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Abstract: The separation and enrichment of mercury and the recovery of elemental sulfur from flotation sulfur concentrate in zinc
pressure leaching process were carried out by sodium sulfide leaching and carbon dioxide precipitating. The results show that the
leaching rate of elemental sulfur is more than 98%, and 98.13% of mercury is enriched in the residue, under the optimized conditions
of sodium sulfide concentration 1.5 mol/L, liquid/solid ratio 6:1 and leaching time 30 min at room temperature. In addition, the
content of mercury is enriched 5.23 times that in the leaching residue. The elemental sulfur is precipitated from leaching solution
under conditions of carbon dioxide flow rate 200 mL/min and blowing time 150 min, while solution is stirred adequately. The
recovery efficiency of elemental sulfur reaches 97.67%, and the purity of elemental sulfur is 99.75%, meeting the requirements of
industrial first-rate product standard according to the national standard of GB/T 2449-2006 (PRC).
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1 Introduction

The solid wastes generated in the nonferrous metal
smelting process usually contain toxic heavy metals.
Preservation of these wastes not only causes enormous
waste of resources, but also brings huge environment
pressure. Since both mercury and zinc have the affinity
to sulfur, element mercury is often associated in zinc ore,
especially in zinc sulfide ore. Zinc smelting is widely
regarded as one of the primary anthropogenic sources of
mercury emission to the atmosphere [1,2]. Hundreds of
tons of mercury are emitted to the environment in the
process of zinc smelting in the world every year [2,3]. In
2003, mercury emission to atmosphere reaches 187.6 t
from zinc smelting in China, which accounts for 27% of
anthropogenic mercury emissions to atmosphere in
China [4]. At present, some studies have been
conducted on mercury emission to atmosphere and its

environmental impacts from zinc smelting in China [5,6].

In recent years, great changes have occurred in the
zinc smelting industry in China. Some new technologies,
such as pressure leaching and atmospheric oxygen
enrichment leaching, have been adopted. New
technology will have more applications in the zinc
smelting industry in the next few years [7]. The pressure
leaching process does not need roasting pretreatment of
ore, which avoids sulfur dioxide flue gas producing acid
process. The removal of mercury needs to be carried out
both from the flue gas containing mercury [8,9] and from
acidic wastewater generated in sulfuric acid production
[10-12]. In the pressure leaching process, mercury and
sulfur mainly remain in the leaching residue in a stable
form of mercury sulfide and elemental sulfur,
respectively, which may reduce the environmental
impact [13]. However, the elemental sulfur in the
leaching residue, due to great blending with valuable
metals of mercury and zinc and so forth, needs further
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treatment to achieve comprehensive utilization. The
methods of elemental recovery  from
hydrometallurgical residue cover flotation, hot filtration,
ammonium sulfide, tetrachloroethylene and so on
[14-16], but these methods still have some problems.

The purpose of this study is to firstly leach flotation
sulfur concentrate derived from hydrometallurgical zinc
residue with sodium sulfide, and the elemental sulfur is
dissolved into the leaching solution while mercury in a
stable form is enriched into the leaching residue. Then,
the elemental sulfur is recovered when carbon dioxide is
bubbled into the leaching solution. The sodium sulfide
leaching—carbon dioxide precipitating method may make
reagents recycle back into process and obtain high
quality sulfur, with easy operation and simple
equipments.

sulfur

2 Chemical reactions and thermodynamics

The elemental sulfur reacts with sodium sulfide
(NayS) in the solution to form a polysulfide according to
the following reaction [14,15]:

Na,S+(x—1)S"=Na,S, (1)

Meanwhile, the soluble mercury cation (Hg*") from
flotation sulfur concentrate can also react with sulfidion
(S*) from the sodium sulfide solution, generating the
mercuric sulfide deposit with tiny solubility product
constant Ky, of 4.0x10>, so the element mercury is still
left in the residue. The reaction is as follows:

Hg’'+S* =HgS| 2)

When the elemental sulfur from material is
dissolved, the solution is then filtered to produce an
essentially sulfur free residue. The polysulfide anion is
fairly unstable, and the polysulfide-rich filtrate obtained
is decomposed to recover sulfur under an acid
environment when it is treated with carbon dioxide (CO,)
through the following reaction:

Na,S,+CO,+H,0=NaHS+NaHCO;+(x—1)S° 3)

The elemental sulfur is recovered through a second
filtration of the mixture solution, and is further dried to
sulfur product. The mixture solution of sodium bisulfide
and bicarbonate can be regenerated to sodium sulfide by
the use of lime (CaO) according to the following
reaction:

NaHS+NaHCO;+CaO=Na,S+CaCOs+H,0 4)

The regenerated sodium sulfide solution is recycled
back into the initial leaching process, while the solid
limestone (CaCO;) can be decomposed by roasting to
carbon dioxide and lime (CO, + CaO) which may be
reused back into the reaction (3) and the reaction (4),
respectively.

Thermodynamic analysis includes the calculations
of standard Gibbs free energy (A,GS) and standard
equilibrium constant (K®). The reaction (1) can be
simplified to the following reaction:

S¥+(x—1)8"=82" )

The x of polysulfide ion (Si’) varies from 2 to 5
[17]. Standard Gibbs free energies of formation ( A¢ Gg )
of different sulfur ions at 298.15 K [17,18] are shown in
Table 1. The Gibbs free energy and standard equilibrium
for reactions of dissolving
calculated at 298.15 K and the values are shown in Table
2. The negative values of the standard Gibbs free energy,
Aan(? , for the reactions (8) and (9), indicate that they
are all thermodynamically feasible at atmospheric
pressure and temperature 298.15 K, and formations of
S;~ and s§‘ have higher thermodynamic probability.

constant sulfur were

The large values of standard equilibrium constant, KG’,
for the reactions (8) and (9), further suggest probability
of formations of S;~ and S:”. Based on the above
thermodynamic analysis, sulfur dissolution in sodium
sulfide solution can occur spontaneously at atmospheric
pressure and room temperature.

Table 1 Standard Gibbs free energy of formation (AfGn(? ) of
different sulfur ions at 298.15 K

Chemical formula ~ Matter state A:GS /(kI-mol ™)

S Solid 0
S Aqueous 85.80
S%_ Aqueous 91.21
S%’ Aqueous 88.28
Si’ Aqueous 69.00
s§* Aqueous 65.70

Table 2 Values of standard Gibbs free energy (ArGg ) and
standard equilibrium constant (K®) at 298.15 K for reactions of
dissolving sulfur

Reaction equation ArGg /(kJ-mol ") K°
S +8°=8  (6) 5.41 0.11
s +28° =8 (1) 2.48 0.37
ST +38" =837 (8) ~16.80 8.77x10°
S*+4s8" =8 (9 —20.10 3.32x10°

3 Experimental

3.1 Materials

The raw material for this study is flotation sulfur
concentrate from hydrometallurgical residue during the
zinc pressure leaching process. The chemical
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composition of flotation sulfur concentrate is shown in
Table 3. It can be seen that the amount of elemental
sulfur is 84.98%, almost accounting for 94.89% of total
sulfur. In addition, mercury content is as high as 951.7
g/t. The X-ray diffraction (XRD) pattern of flotation
sulfur concentrate is shown in Fig. 1. It indicates that the
major mineral in flotation sulfur concentrate is elemental
sulfur in the form of Sg, and other minerals include
sphalerite (ZnS) and pyrite (FeS,;). During the zinc
pressure leaching process, the minerals of mercury in
residue mainly exist as mercuric sulfide (HgS), and
probably include a little soluble mercuric sulfate
(HgSO4) and mercuric chloride (HgCl,).

Table 3 Chemical composition of flotation sulfur concentrate

W(S)ro/%  w(S®)%  w(Zn)/%  w(Fe)/%  w(Pb)/%
89.56 84.98 5.95 2.07 0.35
w(Ga)/% w(C)/%  w(Hg)/10™*  w(Ag)/10™*
0.003 0.10 951.7 466.7

A
A — Ss
e — 7nS
= — FeS,
A

10 20 30 40 50 60 70
200(%)

Fig. 1 XRD pattern of flotation sulfur concentrate

The main reagents used are sodium sulfide
nonahydrate (Na,S-9H,0) (AR), industrial grade CO,
and calcium oxide (CaO) (AR).

3.2 Method

The flotation sulfur concentrate and the sodium
sulfide solution were placed together in a reaction
conical flask, and then leached under vigorous agitation.
The leaching solution was filtered to get a leaching
residue and a polysulfide filtrate. The leaching residue
was dried at 60 °C and then conducted the weighing as
well as elemental analysis. Besides, the sodium
polysulfide filtrate placed in a homemade reaction vessel
was appropriately stirred and simultaneously acidized
with carbon dioxide. The elemental sulfur precipitated
from the solution was subjected to filtration and drying,
and sulfur product was finally obtained. The mixture

solution of sodium bisulfide and bicarbonate, neutralized
by lime, could be regenerated to sodium sulfide, which
was recycled back into the initial leaching process. The
flow sheet of flotation sulfur concentrate treated by
sodium sulfide leaching—carbon dioxide precipitating
method is shown in Fig. 2.

Flotation sulfur concentrate

Na,S leaching

Filtration,
deionized water
washing

' .
Leaching residue Sodium polysulfide solution
(Hg) enrichment I

Sulfur
[precipitating

¥ 8 : ¥ 3
Elemental sulfur  Mixture solution

[Neutralization | CaQ

. CO,

v ¥
Regenerated Na,S solution ~ CaCO;

Fig. 2 Flow sheet of flotation sulfur concentrate treated by
Na,S leaching—CO, precipitating method

In this work, determination of the content of
elemental sulfur in ore or leaching residue was carried
out by a tube furnace combustion method. The sulfur
product was determined by using the national standard of
GB/T 2449—2006 (PRC). The content of mercury was
analyzed by inductively coupled plasma atomic emission
spectrometry (ICP-AES).

ns {1_@}100% (10)
mXgy
o5 = —3x100% (11)
mXsy
Ny X
Tty = —— 2 x100% (12)
M Xyg)

where 75 is leaching rate of elemental sulfur; wg is
recovery rate of elemental sulfur; #ny, is mercury
enrichment rate in leaching residue, representing the
efficiency of mercury recovery in leaching residue; m,
m, and mj are the mass of flotation sulfur concentrate,
leaching residue and sulfur product, respectively; xg; and
Xsp are the mass fraction of elemental sulfur in flotation
sulfur concentrate and leaching residue, respectively;
Xug1 and Xy, are the mass fraction of mercury in flotation
sulfur concentrate and leaching residue, respectively.
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4 Results and discussion

4.1 Sodium sulfide leaching process
4.1.1 Effect of liquid/solid ratio

The effect of liquid/solid ratio on sulfur leaching
rate and mercury enrichment rate was investigated under
conditions of flotation sulfur concentrate mass 50 g,
sodium sulfide concentration 1.5 mol/L and leaching
time 20 min at room temperature. The results are shown
in Fig. 3.

100 - = Sulfur = 100
= Mercury 190
%ﬂ 170 E
S 80t 5
3 160 2
= 5
=
= 150 &
wn 70+ =]
140 S
60 30
4:1 5:1 6:1 T 8:1

Liquid/solid ratio

Fig. 3 Effect of liquid/solid ratio on leaching of sulfur and
mercury

Figure 3 shows that the leaching rate of elemental
sulfur increases greatly with increasing the amount of
sodium sulfide. When the liquid/solid ratio is over 6:1,
the curve of leaching sulfur changes to be steady. As for
mercury, the enrichment rate of mercury first increases
and then decreases with increasing liquid/solid ratio. At a
low liquid/solid ratio, elemental sulfur cannot be leached
completely. With increasing liquid/solid ratio, although
sulfidion (S*") concentration is constant, the amount still
increases, which makes sulfur leach into solution and
mercury enrich into residue gradually. However, when
the liquid/solid ratio is over 6:1, sulfur dissolution in the
sodium sulfide is basically saturated. By contrast,
excessive sulfidion (S*7) can react further with mercuric
sulfide deposit (HgS) to form soluble complexation
anion [HgS,]*" [19,20], resulting in the decrease of
enrichment rate of mercury in residue. So,
comprehensively considering sulfur leaching rate and
mercury enrichment rate, the suitable condition of
liquid/solid ratio is 6:1.

4.1.2 Effect of sodium sulfide concentration

The effect of sodium sulfide concentration on the
dissolution of sulfur and the enrichment of mercury,
under the following conditions of flotation sulfur
concentrate mass 50 g, liquid/solid ratio 6:1 and leaching
time 20 min at room temperature, is shown in Fig. 4.

100 s — Sulfur 10
*— Mercu

90 + Y %
£ 3
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g 8T 180 E
2 70} 5
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3 60t '
2 160 2
= 50l 2
@ 2

40t 18l

30 40

0.5 1.0 15 2.0

Na,S concentration/(mol-L™")
Fig. 4 Effect of sodium sulfide concentration on leaching of
sulfur and mercury

The sodium sulfide concentration has a significant
influence on the leaching process. It can be seen that the
leaching rate of elemental sulfur increases dramatically
before sodium sulfide concentration increases to 1.5
mol/L. After that, the leaching rate has no significant
change. The enrichment rate of mercury increases as
sodium sulfide concentration increases, but when
concentration is over 1.5 mol/L, mercury enrichment rate
sharply declines. Due to the fact that sodium sulfide
concentration is too high, elemental sulfur is dissolved to
reach saturation. The excessive sulfidion, however, can
cause mercuric sulfide deposit to dissolve in the solution.
In addition, when the concentration of sulfidion reaches a
certain level, total polysulfide anion concentration in the
solution does not basically change. With increasing
sulfidion concentration, the average chain length x in
polysulfide anion, Si_, changes, or the composition
proportion of certain chain length Si_ (x>1) raises [21].
The formation of certain chain length Si_ greatly
accelerates the dissolution of HgS deposit, forming
soluble mercuric polysulfide complexation anion
[Hg(S,).]* and [HgS,OH] ", and the dissolution is more
significant especially in higher pH solution [22,23].

4.1.3 Effect of leaching temperature

The effect of leaching temperature on leaching
process of flotation sulfur concentrate was investigated
under conditions of flotation sulfur concentrate mass 50
g, sodium sulfide concentration 1.5 mol/L, liquid/solid
ratio 6:1 and leaching time 20 min.

Figure 5 shows that the leaching rate of elemental
sulfur and the enrichment rate of mercury both change
steadily as leaching temperature ranges from 20 °C to 60
°C. The influence of leaching temperature on leaching
effectiveness of flotation sulfur concentrate by sodium
sulfide is thought to be little. Mercury, well separated
from elemental sulfur, is effectively enriched in the
residue. So, leaching process can be conducted at room
temperature.
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4.1.4 Effect of leaching time

The effect of leaching time on the degree of sulfur
leaching and mercury enrichment was investigated under
conditions of flotation sulfur concentrate mass 50 g,
sodium sulfide concentration 1.5 mol/L and liquid/solid
ratio 6:1 at room temperature (Fig. 6).
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Fig. 5 Effect of leaching temperature on leaching of sulfur and
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Fig. 6 Effect of leaching time on leaching of sulfur and
mercury

As shown in Fig. 6, sodium sulfide is an effective
reagent for dissolving elemental sulfur. The leaching rate
of elemental sulfur is above 98% when leaching process
is conducted only in 5 min. Later, the curve of leaching
rate changes to be steady. With increasing leaching time,
the enrichment rate of mercury first increases and then
decreases, and is maximal at 30 min. The influence of
leaching time on mercury enrichment rate is more
significant than that on sulfur leaching rate. It can be
conducted that 30 min is the suitable leaching time.

4.2 Precipitation of elemental sulfur by carbon
dioxide

4.2.1 Effect of carbon dioxide flow rate and blowing
time
Elemental sulfur is dissolved from flotation sulfur

concentrate into polysulfide-rich leaching solution,
which is subsequently blown with carbon dioxide. When
pH of leaching solution reduces to a certain degree,
polysulfide is decomposed and converted to elemental
sulfur. The results of elemental sulfur precipitated from
solution without stirring are shown in Fig. 7. The
recovery rate of elemental sulfur gradually increases with
increasing carbon dioxide flow rate and blowing time.
However, the recovery efficiency is very low when the
solution has no agitation. Only 72.44% of elemental
sulfur from solution is recovered at carbon dioxide flow
rate of 1000 mL/min and blowing time of 180 min.

100
ol =— 400 mL/min
9 e 600 mL/min
< 80f 4— 800 mL/min
5 v— 1000 mL/min
5 70f -
-~
g 60 -
S a0t :
=
“r 301
20r o
60 90 120 150 180

Blowing time/min

Fig. 7 Recovery rate of elemental sulfur precipitated by carbon
dioxide at different gas flow rates and blowing time

4.2.2 Effect of stirring

The influence of stirring on recovery rate of
elemental sulfur is shown in Fig. 8. The results indicate
that the stirring plays a critical role in the elemental
sulfur recovery. The recovery rate is greatly improved
when the solution is agitated appropriately. The recovery
rate of elemental sulfur almost linearly increases as the
blowing time increases at carbon dioxide flow rates of

100
» —Y
»
. 95r /
==
B '
s o0f /
2 /
¥ /
z 851 s/
= 80| o =— 200 mL/min
= /S o400 mL/min
U‘:S // Vs
TsE e
70F «
1 1 L 1 1
60 90 120 150 180

Blowing time/min

Fig. 8 Recovery rate of elemental sulfur from solution under
stirring at carbon dioxide flow rate of 200 and 400 mL/min,
respectively
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200 and 400 mL/min, respectively, but a significant
slowing down of the recovery rate in the final stage of
blowing is noted. The recovery efficiency of elemental
sulfur is 97.65% at carbon dioxide flow rate of 200
mL/min and blowing time 150 min. When the elemental
sulfur is precipitated from polysulfide solution under
appropriate stirring, carbon dioxide gas blew is divided
into more tiny bubbles under the action of stirring,
enlarging the reaction area of gas and liquid. On the
other hand, tiny bubbles are revolved along with the
solution to prolong the gas—liquid contact time. So,
stirring provides a favorable condition for gas—liquid
reaction kinetics.

4.3 Validation test

In order to determine the process parameters
according to the above analyses, comprehensive
validation test was carried out when flotation sulfur
concentrate was leached by sodium sulfide under
contidions of sodium sulfide concentration 1.5 mol/L,
liquid/solid ratio 6:1 and leaching time 30 min at room
temperature, and elemental sulfur was precipitated from
solution under stirring at carbon dioxide flow rate 200
mL/min and blowing time 150 min. The results are
shown in Table 4.

Table 4 shows that when flotation sulfur concentrate
is treated by Na,S leaching—CO, precipitating method,
the average residue rate is 18.78%, and the content of
elemental sulfur in leaching residue is quite slow, which
indicates that sulfur dissolution efficiency is high. The
average leaching rate and recovery rate of elemental
sulfur are 98.43% and 97.67%, respectively. Besides,
98.13% of mercury is enriched into leaching residue, the
average content of mercury reaches 4993 g/t in the
residue, and is 5.23 times that in the ore. The mercury-
containing residue is a high-grade mercury concentrate,
and can be treated to further recover mercury. Detection
results of elemental sulfur obtained in terms of the

Table 4 Results of validation test

national standard of GB/T 2449—2006 (PRC) are shown
in Table 5. The purity of elemental sulfur is 99.75%, and
the content of mercury in the sulfur is 10 g/t, which has
no influence on the sulfur product. The phases identified
by XRD in leaching residue are mainly sphalerite and
very few elemental sulfur (Fig. 9), which further
confirms that elemental sulfur is effectively leached and
valuable metals are enriched into the residue during
leaching process.

. A— S
e — 7nS
= — FeS,
" ,‘I‘ﬁi”ﬁlff‘ A =
10 20 30 40 50 60 70

20/(%)
Fig. 9 XRD pattern of leaching residue

5 Conclusions

1) The recovery of elemental sulfur and the
separation and enrichment of mercury from flotation
sulfur concentrate derived from zinc pressure leaching
residue are feasible by sodium sulfide leaching—carbon
dioxide precipitating.

2) The optimal experiment parameters are: sodium
sulfide concentration 1.5 mol/L, liquid/solid ratio 6:1,
leaching time 30 min and room temperature. The
leaching rate of elemental sulfur is more than 98%, and
98.13% of mercury is enriched in leaching residue. The
content of mercury in leaching residue is 5.23 times that

Element content in

Ore Residue Residue residue/% Mercury enrichment Sulfur leaching Sulfur recovery
mass/g mass/g rate/% g0 He rate/% rate/% rate/%
50 8.87 17.74 6.76 0.5208 97.08 98.59 97.69
100 18.02 18.02 6.45 0.5181 98.10 98.63 97.73
300 61.73 20.58 8.02 0.4589 99.22 98.06 97.58
Average 18.78 7.08 0.4993 98.13 98.43 97.67
Table 5 Results of elemental sulfur obtained in terms of GB/T 2449—2006 (PRC)
Testing item Sulfur Moisture Ash Acidity Organics Arsenic Iron Mercury
First-rate product/% >99.50 <2.0 <0.10  <0.005 <0.30 <0.01 <0.005 -
Qualified rate product/% >99.00 <2.0 <0.20  <0.02 <0.80 <0.05 - -
Detection result/% 99.75 0.004 0.002 0.05 0.0001 0.001 0.001
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in flotation sulfur concentrate.

3) The elemental sulfur is deposited from leaching
solution at carbon dioxide flow rate 200 mL/min and
blowing time 150 min while leaching solution is stirred
adequately. The recovery rate of elemental sulfur is
97.67% with the purity 99.75%.
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KAFLNDBEREEGEER RSN

TFM RRL RER, KA, TR, gh 12

1. BB T RS Re 5608 TRk, B 650093;
2. BWAFE TR Pk fie TREN H R & HoR B KO BCA TRESEIR =, B 650093;
3. BHIBE TR dEH NG E HE LR E, B 650093
. KH NapS & Hi—CO, YLICIE X TFIE TS H 7R [0 5 B A s 48 DL R OT BB I MG TR . 25538, 78
i NapS WIS 1.5 molVL. WA 6:1. &2 HETA 2 30 min 44T, JCEBMKIE AL 98%LL E, K
HIT 3 B SR 98.13%, EFRERNIEN A1 523 5. MRHETEAN CO, Sk, RABFHER, £ COL i
4 200 mL/min, JAHTE]A 150 min 44T, JCRBMNERTHTE, FBCRTTIER] 97.67%, kA3 HIcRMm4l

FEH 99.75%, £54r GB/T2449—2006 TV fii—25 MibrifE.
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