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Abstract: A novel process based on chlorination roasting was proposed to simultaneously recover gold and zinc from
refractory carbonaceous gold ore by using NaCl as chlorination agent. The effects of roasting temperature, roasting time
and NaCl content on the volatilization rates of gold and zinc were investigated. The reaction mechanism and the phase
transition process were also analyzed by means of SEM, EDS and XRD. The results demonstrated that under the
optimal conditions of NaCl content of 10%, roasting temperature of 800 °C, roasting time of 4 h and gas flow rate of
1 L/min, the rates of gold and zinc were 92% and 92.56%, respectively. During low-temperature chlorination roasting
stage, a certain content of sulfur was beneficial to the chlorination reactions of gold and zinc; and during
high-temperature chlorination roasting stage, the crystal structure of vanadium-bearing mica was destroyed, and the
vanadium-containing oxides were beneficial to the chlorinating volatilization of gold and zinc. Eventually, the

chlorinated volatiles of gold and zinc could be recovered by alkaline solution.
Key words: refractory carbonaceous gold ore; chlorination roasting; thermodynamic calculation; gold; zinc

1 Introduction

With progressive exhaustion of non-refractory
gold ores, refractory gold ores have become main
materials for the production of gold, and nearly one
third of gold in the world comes from refractory
gold ores [1—4]. As a kind of refractory gold ore
resources, carbonaceous gold ore containing
carbonaceous matter and sulfide minerals is
generally considered as double-refractory [4,5]. Its
processing is relatively complicated due to
“preg-robbing” and the inhibition of the dissolution
of gold by carbonaceous matter [6]. In order to
recover gold from gold ores, various leaching
processes have been proposed, and the leaching
reagents mainly include cyanide [2,3], thiourea [7,8]
and thiosulfate [9—11]. Cyanide leaching is
restricted because of increasing concerns regarding

the extremely high toxicity of cyanide which can
easily cause health problems and environmental
pollution [11,12]. Additionally, it cannot be used
for directly extracting gold from the refractory gold
ores containing both sulfur and carbonaceous
matter [13,14]. Thiourea is also a suspected
carcinogen [15]. In addition, the expensive price,
high consumption and instability of thiourea and
thiosulfate prevent their wide application in gold
recovery [11,15]. Biotechnological leaching is
considered as an alternative for the extraction of
gold from carbonaceous gold ore due to its low
cost and environmental impact compared with
conventional methods [1,16,17]. However, the main
drawback of the biotechnological leaching process
is inefficient and too sensitive to operating
conditions as well as its relatively slow process as
compared with other leaching processes [10].
Moreover, except for containing gold, the
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carbonaceous gold ore in this study contains zinc.
Recently, more than 80% of metal zinc in the world
is recovered from zinc sulfide concentrates by the
roasting—leaching—electrowinning process [18—21].
The oxidation roasting process can oxidize sulfur
and remove organic carbon, and also can convert
zinc sulfide to oxide structure which is easier to
dissolve in dilute sulfuric acid solution [22—24].
However, a significant fraction of zinc oxide tends
to react with iron impurities to form zinc ferrite
(ZnFe,04), which is insoluble in traditional acid
leaching process and makes the recovery of zinc
difficult, thereby resulting in serious loss of
zinc [20,21,24,25].

Therefore, a novel process should be designed
for simultaneously recovering gold and zinc from
the refractory carbonaceous gold ore. In the whole
process, the recovery of gold should be ensured
firstly due to its considerable high economic value,
and simultaneously the recovery of zinc should also
be considered, which increase the difficulty of the
whole process. OJEDA et al [26] investigated the
feasibility of the extraction of gold from alluvial
material by means of chlorination process, using
chlorine as a reactive agent. And the highest
recovery of gold was 98.23% at 873 K for 1 h.
JAAFAR et al [27] reported that high temperature
chlorination roasting could selectively remove Zn
from steelmaking dust by using ammonium
chloride as chlorination reagent. The chlorination
roasting process has high selectivity due to different

thermodynamic stabilities of different metal
chlorides [28]. Additionally, the chlorination
roasting process is also presented from

environmentally acceptable aspect [29].
Considering the fact that the carbonaceous gold ore
contains vanadium, calcium chloride can react with
vanadium to form insoluble calcium vanadate,
sodium chloride can react with vanadium to
generate soluble sodium vanadate, and ammonium
chloride is easy to decompose during Ilow
temperature roasting process. Therefore, sodium
chloride was chosen as chlorination agent in the
process.

Therefore, in this study, one-step chlorination
roasting method was proposed to simultaneously
extract gold and zinc from a refractory
carbonaceous gold ore. According to our
knowledge, it is first time to simultaneously extract
gold and zinc by one-step chlorination roasting.

This work focused on the feasibility and mechanism
of one-step chlorination roasting for simultaneous
extraction of gold and zinc from the refractory
carbonaceous gold ore, which aimed to provide new
insights for comprehensive utilization of the
refractory carbonaceous gold ore containing
multiple valuable elements.

2 Experimental

2.1 Materials and products identification

Chemical compositions of the sample were
determined by X-ray fluorescence spectrometry
(XRF, Shimadzu XRF-1800). Phase compositions
of the solid roasting products were investigated by
X-ray powder diffraction (XRD, Rigaku, D/max
2500VB"; CuK, radiation, 40kV, 250 mA).
Morphology study, element distribution and
chemical composition analyses were conducted by
scanning electron microscopy (SEM, JSM—7001F,
JEOL, Japan) equipped with energy disperse X-ray
spectrometry  (EDS, Inca X-Max, Oxford
Instruments, America). In the experiments, the
roasting equipment was a tubular muffle furnace
which was produced by Beijing Fulemon High-
temperature Technology Co., Ltd. All chemical
reagents used in this study were of analytical grade
and provided by Shanghai Science and Technology
Co., Ltd., which were directly used without further
purification. Deionized water was used in all
experiments.

The refractory carbonaceous gold ore used in
this study was collected from a mineral processing
plant located in Shanxi province, China. The pure
pyrite was provided by Institute of Process
Engineering, Chinese Academy of Science. The
chemical composition of the refractory
carbonaceous gold ore shown in Table 1 indicates
that the main valuable compositions in the sample
used in the study are gold, vanadium and zinc; the
contents of gold, vanadium and zinc are 21.11 g/t,
1.05 wt.% and 0.54 wt.%, respectively; and the total
contents of carbon and sulfur are 11.00 wt.% and
3.01 wt.%, respectively. The XRD patterns and
SEM-EDS images of the raw ore are shown in
Fig. 1 and Fig. 2, respectively. Combined with the
results of XRF, XRD and SEM-EDS, the
carbonaceous gold ore is composed of quartz,
sphalerite, mica and carbonaceous mineral;
vanadium in the carbonaceous gold ore mainly
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Table 1 Chemical compositions of carbonaceous gold
ore (wt.%)
Au* TFe SiO, V. ALO; Zn As
21.11 337 7197 105 439 054 0.08
Cu S TiO, K,O CaO C

0.08 3.01 0.38 1.48 1.50 11.00
*: g/t
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Fig. 1 XRD patterns of carbonaceous gold ore
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Fig. 2 SEM image (a) and EDS spectrum (b) of

carbonaceous gold ore

exists in muscovite, and zinc mainly exists in the
form of sphalerite. It can be concluded from the
above results that this type of carbonaceous gold

ore cannot be directly leached by conventional
cyanidation. Therefore, a novel extraction process
should be proposed to recover gold and other
valuable elements in the refractory carbonaceous
gold ore. The chemical composition of the pure
pyrite sample used as sulfur additive in the
experiment is shown in Table 2. Combined with the
results of XRF, there are no gold, vanadium and
zinc in the pure pyrite sample, and the main mineral
is pyrite.

Table 2 Chemical composition of pure pyrite (wt.%)
Fe S 8102 A1203 CaO A1203 Kzo
43.18 4923 402 192 143 0.10 0.12

2.2 Experimental methods
2.2.1 Experimental procedure

The experiments for the extraction of gold and
zinc from the refractory carbonaceous gold ore
were carried out by a simple one-step chlorination
roasting. The flow sheet is shown in Fig. 3(a). The
effects of sulfur content on the extraction of gold
and zinc were also investigated, and the flow sheet
of verification experiment is shown in Fig. 3(b). In
the chlorination roasting process, sodium chloride
was used as chlorination agent, and pyrite was
served as sulfur additive. The influence of
chlorination roasting parameters such as roasting
temperature, roasting time and NaCl content as well
as S content was studied, as shown in Table 3. Here,
the NaCl content was defined as the mass fraction
of NaCl to sample, and the S content was defined as
the mass fraction of sulfur in the pure pyrite to
sample.
2.2.2 Chlorination roasting of carbonaceous gold

ore

All the roasting experiments were carried out
in the experimental apparatus, as shown in Fig. 4.
The chlorinated volatile gases containing gold and
zinc were adsorbed by excessive sodium hydroxide
solution (0.2 mol/L) [30], and eventually gold and
zinc were recovered in the form of precipitates. In a
typical experimental procedure, the tube furnace
was heated to the needed temperature at a certain
heating rate. Subsequently, 20 g of sample and a
certain amount of NaCl were placed in quartz
porcelain boat and quickly transferred into the
intermediate position of the tube furnace. And the
gas flow rate was fixed at 1 L/min. Then, the
chlorination roasting experiments were run for a
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Fig. 3 Flow sheet of simultaneous extraction of gold and zinc by chlorination roasting (a), and flow sheet of verification

experiment of sulfur content on extraction of gold and zinc (b)

Table 3 Experimental conditions used in each operation

Chlorinating roasting experiment

Parameter Verification experiment
No. 1 No. 2 No. 3
Roasting temperature/°C 400-900 800 800 600
Roasting time/h 4 1-5 4 4
NaCl content/% 10 10 2.5-15 10
S content /% - - - 0-9

Fig. 4 Schematic diagram of equipment for roasting
experiment: 1 — Air bottle; 2 — Gas flowmeter;
3—Quartz tube; 4—0.2 mol/L NaOH solution

preset time at the required roasting temperature.
After finishing the roasting process, the air
continued to be forced into the tube furnace until
the roasting temperature naturally dropped to
100 °C. At last, the as-obtained roasted residue was
taken out from the tube furnace. The pH value of
NaOH solution was adjusted until no more
precipitate was produced, and then the resultant

precipitate was filtered and dried in the drying oven.

For every experimental condition, two groups of
experiments were carried out. One group of roasted
residue and precipitate was used to characterize
phase compositions and morphology observation by
XRD and SEM. The other roasted residue was used
to analyze the contents of gold and zinc. The

volatilization rates of gold and zinc were calculated
based on the contents of gold and zinc in the
roasted residue, and the corresponding equation
could be expressed as follows:

_ ml—m 0

x100% (1)

N
m

where y; was gold (zinc) volatilization rate, %; m
represented the mass of the sample, g; m; was mass
of the roasted residue, g; 8 was gold (zinc) content
in the sample, g/t (%); and 8, was gold (zinc)
content in the roasted residue, g/t (%).
2.2.3 Verification experiment of sulfur content on
chlorinating volatilization of gold and zinc
All the roasting experiments were performed
in the above experimental apparatus. The gold- and
zinc-bearing chlorinated volatile gases were
adsorbed by excessive sodium hydroxide solution
(0.2 mol/L). In all roasting experiments, the tube
furnace was heated to 600 °C. Subsequently, 20 g of
sample was placed in quartz porcelain boat and
quickly transferred into the intermediate position of
the tube furnace. The gas flow rate was controlled
at 1 L/min. In order to completely remove sulfur
from the carbonaceous gold ore, the roasting
experiments were run for 2 h. When the roasting
temperature dropped to 100 °C, the roasting
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material was taken out from the tube furnace and
then mixed with 10% NaCl, 11% C and a certain
amount of pyrite. Here, the addition of C was to
eliminate its interference in the whole roasting
process. Subsequently, when the tube furnace was
heated to 600 °C, the above mixture was placed in
quartz porcelain boat and quickly transferred into
the intermediate position of the tube furnace. The
air flow rate was also fixed at 1 L/min. The roasting
experiments were run at 600 °C for 4 h. After
finishing the roasting process, the air continued to
be forced into the tube furnace until the roasting
temperature dropped to 100 °C, and then the roasted
residue was taken out from the tube furnace. The
pH value of NaOH solution was adjusted until no
more precipitate was produced, and then the
resultant precipitate was filtered and dried in drying
oven. The volatilization rates of gold and zinc in the
carbonaceous gold ore were calculated based on

Eq. (1).
3 Results and discussion

3.1 Reaction principle and thermodynamic

analysis

As a principal criterion, Gibbs free energy
change (AG) is often used to judge whether a
chemical reaction can occur, and a reaction is likely
to occur when its AG is negative [31]. During
the roasting process, sodium chloride can be
dissociated to generate chlorine under the action of
oxygen. The roasting dissociation mechanism of
sodium chloride in the presence of oxygen can be
explained by Egs. (2)—(8):

NaCl+1/40,(g)=1/2Na,0+1/2Cly(g) )
NaCl+1/40,(g)+1/2V,0s=NaVO;+1/2Cl,(g)  (3)
NaCl+3/40,(g)+1/2V,0;=NaVO;+1/2Cl,(g)  (4)

NaCl+19/160,(g)+1/4FeS,=
1/2NaZSO4+1/2C12(g)+1/8FezO3 (5)

NaCl+1/204(g)+1/20,=1/2Na,S0,+1/2Cly(g)  (6)
NaCl+1/40,(g)+1/28i0,=1/2N2,Si0s+1/2Cly(g) (7)

NaCl+5/40,(g)+1/2ZnS=
1/2N2,S04+1/2Cly(g)+1/2Zn0 (8)

During the chlorination roasting process of
carbonaceous gold ore, oxygen and chlorine exist in
the reaction system. Therefore, chlorination and
oxidation reactions of various phases in the

carbonaceous gold ore can occur, and the
corresponding reactions as shown in Egs. (9)—(20):

V,0;+0,(g)=V,0s 9)
V,05+3CL(g)=2VOCL3+3/20,(g) (10)
V,05+3Cly(g)=2VCl;3+5/20,(g) (11)
FeS,+0,(g)=Fe,05+S0x(g) (12)
FeS,+3/2Cl,(g)=FeCl5+2S (13)
Fe,05+3Cla(g)=2FeCl3+3/20,(g) (14)
ZnS+3/20,(g)=ZnO0+S0,(g) (15)
ZnO+Cly(g)=ZnCly(g)+1/20,(g) (16)
ZnS+Cly(g)=ZnCly(g)+S 17)
S+0,(2)=S0x(g) (18)
Au+3/2Cly(g)=AuCls(g) (19)
Aut3/40,(g)=1/2Au,04 (20)

The AG wvalues of various reactions are
calculated by using HSC software, as shown in
Fig. 5(a). It can be speculated from Fig. 5(a) that
the self-dissolution reaction of NaCl is difficult to
occur; and the AG values of the dissolution
reactions of NaCl in the presence of V,0;, FeS,,
ZnS, SO, and SiO, are less than that of the
self-dissolution reaction of NaCl. Therefore, sulfide
minerals and low-valence vanadium oxides are
beneficial to the dissolution reactions of NaCl, and
the promoting effect on the dissolution of NaCl
from high to low is based on the following rule:
ZnS > FCSQ > V203 > SOZ > V205 > SIOZ

The AG values of various reactions are
calculated by using HSC software, as shown in
Fig. 5(b). It can be speculated that ZnS, FeS, and
V,0; are easily oxidized to ZnO, Fe,O; and V,0:s
compared with the chlorination reactions. The AG
values of the chlorination reactions of Fe,O; and
V,0s are positive in the whole roasting temperature
range, indicating that the chlorination reactions are
difficult to occur, and vanadium is more easily
converted into soluble vanadate. In chlorination
roasting process, ZnO is easy to be chlorinated and
simultaneously generate zinc chloride with the
increase of roasting temperature. And compared
with oxidation reaction, gold is easier to react with
chlorine to generate gold chloride.

The predominant phase diagrams of various
systems at 800 °C are obtained by using HSC
software, as shown in Fig. 6. It can be clearly
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observed that for every system, the diagram is the same condition, such as p(Cl,)=1x10"* Pa and
divided into areas of stability of various phases for  p(O,)=1x10" Pa, Zn tends to be volatile chloride
a certain element. Under the conditions of high CI, compared with Fe, V and Au. Therefore, it can be
partial pressure and low O, partial pressure, the speculated from the thermodynamic assessment that
main stable phases of Zn, Fe, V and Au tend to be ZnCl, is more easily formed than FeCl;, VCl; and
volatile ZnCl,, FeCl;, VCIl; and AuCls; and under AuCls.
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Fig. 5 Gibbs free energy changes for dissolution reactions of sodium chloride (a) and for chlorination and oxidation
reactions of various phases in carbonaceous gold ore (b)
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Fig. 6 Predominant phase diagrams of various systems at 800 °C: (a) Zn—CI-O; (b) Fe—Cl-O; (C) V-CI-0O;
(d) Au—C1-O
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3.2 Chlorinating volatilization
3.2.1 Effect of roasting temperature

It is common that there are some differences
between the thermodynamic analysis and practical
process because of dynamic influence. Therefore, it
is necessary to study the chlorination reactions of
gold and zinc by chlorination roasting experiments,
in spite of positive results shown in terms of
The effects of the roasting
temperature on the volatilization rates of gold and
zinc were therefore investigated with the roasting
temperature ranging from 400 to 900 °C under the
conditions of NaCl content of 10%, roasting time of
4 h and air flow rate of 1 L/min. The experimental
data are given in Fig. 7.

thermodynamics.

100
90 High-temperature
stage
- 80F
X
o 70t
e
= 60r
.S
25] 50+ Low-temperature
= a0t stage
S
S 30¢ = — Gold
20+ e —Zinc
10 +
0 s . : . . .
300 400 500 600 700 800 900 1000

Roasting temperature/°C

Fig. 7 Effect of roasting temperature on volatilization
rates of gold and zinc

It can be clearly observed from Fig. 7 that the
volatilization rates of gold and zinc increase with
the increase of the roasting temperature, indicating
that they are strongly dependent on the roasting
temperature, and they have similar change trend.
When the roasting temperature increases from 400
to 600 °C, the volatilization rates of gold and zinc
increase slowly, and the values of gold and zinc
increase from 10% to 36.36% and from 6.73% to
22.11%, respectively. Thermodynamic analysis
demonstrates that compared with chlorination
reaction, zinc sulfide is more easily oxidized to zinc
oxide. Therefore, in the chlorinating volatilization
process, zinc sulfide may be firstly oxidized to zinc
oxide, and then the resultant zinc oxide is
chlorinated to =zinc chloride. During the Ilow
temperature roasting stage of 400—600 °C, the low

volatilization rate of zinc may be attributed to the
fact that in the roasting temperature range, zinc
sulfide is mainly oxidized, and simultaneously the
low temperature roasting results in a relatively low
oxidation rate for zinc sulfide. Therefore, a small
fraction of zinc can be chlorinated in the low
roasting temperature stage. Because vanadium
mainly exists in mica, the crystal structure of mica
may not be destroyed during low temperature
chlorination roasting, resulting in the fact that the
vanadium encapsulated in mica cannot contact with
sodium chloride and correspondingly less chlorine
is produced in the system [32,33], thereby leading
to relatively low chlorination rates of gold and zinc.

When the roasting temperature increases from
600 to 800 °C, the volatilization rates of gold and
zinc increase obviously. The values of gold and zinc
are increased by 55.64% and 70.45%, respectively.
In the high temperature chlorination roasting stage
of 700—900 °C, the relatively high volatilization
rates of gold and zinc may be attributed to the fact
that with increasing roasting temperature, the
crystal structure of mica is destroyed, and the
vanadium encapsulated in mica can contact with
sodium chloride. Subsequently, the oxidation rate of
zinc sulfide is increased, and correspondingly more
chlorine is produced in the system, thereby
resulting in relatively high chlorination rates of
gold and zinc. Therefore, the optimal roasting
temperature is determined to be 800 °C.

3.2.2 Effect of roasting time

Roasting time is an important parameter for
the chlorination roasting process. A series of
experiments were performed at different roasting
time under the conditions of NaCl content of 10%,
roasting temperature of 800 °C and air flow rate of
1 L/min. The results are shown in Fig. 8.

It can be clearly seen from Fig. 8 that with the
increase of roasting time, the gold volatilization rate
increases obviously but the zinc volatilization rate
increases slowly. For example, when the roasting
time is 1 h, the gold volatilization rate of 23.78% is
achieved, while the zinc volatilization rate of
78.14% is obtained. When the roasting time is 4 h,
the volatilization rates of gold and zinc are 92.00%
and 92.56%, respectively. This is probably because
with the increase of roasting time, the crystal
structure of mica is destroyed continuously,
therefore the oxidation rate of zinc sulfide increases,
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and simultaneously the chlorine content in the
reaction system increases, resulting in the increases
of chlorinating volatilization rates of gold and zinc.
This indicates that the chlorination reaction of
zinc is easier to occur compared with that of
gold [34,35]. Therefore, the optimal roasting time is
determined to be 4 h.

100

90
80 r
70 1
60
50r

Volatilization rate/%

40
30+

20 . . . . .
0 1 2 3 4 5 6

Roasting time/h

Fig. 8 Effect of roasting time on volatilization rates of
gold and zinc

3.2.3 Effect of NaCl content

The effects of NaCl content on the
volatilization rates of gold and zinc were examined
at the NaCl content ranging from 2.5% to 15%
under the conditions of roasting temperature of
800 °C, roasting time of 4 h and air flow rate of
1 L/min. The results are shown in Fig. 9.

It can be clearly observed from Fig. 9 that
the NaCl content has a significant influence on the

100

90

Volatilization rate/%
o0
S

70 -

60 . : ! s !
0 2 4 6 8 10 12 14 16

NaCl content/%

Fig. 9 Effect of NaCl content on volatilization rates of
gold and zinc

volatilization rates of gold and zinc. When the NaCl
content increases from 2.5% to 10%, the
volatilization rates of gold and zinc increase from
69.00% to 91.56% and from 67.12% to 92.56%,
respectively. When the NaCl content increases
further the changes in the values for gold and zinc
are not obvious. Therefore, the optimum NaCl
contnet is determined to be 10%.

3.3 SEM, EDS and XRD results of roasted
residue and volatile precipitate
3.3.1 SEM, EDS and XRD results of roasted
residue

Figure 10 shows the SEM images and EDS
spectra of roasted residues obtained at different
roasting temperatures under the conditions of NaCl
content of 10%, roasting time of 4 h and air flow
rate of 1 L/min.

Figures 10(a;, a,) show that the crystal
structure of mica in the roasted residue obtained at
600 °C is not destroyed, indicating that the
vanadium in the mica is not oxidized. Combined
with the roasting temperature experiments of Fig. 7
and correspondingly thermodynamic calculation, in
the low-temperature chlorination roasting stage, the
chlorinating volatilization of gold and zinc is
mainly ascribed to the action of sulfur in FeS, and
ZnS, which facilitate the decomposition reaction
of sodium chloride, thereby promoting the
chlorinating volatilization of gold and zinc.

Combined with Figs. 10(b;, b, ¢;, ¢;) and
Fig. 11, the bright region of the roasted residue
obtained at 700 °C is rich in K, Na, Si, Al and O,
and the molar ratio of the roasted residue is same as
that of sodium potassium feldspar, indicating that
the crystal structure of the mica in the roasted
residue is destroyed and sodium potassium feldspar
may be formed. High temperature chlorination
roasting can make the dense ore particles loose and
porous, and simultaneously the specific surface area
of the roasted residue increases. Combined with
Fig. 7 and the corresponding thermodynamic
calculation, it can be concluded that when the
roasting temperature is above 700 °C, V,0;, FeS,
and ZnS can facilitate the decomposition reaction of
sodium  chloride, thereby promoting the
chlorinating volatilization of gold and zinc.

3.3.2 Verification of gold volatilization by using
sulfur

In order to verify the experimental results and
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Fig. 10 SEM images (a;, b;, ¢;) and EDS spectra (a,, b, c;) of roasted residues at different roasting temperatures:

(a1, a2) 600 °C; (by, by) 700 °C; (c1, c2) 800 °C
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Fig. 11 XRD pattern of residue at roasting temperature of
800 °C

explore the effect of sulfur content on the
chlorinating volatilization of gold and zinc in the
low-temperature roasting stage, the verification
experiments of sulfur content were carried out, and
the experimental results are shown in Fig. 12.

It can be clearly seen that sulfur content has a
more significant influence on the gold volatilization
rate as compared with the zinc volatilization rate.
With the increase of content, the
volatilization rates of gold and zinc increase until
they reach the maximum values at sulfur content of
3%, and then decline when sulfur content increases
further. The maximum volatilization rates of gold
and zinc are 37.13% and 22.34%, respectively. In

sulfur
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Fig. 12 Verification experimental results of sulfur
content (Pre-desulfurization for 2 h and then roasting
under conditions of NaCl 10%, roasting temperature
600 °C, roasting time 4 h and air flow rate 1 L/min)

the all validation experiments, the sulfur in the
carbonaceous gold ore was removed by roasting at

600 °C for 2 h, and subsequently pyrite was added
as sulfur additive. The above results indicate that
the sulfur in the carbonaceous gold ore plays an
extremely important role in the chlorinating
volatilization of gold and zinc, and the optimal
sulfur content is determined to be 3%. It is worth
mentioning that the sulfur

carbonaceous gold ore is also 3%.

content in the

3.3.3 Characteristics of volatile precipitates at
800 °C

Combined with the results of Figs. 13 and 14,
the chlorinated volatiles of gold and zinc can be
recovered by alkaline solution, and the chlorinated
volatile of zinc is precipitated in the form of
Zns(OH)¢(COs3),, and the gold wvolatile is
precipitated along with the zinc. At the same time,
the results of multi-element analysis of volatile
precipitate obtained by chlorination roasting at
800 °C and adsorbed by alkali liquor are shown in
Table 4. The precipitation mechanisms of gold and
zinc need to be further studied in the future.

Fig. 13 EDS image (a) and elemental distribution (b—d) of volatile precipitates at 800 °C: (a) SEM image; (b) Au;

(¢) Zn; (d) O
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Fig. 14 XRD patterns of volatile precipitates at 800 °C

Table 4 Results of multi-element analysis of volatile
precipitates obtained at 800 °C (wt. %)

Zn o Au Pb Cu
62.61 21.42 0.11 6.08 3.72
Al Fe S Cl
1.13 0.43 0.36 0.57

4 Conclusions

(1) The thermodynamic calculation results
demonstrated that gold and zinc were easy to be
chlorinated; chlorination agent NaCl could realize
the chlorinating volatilization of gold and zinc in
the carbonaceous gold ore under the action of O,
V,0;, FeS; and ZnS, which provided a theoretical
basis for the chlorinating volatilization of gold and
zinc.

(2) During the low-temperature chlorination
roasting, the sulfur in FeS, and ZnS could promote
the dissolution reaction of sodium chloride, which
was beneficial to the chlorinating volatilization of
gold and zinc. During the high temperature
chlorination roasting, the crystal structure of mica
was destroyed, and the dissolution reactions of
sodium chloride could be promoted by V,0;, FeS,
and ZnS.

(3) The chlorinated wvolatiles of gold and
zinc could be recovered by alkaline solution. The
zinc volatile was precipitated in the form of
Zns(OH)¢(CO3), and the gold wvolatile was
precipitated along with zinc.

(4) The chlorination reactions of gold and zinc
could be improved by increasing roasting
temperature, roasting time and NaCl content. Under

the optimal conditions of NaCl content of 10%,
roasting temperature of 800 °C, roasting time of 4 h
and air flow rate of 1 L/min, the volatilization rates
of gold and zinc were 92.00% and 92.56%,
respectively.
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SIS EREMNEE S IREN PRI TEEE
IHE, BIEwW', FER, EkeL!

1 dEERE R EAREHIR TSR, b 100083;
2. hERFEGE AR TN A TREERE A=, b 100190

g OE: Rl NaCl RS SRA SR FRE AL & R & P RS [ S B B T2, BT Re e
TR KEbelt AT NaCl & &34 SRR . KA SEM. EDS 1 XRD X I EATAH AL I FEEAT 704
SRR, 1E 10% NaCl. KBl R 800 °C. Krleht (A28 4 hy SULHEA | L/min FISsERGT, & FHE
RESHN 92%K0 92.56%. FERBFMIERME, —ENmS2EF T, BNEIREL fE iR Rm
B, SRR IR, SMENER TS, BRENIER. &5, & BREIIE R YT
TR o
EHEIR: MR AT SRR BOIFUE &

(Edited by Wei-ping CHEN)
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