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ABSTRACT: Refractory gold ore is usually affected by the associated carbonaceous
matter through the preg-robbing effect, which is eliminated by oxidation roasting,
followed by leaching, to achieve a satisfactory gold leaching efficiency. Roasting−
leaching experiments, pore structure measurements, scanning electron microscopy
(SEM), and X-ray diffraction are used to explore the structural evolution of pores on
the surface and its effect on the leaching performance. Pores with optimal sizes were
obtained by roasting at 650 °C for 2.0 h with a ventilation of 0.6 m3/h; approximately
92.55% gold could be recovered under these conditions. A porous structure observed
by SEM became more compact as the temperature further increased to 850 °C. The
formation of CaSiO3 and CaSO4 in pores led to pore shrinkage. The mechanism of
oxidation roasting, followed by cyanide leaching, was schematically analyzed and
revealed the effects of pore structural evolution and phase transformation on the
leaching efficiency.

■ INTRODUCTION
Gold is a strategic mineral resource with financial attributes.
China’s gold consumption has remained the world’s largest for
consecutive years, and its production has ranked first in the
world for 10 years.1,2 However, the amount of easily exploited
high-grade gold ores has rapidly decreased. Thus, the gold ore
associated with carbonaceous matter (organic carbon and
graphitic carbon), sulfur, and arsenic has become the major
resource in gold production and faces many problems.3−6

Fine-grained carbonaceous gold ore is always enclosed by
nonferrous minerals and is associated with carbonaceous
matter and other gangue minerals.7−9 Previous studies have
validated the preg-robbing phenomenon, in which large
amounts of gold are adsorbed on carbonaceous substances
during the leaching process, such as the preg-robbing
phenomena in the cyanidation of sulfide gold ores and the
preg-robbing of gold from cyanide and noncyanide com-
plexes.10−13 Several studies have been conducted to reduce the
adverse effects of inclusion and adsorption. Various utilization
methods have realized engineering applications, such as
oxidation roasting, bio-oxidation, flotation, pressure oxidation,
and chemical oxidation.14−19 Bio-oxidation is an eco-friendly
method that has many advantages. A two-stage microbial
process is used to destroy both sulfides and carbonaceous
matter. In the first stage, bacteria were used to oxidize sulfides,
and in the second stage, carbonaceous matter is destroyed
using the bacterium. After degradation of carbonaceous matter
in the second stage, cyanidation results in 94.7% gold
extraction, which has increased by 13.6% compared to the
extraction result in the first stage. However, the reaction speed
is very slow, which takes over 20 days or even a longer time to

finish the bacterial pretreatment.20,21 Moreover, pressure
oxidation needs high pressure and high temperature to
accelerate the oxidation process through the elimination of
thin-film sulfide and arsenide coatings from gold surfaces,
leading to easy cyanide access to gold. However, the strict
requirements for equipment and the high operating cost are
still big problems.22−25 Chemical oxidation can provide good
results, and chlorination roasting is a promising method that
can obtain gold recovery of 92% at 800 °C with a roasting time
of 4 h. Nevertheless, the high roasting temperature and the
long roasting time have restricted its wide commercial
application.26,27 Flotation has been used to separate gold
from raw ore, but the recovery of gold concentrates is
unsatisfactory unless followed by other treatment methods.
Flotation−preoxidation−cyanidation methods are used to
improve recovery of refractory gold, but the gold recovery is
limited to 72.2% after only treatment by the flotation
process.28 The development of oxidation roasting technologies
has improved the market prospects of dealing with gold ore
and other refractory ores despite the problems of over-roasting
and under-roasting.29,30 Oxidation roasting, followed by
leaching, is considered as the optimum method to treat
carbonaceous gold ore. In the two-stage roasting process
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previously reported, the removal efficiency of arsenic and sulfur
reached 96.98 and 97.19%, respectively. In this progress, gold
could be effectively recovered from the refractory gold ore with
a recovery of 98.06%.31 However, most previous studies
focused on the dynamics and thermodynamics of roasting, in
which dynamic parameters were calculated and the potential
reactions were discussed, but the effects of structural change
after roasting were ignored. Therefore, increased attention
should be paid to the microstructure of the surfaces and pores
that formed on the roasted product, which have a direct impact
on the leaching efficiency. Furthermore, several studies have
shown that the porosity was improved by decomposing the
carbonate compounds, while the channels in particles were
cleared by evaporating the combined water.32,33 The pore
structure of diatomite was changed after second calcination at
low temperature, while the number of micropores and
mesopores increased significantly.34 All the aforementioned
studies confirm that various roasting conditions have a strong
impact on pore structures. Therefore, systematic and
theoretical research on the pore structure in the gold
roasting−leaching process could promote the widespread
application of oxidation roasting pretreatment in gold
separation.
In this study, systematic roasting−leaching experiments on

carbonaceous gold ore were carried out to explore the
structural evolution of pores and provide evidence on the
mechanism of pretreatment roasting in the leaching process.
Pore size measurements, scanning electron microscopy (SEM),
and X-ray diffraction (XRD) analysis were used to obtain
insights into the changes in pore structure. This paper will
provide theoretical and technical guidance on the efficient
recovery of gold from carbonaceous fine-grained ores.

■ MATERIALS AND METHODS

Materials and Experimental Methods. The sample used
in this study was obtained from a carbonaceous gold mine in
Shaanxi province, China. Subsequently, 20 kg blocks were
sorted out from 20 t of raw ore, and the sample was obtained
after grinding and screening. The XRD result shows that the
main mineral phases in the carbonaceous gold ore are quartz,
dolomite, graphite, calcite, and pyrite. The result of chemical
phase analysis of carbon indicates that the total carbon content
is 6.39%, including 1.33% organic carbon and 1.50% graphitic
carbon, which can adsorb solubilized gold cyanide as activated
carbon.35 The remaining 3.56% of carbon comes from
carbonate minerals. The gold grade of raw ore is 5.46 g/t,
which is determined by foamed plastic-enriched atomic
absorption spectrophotometry. The results of the chemical
composition analysis of gold minerals are listed in Table 1 and
reveal that over 95% of minerals bearing gold are native gold.
Roasting tests were carried out in an HB-J-30 rotary

resistance-heated furnace with a drum rotation speed of 4 rpm,
as shown in Figure 1. First, 500 g samples were placed in the
furnace for 2.0 h of roasting at a preset temperature and a
ventilation of 0.8 m3/h to determine the change in pore
structure. Then, the effects of ventilation capacity and roasting
time were discussed. Finally, the roasted products were cooled
to room temperature for weighing. The gold grade β of
calcinate is calculated as follows

m
m

1

0
β α= ×

(1)

where α is the grade of gold in raw ore, β is the grade of gold in
calcinate, m0 is the mass of the raw ore, and m1 is the mass of
the roasted product.
The oxidation roasting experiment, followed by leaching, is

used to treat the samples. These were first ground in a Φ 160
mm × 240 mm wet rod mill to enable 80% of particles to pass
through a 0.074 mm screen. Then, the slurry was added to the
agitation leaching trough (model: XJTII, Changchun, China),
followed by stirring for 5 min with a liquid-to-solid ratio of
2.5:1. Next, the pH was increased to 11 by adding CaO, and
stirring was continued for 30 min. Gold leaching lasted 24.0 h
with a concentration of 0.3% NaCN. The leaching residue was
filtered and dried before measuring the gold grade. The
leaching rate of gold (η) is calculated as follows29,36
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where η is the leaching rate of gold, β is the gold grade of
calcinate, and θ is the gold grade of the leaching residue.

Analysis Methods. The amount of gold in solution was
determined by inductively coupled plasma emission spectros-
copy. The carbon content of solid samples was analyzed using
a high-frequency infrared carbon−sulfur analytical instrument
(HCS, HCS-800, Kaide Instruments Co.). The crystallo-
graphic composition of the samples was determined using a
PW3040 XRD system (Panalytical B.V., Holland) using Cu Kα
radiation (λ = 1.541 Å) at 40 kV and 35 mA in 2θ ranging
from 5 to 70°. The original data of the samples were analyzed
with the HighScore Plus software. SEM with energy-dispersive
X-ray spectroscopy (EDS) analysis was conducted using a
Quanta 650 scanning electron microscope (FEI, Hillsboro,
USA) coupled with a double X-ray spectrometer (AMETEK,
Inc., Berwyn, USA) for electron image acquisition and
elemental analysis, respectively. Different magnifications (up
to ×2000) were used for secondary electron images. Imaging
studies were also conducted in specific microscopic areas of the
samples to evaluate the distribution of elements throughout
the sample.37 N2 adsorption/desorption isotherms were
acquired at a liquid nitrogen temperature of −196 °C after
pretreatment in vacuum for 2.0 h at 200 °C. The pore structure
and specific surface area of the ore and calcinate were
measured using a surface area and porosity analyzer
(ASAP2020, Micromeritics, America). The surface area and
porosity were determined by applying the Brunauer−Emmett−
Teller (BET) equation and Barrett, Joyner, and Halenda
method, respectively, to the desorption branch of isotherms
based on capillary decondensation. Theoretically, the volume
of the internal pores of calcinate was calculated through the

Table 1. Chemical Composition Analysis of Gold-Bearing
Minerals

composition and content/%

points Au Ag total

1 95.53 4.47 100.00
2 95.23 4.77 100.00
3 100.00 0.00 100.00
4 88.69 11.31 100.00
5 100.00 0.00 100.00
6 100.00 0.00 100.00
average 96.58 3.43 100.00
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pressure.38−40 The liquid mercury consumption volume is
expressed as follows

D
p

4 cosγ= − ϑ
(3)

where D is the diameter of the inner hole of calcinate, γ is the
surface tension of mercury, ϑ is the contact angle between
liquid mercury and the hole in calcinate, and p is the applied
mercury pressure.

■ RESULTS AND DISCUSSION
Effects of Oxidation Roasting on Leaching Results.

To determine the effects of roasting on gold leaching,
roasting−leaching experiments were carried out under various
conditions. First, the ventilation was maintained at 0.8 m3/h,
and the roasting time was 2.0 h. The results in Figure 2a show
that the gold leaching rate of the sample without high-

temperature pretreatment remained at a low level of 12.50%.
With the increase in temperature, the gold leaching rate
increased to approximately 92.5% at 650 °C and then exhibited
a downward trend beyond 650 °C. The results showed that
oxidation roasting at 650 °C limited the preg-robbing effect.
The effect of roasting time on the gold leaching rate at 650 °C
with a ventilation capacity of 0.8 m3/h is shown in Figure 2b.
When the roasting time increased from 1.0 to 2.0 h, the gold
leaching rate increased from 58.09 to 92.5%. When the
roasting time reached 3.0 h, the gold leaching rate showed a
slight decrease. Therefore, a prolonged roasting time did not
increase the gold leaching rate. Ventilation provides oxygen for
the oxidation reaction of carbonaceous substances and pyrite,
which also affect the experimental results as shown in Figure
2c. With the increase in ventilatory capacity, the gold leaching
rate showed a slight increase. When the ventilation capacity
exceeded 0.6 m3/h, no effect on the leaching rate was
observed. The abovementioned results indicate that temper-

Figure 1. Roasting system used in experiments.

Figure 2. Effect of roasting temperature (a), time (b), and ventilation (c) on the gold leaching rate.
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ature has the greatest influence on the leaching result, followed
by the roasting time; the effect of ventilation capacity is
negligible.
Effect of Roasting on Pore Size Distribution.

Physicochemical reactions occur during the roasting process,
such as the oxidation of carbonaceous substances and pyrite,

and the decomposition of carbonate minerals with the release
of gas, which lead to changes in the surface structure. Pores
emerge in the inner space between different particles after the
reactions occurred, which may contribute to the progression of
leaching reaction. The pore structure is closely related to the
roasting temperature and roasting time, while the pore size

Figure 3. Pore diameter distribution (a) and parameter (b) of calcinate at different temperatures.

Figure 4. Pore diameter distribution (a) and parameter (b) of calcinate after roasting for 1.0, 2.0, and 3.0 h.

Figure 5. Pore diameter distribution (a) and parameters (b) of calcinate at 0.2, 0.6, and 1.0 m3/h.
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distribution varied with roasting conditions. The rules of the
International Union of Pure and Applied Chemistry classify
pores into three types according to their diameters: micropore
(<2 nm), macropore (>50 nm), and mesopore (2−50 nm).
The pore size distributions at different temperatures are

shown in Figure 3a. At 500 °C, large numbers of micropores
were detected. As the temperature increased to 650 °C,
micropores decreased significantly and more mesopores
appeared, especially those with diameters of 2−10 nm. At
850 °C, the total pore volume of mesopores sharply decreased,
especially 2−5 nm mesopores, and more micropores appeared.
The pore parameters of samples roasted at 500, 650, and 850
°C, such as specific surface area, pore volume, and average

diameter, are shown in Figure 3b. With the increase in
temperature, all parameters mentioned above exhibited an
upward trend that reached peak values at 650 °C. Better
leaching results were also obtained at 650 °C as there were
more mesopores, indicating that an increase in pore size could
improve the gold leaching rate. However, the total pore
volume showed a huge decrease from 14.48 × 10−3 to 8.63 ×
10−3 cm3/g when the temperature reached 850 °C. An
excessively high temperature caused the decrease and closure
of pores, which limited the diffusion of leachate and decreased
the leaching results.
Pore size distributions at different roasting times are shown

in Figure 4a. It reveals that most pores are 1−2 nm micropores
after roasting for 1.0 h and the pore volume of 5−10 nm
mesopores remained at a low level. After roasting for 2.0 h,
micropores sharply decreased, while 2−10 nm mesopores
increased significantly. After 3.0 h, the pore size did not exhibit
any obvious change; hence, the leaching results did not show a
remarkable change. Therefore, a sufficient roasting time is
beneficial to the increase in pore size. The pore parameters of
samples roasted for different times are shown in Figure 4b. The
BET specific area increased with time, and the growth rate
reached a peak as the time increased from 1.0 to 2.0 h. The
same upward trend was observed for the pore volume and
diameter, which proves that more pores were formed during
this period, which benefits the diffusion of leaching liquor in
the porous structure. Although slight decreases in pore volume
and pore size were detected at 3.0 h, these had little influence
on the leaching result.
Pore size distributions with different ventilation capacities

are shown in Figure 5a. The change in pore size is closely
related to the ventilation capacity. As the ventilation capacity
increased from 0.2 to 0.6 m3/h, the total pore volume reached
19.87 × 10−3 cm3/g. Compared with the pores measured at
over 0.6 m3/h, more 1−2 nm micropores were detected at 0.2
m3/h, which was attributed to the incomplete chemical
reactions at a low oxygen concentration. With the increase in
ventilation, a large amount of gas is released owing to the
oxidation of pyrite and carbonaceous matter. As a result, 1−2
nm micropores could not be detected, and a majority of pores
were mesopores with diameters of 5−20 nm. The pore
parameters of the roasted product with different ventilations
are shown in Figure 5b. A significant increase was observed in
pore volume with the increase in ventilation from 0.2 to 0.6
m3/h. This directly proves that increasing the oxygen
concentration could significantly improve the pore size.
However, excessive ventilation (>0.6 m3/h) does not have a
significant effect on the pore structure, and the pore volume
only displayed a slight increase from 19.87 × 10−3 to 19.98 ×
10−3 cm3/g as the ventilation increased to 1.0 m3/h.

Effect of Pore Structure on the Leaching Process. The
leaching results indicate that the effect of temperature was the
most significant. Previous studies have shown that roasting
temperature dominates the process of chemical reactions and
phase transformation in multiple minerals, leading to changes
in the surface structure and components. Therefore, the effect

Figure 6. SEM images of raw ore and calcinate at different
temperatures: (a) raw ore, (b) roasted at 500 °C, (c) roasted at
650 °C, and (d) roasted at 850 °C.

Figure 7. XRD image of unroasted and roasted products at 500, 650,
and 850 °C.

Table 2. EDS Analysis of Calcinate at 850 °C

elements O Si Ca K Mg Fe V Ti total
content/% 63.41 17.73 12.26 4.24 1.27 0.62 0.26 0.21 100
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of temperature on the structure was systematically studied, and
the influence of time and ventilation was discussed.
SEM images of samples at different temperatures are shown

in Figure 6 to provide insight into the surface structure. More
pores were observed on the surface at 500 °C compared with
raw ore. At 650 °C, more cracks appeared and expanded to
form a loose and porous structure. The sample roasted at 850
°C showed a special structure in which spheroidal particles
were generated and then connected with each other, as shown
in Figure 6d. Although large channels were observed between
the roasted particles, almost no pores or cracks were found
inside this compact combination.
The XRD images of unroasted and roasted products in

Figure 7 show the changes and reactions that occurred at 500,
650, and 850 °C. The curve of the unroasted sample showed
that the raw ore mainly consisted of dolomite, calcite, kaolinite,
and other carbon-bearing minerals such as graphite. At 500 °C,
dolomite started to decompose, and the typical diffraction
peaks weakened at 650 °C. These peaks were not observed at
850 °C, but peaks of CaO and MgO appeared, which are
expressed as eq 4. Calcite decomposed at 650 °C, and peaks
disappeared at 850 °C, as expressed in eq 5. Graphite and
pyrite reacted with oxygen to generate pore structures because
of the release of CO2 and SO2 as the temperature increased
beyond 500 °C, as represented in eq 6. The partially enlarged
view shows that the graphite peaks disappeared at above 650

°C, indicating that graphite was completely oxidized. At 850
°C, decomposition reactions were completed and new phases
were formed, such as CaSO4 and CaSiO3, as shown in eqs 7
and 8, respectively. Because the gas could only escape from the
pores, part of new phases would be located at these positions

CaMg(CO ) CaO MgO 2CO3 2 2= + + ↑ (4)

CaCO CaO 2CO3 2= + ↑ (5)

4FeS 11O 2Fe O 8SO2 2 2 3 2+ = + ↑ (6)

CaO SiO CaSiO2 3+ = (7)

2CaO 2SO O 2CaSO2 2 4+ + = (8)

Owing to the decomposition of carbon-bearing minerals,
such as dolomite and calcite, and the oxidation of pyrite at 650
°C, a large amount of gas was released to form more
mesopores. This facilitated the diffusion of leaching liquor in
the roasted products. The zone marked in Figure 6d was
analyzed by EDS, and the results are presented in Table 2. No
C element was found in the marked position, indicating that
the carbonaceous substance had completely oxidized or
decomposed. Despite the elimination of the preg-robbing
effect of carbonaceous matter, mesopores started to disappear
and a compact structure was formed because of the filling of
newly generated phases with a low melting point at high
temperature. Consequently, the leaching efficiency decreased
at temperatures exceeding 650 °C.
Samples roasted for different times at 650 °C are shown in

Figure 8a−c. Few micropores were observed after roasting for
1.0 h. After 2.0 h, more pores were detected and cracks began
to form on the surface. However, crack closure occurred after
heating for 3.0 h. Therefore, a prolonged roasting time has a
detrimental effect on leaching because of the closure of cracks
and pores. Products roasted with different ventilations were
scanned by SEM, as shown in Figure 8d−f. It was found that
increasing ventilation promoted the formation of pores and
cracks. A few small shadow cracks appeared on the surface as
the ventilation reached 0.2 m3/h. Larger cracks were observed
at 0.6 and 1.0 m3/h, but the microstructures did not show a
fundamental difference. Therefore, the effect of increasing
ventilation on leaching rate is inconspicuous when it over 0.6
m3/h.

Figure 8. SEM images of calcinate roasted for different times: (a) roasted for 1.0 h, (b) roasted for 2.0 h, and (c) roasted for 3.0 h; SEM images of
calcinate at different ventilations: (d) roasted at 0.2 m3/h, (e) roasted at 0.6 m3/h, and (f) roasted at 1.0 m3/h.

Figure 9. Schematic diagram of the oxidation roasting process.
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The air roasting process of carbonaceous gold ore is
illustrated schematically in Figure 9. During the under-roasting
process, carbonaceous substances and carbonated minerals
were closely associated and functioned with gold to form
inclusions, leading to a low gold leaching rate. Under optimal
conditions, carbonaceous matter was cleared; hence, the preg-
robbing effect was eliminated. The release of CO2 and SO2 also
contributed to the formation of a porous structure.41,42

Therefore, a high gold leaching rate was obtained under
these conditions, as shown in Figure 3. After over-roasting,
newly formed substances filled the pores and cracks, and
sinters were generated, resulting in a compact structure, which
deteriorated the leaching environment significantly.

■ CONCLUSIONS
The oxidation roasting−leaching results revealed that the
optimum roasting conditions were 650 °C with a ventilation of
0.6 m3/h for 2.0 h, at which the gold leaching rate reached a
peak value of 92.5%. Pores were significantly affected by the
roasting temperature, followed by the roasting time and
ventilation. More mesopores and macropores could improve
the leaching rate, while an excessively high roasting temper-
ature and a long roasting time restricted the growth of pores.
Owing to the high temperature (>650 °C) and the long
roasting time (>2.0 h), CaSO4 and CaSiO3 with low melting
points were formed, leading to the closure of pores and poor
leaching performance.
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