
decrease was noticed. This trend follows the simu-
lated results, which have shown that increasing the
temperature could result in lower extraction rates
due to the Mg precipitation. Aside from the tem-
perature, the reaction time appears to influence Mg
precipitation. The tests performed at 25°C showed a
lower extraction percentage than others up to
50 min when an extraction rate was close to other
evaluated temperatures. The parameters with the
highest yield result of Mg extraction were at 35 min
and 50°C, leading to an Mg extraction of 72% +5%.

Figure 8b shows the effect of acid concentration
aiming to provide an excess of acid, which was also
studied. From the stoichiometric reaction presented
in Equation (1), five different acid concentrations

b)
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40

Mg extraction (%)
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Fig. 8. Acidic leaching of the non-magnetic fraction using H,SOy (a) yield of Mg extraction in relation to temperature and time; (b) yield of Mg

extraction at 50°C in 35 min.
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were evaluated and compared (0.8, 1.0, 1.2, 1.5, and
2.0 mol-L™"). The condition using 1.0 mol-L™" rep-
resents the stoichiometric relation between H,SO,
and dolomite/tailing. The conditions using 1.2—
1.5—2.0 mol-L! provided an acid excess of 20, 50,
and 100%, respectively. From 1.0 to 2.0 mol-L ™, the
Mg extraction showed a yield above 60%. The
highest Mg extraction was reached using 1.5 and
2.0 mol-L~! H,SO,, being around 75—80%.

From the results shown in Figure 8b, no signifi-
cant variation in Mg extraction was observed.
Therefore, an excess of acid equal to 20% was cho-
sen to proceed with the experimental tests.

Thus, the optimal conditions for Mg extraction
from dolomite in the non-magnetic fraction of the
tailing were 1.2 mol-L "' H,SO,, 35 min, and 50°C.

The results from the acidic leaching were
compared to simulations achieved by FactSage. It
was observed that the Mg leaching had a lower
extraction yield than was expected from the simu-
lation. In simulations, the kinetic effects are not
considered but may have influenced the results by
decreasing the Mg extraction in the experimental
test. Another hypothesis that may explain the dif-
ferences in Mg extraction yield is the lower avail-
ability of SO* in the leaching solution after gypsum
(CaSO,) was formed. Hence, a lower rate of Mg
extraction and a slight difference in the optimal
leaching temperature was observed during the
experiment (leaching test). Nevertheless, the simu-
lations proved to be a reliable basis for selecting the
experimental parameters for the leaching test.
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Additionally, Ca was virtually not detected in the
leach liquor following the thermodynamic simula-
tion and the reaction described in Equation (1).

Subsequently, a new set of leaching tests with
H,SO, concentrations from 0.8 to 1.5 mol-L~! were
performed at 50°C in 35 min, also evaluating the fate
of other elements. The analysis results from both
leach liquor and non-leached fraction are shown in
Figure 9a and b.

The results presented in Figure 9a are from a
quantitative analysis of the leach liquor. It is
observed that Ca, Pb and Al have a low extraction
(< 5%), as expected. On the other hand, Mg and Cd
had an extraction above 60% in all the conditions of
H,SO,; — from 1.0 mol-L"!. Some other similarity
from the simulation was the Fe and Zn extraction
being around 10% and > 50%, respectively.

The pH was monitored during the assays, as
presented in Table 4. The compounds obtained as
solid/precipitated were CaSO, and PbSO, in the
non-leached fraction, while Cd was solubilized
along with Mg at pH < 2. Some challenges during
the leaching of dolomite were found due to the
control of partial pressure CO, generated — reaction
with CaMg(CO3), and H,SO, as well as the pH
measurement. There is a disparity in the values of
the solubility product of dolomite in an acid me-
dium above room temperature [36,46].

Although under the proposed conditions, the
leaching step showed to be efficient in the extraction
of Mg from dolomite with the presence of impurities
detected in the leach liquor, especially Cd. The
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Fig. 9. Acidic leaching of the non-magnetic fraction using H,SOy: (a) yield of elements extraction at 50°C in 35 min in leach liquor; (b) elements in the

non-leached fraction at 50°C in 35 min.

Table 4. Molar concentration of H,SO, acid in leaching and pH in 5, 20, and 35 min.

0.8 mol-L 7! 1.0 mol-L ! 1.2 mol-L7? 1.5 mol-L7? 2.0 mol-L*
PHsmin 0.94 0.68 0.59 0.66 1.05
PH20min 1.66 0.91 0.57 0.62 0.67
PHasmin 2.46 1.13 0.63 0.60 0.57
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chemical analyses have shown that the leach liquor
with 1.2 mol-L™" H,SO, presented 400 mg-L " of
Cd. The non-leached fraction analyses showed that
100% of Cd was solubilized.

For a better investigation of the formed phases,
XRD and SEM-EDS analyses were performed with
the non-leached fraction (Figs. 10 and 11). Figure 10
shows the peaks 1 and 2 indicating the formation of
calcium sulfate phases, Ca(SO,4)-2H,0, in all eval-
uated H,SO, concentrations.

The same characteristic peak of calcium sulfate
phases is observed in a study by Tolonen et al.
(2015) [47].

According to the SEM-EDS in Figure 11, it is
observed that the surrounding material is distin-
guished by lamellas, which is a characteristic of

, I - Ca(S0,)-2H,0
! 2 - Ca(S0,), (H,0),

\ - S 2.0 mol/L

! 2

S N VN 1.5 mol/L
| L - 1.2 mol/L

T,

| i

L L 1.0 mol/L
T T 0.8 mol/L

(I) 2I0 4|0 6I0 8I0 1(I)0

2theta (degree)

Fig. 10. XRD of the non-leached fraction for acid concentration from 0.8
to 2.0 mol-L™, 50°C in 35 min.

Element  Atomic conc. (%) Weigh conc.(%)
o 82.72 68.01
Ca 8.56 17.62
S 8.72 14.37

Element Atomic conc. (%) Weigh conc.(%)
0 7233 53.24
Ca 16.21 29.90
S 11.22 16.55
Si 0.24 0.31

gypsum or CaSO, phases. The particle exhibited a
lamellar and spike aspect, with a diameter of around
52.5 um, in a microregion predominantly composed
of Ca, S, and O. The SEM-EDS contributed to con-
firming the presence mainly of Ca in the non-
leached fraction.

3.3. Cementation post-treatment

3.3.1. Cementation using synthetic solution

Since the aim of the study is to find alternatives
for Zn flotation tailing, the production of MgSO, as
an alternative was investigated. This by-product
could be a potential candidate to be used as fertilizer
in agriculture, but it must be considered to remove
the remaining Cd of the leach liquor. Thus,
cementation was evaluated as a possible post-
treatment step (purification).

The cementation of Cd using Zn powder is a well-
established method, and it has been evaluated
under different conditions [1,48—50]. Then, it was
used to investigate its application in mining tailings.
Due to the redox process, Zn is less noble than Cd.
This is why Zn is oxidized while Cd is reduced. The
global reaction is shown in Equation (9).

cd** + Zng — Cd(s) + Zn*" 9)

The performance of the assays using a synthetic
solution containing both Mg and Cd in a sulfuric
medium with the same concentration as the leach
liquor is presented in Figure 12a and b.

Figure 12a shows the results of the Cd removal
during the cementation for different Zn:Cd ratios:
1:1, 2.5:1, 5:1, 10:1, and 100:1 after 20 min. The 100:1
ratio yielded the highest Cd removal, which is
equivalent to approximately 100%.

Element Atomic conc. (%) Weigh conc.(%)
(8] 68.32 48.76
Ca 16.54 29.57
S 15.14 21.66

Element Atomic conc. (%) Weigh cone.(%)
(o) 65.63 4597
Ca 17.35 30.45
S 15.26 2143
Si 1.75 2.15

Fig. 11. Backscattered electron (BSE) spot image obtained in the scanning electron microscope and weight composition of the sample, obtained by EDS

of the non-leached fraction in 1.2 mol-L™" H,SOy in 35 min at 50°C.
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Fig. 12. Cd removal during cementation with synthetic solution containing 400 mg-L™" Cd and 9600 mg-L™" Mg (a) Zn:Cd ratio variation in 20 min

(b) 1—50 min for different Zn:Cd ratios.

Also, the second set of tests was performed, and
aliquots were withdrawn every 5 min to evaluate the
influence of time on Cd cementation. The aliquots
were forwarded to chemical analysis. The results are
detailed in Figure 12b.

Younesi et al.,, (2006) [50] found a tendency to in-
crease the removal of Cd in the function of time and
a higher Zn:Cd ratio. Similarly, the obtained results
are shown in Figure 12a and b. In Figure 12b, it was
observed that in all situations, the Cd removal sta-
bilized in 35 min. Particularly in the 50:1 and 100:1
ratio, it was shown that from 35 min, the Cd removal
stabilized around 90% (Fig. 12b).

According to Younesi et al., (2006) [50], the in-
crease of Cd cementation in the function of time
may be attributed to different mechanisms that
control the reaction. The authors reported that
different kinetic models might describe the cemen-
tation process, depending on the Cd concentration.
Such examples were the ash diffusion model, which
was suitable for Cd concentrations higher than
100 mg-L~" and film diffusion control. Concentra-
tions between 500 mg-L ™" and 1000 mg-L ™' pro-
vided a mixed kinetic mechanism, while for
concentrations below 500 mg-L ", the data adjust-
ment was best for the film diffusion control.

SEM-EDS analysis of Zn powder shows a spher-
ical shape with a diameter of approximately 20 pm,
in Figure 13a. Also, Figure 13a—f has shown the
differences in the Zn powder structure when
increasing Zn:Cd ratio. It is observed that the
arrangement of spicules as Cd is cemented. These
spicules begin to emerge in the lower Zn:Cd ratio
Figure 13b and become more evident as the ratio
increases. In Figure 13¢, a spot region image anal-
ysis was performed for a Zn:Cd ratio equal to 5:1,
and the presence of Cd was also observed in a
concentration lower than the previous ratio (2.5:1) —

due to the EDS identifying a cluster formed by Cd
on Zn. Figure 13e refers to the 50:1 Zn:Cd ratio that
obtained a Cd removal of 75% in 20 min. Due to the
increase of Zn powder mass, the tendency was to
increase the removal of Cd. SEM-EDS identified a
spot region image of Cd and Mg; the Zn:Cd ratio
with the best condition cementation is shown in
Figure 13f, which was the sample that contained the
largest mass of Zn powder. The EDS analyzed Zn
and Cd with a mass concentration equal to 75 and
17%, respectively. Despite that, Cd was cemented,
as shown in the spot region imaged by SEM.

3.3.2. Cementation using leach liquor

The leach liquor obtained in the experimental
leaching step  with the conditions of
1.2 mol-L™" H,SOy at 50°C in 35 min was used as
part of the cementation step, and the effect of the
Zn:Cd ratio and time were evaluated. The cemen-
tation test results are shown in Figure 14a. Cd
removal was studied in different Zn:Cd ratios as a
function of time using room temperature (25°C). In
Figure 14a the Cd removal was efficient in shorter
times when compared with the synthetic solution.
Mainly, for Zn:Cd ratio of 100:1 was the closest to
removing 100% Cd. The Zn:Cd ratio obtained a
removal of around 40%. These two options were
shown as insufficient to remove Cd in the leach li-
quor. Also, it was observed that in 5 min, the Zn:Cd
ratios that were equal to 50:1 and 100:1 presented a
removal of 70% and above 90%, respectively. While
increasing time, the Cd removal decreased for both
ratios. The behavior differences between the syn-
thetic solution and the leach liquor may be due to
the presence of Fe (E° = —0.44 Vgyg) or even the
presence of some other elements that may undergo
an electrochemical reduction on Zn particles along
with Cd [1].
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95.76 98.93

424 1.07
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56.27 17.36
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2383 731
3.07 1.89
086 040
042 022
018 038
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Element Atomic Weigh
conc. (%) conc. (%)
cd 58.12 87.90
(o] 3422 737
K 354 1.86
Zn 243 2,14
S 1.69 0.73
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Fig. 13. Backscattered electron (BSE) spot images obtained in the scanning electron microscope and composition of the samples (wt%) obtained by
EDS: (a) pure Zn powder before cementation; cementation in 20 min at 25°C with Zn:Cd ratios of (b) 2.5:1; (c) 5:1; (d) 10:1; (e) 50:1; (f) 100:1.

Also, it was analyzed the Mg loss during
the cementation step. The results of Mg removal
during the cementation are shown in Figure 14b.
The Mg removal in cementation is close to zero
due to its standard reduction potential (E° = —2.37

a)
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100 - *10:1
. 4 50:1
\ —=—100:1
80
IS s A =
S \
5 60 -
2 .
- A
5 = N /
3 a0 N
\ p #
N~
3
5 B S
20 ) e 2 .
L — o
o T T T T T
0 10 20 30 40 50
Time (min)

Vsng), which is more negative than Zn (E° = —0.76
Vsue) Thus, it tends to remain in the oxidized
state.

For Cd concentrations lower than or equal to
400 mg-L ", the estimative of the amount of Zn is

b)

507 r=25¢

Time = 50min

(] @ FN
S S S
L 1 1

Mg removal (%)

=)
1

* —
5:1 10:1 50:1 100:1
Zn:Cd ratio

Fig. 14. Results from cementation at room temperature with leach liquor (a) Cd removal as a function of time (b) Mg removal during cementation,

after 50 min, for different Zn:Cd ratios.
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required for Cd removal and can be calculated as
described in Table 5.

Based on the results from Table 5, a theoretical
estimative of the concentration of Cd remaining in a
solid phase produced by a crystallization method
was carried out. Firstly, it was assumed that MgSO,
crystallization would produce MgSO,-7H,O at an
average yield of 80%, according to previous results
from Wanderley et al. (2020) [51]. It was also
assumed that all the remaining Cd (i.e., the non-
cemented Cd) would be structurally incorporated
into the solid phase formed. Hence, the lowest
calculated amount of Cd was 50 mg-kg " for Con-
dition I, as shown in Table 5.

Standards value of toxic metals in soils, as
presented in the Soil Environmental Quality

Table 5. Best cementation conditions (Zn:Cd ratio and time) for the
leach liquor with Zn powder in grams per liter of leachate, removal of
Cd (%) and remaining Cd in mg-kg ™.

Condition Zn:Cd Time Zn Remaining Cd
(min) (g/L) Cd (mg/kg) removal (%)
I 100:1 5 23 50 92
I 50:1 20 11.6 200 72
1II 10:1 50 232 400 37

Standards (SEQSs), were set out as a criterion for
evaluating the possibility of using the Mg-rich li-
quor obtained after leaching and cementation steps
as raw material for agricultural purposes. Countries
such as France and Germany have Cd limits
equal to 20 mg. kg ' in contrast to the USA and
Japan, where limits are 37 and 150 mg-kg ', res-
pectively [52].

In Brazil, the maximum limits for toxic metals in
agriculture products are established by the Secre-
tary of Agriculture Defense and published by the
National Environment Council (CONAMA) ac-
cording to Resolution 420/2009 [53]. The proposed
limit for Cd in secondary macronutrient fertilizers,
such as MgSO,, is 20 mg-kg " [53].

By considering the different limits for Cd pro-
posed by each legislation, the produced MgSO,
could be used mixed with raw fertilizer to reach the
toxicity limits. In the case of leach liquor, a study
that evaluates the crystallized product should be
explored, or a cementation/purification step that is
equal to or higher than 96% for Cd removal. The
removal of Cd, even with an average of 92%, did not
present enough efficiency to be used solely as a
fertilizer material.

100 ton: Zn tailing
Ca:19.79 ton; Mg: 10.91 ton;
Pb: 0.21 ton; Cd: 0.04 ton.

I

[ Magnetic separation ]

v

10 ton: Magnetic fraction
Ca:0.33 ton; Mg: 0.19 ton; Pb:
0.02 ton; Cd: 0.00 ton.

[

]
v

90 ton: Non-magnetic
fraction
Ca:19.46 ton; Mg: 10.72 ton;
Pb: 0.20 ton; Cd: 0.04 ton.

|

( Acid leaching: 1.2mol.L! H,SO,,

T =50°C, t=35 min.
J

v
Non-leached fraction
Ca:19.00 ton; Mg: 3.34 ton;
Pb: 0.20 ton; Cd: 0.00 ton.

. By-product:
Equivalentto 64.5 ton of CaSO,.

]
A 4
Leach liquor
Ca:0.46 ton; Mg: 7.38 ton;
Pb: 0.00 ton; Cd: 0.04 ton.

Cementation: Zn:Cd ratio= 100:1,
t=15 min.

2

v
By-product:
Equivalentto 60.6 ton of
MgSO,-7H,0. Cd removal = 92.3%.

Liquor post-treatment:
Mg: 7.38 ton, Cd: 0.003 ton

Fig. 15. Material balance of the production of MgSO, and CaSOy from a Zn flotation tailing considering the proposed route.
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However, considering a 92% removal of Cd in the
cementation step, it is important to highlight
possible studies that may include a new separation/
purification step of Cd cemented. Precisely because
Cd presents a commercial interest as a manufac-
turer of materials such as batteries, pigments, coat-
ings, stabilizers for plastics, non-ferrous alloys, and
photovoltaic devices, it is widely used in various
industrial applications [54]. According to Li et al.
(2018) [55], a leach liquor purification method was
studied, known as cyclone electrowinning from
polymetallic solutions to recovery metals residues
considered noble impurities, e.g., Cu®**, Cd*" and
Co*", which can be an alternative to be investigated
focusing on obtaining Cd.

3.4. General mass balance

In Figure 15, a flowsheet understanding the mass
balance to produce MgSO, and CaSO, from Zn
tailing is presented. In this mass balance, it was
considered an input of an initial 100 tons. The first
step considered the Zn tailing characterization and
physical processing conditions (rougher cleaner)
presented in previous work of ours [26]. The second
step included the hydrometallurgical route (leach-
ing and cementation), then it was calculated the
weight of each obtained by-product — CaSO, and

It is worth mentioning that the obtained CaSO,
remains with Pb equal to 0.20 wt.% or 2000 mg-kg .
Nevertheless, Brazilian legislation allows the use of
gypsum mixed with raw soil conditioner as another
alternative up to the maximum established limit for
Pb equal to 150 mg-kg .

Alternatives to explore and evaluate how to
decrease or remove toxic elements from both by-
products are encouraged. For the non-leached ma-
terial by-product, a lead removal study is required —
whether by another leaching (hydrometallurgical
route) [56], physical processing [57,58], ionic liquids
[59], or pyrometallurgy [60,61].

In addition, a calculation can be performed
focusing on obtaining more detailed information
within the scope of economic accounting based on
this process, considering the amount of tailing
generated, dolomite concentration and the produc-
tion of two by-products (Ca and Mg sulfates). In this
study, the Zn mine beneficiation is estimated to be
14000 kt/year with a production of Zn tailing
equivalent to 100 kt/month, a total of 1200 kt/year,
corresponding to 8.6% of tailing in the flotation step
generated in the process [62,63]. Moreover, it was
obtained using a hydrometallurgical route, a pro-
duction equivalent to 60.6 tons of MgSO,-7H,0 and

64.5 tons of CaSQO,. Also, 0.037 tons of Cd was
removed and can be purified.

4. Conclusions

The experimental leaching test was able to ach-
ieve up to 72% +5% Mg extraction and 2% Ca
extraction wusing the following parameters:
1.2 mol-L ™" H,S0, and S:L = 1:10, at 50°C in 35 min.
Thermodynamic simulations were shown to be a
reliable basis for planning exploratory essays.

The MgSO, and CaSO, differences in solubilities
allowed the obtention of a soluble Mg-rich
(9.6 mg-L ") leach liquor and a non-leached fraction
with insoluble calcium sulfate dehydrate — gypsum.

The cementation step with Zn powder was able to
achieve a Cd removal of 92% in the real leach liquor
using a Zn:Cd ratio equal to 100:1 in 5 min at 25°C.

Lastly, a mass balance was proposed. The theo-
retical calculation to obtain the by-products was
equivalent to 61 tons of MgSO,-7H,0 and 64.5 tons
of CaSO,. Both obtained by-products are potential
candidates as a secondary macronutrient for fertil-
izers (MgSO,-7H,0) and as gypsum for soil condi-
tioners (CaSO,).

The results of the simulation and leaching test are
promising in this article, and the main conclusion is
that two by-products were obtained from mining
tailing. For the non-leached fraction by-product, a
lead removal study is required: whether by another
hydrometallurgical route, physical processing, ionic
liquids, or pyrometallurgy.
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