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Pyrite oxidation in the presence of calcite and dolomite:
Alkaline leaching, chemical modeling and surface characterization
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Abstract: The effect of calcite and dolomite on the oxidation of pyrite was studied using batch-leaching experiments complemented
with chemical modeling, solution analysis and solid characterization techniques. Leaching tests conducted at 80 °C and
p(0,)=1.013x10° Pa and pH>13 showed that pyrite alkaline oxidation rate decreased in the presence of both calcite and dolomite,
while more detrimental effect was observed in the case of calcite. FE-SEM/EDS analysis exhibited a surface layer containing Ca (in
the case of calcite) and Mg (in the case of dolomite) on the pyrite surface, which justified the slowdown in pyrite leaching rate. This
surface layer was formed due to partial dissolution of carbonate minerals, which was affected dominantly by the pH and temperature
of the leaching solution based on the chemical modeling data. The surface layer was characterized as Ca or Mg hydroxide using XRD
and FTIR analysis. It was also found that this layer was thin and continuous in the case of calcite while it was thick and

discontinuous in the presence of dolomite.
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1 Introduction

Pyrite (FeS,) is the most common sulfide in the
Earth’s surface region. Not only is the mineral ubiquitous,
but the reactivity of pyrite is of central importance in a
devastating environmental issue known as acid mine
drainage (AMD) [1]. Aside from environmental concerns,
undesirable association of pyrite with minerals of
economic value such as sphalerite, chalcopyrite and
galena, and precious metals such as gold necessitates
costly separation processes such as leaching and
flotation [2,3]. Specifically, auriferous pyrite with gold
finely disseminated in its matrix is rather common.
However, pyrite is relatively stable in cyanide, so that the
encapsulated gold particles cannot be recovered during
cyanidation after normal grounding processes. This kind
of gold ores need to be submitted to some forms of
oxidation treatment before cyanidation process [4—6].
Considering two literature review articles on pyrite
oxidation behavior [1,2], it can be seen that most of
researches to date have focused on acidic oxidation of
pyrite. Nonetheless, alkaline oxidation can be a possible
alternative to acidic oxidation specifically in the case of
high carbonate refractory gold ores to avoid high acid

consumption and also to suppress clemental sulfur
formation (which is responsible for agglomeration and
gold losses). Additionally, oxidizing the gold
encapsulating pyrite in the alkaline solution improves the
oxidative power of oxygen in comparison to acidic
solution by reducing CO, production. Moreover, there is
a new trend in gold hydrometallurgy aiming to develop a
new method in order to reach simultaneous dissolution of
gold with in situ formed thiosulfate during pyrite
oxidation [7—9] which needs to be conducted under
alkaline condition. Pyrite associated with carbonate
minerals is rather common specifically in gold
deposits [10,11]. For example, in Carlin type gold
deposits, calcite and dolomite are the principal minerals
of the host rocks and the ore consisted mainly of
pyrite [12—14]. While alkaline leaching was proposed for
auriferous pyrite oxidation in such deposits [11,15—-18],
there is no available study concerning the effect of these
gangue minerals on the alkaline oxidation of pyrite. The
aim of the present investigation is 1) to carry out a
brief thermodynamic and kinetic investigation on the
dissolution behavior of pyrite, calcite and dolomite in the
alkaline solution, 2) to determine the effect of the
presence of calcite and dolomite on pyrite alkaline
oxidation experimentally and 3) to apply solution
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analysis and solid characterization in order to suggest
the possible role of these gangue minerals on pyrite
oxidation.

2 Thermodynamic and Kinetic investigation

It was found that the pyrite leaching was mainly
controlled by chemical reaction [19]. It was also reported
that pyrite is stable in a relatively broad range from
approximately pH 1 to pH 13. The potential range for
pyrite stability is from —0.6 to 0.3 V. It is interesting to
note that above pH 13, pyrite is no longer
thermodynamically stable at any potential. The rest
potential of pyrite is about 0.3 V at pH 9.2, 0.2 V at
pH 10 and —0.07 V at pH 11. Thus, normal oxidants such
as oxygen can oxidize pyrite in alkaline media, yielding
iron hydroxides and sulfate ions [20]. Accordingly, the
leaching tests of this study were conducted at pH above
13 and using oxygen as oxidation agent. At high pH
values, the iron exists in the form of hydrated iron oxide
species. The iron hydroxide may form goethite
(a-FeOOH), and then hematite (a-Fe,03), as the water of
hydration is removed at higher temperatures. In
hydroxide medium, hematite is the main product of iron
oxidation, while in contrast the main constituent is
ferrihydrite in carbonate medium[17]. Subsequently,
based on these fundamental studies the overall
stoichiometry for aqueous oxidation of pyrite by
molecular oxygen in alkaline solutions may be
represented as

4FeS,+150,+160H ==4Fe(OH)5+8S02™ +2H,0 (1)

This overall reaction is made up of the two half
reactions:

FeSy+11H,0—Fe(OH)y+2S02™ +19H"+15¢ )
%02+§H20+15e — 150H" 3)

The presence of other species such as CO3 or
Ca®', Mg”" may affect the reaction mechanism of pyrite
oxidation [21]. This may happen due to calcite or
dolomite dissolution. The solubility products of sparingly
soluble calcium and magnesium compounds at 25 °C
follow the order of CaMg(CO;)(s)(10™'7%) << Mg(OH)y(s)
(107'7%) < CaCO;(s) (10°*") < Ca(OH)y(s) (1074 <
MgCOs(s) (107*7) < CaSO4(s) (10™*%) [22—24]. It is clear
that the wvariation in solution parameters such as
temperature and pH can affect the precipitation behavior
of these species. Calcite solubility as a function

of pH and temperature was studied by several

researchers  [25-29].  Accordingly, = Ca(OH),(s),
Ca(OH")(aq) and CO%‘ (aq) were reported as the
favorable calcite dissolution species wunder the

experimental conditions prevailing in the current study
(pH>13, 7=80 °C) (Eq. (4)).

2CaCO04(s)+30H (aq) —
Ca(OH), (s)+ Ca(OH)" (aq) + 2CO§_ (aq) 4)

Kinetic investigations on calcite dissolution have
shown that the reaction kinetics of calcite is significantly
slower than the diffusion kinetics, which tends to make it
reaction-limited, so, temperature could be an effective
parameter [29—31]. The rate of calcite dissolution was
found to be relatively independent of pH between 8 and
10 [28] while it decreases by about an order of
magnitude over the pH range of 10—14 [25]. In the case
of dolomite, results showed that both calcite and
dolomite undergo congruent dissolution while dolomite
dissolves ~5 times slower than calcite [29]. Dissolution
rates of dolomite were found to be pH-independent at
6<pH<8 and to decrease with increasing pH at pH>S8.
Dissolution of dolomite results in Ca’ and Mg®" in
addition to CO3™ ions. At elevated temperature
(>80 °C) Ca*" and Mg”" will precipitate in the form of
CaCOj; and Mg(OH), at pH >12.5, respectively [32,33].
Accordingly, dolomite dissolution reaction under
alkaline condition can be described as

CaMg(CO,), +20H™ — CaCO, + Mg(OH), + CO2™ (5)

To sum up, it can be concluded that the dissolution
of calcite and dolomite is expected to happen at elevated
pH and temperature such as that applied in this study and
this process can affect pyrite oxidation which will be
discussed in the following parts.

3 Experimental

3.1 Samples

A natural pyrite sample was collected from a rock
sample of the Mazrach Copper Deposit, Ahar, Iran,
where sulfide mineralization is extensive. The large
crystals of pyrite were carefully removed from the rock.
The pyrite sample was crushed and physically
fractionized to +37—53 pum. The treated sample was
identified as cubic pyrite by X-ray diffractometry (Fig. 1)
with minor amount of chalcopyrite as the main gangue
mineral. Pyrite sample was found to comprise 85% pyrite
according to XRF analysis (Table 1). Prior to the
leaching experiments, small samples of the ground
material were soaked in 3 mol/L hot hydrochloric acid
solution for 15 min, filtered, rinsed with distilled water,
dried, and kept under vacuum in a desiccator. The acid
solution dissolved oxides and other soluble compounds
already presented in the raw material or oxides formed
during grinding. High-purity (>99%) natural calcite and
dolomite were used in this study. All other chemicals
were used in analytical grades.
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Fig. 1 XRD pattern of pyrite sample

Table 1 XRF analysis of pyrite sample (mass fraction, %)
Fe S Cu Si Others

52.39 41.62 4.87 0.60 0.52

3.2 Leaching tests

The leaching experiments were performed in a
batch way in an Erlenmeyer flask, which was putted on a
magnetic stirring hot plate with temperature controlling
system. The tests were carried out with 5% solids (5 g
pyrite + 5 g gangue mineral per 200 mL solution) and the
oxygen flow rate was maintained at 200 cm’/min.
Applying such proportion of pyrite and gangue minerals,
a saturated solution of calcite or dolomite can be made.
Temperature, agitation speed, and pH were controlled
throughout the tests; when necessary, pH was adjusted
with drops of 1 mol sodium hydroxide solution. The
samples were withdrawn periodically, filtered, and the
filtrates were submitted to the analytical laboratory for
sulfate analysis.

3.3 Solution analysis

The oxidation of pyrite was determined by
analyzing the soluble sulfur species produced during the
oxidation of pyrite using turbidimetric method [34] in
which sulfate ion was precipitated in an acetic acid
medium with barium chloride so as to form barium
sulfate crystals of uniform size. Light absorbance of the
barium sulfate suspension was measured by Unico
UV-Vis spectrophotometer and the sulfate concentration
was determined by comparison of the data with a
standard curve. Since preliminary tests indicated the
presence of less oxidized sulfur species, the samples
were treated by hydrogen peroxide and also were kept at
least for a week in order to include the oxidation of all
soluble sulfur species to sulfate. No concentration
changes were observed after passing this period of time.
The concentration of carbonate ion was determined by

direct acid—base titration method using phenolphthalein
and methyl orange as indicator [34].

3.4 Determination of initial rate
The conversion of pyrite (X') was calculated using
the measured sulfate concentration as follows:

X'=(my—m,)/mg (6)

where m, represents the measured sulfate concentration
of solution at time ¢ and, m, represents the total sulfate
concentration that can be released into solution after
complete oxidation of pyrite. Initial reaction rates were
determined by fitting the experimental conversion (X")
data to a second-order polynomial regression equation:

X'=a+btt+ct® (7)

The coefficient b represents the value of the initial
rate (v;) that is given by the derivative of conversion (X")
with respect to time:

dx’
o= b 8
i dr |t—0 ()

3.5 Instrumental analysis

XRD patterns were collected at room temperature
and 26=25°-75°, with a step size of 26=0.02° and a
collection time of 1 s/step using a Bruker Axs D8
advanced instrument. The solution potential was
measured using a silver chloride reference electrode.
Potentials are shown relative to the standard hydrogen
electrode. Fourier transformed infrared (FTIR) spectra of
the samples were recorded in the spectral range of
400-4000 cm ™' using Bruker model instrument via KBr
pelletization method. The morphology and composition
of solid particles were examined by field emission
scanning electron microscopy (FE—SEM) using a
TESCAN FE—SEM equipped with energy-dispersive
X-ray spectroscopy (EDS).

4 Results and discussion

4.1 Leaching experiments

The increase in the rate of pyrite oxidation with
increasing pH, temperature and oxygen overpressure is
well established [35,36], the oxidation experiments in
this study were conducted at temperature of 80 °C, initial
pH=13.33 (c¢(NaOH)=0.4 mol/L) (other wvalues of
pH were mentioned) and oxygen overpressure of
1.013x10° Pa. The tests were also done at rotating speeds
greater than 500 r/min, so the effect of mass transfer in
bulk solution was minimized. Figure 2 shows the effect
of calcite and dolomite on the conversion of pyrite where
pyrite oxidation yield decreases as calcite or dolomite is
added to system.
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Fig. 2 Effect of calcite and dolomite addition on pyrite
oxidation in sodium hydroxide solution at pH;=13.33, 7=80 °C
and p(0,)=1.013x10° Pa (Experiments were repeated, each
data point was performed in duplicate, and error bars
corresponding to the standard deviation of the data were
estimated for each case)

Variations of initial pyrite oxidation rate (v;) with
pH are demonstrated in Table 2. Detrimental effect of
both calcite and dolomite on pyrite oxidation rate can be
seen at pH>13 although dolomite has less negative effect
on pyrite oxidation than calcite.

Table 2 Effect of pH on initial rate (v;) of pyrite oxidation

vi/h!
pH;
Pyrite Pyrite+calcite Pyrite+dolomite
13 3.97(0.99) 3.05(0.99) 3.11(0.996)
13.33  4.92(0.99) 3.62 (0.99) 4.81(0.99)

Number in brackets stand for values of R

The reduction in pyrite oxidation yield in the
presence of carbonate minerals can be attributed to the
variation in system parameters such as pH or solution
potential as a result of calcite or dolomite dissolution.
The formation of passive insoluble layer on pyrite
surface is another possible reason. pH variation during
pyrite oxidation is illustrated in Fig. 3. According to
Fig. 3, solution pH decreases by passing reaction time
which is due to OH ions consumption during pyrite
oxidation according to Eq. (1). pH reduction order
(PH pyritey<PH pyrite-+dotomitey<PHpyrite+calcite)) 1S in agreement
with pyrite oxidation rates (Fig. 2), showing that higher
oxidation rates result in the lower values of the solution
pH.

It is interesting to note that there is an irregular
variation in pH at initial stage of the reaction where more
pH reduction during pyrite oxidation is observed in the
presence of calcite and dolomite than that in the absence
of these minerals. This abnormal behavior can be
attributed to OH ions consumption due to the

dissolution of carbonate minerals according to Egs. (4)
and (5), which leads to a decrease in pH of solution. This
idea is supported by the results demonstrated in Fig. 4
showing the concentration of carbonate ions during
pyrite oxidation. According to Fig. 4, calcite and
dolomite were partially dissolved in alkaline solution up
to 15.27% and 15.6% (mass fraction) respectively after
10 h. This results in the formation of CO3 ions and
other species such as Ca(OH), and Mg(OH), according
to thermodynamic modeling and solid characterization
studies provided in the following parts.

13.35
4
13.30+ o
1325+ 4 N
13.20+ - .
T 1315} &
13.10 -
*
13.05+
3050, _ Pyrite
13.00f 4 — Pyrite+dolomite
= — Pyrite+calcite N
1295+ .
12.90 . . . . . .
0 1 2 3 4 5 6 7

Time/h
Fig. 3 pH variation during pyrite oxidation at pH;=13.33,
T=80 °C and p(0,)=1.013x10° Pa

4.5

40

35k + — Calcite
= — Dolomite
3.0F .

25} -
20F
15r .
1or *

0.5r

¢(COF)/(102 mol-L™")

0 2 4 6 8 10 12
Time/h
Fig. 4 Carbonate ion concentration during pyrite oxidation in
the presence of calcite and dolomite at pH;=13.33, 7=80 °C and
p(0,)=1.013x10° Pa

Figure 4 also shows a reduction in carbonate ion
concentration in the case of dolomite at final time of the
leaching test. This implies the precipitation of carbonate
ions from the solution which will be discussed in the
chemical modeling section.

Solution potential variation during pyrite oxidation
is demonstrated in Fig. 5. The dissolution of carbonates
refers to non-oxidative reactions in which the mineral is
neither oxidized nor reduced [37], consequently, no
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significant variation in solution potential is expected due
to the presence of calcite and dolomite. Figure 5 shows
that the solution potential increases slightly in the
presence of carbonate minerals where the pyrite
oxidation rate is lower. It can be concluded that
increasing solution potential does not significantly affect
the oxidation rate of pyrite under alkaline condition.
Considering that the higher solution potential results in
the accelerated reaction rate in chemical controlled
reaction, it can be predicted that the kinetics of pyrite
oxidation in the presence of calcite and dolomite does
not control chemically and other phenomenon such as
mass transfer may affect pyrite oxidation in the presence
of carbonate minerals. Therefore, further investigation
seems necessary in this area.

200
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Fig. 5 Solution potential variation during pyrite oxidation at
pH=13.33, 7=80 °C and p(0,)=1.013x10° Pa

Activation energy (E,) data (Fig. 6) are also
consistent with the results under the condition that mass
transfer controls the rate of pyrite oxidation. In other
words, the addition of carbonate minerals into solution
should decrease E,. The data in Fig. 6 show that upon

1.8
y=-3327.3x+11.044
Lo A ’=0.999
141 y=-2829.5x+9.4325
R?=0.9794
1.2+
T | y=-2974.8x+9.8079
E;‘f 1.0 R>=0.9829
E 0.8
0.6
04} 4 — Pyrite
= — Pyrite+dolomite s
0.2 <+ — Pyritetcalcite
0 1 I I 1
2.8 29 3.0 3.1 3.2 3:3

T7/103K™!
Fig. 6 Activation energy of pyrite oxidation reaction in the
presence of calcite and dolomite at pH;=13.33 and
p(0,)=1.013x10° Pa

addition of calcite and dolomite, £, decreases from 27.66
to 24.73 and 23.52 kJ/mol, respectively. The difference
in E, is small but meaningful. However, the E, values
reported represent apparent activation energies, which
include diffusion-controlled reactions on the surface of
pyrite as well as adsorption and precipitation. It seems
that solid surface characterization is necessary to get a
clearer understanding of pyrite oxidation mechanism in
the presence of gangue minerals. This is provided in the
following parts through chemical modeling, XRD, FTIR
and FE-SEM analysis.

4.2 Chemical modeling

Chemical modeling involving multiple chemical
equilibria can be used to predict an aqueous processing
system with the required temperature, pH and
concentration [32]. Therefore, in this study, the
dissolution behavior of calcite and dolomite in
NaOH-H,O solutions was investigated and interpreted
by chemical modeling plotted with OLISystems”
software. Concentrations were chosen based on the
experimental results of this study in which about 15%
(mass fraction) of calcite and dolomite dissolved during
reaction time of 10 h (Fig. 4). The solid lines represent
the resulting chemical modeling as a function of pH
value at various reaction temperatures ranging from 25 to
80 °C. Accordingly, chemical modeling was done for two
distinct solutions, one containing 0.04 mol/L dissolved
calcite and the other with 0.02 mol/L dissolved dolomite.
The results shown in Fig. 7 demonstrate the effect of pH
and temperature on the dissolution behavior of calcite
(Figs. 7(a)—(c)) and dolomite (Figs. 7(d)—(i)). It can be
seen from Figs. 7(a) and (d) that the dissolution of calcite
and dolomite is favorable under both acidic and alkaline
conditions. The curves of calcite and dolomite were
shifted to the left with increasing temperature. These
results indicate that it is possible to dissolve calcite and
dolomite at a much lower pH, rather than that at 25 °C,
by increasing the reaction temperature from 25 to 80 °C.
So, it can be predicted that at 80 °C calcite and dolomite
are no longer thermodynamically stable above pH of 13
and 11, respectively. This prediction is in consistent with
the results of leaching experiments concerning partial
dissolution of calcite and dolomite under initial pH of
13.33 and at 80 °C (Fig. 4).

Under alkaline condition the dissolution of calcite
and dolomite results in the precipitation of Ca(OH), and
Mg(OH), according to Egs. (4) and (5). Formation of
Ca(OH)" and Mg(OH)" is also possible. It can be found
from Figs. 7(b) and (c) that Ca(OH)j, is the main product
of calcite dissolution while the contribution of Ca(OH)"
becomes more and more negligible as the temperature
and base concentration increase. On the other hand,
the dissolution behavior of dolomite is different to some
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Fig. 7 Chemical modeling of effect of reaction temperature on dissolution and precipitation behavior of calcite (a), Ca(OH), (b),
Ca(OH)" (c) in CaCl,~Na,CO;—NaOH-H,0 solutions (0.04 mol/L initial amount of CaCl, and Na,COs per alkali solution) and
dolomite (d), Ca(OH), (e), Ca(OH)" (f), CaCOs (g), Mg(OH), (h) and Mg(OH)" (i) in CaCl,~MgCl,~Na,C0;—NaOH-H,0 solutions
(0.02 mol/L initial amount of CaCl, and MgCl, and 0.04 mol/L initial amount of Na,COj; per alkali solution) at different pH values

extent. While Mg(OH), is favorable Mg species under
pH of 13 at 80 °C (Figs. 7(h) and (i)), but Ca*
precipitates mainly in the form of CaCO; than Ca(OH),
under the similar condition of temperature and pH
(Figs. 7(f) and (g)). Accordingly, Ca(OH), only
precipitates at the higher values of pH (pH>13.5) if
calcite does not exist in the suspension (Fig. 7(e)) as it is
described in Section 2.

4.3 XRD analysis

XRD patterns of solid phases after alkaline leaching
of pyrite in the absence and presence of calcite and
dolomite are illustrated in Fig. 8. Reactants are detected
through relative intense peaks indicating that pyrite
oxidation and calcite and dolomite dissolution were
incomplete. A weak diffraction peak at 26=31.01° can be
observed in all patterns, which can be assigned to the
diffraction features of goethite (ICDD No. 00—002-
0281). Formation of very poor crystalline iron oxides or
oxyhydroxides was reported as oxidation product of
pyrite leaching under similar condition of pH and
temperature [38,39]. A characteristic peak of Ca(OH),
was detected at 26=39.6° (ICDD No. 01—084—1274) for

* — Pyrite * — Calcite

0 — Chalcopyrite A — Dolomite

Dolomite+ . * — Coethite e —Ca(OH),
i & —Mg(OH

pyrite o * . « g(OH),

Calcite+
pyrite

30 40 50 60 70
20/(°)

Fig. 8 XRD patterns of solid products from oxidation of pyrite
in the absence and presence of calcite and dolomite at 7=80 °C,
pH=13.33, p(0,)=1.013x10° Pa and reaction time of 10 h

pyrite oxidation in the presence of calcite showing the
precipitation of Ca(OH), in this system. It is interesting
to note that in the case of dolomite not only the peak of
Mg(OH), (26=60.08°, ICDD No. 01-002-1092) but also
a diffraction peak of calcite was observed. This is in line
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with chemical modeling results where it was predicted
that in the presence of Mg2+, Ca®" precipitates mainly in
the form of calcite at pH of 13 and 80 °C.

4.4 FTIR analysis

FTIR spectra of pure calcite and dolomite were
compared with those of pyrite oxidation in the presence
of calcite and dolomite in Figs. 9 and 10, respectively.
Tests were done at 80 °C and pH of 13.33. Samples were
dried at 80 °C for 1 h before conducting analyses. The
peaks around 3850 and 3740 cm ™' are assigned to S—S
stretching vibration of pyrite. The broad band centered
about 3400 cm' and the band at 1640 cm' were
observed in the presence of both calcite and dolomite.
These bands are assigned to O—H stretching and
bending modes of water or Fe oxyhydroxides (such as
hematite and goethite), respectively [40]. Whereas calcite
and dolomite dissolution mechanism over the pH range
of 8—14 involves the adsorption of water onto the
mineral surface [25], so OH bands of water are probable
at FTIR spectra. The results of pyrite oxidation in the
presence of calcite show bands at 1425—1430, 874, 710
and 2864 cm ' which are assigned to the v3, v,, v4 and 20
stretching vibration of C—O bond at calcite [41,42].
Decreasing intensity of calcite characteristic peaks with
pH (Fig. 9) confirms calcite partial dissolution which
may result in aqueous CO%’ and solid Ca(OH), based
on thermodynamic considerations. Accordingly, the
presence of several broad and weak bands at around
3640 cm ' can be assigned to O—H stretching vibration
in Ca(OH), [43].

Calcite

472.70

Pyrite+
calcite

3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 9 FTIR spectra of oxidized pyrite in the presence of calcite
at T=80 °C, pH=13.33, p(0,)=1.013x10’ Pa and reaction time
of 10 h

FTIR spectra of pyrite oxidation in the presence of
dolomite at pH 13 are shown in Fig. 10. The bands at
1445, 878 and 720 cm ! are assigned to the v;, v, and vy
stretching vibration of C— O bond of dolomite,

respectively. It is observed that CO3  band of dolomite
at 1445 cm™' was shifted to 1455 cm™' and a new band at
1516 cm ™' was developed at pH; 13.33. The extent of
splitting (number of distinguishable bands) of the
1455 cm ' band, representing the free CO3;  ion, could
be directly related to the bond strength between CO3~
and a metal cation or surface [41]. Thus, it appears to
correspond to the formation of calcite as it is predicted
through chemical modeling and XRD analysis.
Accordingly, the bands at 1455 and 1516 cm ™' can be
assigned to the v; stretching vibration of C—O bond in
dolomite and calcite, respectively. These positions are
shifted to longer wavelength transmittance which is in
agreement with previous studies where it was reported
that band positions of pure calcite and dolomited
are places slightly to longer wavelengths as they
mixed [44—46]. The presence of several weak bands
around 3600 cm ' confirms new O —H stretching
vibration which is attributed to Mg(OH),.
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Fig. 10 FTIR spectra of oxidized pyrite in the presence of
dolomite at 7=80 °C, pH=13.33, p(0,)=1.013x10° Pa and
reaction time of 10 h

4.5 SEM-EDS analysis

The dissolution of calcite and dolomite was
observed by scanning electron microscopy. Figure 11
shows the FE-SEM images of these minerals after 10 h
alkaline dissolution at various magnifications. As shown
in these images, both calcite and dolomite partially were
dissolved under alkaline condition, which results in
products with totally different morphologies and textures.
There are needle-like nanoparticles which gradually
change into agglomerated fine particles in the case of
calcite (Figs. 11(a)—(c)). EDS analysis shows that Ca
content increases during calcite dissolution and
precipitation of new products which support the idea of
Ca(OH), formation. Discrete morphology was observed
in the case of dolomite dissolution products in
comparison to that of calcite. It was previously reported
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that the Mg content of the amorphous calcium carbonate
phase directly affected the final morphology of the
precipitates [47,48]. It is clear from Figs. 11(d)—(f) that
dolomite dissolution forms plate-shape Mg(OH),
nanoparticles which are agglomerated in porous structure.
Similar morphologies have been observed during
synthesis of Mg(OH), nanoparticles [49,50].

Pyrite surface morphologies after alkaline oxidation
in the presence of calcite and dolomite are demonstrated
in Fig. 12 at various magnifications. Formation of a
surface layer is obvious in the presence of both calcite
and dolomite. Figure 12 shows that the external surface
layer is thin and almost continuous in the presence of
calcite while it seems thick and discontinuous in the case

Fig. 11 FE-SEM images concerning calcite (a—c) and dolomite (d—f) dissolution at 7=80 °C, initial pH=13.33, p(0,)=1.013x10° Pa

and reaction time of 10 h

Fig. 12 FE-SEM images of pyrite surface after alkaline leaching in the presence of calcite (a—c) and dolomite (d—f) at 7=80 °C,

pH;=13.33, p(0,)=1.013x 10° Pa and reaction time of 10 h
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of dolomite which grows gradually on the surface of
pyrite and finally breaks into solution. The above results
illustrate the distinct morphology of the oxide coatings
formed during pyrite oxidation in NaOH solution in the
presence of different gangue minerals, under the same
experiment conditions. This is in line with chemical
modeling prediction and also with solid characterization
studies discussed in previous parts in which Ca(OH),
was proposed as the main product of calcite dissolution
while calcite and Mg(OH), were detected during
dolomite dissolving. Among them Ca(OH), shows higher
tendency to adsorb on pyrite surface. This can be related
to the precipitation mechanism of Ca(OH), on pyrite
surface through the formation of Ca(OH)". It was
reported that the adsorption of Ca(OH)" on pyrite
surfaces was stronger than the adsorption of OH™
which results in the formation of Ca(OH), on pyrite
surface [51,52]. On the other hand, this cannot be true
about Mg(OH), because Mg(OH)" is not stable at pH>11
(Fig. 7(i)). These results fortify the idea that the
formation of an external layer slows down the further
oxidation reaction and also justifies more detrimental
effect of calcite than dolomite on pyrite oxidation rate.

5 Conclusions

1) Pyrite alkaline oxidation rate decreases in the
presence of calcite and dolomite. Activation energies for
pyrite dissolution are calculated to be 24.73 and
23.52 kJ/mol in the presence of calcite and dolomite,
respectively, which implies that the dissolution is
controlled by mass transfer.

2) Characterization study of the residue confirmed
that calcite and dolomite were partially dissolved during
alkaline oxidation. The reaction products were identified
to be Ca(OH), and Mg(OH),.

3) Morphology analyses showed that products of
calcite and dolomite dissolution cover pyrite surface
during alkaline leaching. It was also found that surface
layer is thin and continuous in the case of calcite while it
is thick and discontinuous in the presence of dolomite.

4) Based on the above discussion, it was suggested
that the presence of calcite and dolomite slows down
pyrite oxidation due to precipitation of their alkaline
dissolution products on pyrite surface.

5) Chemical modeling data showed that calcite and
dolomite solubility is affected dominantly by the pH and
temperature of the leaching solution. So, careful control
of solution parameters is necessary to prevent the
formation of passive layer on pyrite surface. The
application of dispersants and additives may also be
beneficial which need further investigation.
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