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Abstract: A total gold extraction of 70.2% could only be reached via direct cyanidation from a
refractory As-, S- and C-bearing gold concentrate calcine, and the gold extraction varied noticeably
with different size fractions. The reasons for unsatisfactory gold extraction from the calcine were
studied through analyses of chemical composition, chemical phase and SEM-EDS of different
sizes of particles. It was found that a significant segregation of compositions occurred during
the grinding of gold ore before flotation. As a result, for the calcine obtained after oxidative roasting,
the encapsulation of gold by iron oxides was easily engendered in finer particles, whilst in coarser
particles the gold encapsulation by silicates was inclined to occur likely due to melted silicates
blocking the porosity of particles. The improvement of gold leaching from different size fractions
was further investigated through pretreatments with alkali washing, acid pickling or sulfuric acid
curing-water leaching. Finally, a novel process was recommended and the total gold extraction from
the calcine could be increased substantially to 93.6% by the purposeful pretreatment with alkali
washing for the relatively coarse size fraction (+37 pm) and sulfuric acid curing—water leaching for
the fine size fraction (—37 um).

Keywords: refractory gold concentrate; calcine; acid pickling; alkali washing; sulfuric acid
curing-water leaching

1. Introduction

Refractory gold ores have increasingly been the main source of gold production with the
exhaustion of amenable gold ores. Of the 2630 tons of total world gold production in 2011, about
25% was produced from refractory gold deposits, and of the top 20 gold operations in 2011, eight
were processing refractory ores [1]. Commonly, relatively high content of detrimental impurities
like S (sulfur), As (arsenic) and C (carbon) occur in these refractory gold ores [2—4]. Also, gold is
usually disseminated as micro-fine particles which are easily encapsulated in associated minerals,
resulting in unacceptable exposure levels of gold unless undergoing ultra-fine grinding with high
energy consumption. As a result, proper pretreatments are necessary to improve the leaching of gold
from these refractory gold ores [5,6].

The pretreatment of oxidative roasting has always been one of the most extensively used methods
in China attributing to its mature technique, high efficiency, energy conservation, etc. [7,8] Effective
removal of harmful elements including S, As and C can be achieved after oxidative roasting, but the
sintering phenomenon occurs inevitably even when adjusting the roasting atmosphere and lowering
the roasting temperature [9]. Consequently, the oxidative roasting is often accompanied by the
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secondary encapsulation of gold, which leads to the unsatisfactory extraction of gold from the calcine
and thus the waste of gold resources [7,10-13].

The locked gold in calcine is commonly referred to as encapsulation by iron oxides (mainly
hematite, Fe;Os3). Currently, the pretreatment of acid pickling (i.e., commonly using dilute sulfuric
acid liquors to dissolve iron oxides) has been widely used to open the encapsulation of gold in
metallurgical plants of China [14]. The acid consumption is generally high, but the damage of
iron oxides is still insufficient, and so the improvement of gold extraction is rather limited [15-17].
It has been shown that about 50% of iron could be leached from a cinder of pyrite at the optimal
conditions of leaching temperature 110 °C, sulfuric acid concentration 55% (w/w), and leaching time
2 h [15]. Similarly, the research of, Zhang et al. [17] indicated that the optimal leaching ratio of
iron from a pyrite cinder was only 45%. In view of crystal forms of Fe,Oj3, the dissolution rates of
«-Fe,O3 and y-Fep O3 in sulfuric acid were also investigated and it was found that the leaching of iron
from «-Fe,O3 and y-Fe,O3 were both rather restricted, with an iron leaching ratio of 20% and 40%,
respectively [16]. Other pretreatments that include reduction roasting—acid pickling, acidic pressure
pickling and sulfuric acid curing (i.e., directly using concentrated sulfuric acid to react with iron oxides
under high temperatures)-water leaching were further studied to expose the locked gold [18-22].
The removal of iron oxides is enhanced to some degree by using the former two methods, but the
gold extractions are still not high enough for some gold calcines. By comparison, the sulfuric acid
curing-water leaching is more advantageous due to the higher damage degree of iron oxides and the
simple technology [23]. The iron oxides can be transformed fully into a soluble form of rhomboclase
HFe(SO4),-4H,0 by this pretreatment, so the effective exposure of gold can be achieved to significantly
improve gold extraction [24-27].

Additionally, the gold encapsulated in gangue minerals, especially in quartz or silicate, cannot
effectively be exposed during the oxidative roasting. On the contrary, a more compact structure of the
silicates is apt to form after oxidative roasting, causing another secondary encapsulation of gold by
silicates [28]. Brady et al. [29] researched the dissolution of silicate in neutral and basic pH solutions
and found that a higher pH was beneficial to the dissolution of silicates. Therefore, it is necessary to
expose the gold encapsulated in silicates through pretreatment with alkali washing [30,31].

With respect to the simultaneous encapsulation of gold by iron oxides and silicates, however,
the efficient extraction of gold is nearly impossible by only sulfuric acid curing-water leaching or
alkali washing. As for the distribution of gold, Paktunc et al. [32] found that gold tended to be
distributed in fine-grained and inclusion-rich pyrite crystals rather than the coarse-grained crystals,
and after roasting, the gold appeared to be confined to impervious bands of maghemite within iron
oxide particles and to mimic the distribution of arsenic. Moreover, it was also reported that gold
encapsulation in iron oxides occurred more easily in the relatively fine size fraction of calcine [13,33],
but the causes for this phenomenon are still unclear. Little research has concentrated on exposing the
encapsulated gold in different size fractions of the calcine.

In this paper, the particle characteristics including the chemical compositions, chemical phase and
particle morphology of different size fractions of the gold concentrate and calcine were investigated
systematically. On this basis, the enhancement of gold leaching from the calcine was studied by
purposefully pretreating each size fraction with sulfuric acid curing-water leaching or alkali washing.
Finally, an efficient process from improving gold extraction from refractory As-, S- and C-bearing gold
concentrate calcine was developed based on the different predominant encapsulation phase of gold in
different size fractions of the calcine.

2. Materials and Methods

2.1. Materials and Reagents

The As-, S- and C-bearing gold concentrate was a floatation concentrate from Yunnan province
of China. The calcine was obtained from the gold concentrate by two-stage oxidative roasting.
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Mineralogical phases of the gold concentrate and calcine were determined by quantitative X-ray
diffraction (XRD) analysis, and the chemical and mineralogical compositions of them are shown in
Table 1. Through optical microscopy and electron probe microanalyses and chemical analyses for
different phases, the chemical phase analyses of gold in the concentrate and calcine are also presented
in Table 2.

It is indicated in Table 1 that the gold concentrate had a high content of S (20.76%), As (1.62%) and
C (6.95%), which are all possibly detrimental to gold leaching. Specifically, according to the chemical
phase analyses of gold in the concentrate (see Table 2), the gold concentrate belongs to a refractory
sulfidic carbonaceous gold ore chiefly due to the encapsulation of gold by associated sulfides (mainly
pyrite and arsenopyrite) and the “preg robbing” of gold by carbonaceous matters (mainly simple
substance C). After two-stage oxidative roasting, most of the S (93.84%), As (71.40%) and C (98.27%)
in the gold concentrate was removed and the content of gold increased from 18.05 g/t to 22.50 g /t.
In addition, the exposed gold (cyanide leachable) increased from 1.72% in the concentrate to 64.27%
in the calcine. However, the enclosed gold by iron oxides increased significantly from 10.36% in the
concentrate to 21.96% in the calcine, which indicated that, except the initial gold encapsulated by
iron oxides, during oxidation roasting, the secondary gold encapsulation by iron oxides occurred.
Meanwhile, the distribution of gold in silicates rose markedly from 0.71% in the concentrate to 11.41%
in the calcine, meaning that the secondary gold encapsulation by silicates was also generated during
oxidation roasting. Actually during the roasting, solid phase reactions of FeO with SiO,, Al,O3,
etc. can occur at a temperature of less than 600 °C. Together with the exothermic effect of carbon
combustion, an overhigh local temperature is inclined to be caused and thereby leading to the fusion
of low-melting resultants of solid-solid reactions such as fayalite and aluminosilicate, resulting in the
secondary encapsulation of gold by silicates [34]. At the same time, under overhigh local temperature,
the iron oxides will undergo recrystallization leading to secondary gold encapsulation by iron oxides.

Table 1. Chemical and mineralogical compositions of gold concentrate and calcine samples/(mass
fraction, %).

Chemical

* .
Compositions Au Fe S As C K,O CaO MgO Al,O3 SiO,
Concentrate 18.05 19.60 20.76 1.62 6.95 2.10 4.26 2.00 6.19 27.68
Calcine 22.50 25.44 1.83 0.42 0.13 2.24 4.58 1.96 7.87 34.61
Mineralogical . . . . . .
Compositions Arsenopyrite Pyrite  Hematite = Magnetite Simple Substance C  Dolomite =~ Gypsum Quartz
Concentrate 3.48 38.66 3.23 0.79 4.37 15.89 0.18 27.89
Calcine 1.04 1.86 35.27 3.82 0.07 0.86 12.73 34.47
* Unit g/t.

Table 2. Results of chemical phase analyses of Au in gold concentrate and calcine samples.

Phases Exposed Gold In Sulfides In Iron Oxides In Silicates Total

c Content/(g/t) 0.31 15.74 1.87 0.13 18.05
oncentrate b ution/% 1.72 87.21 10.36 0.71 100.00
Calci Content/(g/1) 14.46 0.53 494 2.57 22.50
alcine Distribution/% 64.27 2.36 21.96 11.41 100.00

The reagents used in this study, such as sodium cyanide, sodium hydroxide and sulfuric acid,
were all of analytically pure grade. De-ionized water was used throughout all experiments.

2.2. Experiment Methods

The simplified flow chart of manipulations is presented in Figure 1. The size grading of gold
concentrate or calcine was carried out in water with screens of 200 mesh and 400 mesh, thus obtaining
three particle size fractions of +75 um (coarse), +37~—75 pm (medium) and —37 pm (fine). These
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different size fractions were filtrated, dried and stored in air-tight plastic bags. The two-stage oxidative
roasting of gold concentrate was conducted in a horizontal tube furnace under the optimum conditions
that had been obtained in our previous studies [31], aiming to remove As in the I stage and then S and
C in the II stage.

Gold concentrate ——— | Two-stage oxidative roasting| —— Calcine —— |Size grading

Leached residue %{ Cyanidation ‘H{ Pretreatments < Dry-milled — *75um l

Leached residue «—{ Cyanidation [« Pretreatments | Dry-milled [+—37~75um Filtering
and drying

Leached residue H Cyanidation ‘%‘ Pretreatments} -37um

Figure 1. Simplified flow chart of the manipulations.

Before the pretreatments and cyanidation of calcines, the coarse and medium size fractions were
previously dry-milled in a planetary ball mill to be —37 pm over 90%. The pretreatment of calcines
by acid pickling or alkali washing were conducted in 1-L jacketed glass reactors each equipped
with overhead mechanical stirrer IKA EURO-STPCUS25), condenser and thermometer, and the
reactors were connected with thermostatic water baths to control reaction temperature. The reaction
conditions were liquid-solid ratio 3:1, temperature 80 °C, stirring speed 300 rpm, HySO4 15% (mass
fraction) /NaOH 2% (mass fraction) and time 1 h. The sulfuric acid curing-water leaching of calcines
was firstly carried out in a ceramic crucible at a muffle furnace, and then the reaction product was
leached by water in a 1-L beaker where pulp was stirred by a mechanical agitator. The reaction
conditions of sulfuric acid curing were H,SO4 75% (mass fraction), excess coefficient of HySO4 1.4
(ratio of the actual amount to the theoretical amount), temperature 250 °C and time 1 h. The conditions
of water leaching were liquid—solid ratio 3:1, stirring speed 300 rpm, temperature 25 °C and time 2 h.
Gold cyanide leaching was implemented under the conditions of liquid—solid ratio 2.5:1, temperature
25 (£0.5) °C, stirring speed 600 rpm, NaCN 0.4% (mass fraction), time 36 h and pH 11, and the pH
was adjusted by the careful addition of 1.0 M NaOH solution. When the pretreatment or gold leaching
test was completed, the pulp was filtrated by a vacuum filter and the obtained filter residue was
washed adequately.

2.3. Analytical Methods

S and C contents in the gold concentrate and calcine were determined using a high frequency
IR carbon and sulfur analyzer (HW2000B, Wuxi Yingzhicheng, Wuxi, China). The other elements
were all analyzed using acid digestion and an atomic absorption spectrometer (AA-6800, Shimadzu,
Kyoto, Japan). The specific surface areas of mineral particles were detected by the laser particle
size analyzer (Mastersize2000, Malvern Instruments Ltd., Malvern, UK). Morphological studies on
the calcine were carried out with Scanning Electron Microscope coupled with Energy Dispersive
Spectrometer (JSM-6360LV, JEOL Ltd., Tokyo, Japan).

Chemical phase analysis of gold is extensively adopted in China for research on gold-bearing
materials, and the steps of analysis are as follows: firstly, the occurrence of gold in different phases was
found out by optical microscopy and electron probe microanalyses, and then the content of gold in each
phase was determined by the selective dissolving of each phase with certain chemical reagents [35,36].
The exposed gold represents that gold is leachable by direct cyanidation while the gold in sulfides,
iron oxides and silicates means that gold is not cyanide leachable due to being separately locked in
those associated minerals.
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3. Results and Discussion

3.1. Gold Leaching from Different Size Fractions of the Calcine by Direct Cyanidation

Before and after cyanidation, the content and distribution of gold in the different size fractions of
calcine and the corresponding gold extraction are listed in Table 3.

Table 3. Results of gold leaching from the different size fractions of calcine.

Size Fraction/um

Calcine Total
+75 +37~—75 —37
N Au content/(g/t) 16.85 23.12 25.72 2240
Before cyanidation ' 4;ctribution /% 21.84 29.46 48.70 100.00
S Au content/(g/t) 4.88 4.23 10.54 6.91
After cyanidation ' " 4i b ution,/ % 19.97 17.02 63.01 100.00
Gold extraction/% 72.3 82.6 59.7 70.2

Table 3 shows that the total gold extraction of calcine was only 70.2%, and the gold extraction
differed significantly with size fraction, following the sequence of the medium (+37~—75 pum) > the
coarse (+75 pm) > the fine (=37 pm). The medium size fraction obtained a relatively high gold
extraction of 82.6%, but the gold extractions from the coarse (72.3%) and particularly from the fine
(59.7%) were both unsatisfactory. After cyanidation, for the gold in the leached residue, the gold
distribution in the fine size fraction accounted for as high as 63.01% which was much higher than that
in the coarse (19.97%) and the medium (17.02%).

3.2. Particle Characteristics of the Gold Concentrate and Calcine

Aiming to clarify the gold leaching behaviors from various size fractions of the calcine,
the distribution of main chemical compositions including SiO,, Al,O3, C, S, Fe and Au, and the
chemical phase of gold and the particle morphology were further studied for the gold concentrate
and calcine.

3.2.1. Distribution of Main Chemical Compositions in the Different Size Fractions of Gold Concentrate
and Calcine

In the concentrate, as indicated in Table 4, the allocation of coarse size fraction (20.91%) was close
to the medium size fraction (23.93%), while up to 55.16% of particles were distributed in the fine size
fraction. The main chemical compositions of gold concentrate are depicted in Figure 2. The content of
AlyOs fluctuated slightly in different size fractions, but that of SiO; in the coarse (40.95%) and medium
(35.00%) size fraction were both much higher than the fine size fraction (19.47%). Additionally, C, S, Fe
and Au were prone to being concentrated in finer size fractions. The reasons for the above primarily lie
in two aspects. On the one hand, the gold concentrate has undergone an ore grinding process before
flotation, so selective grinding easily occurs attributing to the grindability difference especially among
sulfide ore (mainly pyrite and arsenopyrite), carbonaceous matter (mainly simple substance C) and
quartz (or silicate) [37]. With relatively low hardness, pyrite, arsenopyrite and simple substance C are
ground in priority and easily segregated into relatively fine fractions. Meanwhile, quartz (or silicate)
whose hardness is high is inclined to be segregated into the relatively coarse size fractions. On the
other hand, 87.21% of gold in the concentrate is encapsulated in sulfide minerals (see Table 2) and
the gold will still be associated with the iron oxides generated from the oxidative roasting of sulfide
minerals, so the simultaneous segregation of gold into finer mineral particles also occurs.
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Table 4. The distribution and specific surface area of different size fractions/(mass fraction, %).
Size Fraction Distribution/Mass Fraction, %
Gold Ore Type Specific Surface Area/(cm?/g)
+75 um +37 ym~—75 pm —37 um
Concentrate 1473 2091 23.93 55.16
Calcine 2565 29.10 28.32 42.58
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Figure 2. Main chemical compositions of the different size fractions.

It can be seen in Table 1 that most S and C were removed during the oxidative roasting of
concentrate. Also, the ignition loss is mainly determined by the content of S and C. Thus, it is found
from Figure 2 that the content of S and C in the different size fractions of calcine all declined to
quite low levels. Accordingly, the content of the other compositions in calcine all rose to some extent
comparing with the concentrate. Similar to the concentrate, in the calcine the coarse and medium size
fractions always had much higher content of SiO, whilst the fine size fraction had obviously higher
content of Fe and Au. Additionally, due to the removal of higher content of S and C in the fine particles
during roasting, we can see clearly from Table 4 that the distribution of fine size fraction decreased
from 55.16% for the concentrate to 42.58% for the calcine, meaning that the overall size of mineral
particles became larger after the oxidative roasting. Nevertheless, the measured specific surface area
grew obviously from 1473 cm?/g of the concentrate to 2565 cm?/g of the calcine, owing to the release
of S, C and As from the mineral matrix in a volatile form like SO,, CO, and As,0O3. Hence, a porous

structure of calcine particle can be attained and it is beneficial for the exposure of gold.

3.2.2. Chemical Phase Analysis of Gold in the Different Size Fractions of Calcine

For the calcine, the gold phase in different size fractions was also studied by chemical phase
analysis and the result is shown in Figure 3.

As seen from Figure 3, after oxidative roasting the distribution of leachable gold in the medium
size fraction (79.48%) was clearly higher than that in the coarse (68.39%) and fine (51.34%) fractions,
which is in accordance with the gold leaching results in Table 3. For the locked gold, it is explicit that in
the fine size fraction 36.97% of gold primarily occurred in iron oxides, which is much higher than the
gold encapsulated in silicates and sulfides (7.93% and 3.77%). In contrast, in the coarse size fraction,
more gold was encapsulated in silicates (20.59%) than in iron oxides (9.7%) and sulfides (1.32%).
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Figure 3. The result of gold phase in different size fractions of the calcine.

This further confirms the composition segregation phenomenon. It has been ascertained in the
concentrate that 87.21% of gold is enclosed in iron-containing sulfides and 10.36% of gold in iron
oxides. Hence, with an intimate relationship between Au and Fe, most gold will occur in iron oxides
in the calcine after oxidative roasting. Since there is an obvious excess of Fe (i.e., iron oxides) over S5iO;
in the fine particles of calcine, except the original enclosed gold by iron oxides, it is inevitable that the
secondary encapsulation of gold by iron oxides occurs attributing to the recrystallization of iron oxides.
Namely, the occurrence of encapsulated gold in fine particles is mainly in iron oxides. The situation
in the coarse size fraction is quite different arising from the composition segregation. Much higher
content of SiO, than Fe in the coarse size fraction possibly results in the formation of low-fusing
fayalite as well as other silicates under overhigh local temperatures. Consequently, the pores of iron
oxides are blocked by the melted silicates and the gold appears to be occluded by silicates instead of
iron oxides. In association with the segregation of compositions, we can determine that during the
oxidative roasting of gold concentrate, encapsulations of gold by iron oxides were inclined to occur in
finer size factions and gold encapsulations by silicates were more likely in coarser size factions.

3.2.3. SEM-EDS Analysis

The microstructures and compositions of the coarse and fine size fractions of calcine were further
studied by SEM-EDS analysis. The results are shown in Figure 4 and Table 5.

Figure 4a,d shows the SEM image of the coarse particle and the fine particle, respectively.
Further partial enlargement (amplification x10,000) of the marked area in Figure 4a,d is presented
in Figure 4b,e, respectively. It is clearly indicated that the surface structure of the coarse particle
was relatively compact than the fine particle. Additionally, the EDS spectra of the calcine particles,
i.e., Figure 4c,f, and the quantitative EDS analysis (see Table 5) indicate that the coarse particle contained
significant quantities of SiO, (52.67%) and Al,O3 (24.68%). Conversely, the fine particle was mainly
composed of iron oxides, i.e., hematite Fe,O3 (89.91%).

The results of SEM-EDS are in line with the above analysis, and the porosity of coarse particles was
possibly blocked by melted silicates during oxidative roasting to hinder the gold leaching. Meanwhile,
it was more likely for fine particles to form the encapsulation of gold by iron oxides.
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Figure 4. SEM images and EDS spectra of the calcine: (a—c) the coarse particle; (d—f) the fine particle.

Table 5. Results of quantitative EDS analysis of the calcine/(mass fraction, %).

Size Fraction/um Fe, O3 SiO, Al,O3 MgO CaO SO;3 K,O

+75 6.14 52.67 26.48 277 2.73 1.74 6.53
-37 89.91 4.85 2.63 0.64 1.41 0.11 0.24

3.3. Enhancement of Cyanide Gold Leaching from the Different Size Fractions of Calcine

Based on the above analysis related to particle characteristics, the different size fractions of calcine
were pretreated by alkali washing, acid picking or sulfuric acid curing-water leaching to expose the
locked gold, aiming to enhance gold leaching. The results can be seen clearly in Table 6.
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Table 6. Gold extractions from the different size fractions of calcine pretreated by sulfuric acid or
sodium hydroxide (mass fraction, %).

Size Fraction/um

Calcine Total
+75 +37~—75 —37

Au content/(g/t) 1.69 1.85 6.89 4.08

Alkali washing-cyanidation Au distribution 10.92 12.90 76.18 100
Gold leaching rate 91.7 92.7 74.2 84.1

Au content/(g/t) 4.26 3.99 5.94 4.87

Acid pickling-cyanidation Au distribution 26.10 23.66 50.24 100
Gold leaching rate 76.4 84.0 79.7 80.0

L o Au content/(g/t) 3.75 2.78 2.56 3.07
i‘;lcfﬁf: f‘;‘i;;’gginwater Au distribution 44.81 32.16 23.02 100
&Y Gold leaching rate 79.3 88.9 95.2 89.9

According to the results in Tables 3 and 6, the total gold leaching ratios all presented a significant
improvement from the pretreatments with alkali washing, acid pickling and sulfuric acid curing-water
leaching, increasing from 70.2% to 84.1%, 80.0% and 89.9%, respectively. Particularly, the alkali washing
pretreatment was more effective to expose the gold encapsulated in the coarse and medium size
fractions. The gold leaching ratio could grow from about 70%~80% to over 90%. Alkali washing is
effective in damaging the silicates structure as reported [30,31], thereby noticeably exposing the gold
encapsulated by silicates. With regard to exposing gold locked in iron oxides, an effective dissolution
of iron oxides can be achieved by sulfuric acid curing-water leaching attributing to the formation the
soluble rhomboclase, whereas only limited dissolutions are attained by acid picking due to the restricted
dissolution kinetics of «-Fe,O3 formed after the roasting. Thus, comparing with acid pickling, it was
more favorable to open the encapsulation of gold in the fine size fraction by sulfuric acid curing-water
leaching. The gold leaching ratio could be improved substantially from 59.7% to 95.2%.

In association with the segregation of composition, the above enhancement of gold leaching
can be interpreted by the deduction that the pretreatment of sulfuric acid curing-water leaching can
effectively dissolve the high content of iron oxides in finer particles while alkali washing can dissolve
the high content of silicates in coarser particles.

According to the above studies, we find that the main encapsulation phase of gold varies with the
size fraction of calcine. Thus, it is proposed that the relatively coarse size fraction (+37 pm) be pretreated
by alkali washing whilst the fine size fraction (—37 um) is pretreated by sulfuric acid curing-water
leaching. Then the two washed residues were evenly mixed and the chemical phase analysis results of
gold in the mixed residue are shown in Table 7. It is clear that the distribution of leachable gold in the
calcine reached up to 93.84%. Afterwards, the cyanidation of the mixture residue, the gold leaching
ratio could increase substantially to 93.6%. The improved process flowsheet of leaching gold from the
calcine is recommended as presented in Figure 5. Based on the different predominant encapsulation
phase of gold in different size fractions of the calcine, purposeful pretreatments are taken to maximize
the exposure degree of gold in this new process, so the extraction of gold from the calcine could be
enhanced efficiently.

Table 7. The result of chemical phase analysis of Au in the mixed pretreated residues.

Phase of Gold Exposed Gold In Sulfides In Oxides In Silicates Total

Content/(g/t) 21.02 0.41 0.82 0.15 22.40
Distribution/ % 93.84 1.82 3.68 0.66 100.00
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Figure 5. Process flowsheet of enhancing gold leaching from the calcine by purposeful pretreatments

for different size fractions.

4. Conclusions

The total gold leaching ratio of a refractory As-, S- and C-bearing gold concentrate calcine by
direct cyanidation was only 70.2%, but there was a significant variation in the gold leaching ratio based
on size fraction, in the following order: medium size fraction (82.6%) > coarse size fraction (72.3%) >
fine size fraction (59.7%). Due to the grindability difference of minerals and the intimate occurrence
of Au with S and Fe in the raw gold ore before flotation, segregation of composition occurred—the
coarse and medium size fractions always had much higher SiO, content whilst Fe and Au were prone
to being concentrated in finer size fractions. As a result, the encapsulation of gold by iron oxides was
apt to occur in finer calcine particles, whilst the gold encapsulation by silicates occurred more easily in
coarser particles because the porosity of particles were blocked by melted silicates.

The enhanced gold leaching tests showed that alkali washing was more effective for exposing the
gold encapsulated in the coarse and medium size fractions due to effectively damaging the silicates
structure and sulfuric acid curing-water leaching was more favorable to open the encapsulation of
gold in the fine size fraction attributing to remarkable dissolution of iron oxides via forming the
soluble rhomboclase. Hence, via the pretreatments of alkali washing for the relatively coarse size
fraction (+37 um) and sulfuric acid curing-water leaching for the relatively fine size fraction (—37 pm),
the total gold leaching ratio of calcine by cyanidation was improved from 70.2% to 93.6%, which is
substantial. Based on the composition segregation associated with particle size, this is an efficient way
of intensifying gold extraction for this kind of refractory As-, S- and C-bearing gold concentrate calcines.

Acknowledgments: This work was financially supported by National Natural Science Foundation of China (Grant
No. 51574284), National Science Foundation for Distinguished Young Scholars of China (Grant No. 51504293) and
Science and Technology Program of Yunnan (No. 2013IB020).

Author Contributions: Qian Li, Yan Zhang and Bin Xu conceived and designed the experiments; Yan Zhang
performed the experiments; Yan Zhang, Xiaoliang Liu analyzed the data; Qian Li and Bin Xu contributed
reagents/materials/analysis tools; Yan Zhang and Xiaoliang Liu wrote the paper; Bin Xu, Yongbin Yang and
Tao Jiang reviewed it before submission.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Historical Statistics for Mineral and Material Commodities in the United States (2016 version): U.S. Geological
Survey Data Series 140. Available online: https://minerals.usgs.gov/minerals/pubs/historical-statistics /
(accessed on 8 May 2017).

2. Xu, B, Yang, Y.B.; Li, Q. Jiang, T; Liu, 5.Q.; Li, G.H. The development of an environmentally friend leaching
process of a high C, As and Sb bearing sulfide gold concentrate. Miner. Eng. 2016, 89, 138-147. [CrossRef]


https://minerals.usgs.gov/minerals/pubs/historical-statistics/
http://dx.doi.org/10.1016/j.mineng.2016.01.011

Minerals 2017, 7, 80 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kyle, ].H.; Breuer, PL.; Bunney, K.G,; Pleysier, R. Review of trace toxic elements (Pb, Cd, Hg, As, Sb, Bi, Se,
Te) and their deportment in gold processing. Part II: Deportment in gold ore processing by cyanidation.
Hydrometallurgy 2012, 111, 10-21. [CrossRef]

Tan, H.; Feng, D.; van Deventer, ].S.J.; Lukey, G.C. Effect of contaminant carbonaceous matter on the sorption
of gold by pyrite. Int. |. Miner. Process. 2005, 77, 123-138. [CrossRef]

Fraser, K.S.; Walton, R.H.; Wells, J.A. Processing of refractory gold ores. Miner. Eng. 1991, 4, 1029-1041.
[CrossRef]

Xu, B.; Yang, Y.B.; Li, Q.; Jiang, T.; Li, G.H. Stage leaching of a complex polymetallic sulfide concentrate a
focus on the extractions of Ag and Au. Hydrometallurgy 2016, 159, 87-94. [CrossRef]

De Michelis, I.; Olivieri, A.; Ubaldini, S.; Ferella, F.; Beolchini, F.; Veglio, F. Roasting and chlorine leaching of
gold-bearing refractory concentrate: Experimental and process analysis. Int. J. Min. Sci. Technol. 2013, 23,
709-715. [CrossRef]

Hammerschmidyt, J.; Guntner, J.; Kerstiens, B. Roasting of gold ore in the circulating fluidized-bed technology.
Dev. Miner. Process. 2005, 15, 433-453.

Komnitsas, C.; Pooley, F.D. Mineralogical characteristics and treatment of refractory gold ores. Miner. Eng.
1989, 2, 449-457. [CrossRef]

Thomas, K.G.; Cole, A.P. Roasting developments—especially oxygenated roasting. Dev. Miner. Process. 2005,
15, 403-432.

Robinson, J.J. The extraction of gold from sulphidic concentrates by roasting and cyanidation. J. S. Afr. Inst.
Min. Metall. 1988, 88, 117-130.

Wang, L.J.; Luo, YH.; Gao, H.S.; Zheng, Q.; Zhang, ].H.; Chen, S. Research on Encapsulation of Roasted
Refractory Gold Concentrate. Chin. J. Rare Met. 2005, 29, 424-428.

Carter, R. The Influence of Roasting Temperature upon Gold Recovery from a Refractory Gold Ore.
Master’s Thesis, University of British Columbia, Columbia, UK, 1949.

Xu, B; Yang, Y.B.; Li, Q.; Li, G.H.; Jiang, T. Fluidized roasting-stage leaching of a silver and gold bearing
polymetallic sulfide concentrate. Hydrometallurgy 2014, 147148, 79-82. [CrossRef]

Zheng, X.H.; Chen, Y.F; Huang, S.G; Li, ZM.; Zheng, Y.; Chen, Z. Investigation on Extracting Iron from
Pyrite Cinder by Sulfuric Acid Leaching. Chem. Ind. Eng. Prog. 2003, 22, 165-168.

Yuan, H.G.; Zhang, Z.B. Study on dissolution rate of Fe;O3 with different crystal form in sulphuric acid.
Liaoning Chem. Ind. 2010, 39, 597-600.

Zhang, S.X.; Zheng, Y]. Study on leaching kinetics of pyrite cinder. Chem. Eng. 2006, 34, 36-39.

Zhang, Y.L.; Yu, X.J.; Zhang, L.P; Li, D.G. Research Progress on Hydrometallurgical Treatment of Cyanide
Tailings with High Iron Content and Process Development. Shandong Metall. 2010, 32, 3-5.

Mei, X.G.; Yuan, M.L.; Chen, J. Extraction of gold in gossan type gold ores through direct reduction with
coal. Conserv. Util. Miner. Resour. 1997, 6, 27-30.

Wang, Y. Process Study on Recovery Gold from Sulfur Concentrate Containing Gold and Arsenic.
Master’s Thesis, Central South University, Changsha, China, 2012.

Li, D.X,; Kou, WS.; Zhong, EW.; Ju, YH.; Mei, ].Z.; Peng, G.M.; Lu, Y.; Zhang, H.].; Zhao, Q. A Method
to Intensify Acid-Soluble of Acidizing Calcine of Sulfur Containing Gold Ore. China Patent CN1614041A,
11 May 2005.

Zhou, Z.D. Experimental study on gold extraction from fine grained disseminated gold ore. Gold 2003, 24,
43-45.

Zheng, Y.J.; Chen, B.Z.; Gong, Z.Q.; Chen, WM. A New method of preparing polymeric ferric sulfate from
pyrite cinders. J. Cent. South Univ. Technol. 2001, 32, 142-145.

Cai, X. Process and Mechanism Research on Sulfatizing Roasting Dealing with Two Stage Roasting Calcines
of Refractory Gold Ores. Master’s Thesis, Central South University, Changsha, China, 2014.

Yang, Y.B.; Zeng, G.W.,; Li, Q.; Liu, X.L.; Jiang, T.; Liu, B. Pretreatment by sulfuric acid-curing of calcine
roasting for gold ores with high sulfur and arsenic contents. Chin. J. Nonferr. Met. 2014, 24, 2380-2386.
Zeng, G.W. Iron Removal and Gold Leaching Technology from the Calcine of High Iron, Sulfur and Arsenic
Gold Concertrate. Master’s Thesis, Central South University, Changsha, China, 2014.

Zheng, Y.J.; Chen, B.Z.; Gong, Z.Q.; Chen, W.M. Maturation of pyrite cinders and its mechanism. Chin. .
Nonferr. Met. 2001, 11, 144-147.


http://dx.doi.org/10.1016/j.hydromet.2011.09.005
http://dx.doi.org/10.1016/j.minpro.2005.03.003
http://dx.doi.org/10.1016/0892-6875(91)90081-6
http://dx.doi.org/10.1016/j.hydromet.2015.10.008
http://dx.doi.org/10.1016/j.ijmst.2013.08.015
http://dx.doi.org/10.1016/0892-6875(89)90080-0
http://dx.doi.org/10.1016/j.hydromet.2014.04.017

Minerals 2017, 7, 80 12 of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hu, Y,; Li, G.; Zhou, C.; Yu, Q. Mineralogical study of roasting of gold concentrate and analysis of difficulty
in leaching gold of residue. Nonferr. Met. 1999, 51, 52-56.

Brady, P.V.; Walther, ].V. Controls on silicate dissolution rates in neutral and basic pH solutions at 25 °C.
Geochim. Cosmochim. Acta 1989, 53, 2823-2830. [CrossRef]

Li, H.R.; Wang, W.D.; Zhang, X.; Guo, C.L.; Wu, M.N. Method of Gold Leaching by Pretreating Gold Bearing
Tailing or Cyanidation Residue to Remove Silicon. China Patent CN201410412434.2, 24 February 2016.

Hu, J.J. Research on The Process of Roasting Pretreatment—Cyanide Extracting Au from Sulfide-Bearing
Refractory Gold Concentrate Containing Arsenic and High-Carbon. Master’s Thesis, Central South
University, Changsha, China, 2015.

Paktunc, D.; Kingston, D.; Pratt, A. Distribution of gold in pyrite and in products of its transformation
resulting from roasting of refractory gold ore. Can. Mineral. 2006, 44, 213-227. [CrossRef]

LL Y,; Wang, Y.; Yan, C.X,; Sun, ].W.; Huang, H.H. Roasting Technology of Refractory and Complex Gold Ore
Using Circulating Fluid Bed. Nonferr. Met. (Extr. Metall.) 2011, 3, 31-33.

Fu, J.Y,; Jiang, T.; Zhu, D.Q. Sintering and Pelletizing Science; Central South University Press: Changsha, China,
2007; pp- 125-165.

Xu, B.; Yang, Y.B,; Jiang, T.; Li, Q.; Zhang, X.; Wang, D. Improved thiosulfate leaching of a refractory gold
concentrate calcine with additives. Hydrometallurgy 2015, 152, 214-222. [CrossRef]

Xu, B.; Yang, Y,; Li, Q.; Yin, W,; Jiang, T.; Li, G. Thiosulfate leaching of Au, Ag and Pd from a high Sn, Pb and
Sb bearing decopperized anode slime. Hydrometallurgy 2016, 164, 278-287. [CrossRef]

Qiu, G.Z;; Hu, Y.H.; Feng, Q.M. Resource Processing Science; Central South University Press: Changsha, China,
2005; pp. 60-100.

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/0016-7037(89)90160-9
http://dx.doi.org/10.2113/gscanmin.44.1.213
http://dx.doi.org/10.1016/j.hydromet.2014.12.016
http://dx.doi.org/10.1016/j.hydromet.2016.06.011
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Experiment Methods 
	Analytical Methods 

	Results and Discussion 
	Gold Leaching from Different Size Fractions of the Calcine by Direct Cyanidation 
	Particle Characteristics of the Gold Concentrate and Calcine 
	Distribution of Main Chemical Compositions in the Different Size Fractions of Gold Concentrate and Calcine 
	Chemical Phase Analysis of Gold in the Different Size Fractions of Calcine 
	SEM-EDS Analysis 

	Enhancement of Cyanide Gold Leaching from the Different Size Fractions of Calcine 

	Conclusions 

