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Carbonaceous gold ores are difficult to treat because of the “preg-robbing” by carbonaceous matters and locking by minerals.
Roasting is the most commonly used method that is useful in dealing with carbonaceous gold ores. In this study, flotation gold
concentrates containing sulfides and carbonaceous matters were investigated to ascertain the reaction process and the matters’
transformation characteristics in different temperatures by vacuum roasting pretreatment. Calcine and volatile condensates were
characterized with several techniques. In the process of vacuum roasting, the main chemical reactions were decomposition
reaction and carbothermic reduction reactions of sulfide ores, carbothermic reduction reactions of SiO2, and thermal de-
composition reactions of organic carbon.-e bad effects of “preg-robbing” by carbonaceous matters were greatly weakened by the
thermal decomposition and carbothermal reduction. -e gold locking minerals were mainly removed by reduction reactions. -e
sulfides were removed in ways that did not produce SO2. -e removal of sulfur and carbonaceous matters during the vacuum
roasting process was 95.83% and 65.38%, respectively. Direct cyanidation of the calcine extracted from 2.13% to 88.37% of the gold
content with a vacuum degree of 10 Pa and roasting from 25°C to 1,200°C for 30min.

1. Introduction

With the depletion of oxide ores throughout the world,
refractory gold ores are becoming of increasing importance
to the mining industry [1]. Carbonaceous gold ores are
important refractory gold ores in the world. In China, the
accumulated resources of carbonaceous gold ores are 1,000 t,
accounting for 8% of the gold resources and ranking second
in the world [2–4]. -erefore, the development and utili-
zation of carbonaceous gold ores have gained considerable
attention [5].

In carbonaceous gold ores, the following conditions are
observed: (i) Natural gold is usually locked by minerals, such
as sulfide (e.g., gold is occasionally embedded in the crystal
center of pyrite with fine grain size [6]), silicate, and car-
bonate [1, 7]. It is difficult to expose gold for contacting with
a leaching solution through fine grinding alone. (ii) Some

simple and organic carbons in carbonaceous gold ores can
easily absorb dissolved gold during cyanide leaching, which
is called “preg-robbing” and seriously affects leaching. (iii)
Part of the organic carbon itself can lock gold, which makes
the gold recovery more difficult [8]. -ese factors make
carbonaceous gold ores difficult to deal with. A small
number of carbonaceous matters could have a significant
impact on gold recovery. Riina Ahtiainen and others have
found that the gold loss rate increased with the increase of
carbonaceous matters’ content in the carbonaceous gold
ores. -e gold loss rate was 29% when the carbonaceous
matters’ content was 0.01%, but when the carbon content
was more than 10%, the gold was almost completely lost [9].
-erefore, the key problem in improving the gold leaching
rate is to solve the influence of carbonaceous matters. In
order to eliminate or passivate the carbonaceous matters, the
carbonaceous gold ores can be pretreated before
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cyanidation, by methods such as blanking, roasting, chlo-
rination, or biooxidation [10]. Roasting is the oldest and still
the most commonly used pretreatment method, which is
applied to heat the sulfides or arsenide ores in the air to
remove sulfur, arsenic, carbonaceous matters, or other
volatiles through the processes of combustion [11, 12]. In the
earlier study, the flotation experiments were conducted as
the pretreatment method to delete the effect of carbonaceous
matters, while the leaching effects were terrible. -en the
conventional roasting experiments were conducted and the
gold leaching rate had obviously improved but still did not
reach the best. Considering the double refractory charac-
teristic, the high carbon content of the sample, and the
limitations on waste gas treatment, the focus of the later
study was turned to the improvement of conventional
roasting pretreatment technology [10].

Vacuum metallurgy technology has a good effect on
improving metal recovery rate and shortening process flow
in the field of minerals and metallurgy. -e vacuum envi-
ronment can meet the requirements of environmental
protection, matters in the reaction system can be divided
from the atmosphere, and the exchange of materials can be
effectively controlled [13–15]. In the field of gold processing,
vacuum technology is mainly used for the removal of arsenic
and sulfur from arsenic-containing and sulfur-containing
gold ores. -e study found that, compared with the air and
nitrogen atmosphere, the arsenic removal time in the vac-
uum was shorter, the temperature for arsenic removal was
lower, and the arsenic removal rate was close to 98.97% at
1053.15K and 3 h in the vacuum condition [16]. Many
theoretical, technological, and equipment researches about
vacuum technology have been carried out on the removal of
arsenic from arsenic-bearing gold ore by vacuum method at
the Technical University of Kazakhstan [17]. However, no
relevant application of vacuum technology in the removal of
carbon from carbonaceous gold ores has been found.

Carbothermal reduction technology is widely used in
chemical and metallurgical industry, such as metal smelting,
metal material preparation, lead-zinc oxide ore treatment,
and other industrial productions. In recent years, the car-
bothermal reduction method has been applied to gold
processing [18]. For example, based on the fluidized roasting
coupling technology, the roasting process of reducing py-
rolusite with carbonaceous gold ores was investigated.
Corecovery of manganese from pyrolusite and gold from
carbonaceous gold ores was achieved by this process. -e
results indicated that the optimum leaching efficiency of
99.31% for manganese and 97.43% for gold could be attained
under the conditions that the mass ratio of carbonaceous
gold ores to pyrolusite was 2 : 3, the coroasting temperature
was 1073.15K, and the roasting time was 30min [19]. -e
experimental result showed that the carbonaceousmatters in
the carbonaceous gold ores can be utilized under proper
conditions. Recently, studies found that carbothermal re-
duction can achieve good results under the vacuum con-
dition. Yucheng Liu [20] investigated the mechanism of
carbothermal reduction of indium ore under the vacuum
condition. -e study found that the lower the system
pressure was, the lower the initial reaction temperature of

thermal decomposition of In2O3 to In2O and In would be.
-e Gibbs free energy in the reaction of InO and CO in-
creases, and some side effects were difficult to occur. Luo Qi
[21] have studied the vacuum carbothermal reduction
characteristics of nickel laterite. -e research showed that
the vacuum system could improve the reduction efficiency of
minerals at 973K by changing the microstructure of most
minerals, such as talc and nickel-bearing, and promote the
thermal decomposition of the minerals.

In this study, the combination of vacuummetallurgy and
carbothermal reduction technology was developed and used
on the pretreatment of carbonaceous gold concentrates to
synchronously solve the problem of minerals locking of gold
and “preg-robbing” of carbonaceous and develop an envi-
ronmentally friendly pretreatment process. -e technology
of vacuum roasting pretreatment has now obtained a Chi-
nese national invention patent [22]. In this paper, the re-
actions process and the matters transformation
characteristics in different temperature under the vacuum
roasting pretreatment were studied in the present study. -e
variation characteristics of the calcine minerals composi-
tions at different temperature stages and the volatile con-
densates were also analyzed to judge the reaction process.
-e study led to a deeper understanding of the technology
and made up for the deficiencies in the theoretical study of
this technology.

2. Experimental

2.1. Materials. A 5 kg carbonaceous gold concentrate
samples for this study were obtained from a gold factory
in the Qinling Mountains, Shaanxi Province. -e raw car-
bonaceous gold ore in the factory was pulped to 35% solids
and floated in Denver Flotation Cell. -e pulp was condi-
tioned with copper sulfate. Sodium isoamyl xanthate and
terpenic oil were the collector and foaming agents. After
three flotation procedures, carbonaceous gold concentrates
were obtained. -e particle size of carbonaceous gold
concentrates was 70% passing size of −75 μm.

-e results of the process mineralogical analysis of the
raw sample are shown in Figures 1 and 2 and Tables 1–3.
Tables 1 and 2 show the chemical composition analysis and
the mineral compositions of the raw sample. Figure 1 shows
MLA images of the raw sample. Figure 2 shows the gold
phase images of the raw sample. Table 3 presents the gold
phase analysis results. Table 4 contains the carbon phase
analysis results. -e process mineralogical analysis results
show that carbonaceous gold concentrate has a high quartz
content of 72.34% and pyrite is the most abundant metal
mineral at 6.50%. -e minerals are mainly irregularly
granular and have no fixed alignment except that calcite is in
a state of aggregation. -e carbon content is high, with total
carbonaceous material content being 14%.

Gold phase analysis results show that gold exists in the
form of natural gold with irregular shape and fine particle
size less than 10 μm.-e gold in Figure 2(a) is in the form of
single gold.-e phenomenon of gold being locked is serious.
65.35% of gold was locked by minerals, and the highest
content of locking minerals was sulfides for 43.57%.
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Figures 2(b) and 2(c) show locked gold and intergrowth
gold. -e gold in Figure 2(b) is locked by quartz, and the
gold in Figure 2(c) is intergrown with pyrite.

2.2. Experimental Procedure. -e flotation concentrates
were washed several times with water and dried at 80°C in a
drying oven; after that, samples were fully mixed. A 30 g of
samples was put into a corundum porcelain boat and was
placed in the center of the heating area of the quartz tube
(Figure 3). Heat from 25°C to the aimed temperature under
10 Pa vacuum degree and keep the aimed temperature for
30min. -e aimed temperatures were 600°C, 700°C, 800°C,
900°C, 1,000°C, 1,100°C, and 1,200°C. Every sample was
cooled down to room temperature in vacuum environment
after roasting, after which the weight was taken. With the
limited capacity of the quartz tube, several roasting exper-
iments were conducted under the same conditions, and the
calcine was mixed to analyze and conduct leaching exper-
iments under each set of conditions.

Cyanidation tests were directly performed on 100 g after
the vacuum roasting pretreatment processes. Leaching was
performed at 35% solids by weight and the cyanide strength
was maintained at 2 kg/t. -e pulp was continuously stirred
at a stirring speed of 300 r/min. -e pH was maintained
between 11 and 13 using CaO powder.-e leaching time was
12 h. -e gold content of cyanidation tailing was detected by
the detection institution using Flame Atomic Absorption
Method (TAS-900). In order to reduce the experimental

error, the average gold leaching rate was obtained for 3 times
using leaching tests.

2.3. Analysis and Characterization. -e process mineral-
ogical analysis of the raw samples was performed by an FEI
Mineral Liberation analyzer Model 250, equipped with a
scanning electron microscope (FEI QUANTA 650) and
energy spectrometer (EDAX APOLLO X). X-ray photo-
electron spectroscopy (XPS) measurement was carried out
on a -ermo ESCALAB 250Xi device, using an Al Kα
monochromatic X-ray source operated at 150W and 15 keV.
-e pressure inside the analysis chamber was maintained
below 1× 10−8mbar. -e emission angle is 60°, and the size
of the analyzed area is 500× 500 μm.-e survey spectra were
taken in the mode with analyzer pass energy 100 eV and
energy step 1 eV. Detailed spectra of characteristic XPS lines
were taken in the mode with analyzer pass energy 30 eV and
energy step 0.01 eV. Energy shift was compensated by ref-
erencing all the spectra to a C1s signal taken as 284.8 eV
which comes from the adventitious carbon with an aliphatic
nature (sp3) and a characteristic signal at 284.8–285.0 eV.
With the difference of sample exhibits in different envi-
ronments and exposure time, calibration with C1s may have
errors [23]. To avoid the influence of the probable errors on
the result of XPS analysis, the sample composition test re-
sults, a large number of references, and XPS standard
spectrum library were referenced to ensure the accuracy of
the XPS analysis results. -e volatile condensates were
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Figure 1: MLA images of the raw sample.
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Figure 2: Gold phase images of the raw sample. (a) Native gold in a single form. (b) Native gold locked by quartz. (c) Native gold intergrown
with pyrite.
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characterized by X-ray diffraction (XRD) on an Xpert Pro
MPD device and energy dispersive X-ray spectroscopy SEM-
EDS on a TESCAN Vega3 device.

3. Results and Discussion

3.1. Analysis of Sample Quality Changes. Table 4 shows the
results of the C phase analysis and S contents of the samples
in different conditions. -e S content in gold concentrates

continuously decreased with the increase of temperature.
Finally, it decreased by 95.83% when the temperature in-
creased to 1,200°C compared with the original sample. Some
yellow gas gradually appeared in the quartz tube at
500°C–600°C. -e organic carbon content decreased by
8.48% compared with the original sample. -e remaining
4.49% of organic carbon might be the reaction residue. -e
graphite content slightly decreased at 800°C because of the
redox consumption [24], while it increased at 1,200°C

Table 1: Chemical composition of the sample.

Element Mg Al Si P S Cl K Ca V
Wt% 1.78 2.64 31.78 0.35 4.72 0.02 0.6 1.78 0.54
Element Ti Cr Mn Fe Ni Cu Zn Sr Ba
Wt% 0.19 0.09 0.12 3.62 0.05 0.15 0.10 0.09 0.64
Element Y Zr As Hg Sb Se Au(g/t)
Wt% 0.01 0.01 0.05 0.01 0.02 0.01 15.52

Table 2: Mineral compositions of the sample.

Mineral name Molecular formula Weight percent (Wt%) Area percent (area%) Particle counts Mineral number
Quartz SiO2 72.34 76.85 109448 126686
Pyrite FeS2 6.50 3.62 7874 9795
Goethite Fe2O3·H2O 3.33 2.45 5415 7963
Roscoelite K (V, Al, Mg)2AlSi3O10(OH)2 3.33 3.23 7764 9080
Kaolinite Al2O3·2SiO2·2H2O 2.98 3.19 6827 8556
Muscovite KAl2[Si3AlO10] (OH, F)2 2.58 2.54 4348 4796
Barite BaSO4 1.88 1.17 1348 2036
Dolomite CaMg(CO3)2 1.74 1.70 1663 1866
Apatite Ca5(PO4)3(F, Cl, OH) 1.45 1.27 1034 1183
Pyrrhotite FexSx+1 0.85 0.51 1031 1159
Potash feldspar K2O·Al2O3·6SiO2 0.21 0.23 385 461
Sphalerite ZnS 0.14 0.10 86 87
Calcite CaCO3 0.05 0.05 45 54
Native gold Au — — 1 1
Others — 2.62 3.09 8902 11566

Table 3: Gold phase analysis of the sample.

Phase classification W (Au) (g·t−1) Rate of distribution (%)
Exposed and semiexposed gold 5.17 34.65
Carbonate-locked gold 0.60 4.02
Hematite and limonite-locked gold 1.27 8.51
Sulfides-locked gold 6.50 43.57
Silicate-locked gold 1.38 9.25
Total 14.92 100.00

Table 4: Chemical phase analysis of C and S contents at different conditions.

Treatment conditions (°C) S (%)
Chemical phase of C (%)

Graphite carbon Carbonate Organic carbon Total

Untreated 3.36 Content 0.68 0.35 12.97 14.00
Distribution 4.86 2.50 92.64 100.00

800 2.53 Content 0.46 0.14 13.36 13.96
Distribution 3.30 1.00 95.70 100.00

1,200 0.14 Content 1.88 0.74 4.49 7.11
Distribution 26.44 10.41 63.15 100.00

Journal of Chemistry 5



because of the fact that thermal decomposition of organic
carbon could form graphite at a high temperature. -e
decomposition reaction reduced the carbonate content to
800°C. As the temperature continues to rise, the carbonate
content would be increased, and this might be related to the
ash produced by the thermal decomposition of organic
carbon.

Table 5 shows the results of sample quality variation at
different temperatures. -e mass loss of samples gradually
increased with the increase of temperature, and the increase
of mass loss changed obviously at 800°C and reached the
maximum of 37.80% at 1,200°C.

3.2. 7e Process of Minerals Phase Transformation

3.2.1. XPS Analysis of Calcine. Figure 4 shows the XPS
analysis of the total spectrum of samples at different
conditions. As shown in Figure 4, the characteristic peak
of the elements in the sample had changed obviously after
vacuum roasting. -e evident change occurred at 1,200°C
with the absorption peak strength of Fe 2p and C 1s
weakened, but Si 2p enhanced. -e binding energy of S 2p,
Fe 2p, and Si 2p was slightly offset compared with un-
treated samples when roasted at 800°C (Table 6), but it
immensely changed at 1,200°C with S 2p and Fe 2p, re-
spectively, having only one binding energy peak at 173.54
and 710.04 eV and Si 2p having a new binding energy peak
at 101.24 eV. -e results showed that the existing form of
some elements like S, Fe, and Si was changed obviously at
1,200°C [25].

-e narrow peak scanning analysis was conducted on the
main elements under different conditions to make a clearer
analysis of the reaction process. Figure 5 shows the narrow
peak scanning analysis of S 2p, Fe 2p, Si 2p, and O 1 s.

It can be seen from Figure 5 and the mineral compo-
sitions of the sample (Table 2) that S 2p mainly existed in the
form of metal sulfate and sulfide in the untreated samples.
-e corresponding peak value of S 2p gradually decreased
with the increase of roasting temperature, and it nearly
disappeared at 1,200°C. -e result shows that the S element
was effectively reduced or removed in the reaction process,
while whether there was any remaining S-containing sub-
stance needs further verification.

In Fe 2p spectrum, the peak values of 711.70 eV and
725.66 eV corresponded to Fe–O bond in the untreated
samples [26], and the peak of binding energy in other po-
sitions was not obvious to judge the existence state of Fe.-e
peak of Fe 2p decreased gradually with the increase of
roasting temperature, and it nearly disappeared at 1,200°C. It
can be seen that an obvious chemical reaction took place in
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Figure 3: Schematic of the experimental setup; 1: furnace temperature controller; 2: vacuum tube furnace; 3: temperature sensor;
4: corundum boat; 5: quartz tube; 6: rubber plug; 7: valve; 8: airway; 9: Mai’s vacuum gauge; 10: sliding vane rotary vacuum pump; 11: gas
collector.

Table 5: Sample quality variation at different roasting
temperatures.

Treatment
temperature (°C)

Mass before
treatment (g)

Mass after
treatment (g)

Mass
loss (%)

Untreated 12 - -
600 11.77 11.04 6.26
700 11.93 11.09 7.04
800 11.95 11.04 7.65
900 11.88 10.86 8.65
1,000 11.86 10.72 9.61
1,100 11.90 10.11 15.06
1,200 11.88 7.39 37.80
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Figure 4: XPS analysis of the total spectrum of samples at different
conditions.
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the Fe–O bond substances in the roasting process, and Fe–O
bond substances nearly disappeared under the condition of
treating them at 1,200°C. -e final results showed that this
process can significantly solve the problem of gold being
locked in goethite.

Si 2p spectrum seemed to be very similar under the
untreated conditions and was treated at 800°C conditions,
which showed that the existence morphology of Si had not
changed obviously by vacuum roasting at 800°C [27]. At
1,200°C, there was an obvious peak at the binding energy of
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Figure 5: Spectra of S 2p, Fe 2p, Si 2p, and O 1s at different conditions.

Table 6: Binding energy of the inner-layer electrons of the main elements on the sample surface at different conditions.

Treatment conditions
Binding energy (eV)

S 2p Fe 2p Si 2p C 1s O 1s

Untreated 170.27 711.70 103.60 284.81 532.64
164.64 725.66

800°C 169.56 711.81 103.96 284.80 532.93
164.09 726.36

1,200°C 173.54 710.04 103.71 101.24 284.80 532.75

Journal of Chemistry 7



101.24 eV, which indicated that some reactions happened on
Si-containing materials and the existence form might have
changed. In order to observe the final reaction products of Si,
the spectra deconvolution of Si 2p was conducted (Figure 6).
Finally, combined with the mineral compositions of the
sample (Table 2), Si had three existence states of SiO2,
aluminosilicate, and SiC (the corresponding binding energy
was 103.92eV, 101.93 eV, and 101.29eV). SiO2 and alumi-
nosilicate were the substances in the original sample. SiC
[28, 29] was a new product, which was probably due to a
reaction between C and a siliceous material.

-e spectra characteristics of O 1s looked similar at the
three treatment conditions. With the main presence states of
oxygen being stable forms, the corresponding substance
states of oxygen had little change.-e spectra deconvolution
of O 1s at 1,200°C was conducted (Figure 6) to analyze the
final products. Two peaks at 532.93 eV and 531.84 eV cor-
responded to existence states of O (SiO2 and organic C–O)
[27]. Other existence states of O were not found, possibly
because the content was too low to be detected.

In order to study the change of carbonaceous matters in
the reaction process, the spectra deconvolution of C 1s was
conducted (Figure 7). As it can be seen from Figure 7, the
peaks of C 1s were at 283.99, 284.8, 285.54, 286.55, and
289.07 eV in the untreated samples, but it changed at 800°C
and disappeared at the peak at 289.07 eV, and the position of
other peaks did not changemuch. At 1,200°C, there were two
new peaks appearing at 289.70 eV and 283.41 eV. According
to the results of the sample composition and the standard
spectrum library of the electron binding energy of C, it can
be inferred that the corresponding substances at 289.07 eV
and 289.70 eV were metal carbonate [30, 31], the corre-
sponding substances were C–O bonds substances (organic
carbon) at 285.54 eV [32], the binding energy at 286.55 eV
corresponded to C � O bonds substances (organic carbon),
the binding energy at 283.99 eV corresponded to C � C
carbon substances (graphite) [33], and the binding energy at
283.41 eV might correspond to SiC, which might be the
product of new reaction like carbothermic reduction reac-
tion in the process [32]. It was worth noting that carbonate
in the samples was not detected at 800°C, which indicates
that the carbonates might have been decomposed, but it
appeared at 1,200°C, indicating that the reaction might
produce new carbonate; this result was consistent with the
previous phase analysis result of carbon.

3.2.2. SEM-EDS and XRD Analysis of Volatile Condensates.
In the vacuum roasting process, volatile condensates were
different at different temperatures. At 800°C, a small amount
of yellow condensate was found in the quartz tube, but it was
too less to be detected. -erefore, the volatile condensate at
1,200°C was detected and analyzed. Figure 8 shows the photo
of volatile condensates in the quartz tube wall at 1,200°C.
Figure 9 shows the results of SEM-EDS analysis of volatile
condensates.

As shown in Figures 9(a)–9(g), evident differences could
be found between the morphology of volatile condensates.
-e main elements of volatile condensates were Si, S, and O,

whereas Na, Mg, P, K, and Zn were few. A large amount of
rod-like structure matter might correspond to SiO2
(Figure 9(a)). -e matter in Figure 9(b) looked compact and
it contained a large amount of Si and S and a small amount of
MgO and K2O. In Figure 9(c), the materials with hetero-
geneous spherical structure were mainly SiS2 and minimal
ZnO. In Figure 9(d), with the little content of other elements,
the flake shape matter seemed to correspond to Si. In
Figure 9(e), ZnS was the main matter of the uniformly
dispersed sphere. -e matter in Figure 9(f) seemed to be
similar to Figure 9(d), the morphology was cluster-like and
rich, which might be Si. As shown in Figure 9(g), the in-
terface of the product was flat, and the corresponding
substances were Si and ZnO.

Figure 10 presents the XRD analysis of the volatile
condensates at 1,200°C. -e diagram showed that the volatile
condensates were mainly composed of S, Si, SiO2, SiS2, ZnO,
ZnS, and MgO. Under the vacuum condition, the S in the
volatile condensates came from the decomposition reaction of
FeS2. -e Si and SiO2 condensates might be the intermediate
product of the carbothermal reduction reaction of SiO2 [33].
MgO might be produced by the decomposition reaction of
dolomite. SiS2 condensed on the tube wall might be formed
through the contact reaction of Si and sulfur gas [34].-e ZnS
and ZnO condensates might be produced by the volatilization
and other unknown reactions of ZnS, respectively.

3.3. Analysis of Gold Dissociation Effect. Table 7 shows the
gold phase analysis of calcine at 1,200°C. Compared with the
results of untreated samples in Table 3, the content of ex-
posed and semiexposed gold increased from 34.65% to
57.56%; this result showed that the gold liberation had been
improved and gold leaching would be easier than the raw
sample. -e content of sulfides-locked gold had greatly
reduced from 43.57% to 5.57%, which showed that the
vacuum roasting could effectively solve the gold locking
problem by sulfides.

3.4. 7e Main Reaction Process and Mechanism

3.4.1. 7e 7ermodynamic Analysis of Main Minerals.
-emain chemical reactions and the whole reaction process
of vacuum roasting pretreatment of carbonaceous gold
concentrate were obtained by combining the analysis results
of calcine and volatile condensates. -e main chemical re-
actions were decomposition reaction (equation (1)) and
carbothermic reduction reactions (equations (2) and (3)) of
pyrite [35], carbothermic reduction reactions of SiO2
(equations (4) and (5)) [36], and thermal decomposition
reaction of organic carbon (equation (6)) [37, 38]. -e re-
sults of thermodynamic analysis of the main chemical re-
actions in the vacuum roasting pretreatment processes are
shown in Figure 11.

2FeS2 � S2(g) + 2FeS, (1)

2FeS2 + C � CS2(g) + 2FeS, (2)

8 Journal of Chemistry
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Figure 8: Photo of the volatile condensates at 1,200°C.
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FeS2 + C � Fe + CS2(g), (3)

3C + SiO2 � SiC + 2CO(g), (4)

2C + SiO2 � Si(g) + 2CO(g), (5)

CnHm⟶ nC +
1
2
mH2(g), (6)

CaCO3 � CaO + CO2(g), (7)

CaMg CO3( 2 � CaO + MgO + 2CO2(g), (8)

CaO + CO2(g) ⟶
H2O(g)

CaCO3, (9)

Fe2O3 + 3H2(g) � 2Fe + 3H2O(g). (10)

-e main reaction process of the vacuum roasting
pretreatment process is as follows:

(1) 7e Reactions of FeS2. Under vacuum condition, the
decomposition reaction of FeS2 could take place at
513°C, and the temperature of carbothermic re-
duction reactions is 470°C and 731°C, respectively.
-erefore, the carbothermic reduction reactions
might take place preferentially in actual reactions.
During the roasting experiment, yellow gas was
produced at 500~600°C, which gradually condenses
and eventually becomes sulfur during the cooling
process. -e decomposition reaction of FeS2 was
verified. -erefore, both the decomposition reaction
and the carbothermic reduction reaction of FeS2
could take place in the range of experimental
temperature.

(2) 7e Reactions of SiO2. -e carbothermal reductions
of SiO2 in vacuum roasting pretreatment process
were very complicated. -us, the thermodynamic
analysis only listed the reactions with significant
products in the experimental process [39]. -e first
carbothermal reduction reaction (equation (4))
could take place at 927°C, and this could be
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Figure 9: SEM-EDS analysis of volatile condensates at 1,200°C.

Journal of Chemistry 13



confirmed with the SiC that appeared in calcine at
1,200°C in the XPS analysis part.-e second reaction
(equation (5)) could take place at 1155°C. -e silicon
in the product was in a gaseous state firstly and then
it condensed on the tube wall, which showed how the
silicon in the condensate came from. -erefore, the
carbothermal reduction of SiO2 could take place in
the range of experimental temperature, and the
treatment of SiO2 was effective.

(3) 7e Carbonaceous Matter Reactions. -e carbona-
ceous matter was grouped by elemental carbon and
organic carbon in the original sample. In theory, all
of the carbothermal reduction reactions (equations
(2)–(5)) of elemental carbon could take place, while
with the small initial content of elemental carbon,
only two lower temperature reactions (equations (2)
and (3)) might take place in real experiments. -e
thermal decomposition and dehydrogenation reac-
tions (equation (6)) might be the main reactions of
organic carbon. -e thermal decomposition reaction
was a seriously mass-weightless process, which
might end at about 900–1,000°C. -e

dehydrogenation reaction was the second reaction
stage of organic carbon, which continuously pro-
duced carbon. And this was also the reason for the
increase of graphite content in calcine at 1,200°C.
-is elemental carbon produced by organic carbon
could continue to participate in the reaction of other
substances, such as the carbothermal reduction re-
action (equations (4) and (5)).

(4) Reactions of Other Substances. Carbonates content
decreased first and then increased during the pre-
treatment process, which was related to the de-
composition and formation reactions of carbonates
(equations (7)–(9)). -e decomposition reaction of
dolomite and calcite occurred at 332°C and 470°C, so
the carbonates were hard to be detected at 800°C.
After 800°C, there might be water vapor from the
pyrolysis of organic carbon in the system, and the
reaction of CaOwith water and CO2 could reproduce
calcite. -erefore, carbonates could be detected at
1,200°C again. Other substances, such as goethite,
kaolinite, mica mineral, and potash feldspar, mainly
undergo dehydration reactions before 300°C. -e
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Figure 10: XRD analysis of volatile compounds from carbonaceous gold at 1,200°C.

Table 7: Gold phase analysis of calcine.

Phase classification W (Au) (g·t−1) Rate of distribution (%)
Exposed and semiexposed gold 10.43 57.56
Carbonate-locked gold 3.14 17.33
Hematite and limonite-locked gold 0.89 4.91
Sulfides-locked gold 1.01 5.57
Silicate-locked gold 2.65 14.63
Total 18.12 100.00
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goethite could be reduced by H2 (equation (10))
which was generated in the thermal decomposition
and dehydrogenation reactions of organic carbon at
500°C after its dehydration reaction. With the low
content, it was difficult to analyze the late reactions of
these substances. In addition to the reactions of
minerals occurring in the heating region, a variety of
products could be seen in the condensation region,
which might be products of the reactions of the
original substances or secondary products of these
reactions. -erefore, these complex reactions in the
vacuum roasting pretreatment process were still
needed to be further studied.

3.4.2. 7e Mechanism Diagram of Major Reactions. -e
main factors affecting gold leaching could be effectively
improved by the vacuum roasting pretreatment method.
Bellow 800°C, the main reactions were dehydration re-
actions of water-bearing materials, decomposition reac-
tions and carbothermic reduction reactions of sulfides
ores, and thermal decomposition reactions of organic
carbon. Above 800°C, the main reactions were carbo-
thermic reduction reactions of SiO2, thermal decompo-
sition reactions of organic carbon, and some complex
reactions of other prime matters or their secondary re-
action. Figure 12 only shows the main reaction process of
sulfides ore and carbonaceous matters to make the re-
action process clearer.

3.5. Analysis of Leaching Effect. -e gold leaching results
under different pretreatment temperatures are shown in
Figure 13. -e results showed that the gold leaching rate
gradually increased with the increase of temperature under

the vacuum roasting condition; it increased from 2.13% to
88.37% after pretreatment at 1,200°C. Combined with Ta-
ble 4 and Figure 13, the gold leaching rate was low when the
roasting temperature is less than 800°C, while the organic
carbon content was high (Table 4). With the temperature
increase after 800°C, the organic carbon content significantly
decreased, whereas the gold leaching rate evidently in-
creased. -is finding showed that organic carbon was the
main factor affecting the gold leaching rate in the carbo-
naceous gold concentrates.

It is worth noting that the exposed and semiexposed
gold increased to 57.56% after roasting at 1,200°C, but the
gold leaching rate reached 88.37% finally. -e result
suggested that some of the locking gold was also leached.
-is might be due to the fact that the locking in the raw
samples was broken. -e locking did not completely
abolish finally; this might be due to the new secondary
locking produced by some reactions. However, the sec-
ondary locking might not be as tight as the original
locking after a series of reactions and might leach more
easily during the leaching process.

4. Discussion

-e vacuum roasting pretreatment technology increased
the gold recovery by solving the problems of “preg-rob-
bing” and gold-locked. -e gold leaching rate was im-
mensely improved with vacuum roasting pretreatment at
1,200°C; however, there was still 11.63% of gold being lost;
this part of the gold loss was a mystery and needs further
study to get the ideal gold leaching rate [40]. -at is to say,
the fundamental reason why the gold was difficult to be
recovered needed to be further studied. It was of great
indicative significance to the selection of the pretreatment
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process for the same kind of carbonaceous gold ore, and it
could also explain why the conventional roasting pre-
treatment and preferential flotation of carbonaceous
matters cannot achieve good results.

It is interesting that a large number of volatile condensates
like elemental Si and S were produced during the vacuum
roasting pretreatment process.-e variation characteristics of
condensate at different temperatures and whether they were
available or not were worth studying; it was also an important
aspect of maximizing the utilization of samples. -e recovery
of condensation was not easy due to the immaturity of test

equipment in the present research. Improving the experi-
mental equipment for more scientific recovery of volatile
condensates is necessary for future research.

5. Conclusions

A good effect with the gold leaching rate increase from 2.13%
to 88.37% was obtained with the vacuum degree of 10 Pa and
the temperature of 1,200°C for 30minutes. -e removal of
sulfur and carbonaceous matters during the vacuum
roasting process was 95.83% and 65.38%, respectively. -e
content of exposed and semiexposed gold increased from
34.65% to 57.56%, which was beneficial to the gold leaching.

In the vacuum roasting pretreatment process of carbona-
ceous gold concentrate ores, the effect of temperature was
obvious, and the increase of temperature was conducive to the
carbothermal reduction reactions and the thermal decomposi-
tion of organic carbon. -e pretreatment effects increased after
800°C, at which the thermal decomposition of organic carbon
was gradually completed. Some of the carbonaceous matters
contained in the carbonaceous gold ores became the reductant
to participate in the reaction, which not only realized the re-
covery of the target minerals but also realized the purpose of
waste utilization. -e recovery of gold could be effectively
improved by removing the carbonaceous matters and reducing
the gold locking of sulfide ores. With the S element transformed
into S2 instead of SO2, the cost of waste gas treatment could be
reduced. -is research provides a new idea for the compre-
hensive utilization of carbonaceous materials and the devel-
opment of a roasting pretreatment method for carbonaceous
gold ore.
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