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a  b  s  t  r  a  c  t

This  study  focuses  on  the  application  of hydrothermal  sulfidation  and  floatation  to treat  the  heavy-
metal-containing  sludge  for recovery  and  stabilization.  After the hydrothermal  sulfidation,  the  sulfidation
percentage  of  zinc  and  lead  reach  up  to  85.0%  and  75.4%,  respectively.  33.3%  of  Zn,  58.9%  of  Pb  and  68.8%
of  Cu  can  be recovered  from  the  sludge  by  floatation.  The  lower  recovery  of  ZnS  attributes  to  its  surface
and  structural  characteristics.  To  compare  these  characteristics,  three  types  of  synthetic  metal  sulfide
(ZnS,  PbS  and  CuS)  were  prepared  and  examined  with  XRD,  SEM  and TEM.  The poor  floatability  of  the
finely  dispersed,  round  shape  of  ZnS  can  be  improved  by  crystal  modification  in hydrothermal  condition.
eavy-metal-containing sludge
etal sulfide

tabilization
loatation

With  increasing  the  temperature  and  reaction  time,  the  grain  size  of  the  ZnS  increased  from  7.95  nm
to  44.28  nm  and the recovery  of  Zn increased  to from  33.3%  to 72.8%.  The  TCLP  results  indicate  that  all
the  leached  heavy  metal  concentrations  of floatation  tailings  are  under  the allowable  limit.  No  obvious
increase  of  heavy  metal  concentration  was  observed  in continuous  leaching  procedure.  The  presence  of
alkaline  compounds  after  hydrothermal  sulfidation  might  act as  mineralogical  scavengers  of dissolved
heavy  metal  released  by  sulfide  oxidation  to avoid  the  heavy  metal  pollution.
. Introduction

Tons of heavy metal containing wastes are generated every year
y industries such as nonferrous smelting, mining and electroplat-

ng. The huge quantities of these wastes can potentially impose a
egative impact to the environment due to the possibility of releas-

ng toxic elements, such as lead (Pb), cadmium (Cd), arsenic (As),
tc. [1].  Therefore, the stabilization of the toxic elements becomes
ery urgent and essential. On the other hand, since the waste usu-
lly contains plenty of valuable metals, it should be considered
s a secondary resource of metals that can be recycled, rather
han an end waste, in order to relieve the global metal supply
1–3]. However, current methods used for heavy metal recov-
ry from this waste are difficult to avoid secondary pollution. For
xample, the widely-used direct extraction technique often leads
o a large quantity of wastewater and residue containing unsta-
le state heavy metals [4,5]; while roasting method requires too
uch time and energy and generates a great deal of heavy-metal-

ontaining slag, resulting in various problems during elimination

6].

Recently, sulfidation has received much attention as a poten-
ial effective process for heavy metal recovery [7–9]. The heavy
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metals contained in the waste are initially converted into metal sul-
fides with good floatability. It can be thereafter separated from the
sludge by floatation and the tailings’ chemical property turns sta-
ble. Conventional sulfidation with Na2S has been widely employed
to improve the floatability of some mineral oxide ores [4,10] and
heavy metal pollution control [7,8,11]. Nevertheless, the use of sul-
fide as a sulfidizing agent is accompanied by the generation of
secondary wastes and the emission of toxic gases, such as H2S.
Hence, sulfur has been suggested as a substitute for sulfidizer. Wang
et al. [12] reported that nonferrous metal oxides can be converted
into sulfides through mechanical ball milling. Roasting with sulfur
is another method for heavy metal sulfidation. It was found that
the sulfidation of Pb and Zn oxides reached 98% and 95%, respec-
tively, under optimal conditions [13]. However, floatation of the
formed metal sulfide (MeS) might differ from natural sulfide ore
floatation [11]. One of the most important differences is the fact
that the formed MeS  has different crystalline structures and sur-
face properties and it might make adverse impacts on their selective
floatability [14].

According to the mineralogy and the geochemistry, the natural
sulfide ores are generated through hydrothermal reaction [15]. As
a simulation of geothermal conditions, in this research, hydrother-

mal  sulfidation was employed to sulfidize the heavy metals in
heavy-metal-containing sludge using sulfur as raw materials. The
sulfidation reaction is accomplished by S2− generated by the dis-
proportionation reaction of sulfur as shown in Eq. (1).  The reactions

dx.doi.org/10.1016/j.jhazmat.2012.03.025
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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f metal hydroxide (Me(OH)2) to metal sulfide (MeS) in hydrother-
al  condition are presented in Eqs. (2) and (3).

S + 6OH− = 2S2− + S2O3
2− + 3H2O (1)

e(OH)2 = Me2+ + 2OH− (2)

e2+ + S2− = MeS  (3)

Generally, hydrothermal sulfidation can achieve much higher
onversion rates because the metals are transformed into metal
ons and are easily dissolved in solution under hydrothermal con-
itions [16]. In addition, hydrothermal sulfidation offers distinct
dvantages over conventional methods, especially for the sulfi-
ation of heavy metal containing sludge with very high moisture
ontent. First, the reaction occurs efficiently without any pretreat-
ent such as baking or grinding. Second, sulfur is a low-cost
aterial and causes only slight secondary pollution as compared
ith other sulfidizers such as Na2S. Moreover, hydrothermal sulfi-
ation offers a possible way to modify the metal sulfide surface
nd structural properties in order to improve their floatability.
any metal sulfides have been successfully synthesized with some

articular structures in hydrothermal condition, like quantum
ots, nanorods, nanowires, hollow spheres, nanosheets, and so
n [17,18].  Besides, Viñals et al. [19] found that after hydrother-
al  treatment of sphalerite with Cu(II) ions, a compact layer of

opper sulfide surrounded the sphalerite and its selective floata-
ion was improved. Despite the above-mentioned advantages, the
ydrothermal sulfidation approach is mainly employed for the syn-
hesis of specific sulfide materials [20] and as a pretreatment for
atural ores [21]. Only a little work has been reported on the
anagement of heavy-metal-containing sludge by recycling via

ydrothermal sulfidation.
Additionally, the stabilization test should be performed to eval-

ate of the environmental activities of heavy metals in high-sulfide
oatation tailings. Most works use the TCLP (Toxicity Charachter-

stic Leaching Procedure) to evaluate the stabilization effect. The
CLP test has come to unfavorable criticism because of its limita-
ion on simulating different disposal conditions of the waste [22].
xposure of waterlogged tailings to air, especially the high-sulfide
ailings, can result in oxidation reactions, acid-drainage and metal
eaching, probably creating severe environmental problems [23].
herefore, the high-sulfide tailings were subjected to a 24-day con-
inuous leaching experiment to evaluate the stabilization of the
eavy metals.

This study focuses on the application of hydrothermal sulfi-
ation converting certain heavy metal remained in the sludge

nto metal sulfide (MeS) to obtain the recovery of such metal by
ubsequent floatation as well as the environmental benefits from
uch treatment. Neutralization sludge, which is generated after the
isposal of heavy metal containing wastewater by lime milk pre-
ipitation, was employed as the treated object in the present study.
he extents of Zn and Pb sulfidation were used as an indicator to
iscover the optimal reaction conditions. After the sulfidation treat-
ent, floatation and stablization tests were carried out to examine

he recovery and stabilization effect. The goal of this study was to
nd a novel way for heavy-metal-bearing sludge disposal that could
ot only enhance metal recovery but also maintain the stabilization
f heavy metals in the tailings.

. Experiment

.1. Materials
The sludge sample was obtained in Zhuzhou Smelter Group,
hich is one of the largest zinc and lead smelter plants in China.

he sludge used in this experiment was generated after the disposal
aterials 217– 218 (2012) 307– 314

process of metallurgical wastewater by lime milk precipitation,
with an annual generation capacity of about 50 000 tons. There is
a large amount of calcic component in raw neutralization, such as
CaSO4·2H2O, CaCO3·H2O, etc. To determined the heavy metals con-
tent in the sludge, the samples were air dried, ground and sieved
with 100–200 mesh (75–150 �m)  before being digested using a
mixture of concentrated HCl and HNO3 (3:1, v/v). Then, the solu-
tions were filtrated with 1 �m pore sized filter paper and element
concentrations in filtrate were analyzed with inductively coupled
plasma (ICP-AES, IRIS Intrepid II XSP). The elemental composition
and main heavy metal (Zn and Pb) phase composition of raw sludge
are given in Table 1. The phase composition of Zn and Pb was tested
by chemical phase analysis as described by Zhang [24].

2.2. Experimental apparatus and operational procedure

The hydrothermal sulfidation reaction was carried out in high-
pressure reactor, in which the raw sludge and sulfur were mixed
in an appropriate mass ratio, then the mixture was  loaded into a
1000 mL  capacity stainless steel autoclave, and 700 mL  of water
was added. The autoclave filled with the reactant solution was
sealed and placed into a 180–240 ◦C furnace from 0 to 8 h, and then
cooled to room temperature under tap water. After the reactions,
the resulting products were filtered with a 1-�m pore sized filter
paper. The precipitate was  collected and washed with deionized
water to remove ions possibly remained in the final product, and
finally it was  dried at 80 ◦C overnight in a vacuum oven.

2.3. Analyses

2.3.1. Sulfidation percentage
The sulfidation percentages of Zn and Pb were tested in tripli-

cate based on the chemical phase analysis of the sulfide ore [24].
Take Zn sulfidation percentage for example, the test procedure was
described as follow. Initially, 0.5000 ± 0.0005 g of screened sample
(sieved with 200 mesh) was placed in a conical flask with 100 mL
of a mixed solution of 100 g L−1 of CH3COOH and 5 g L−1 of ascorbic
acid that was  employed to extract the un-reacted Zn compounds,
like ZnO, Zn(OH)2, and ZnSO4. After stirring for 1 h in boiling water,
the mixture was  filtered through 1 �m filter paper, and the fil-
trate (1) was  collected and stored in a plastic container. The filtered
residue (1) was then rinsed for 30 min  with deionized water. The
filter papers were placed into the same conical flask and 100 mL
of 30 g L−1 of Br2 solution was added as an extracting solution for
ZnS. After stirring for 45 min, the mixture was filtered. The filtrate
(2) and residue (2) were obtained. After rinsing and drying, the
residue (2) was digested by a mixture of concentrated acid (HF
(1 mL), HClO4 (3 mL), HNO3 (5 mL)  and HCl (15 mL)) at 180 ◦C for
2 h. The digested solution was collected to determine the Zn con-
tent. The concentrations of heavy metals in solutions were analyzed
by ICP-AES. The schemes of Zn and Pb sulfidation percentage test
procedures are list in Table 2.

The sulfidation percentage was  determined according to Eq. (4),
where X is the sulfidation percentage (%), C ′

Me0
is the initial MeS

amount in raw sludge, and CMe, C ′
Me, and C ′′

Me stand for the metal
concentrations of filtrate (1), filtrate (2) and digestion solution,
respectively.

X =
C ′

Me − C ′
Me0

CMe + C ′
Me + C ′′

Me
× 100% (4)

2.3.2. Floatation test

In order to investigate the floatability of the treated sludge, the

mixed floatation of these sulfidized materials was  carried out by a
conventional floatation process, consisting of traditional roughing,
re-concentrating and scavenging. Floatation tests were made with
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Table 1
The elemental composition and main heavy metal (Zn and Pb) phase composition of raw sludge.

Elements composition (wt%)

Zn Pb Fe Ca S Cd Cu As Na Mn Al

19.9 0.95 1.20 8.00 3.7 0.73 0.10 0.06 0.17 1.70 0.52

Phase  composition of zinc and lead

Constituent Sulfite Oxide Sulfide Silicate Others
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Zn 0.20% 84.42% 

Pb  0.05% 83.51% 

aboratory scale floatation machines (XFD-0.5 L). The pulp density
as 20% and the pulp temperature was adjusted to 60 ◦C. Subse-

uently, 0.04% (w/w) of dispersant (sodium hexametaphosphate)
nd 0.04% (w/w) of depressant (carboxymethyl cellulose) were
dded to the pulp, followed by conditioning for 3 min. After con-
itioning, 0.04% (w/w) of copper sulfate (CuSO4·5H2O) was added
s the activator, followed by conditioning for 3 min. Then, 0.008%
w/w) of diethyl dithiocarbamate and 0.008% (w/w) of butyl xan-
hate were added as the collectors, followed by conditioning for

 min. Finally, 0.002% (w/w) of pine oil was added to the slurry as
urther. Roughing floatation was started by opening the air sup-
ly of the floatation apparatus for a period of 10 min  and the froth

ayer was removed manually. After re-concentrating and scaveng-
ng, the obtained froth and rest fractions were scavenging dried and

eighed, followed by microwave digestion and ICP-AES analysis to
etermine the heavy metal content. The floatation efficiency was
valuated on the basis of the following parameters.

etal recovery (%) = 100% × Massforth × [Me]forth

Masstotal × [Me]total
(5)

oncentrating factor = [Me]forth

[Me]total
(6)

assforth (g) and Masstotal (g) are the weight of froth fraction and
otal mass respectively, and [Me]forth, [Me]total stand for the heavy

etal contents of froth fraction and treated sludge, respectively.
To investigate the selective floatability and the surface charac-

eristics of synthetic sulfide, analytical grade of metal hydroxide
Cu(OH)2, Pb(OH)2, Zn(OH)2) and sulfur were employed as raw

aterials to synthesize the single sulfides through hydrother-
al  sulfidation, including CuS, PbS and ZnS. A certain amount of

aCO3 (80% of the total mass) was added as the substitute of cal-
ic component in raw neutralization sludge. The crystallographic
ompositions of the sulfidation resultant were characterized by X-
ay diffraction (XRD, D/max 2550 VB+ 18 kW). Scanning electron
icroscopy (SEM, Nova NanoSEM 230) and transmission electron
icroscopy (TEM, JEM-2100F) were used to observe the morphol-

gy of the synthetic sulfide.
.3.3. Stabilization test

.3.3.1. TCLP test. To evaluate the stability of the floatation tailings,
oxicity characteristic leaching procedure (TCLP) was  performed

able 2
chemes of Zn and Pb sulfidation percentage test procedure.

Stage Fraction Reagents/0.500 g samp

Zn Filtrate (1) ZnSO4, Zn(OH)2, ZnO 0.1 L 100 g L−1 CH3COO
Filtrate (2) ZnS 0.1 L of 30 g L−1 Br2 solu
Digestion solution Zn in other phases 5 mL  HNO3, 15 mL  HCl,

Pb Filtrate  (1) PbSO4, Pb(OH)2, PbO 0.1 L 100 g L−1 NH4COO
Filtrate  (2) PbS 0.05 L of 30 g L−1 Br2 an
Digestion solution Pb in other phases 5 mL  HNO3, 15 mL  HCl,
8.89% 3.72% 2.26%
4.33% 2.80% 9.31%

according to USEPA Method 1311 [25]. The concentrations of heavy
metals in leachate were analyzed by ICP-AES.

2.3.3.2. Continuous leaching test. A continuous leaching scenario
was simulated in the laboratory by passing leaching liquor through
the floatation tailings. The influent with pH adjusting to 3.2, was
stirred continuously and delivered in an up-flow manner using a
peristaltic pump (0.6 mL  min−1) over a period of approximate 24
days. The total liquid-to-solid ratio (L/S) was 20 L kg−1. At differ-
ent points of time, the leachate was  collected and the heavy metal
concentrations were measured by ICP-AES.

3. Results and discussion

3.1. The factors influencing sulfidation percentage of heavy
metals

3.1.1. Effect of reaction temperature
Temperature plays a vital role in hydrothermal sulfidation

(Fig. 1(a)). The sulfidation percentage of Zn increased from 60.5% to
89.8%, and Pb increased from 58.4% to 77.1% when the temperature
varied from 160 ◦C to 240 ◦C. The sulfidation percentage of Pb was
lower than Zn. That might be ascribed to the formation of PbSO4, a
stable and insoluble Pb compound, which can be generated during
hydrothermal sulfidation as expressed by Eq. (7).

4S + 4Pb2+ + 8OH− = 3PbS + PbSO4 + 4H2O (7)

As shown in Fig. 1(a), higher temperature greatly affected
hydrothermal sulfidation because the hydrothermal conditions
probably increased the diffusive coefficient of metal ions and
decreased the attachment of MeS  to the reaction interface due
to the increasing solubility of MeS  [16]. The optimal temperature
was determined to be higher than 180 ◦C, and all the subsequent
experiments were carried out at 200 ◦C.

3.1.2. Effect of reaction time
The effect of the reaction time (0.5–8 h) on the extent of Zn

an Pb sulfidation was  studied at 200 ◦C with a pulp density of

200 g L−1. As shown in Fig. 1(b), the sulfidation percentage of Zn
was 48.7% within 1 h and 87.0% after 2 h. It also showed that the
sulfidation percentage of Pb rapidly increased and reached 74.5%
within 2 h, implying that the hydrothermal sulfidation reaction of

le Shaking time and temperature

H and 5 g L−1 ascorbic acid mixed solution 1 h at 96 ± 3 ◦C
tion; 45 min  at room temperature

 3 mL  HClO4, 1 mL  HF 2 h at 180 ± 5 ◦C

H and 4 g L−1 ascorbic acid mixed solution 15 min  at room temperature
d 250 g L−1 NaCl mixed solution 45 min  at room temperature

 3 mL  HClO4, 1 mL  HF 2 h at 180 ± 5 ◦C
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Fig. 1. The factors influencing sulfidation percentage of Zn and Pb. (a) Effect of temperature (2 h, pulp density 200 g L−1, pH 10.3). (b) Effect of reaction time (200 ◦C, pulp
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ensity  200 g L−1, pH 10.3). (c) Effect of pulp density (200 ◦C, 2 h, pH 10.3). (d) Effec

etals already completed after 2 h. Considering the long reaction
ime will consume energy, the optimal time span for hydrothermal
ulfidation was 2 h.

.1.3. Effect of pulp density
The effect of pulp density on the extent of Zn and Pb sulfida-

ion at 200 ◦C and a reaction time of 2 h is shown in Fig. 1(c). The
ulfidation percentage of Zn increased from 46.0% to 88.6% when
he pulp density increased from 100 g L−1 to 300 g L−1 and then
ecreased to 56.0% when the density increased to 600 g L−1. The
ulfidation percentage of Pb also decreased from 75.4% to 44.0%
hen the pulp density increased from 300 g L−1 to 600 g L−1. The

esults indicated that higher or lower pulp densities decreased
he extent of sulfidation percentage. It appears that a low den-
ity does not result in the maximum reaction rate between the
etal and sulfur ions in the thick pulp. However, the sulfur ion

oncentration was reduced when the density was too low [21]. A
atisfactory sulfidation percentage was achieved when the pulp
ensity is 200–300 g L−1. In fact, a 300 g L−1 may  be more effi-
ient in promoting the disposal capacity of a reactor with a certain
olume.

.1.4. Effect of pH
To investigate the effect of initial pH on the sulfidation percent-
ge, HCl and NaOH were employed to adjust the initial pH value
rom 7 to 13.5. As illustrated in Fig. 1(d), pH obviously influenced
n the sulfidation percentage. The sulfidation percentage of Zn and
b rose from 56.9% and 49.1% to 85.0% and 75.4% when the initial pH
e pH value (200 ◦C, 2 h, pulp density 300 g L−1).

varied from 7 to 13.5, respectively. It can be explained that alkaline
condition was  suitable for the disproportionation reaction of sul-
fur, as shown in Eq. (1).  Besides that, the Me(HS)3

− predominated
in alkaline solutions and the precipitation of MeS  did not occur
in sulfide-rich hydrothermal solutions until the temperature was
decreased [16,26].  It will improve the combination of the metal ion
with the sulfide ion. The initial pH value of the reaction should be
adjusted to higher than 10.0. In this research, the pH value of the
neutralization sludge was about 10.3, so there is no need to adjust
its pH. However, for some acid sludge, such as leaching residue, a
certain amount of lime milk should be added to increase the pH
value.

The optimum operating process parameters of hydrothermal
sulfidation were determined to be a reaction time of 2 h, a tem-
perature of 200 ◦C, a pulp density of 300 g L−1 and pH value higher
than 10. Employing these experimental conditions yielded zinc
sulfidation percentage of 85.0% and lead sulfidation percentage of
75.4%.

3.2. Floatation treatment and metal recovery

Employing the optimal experimental conditions of hydrother-
mal  sulfidation can resulted in a high heavy metal sulfidation
percentage. However, floatation of these heavy metal sulfides dif-
fers from natural sulfide ore floatation. One of the most important

reasons is the fact that the synthetic sulfides possess different sur-
face and structural characteristics, so the floatabilities of varies
synthetic sulfides should be investigated.
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hydrothermal conditions made a significant influence on the
ig. 2. XRD patterns of simulated sludge after hydrothermal sulfidation (2 h, 200 ◦C).

.2.1. Floatation treatment of the synthetic sulfides
The floatation treatment of the sulfidized neutralization sludge

as carried out by a conventional floatation process. Compared
ith untreated sludge, hydrothermal sulfidation resulted in an

ncrease of concentrating factor, as well as an increase of the metal
ecovery for all the investigated heavy metals (Table 3). 33.3% of
n, 58.9% of Pb and 68.8% of Cu can be recovered from the sludge
hrough floatation. And the concentrating factor increased from
bout 1.02 to 1.67 for Zn, 1.05 to 2.44 for Pb and 1.10 to 2.50
or Cu. However, both of the recovery and concentrating factor
or Zn, which was related to its selectivity floatability, were much
ower than those of Pb and Cu. Therefore, we can conclude that the
resently observed low selective floatation behaviour of ZnS might
ue to its surface or structural properties.

.2.2. Characterization of the synthetic sulfide
To investigate the selective floatability and the surface

haracteristics of synthetic sulfides, three kinds of simulative-
reated-sludge were obtained with hydrothermal sulfidation
eaction of analytical grade metal hydroxide and sulfur as described
n Section 2.1.  The floatation treatment of these samples was  carried
ut by the conventional floatation process. The floatation results are
hown in Table 3. Similarly, the formed ZnS possessed a poor selec-
ivity floatability than that of PbS and CuS. The concentrating factor
f CuS and PbS was 3.29 and 3.44, respectively, and the recovery of

uS and PbS was 91.0% and 72.8% respectively. However, only 28.3%
f ZnS were recovered through floatation with a low concentrating
actor of 1.73.

Fig. 3. The SEM of synthetic sulfides formed in hydrother
Fig. 4. The XRD patterns of the ZnS after crystal modification (4 h, 260 ◦C).

Compared with PbS and CuS, the formed ZnS showed very broad
diffraction peaks in the XRD patterns (Fig. 2), which was the charac-
teristics of nanosized materials [27]. The grain sizes of these sulfide
were calculated by the Scherer formula [28].

D = 0.9�

B cos �
× 100% (8)

where D is the mean particle size, � is the wavelength of the X ray
radiation, B is the full width at half maximum (FWHM) of the char-
acteristic peak, and � is the diffraction angle. The result showed
that the mean grain size of ZnS is only 7.95 nm,  while the sizes
of PbS and CuS were 49.76 nm and 38.57 nm,  respectively. There-
fore, the formed ZnS grain was much smaller that PbS and CuS
grain. For the fine particles of sulfide, the particle diameters/air
bubble diameter ratio is less favorable for collision, resulting in
lower floatation specificity, which is in agreement with the result
reported by Cauwenberg et al. [29].

The surface properties of sulfides could clearly be observed at
higher magnifications (Fig. 3). The CuS and PbS crystal grains were
angular shape with smooth surface. The ZnS particle was  composed
by 5-nm-round grain. It has been comprehensively shown that par-
ticles with angular shape favors floatation more efficiently than
round particles, and this effect is evident over a wide size range
[30]. The enhanced floatation performance of the angular particles
was attributed to particle topographical features better thinning
and rupturing wetting-films surrounding bubbles [31]. The syn-
thetic sulfide with a larger and angular shape and smooth surface
might be beneficial for its selective recovery through floatation.

3.2.3. Modification of ZnS crystal
In order to achieve a high recovery of ZnS, its crystal struc-

ture should be modified. In our previous study, we found the
crystal structure of synthetic ZnS. In particular, a higher reaction
temperature and longer reaction time helped to increasing the
grain size of ZnS, improving its floatation performance. When

mal sulfidation (2 h, 200 ◦C, pulp density 200 g L−1).
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Table  3
Flotation result of hydrothermal sulfidation treated sludge.

Metal Head grade (wt%) Concentrate grade (wt%) Recovery Concentrating factor

Untreated sludge Zn 19.90 20.30 17.3% 1.02
Pb 0.95  1.00 20.5% 1.05
Cu 0.10  0.11 22.3% 1.10

Treated  sludge Pb 0.90 2.20 58.9% 2.44
Cu  0.11 0.28 68.8% 2.50
Zn  23.23 31.80 33.3% 1.36
Zn(M) 21.47 33.67 72.8% 1.57

Treated  simulated sludge Pb 14.85 51.07 72.8% 3.44
Cu 15.02  49.43 91.0% 3.29
Zn 10.72  18.54 28.3% 1.73

Z

t
r
2
n
t
7
m
o

w
t
a
a
s
H
i
t

F
m

Zn(M) 10.31 

n(M): The Zn flotation result after crystal modification.

he reaction temperature increased from 200 ◦C to 280 ◦C with
eaction time of 2 h, the mean grain size of ZnS increased from
4.86 nm to 102.33 nm based on the XRD patterns (figures were
ot shown). Moreover, when the reaction time increased from 2 h
o 10 h under 260 ◦C, the mean grain size of ZnS increased from
2.68 nm to 96.16 nm.  The optimal hydrothermal condition for the
odification of ZnS crystal was determined to be a reaction time

f 4 h and a temperature of 260 ◦C (Fig. 4).
Under the optimal modification condition, the ZnS crystal

as improved as we expected. The average diameter of syn-
hetic ZnS without modification approximates 20 nm (Fig. 5(a)
nd (b)). These crystals were rounded, with irregular modular
ppearance (Fig. 5(a)). The surface of these crystals was rough,

howing little or no defined structural arrangement according to
R-TEM images (Fig. 5(b)). These apparent properties will result

n a terrible inclusion by gangue. However, well-defined crys-
als of ZnS after the crystal modification were found (Fig. 5(c)).

ig. 5. TEM and HR-TEM images of ZnS crystal. (a) TEM and (b) HR-TEM images of ZnS
odification. Inset in (a) and (c) is the selected area electron diffraction pattern.
24.00 63.9% 2.33

These crystals size of zinc sulfide increased to 100–300 nm,  and
the regular arrangement in electron diffraction patterns demon-
strated its crystalline structure (inset in Fig. 5(c)). The surface of
these crystals was  smooth (Fig. 5(d)) which decreased the gangue
inclusion.

The floatation treatment of the ZnS after crystal modifica-
tion was carried out in stimulated and raw sludge. The results
showed that, in the stimulated sludge, the recovery of Zn increased
from 28.3% to 63.9% with the increasing of the concentrating
factor of Zn from 1.73 to 2.33, respectively. In terms of raw
sludge, the recovery of Zn increased from 33.3% to 72.8% with
an increase of concentrating factor of Zn from 1.36 to 1.57,
respectively. Therefore, the modification of ZnS crystal effectively

improved the selective recovery rate of Zn. The obtained results
are encouraging for further research in this field. Up to 70%
of Zn could be recovered from the neutralization sludge after
floatation.

 before crystal modification. (c) TEM and (d) HR-TEM images of ZnS after crystal



Y.-J. Liang et al. / Journal of Hazardous M

Table 4
Heavy metal leaching concentration of tailings after sulfidation-flotation.

Elements Threshold Heavy metal leaching concentration

Raw sludge (mg  L−1) Tailings (mg  L−1)

Zn a 1.996 0.138
Pb  ≤5 0.487 0.420
Cd  ≤1 0.370 0.031
Be a – –
Cu a 0.166 0.002
Ag  ≤5 – –
Hg  ≤0.2 0.010 –
Cr  ≤5 – –
Se  ≤1 – –
As ≤5 0.031 0.006

(

3

s
c
f
t

3

t
[
s
t
u
H
a
r

T
T

(

–) Not detected.
a Not specified by the USEPA.

.3. Stabilization test

Although most of the heavy metal could be separated from the
ludge after hydrothermal sulfidation and floatation treatment, a
ertain amount of heavy metal might remain in the tailings. There-
ore, a series of stabilization tests should be performed to evaluate
he stabilization of the remained heavy metals in tailings.

.3.1. TCLP test
As seen in Table 4, the heavy metal concentration in leachate for

he treated sludge was under the allowable limit of set by USEPA
32]. And it should be pointed out that, more stabilized effect for
ome toxic metals will be achieved during hydrothermal sulfida-
ion. For example, the concentrations of Cd and As in leachate of the

−1 −1
ntreated sludge were 0.370 mg  L and 0.031 mg  L , respectively.
owever, after the sulfidation treatment, the concentrations of Cd
nd As declined to 0.031 mg  L−1 and 0.006 mg  L−1, respectively. The
esult reveals that stabilization of heavy metals occurred during the

able 5
ime course of leached concentration and amount of heavy metals from tailings in contin

Heavy metal content in tailing (w%)

Zn Cd Pb

8.30 0.27 0.39

Heavy metal concentration (CMe, mg  L−1) and amount (AMe, wt%) in leachate

No. Time (h) CZn AZn

1 24 0.92 0.001 

2  48 1.33 0.002 

3  72 0.58 0.003 

4  96 0.06 0.003 

5  120 0.16 0.003 

6  144 0.13 0.003 

7  168 0.14 0.003 

8  192 0.07 0.003 

9  216 0.19 0.004 

10  240 0.01 0.004 

11 264 0.04 0.004 

12  288 0.02 0.004 

13  312 0.06 0.004 

14  336 0.01 0.004 

15  360 0.01 0.004 

16 384 0.02 0.004 

17  432 0.01 0.004 

18  456 0.05 0.004 

19  480 0.02 0.004 

20  504 – 0.004 

21  528 – 0.004 

22  552 0.02 0.004 

23  576 0.03 0.004 

–) Not detected.
aterials 217– 218 (2012) 307– 314 313

sulfidation process, so it will benefit the disposal of the tailing after
floatation.

3.3.2. Continuous leaching test of the floatation tailings
The formed metal sulfide might be remobilized after exposure

to the air. Tony et al. [33] suggested that oxidation and dissolu-
tion were the principle release mechanisms affecting the long-term
stability of metals immobilized by sulfidation. Thus, a continuous
leaching process (over a period of approximately 24 days) was  con-
ducted to simulate the in situ leaching of acid-rain (pH 3.2) through
the floatation tailings with virtually no physical disturbance in a
subsurface environment.

The results show a rapidly decrease in Zn, Cd and Pb con-
centrations in the leachate within 96 h (Table 5). The higher
concentrations in the initial leaching stage (0–48 h) may  be
attributed to the release of the metals that were not fully sul-
fidized and incorporated into solid-phase sulfide phases. However,
at 96 h, the heavy metals leaching process reached the steady point.
It should be pointed out that the Pb concentration in leachate is
higher that Zn and Cd. For example, after 576 h leaching, the Pb
concentration in leachate was 0.27 mg  L−1, while the concentra-
tions of Zn and Cd were 0.03 mg  L−1 and 0.05 mg L−1 respectively.
It might be due to the formation of PbSO4 in hydrothermal sul-
fidation, whose solubility is higher than that of PbS. Thus the Pb
concentration is a little higher than that of other metals. However,
no obvious increase of heavy metal concentration was observed
during the continuous leaching procedure. Possible explanations
might be that the continuous leaching procedure was conducted
to simulate the in situ leaching of acid-rain through the floatation
tailings with no physical disturbance in a subsurface environment.
So the oxidation of MeS  only takes place in the surface of the tail-

ings. Moreover, the presence of alkaline compounds such as CaCO3,
Ca(OH)2 and CaSO4 in the residue will act as mineralogical scav-
engers of dissolved heavy metal released by sulfide oxidation to
avoid the heavy metal pollution [34]. The results revealed that, after

uous leaching process.

CCd ACd CPb APb

0.28 0.009 0.21 0.004
0.29 0.018 0.22 0.009
0.13 0.022 0.18 0.013
0.08 0.024 0.12 0.016
0.11 0.028 0.25 0.021
0.11 0.031 0.32 0.028
0.07 0.033 0.35 0.035
0.06 0.035 0.48 0.046
0.06 0.037 0.39 0.054
0.05 0.039 0.53 0.065
0.05 0.040 0.45 0.075
0.04 0.041 0.54 0.086
0.04 0.043 0.37 0.094
0.04 0.044 0.52 0.105
0.04 0.045 0.45 0.115
0.05 0.047 0.56 0.127
0.06 0.049 0.49 0.137
0.06 0.050 0.44 0.147
0.06 0.052 0.43 0.156
0.06 0.054 0.34 0.163
0.06 0.056 0.27 0.169
0.06 0.058 0.26 0.175
0.05 0.059 0.27 0.180



3 ous M

h
r

4

i
r
d
F
C
m
r
p
m
t
s
s
7
fl
i
h
w

A

D
N
h
(
i

A

t

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

14 Y.-J. Liang et al. / Journal of Hazard

ydrothermal sulfidation and floatation treatment, the heavy metal
emaining in the tailings was in a stable state.

. Conclusions

The heavy metals in heavy-metal-containing sludge can be eas-
ly converted to metal sulfides through hydrothermal sulfidation
eaction. Under the optimum experimental conditions, the sulfi-
ation percentage of zinc and lead is 85% and 75.4% respectively.
loatation test indicates that 33.3% of Zn, 58.9% of Pb and 68.8% of
u can be recovered from the sludge. The lower recovery of ZnS
ight attribute to its crystal grains which are finely dispersed, and

ound shape with rough surface. Hydrothermal sulfidation offers a
ossible way to modify the surface and structural characteristics of
etal sulfide to improve their floatability. With increasing the reac-

ion temperature and extending the reaction time, the ZnS grain
ize increased from 7.95 nm to 44.28 nm with angular shape and
mooth surface, and the recovery of Zn can increase from 33.3% to
2.8%. Stabilization test results revealed that, after sulfidation and
oatation treatment, the heavy metal remaining in the tailings was

n a stable state. The application of the hydrothermal sulfidation
as a wide prospect on the management of heavy-metal-containing
aste.

cknowledgements

The authors gratefully acknowledge China National Funds for
istinguished Young Scientists (50925417); the Key National
atural Science Foundation of China (50830301); National
igh technology research and development program of China
2010AA065203) and Program for New Century Excellent Talents
n University (ncet-10-0840) for financial support.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jhazmat.2012.03.025.

eferences

[1] B. Aparajith, K. Ashish, H. Duncan, M.L. Gupta, Recovery of cadmium from
hydrometallurgical zinc smelter by selective leaching, Hydrometallurgy 102
(2010) 31–36.

[2] M.K. Jha, V. Kumar, R.J. Singh, Review of hydrometallurgical recovery of zinc
from industrial wastes, Resour. Conserv. Recycl. 33 (2001) 1–22.

[3]  S.M.A. Basir, M.A. Rabah, Hydrometallurgical recovery of metal values from
brass melting slag, Hydrometallurgy 1 (1999) 31–44.

[4]  F. Rashchi, A. Dashti, M.  Arabpour-Yazdi, H. Abdizadeh, Anglesite flotation:
a  study for lead recovery from zinc leach residue, Minerals Eng. 18 (2005)
205–212.

[5]  T. Nedwed, D.A. Clifford, Feasibility of extracting lead from lead battery recy-
cling site soil using highconcentration chloride solutions, Environ. Prog. 19
(2000) 197–206.

[6] H. Shen, E. Forssberg, An overview of recovery of metals from slags, Waste
Manage. 23 (2003) 933–949.

[7]  D. Kuchar, T. Fukuta, M.S. Onyango, H. Matsuda, Sulfidation treatment of

copper-containing plating sludge towards copper resource recovery, J. Hazard.
Mater. 138 (2006) 86–94.

[8] D. Kuchar, T. Fukuta, M.S. Onyango, H. Matsuda, Sulfidation treatment of molten
incineration fly ashes with Na2S for zinc, lead and copper resource recovery,
Chemosphere 67 (2007) 1518–1525.

[

aterials 217– 218 (2012) 307– 314

[9] D. Kuchar, T. Fukuta, M.S. Onyango, H. Matsuda, Sulfidation of zinc plating
sludge with Na2S for zinc resource recovery, J. Hazard. Mater. 137 (2006)
185–191.

10] A.J.H. Newell, D.J. Bradshaw, The development of a sulfidisation technique
to  restore the flotation of oxidised pentlandite, Minerals Eng. 20 (2007)
1039–1046.

11] M.  Vanthuyne, A. Maes, The removal of heavy metals from contaminated soil
by a combination of sulfidisation and flotation, Sci. Total Environ. 269 (2002)
69–80.

12] J. Wang, J. Lu, Q. Zhang, F. Saito, Mechanochemical sulfidization of nonferrous
metal oxides by grinding with sulfur and iron, J. Ind. Eng. Chem. 11 (2003)
1094–1095.

13] Y. Li, J. Wang, C. Wei, C. Liu, J. Jiang, F. Wang, Sulfidation roasting of low grade
lead-zinc oxide ore with elemental sulfur, Minerals Eng. 23 (2010) 563–566.

14] T. Miettinen, J. Ralston, D. Fornasiero, The limits of fine particle flotation, Min-
erals Eng. 23 (2010) 420–437.

15] A.F.A. Marques, F.J.A.S. Barriga, S.D. Scottb, Sulfide mineralization in an
ultramafic-rock hosted seafloor hydrothermal system: from serpentinization
to  the formation of Cu–Zn–(Co)-rich massive sulfides, Mar. Geol. 245 (2007)
20–39.

16] B.R. Tagirov, O.M. Suleimenova, T.M. Sewarda, Zinc complexation in aqueous
sulfide solutions: determination of the stoichiometry and stability of com-
plexes via ZnS(cr) solubility measurements at 100 ◦C and 150 bar, Geochim.
Cosmochim. Acta 71 (2007) 4942–4953.

17] L. Wang, J. Dai, X. Liu, Z. Zhu, X. Huang, P. Wu,  Morphology-controlling syn-
thesis of ZnS through a hydrothermal/solvthermal method, Ceram. Int. (2011),
doi:10.1016/j.ceramint.2011.10.013.

18] X. Fang, T. Zha, U. Gautam, L. Li, L. Wu,  Y. Bando, D. Golbergb, ZnS nanostruc-
tures: from synthesis to applications, Prog. Mater. Sci. 56 (2011) 175–287.

19]  J. Viñals, G. Fuentes, M.C. Hernández, O. Herreros, Transformation of sphalerite
particles into copper sulfide particles by hydrothermal treatment with Cu(II)
ions, Hydrometallurgy 75 (2004) 177–187.

20] Q. Chen, Y.T. Qian, Z.Y. Chen, L. Shia, X.G. Lia, G.E. Zhoua, Y.H. Zhang, Preparation
of  zinc sulfide thin films by the hydrothermal method, Thin Solid Films 272
(1996) 1–3.

21] Y. Li, J.K. Wang, C. Wei, Z.Y. Ren, X.Z. Wang, Vulcanizing pretreatment-floatation
process of low-grade zinc oxide ores, J. Chin. Rare Earth Soc. 26 (2008) 620–624.

22] I. Buj, J. Torras, M.  Rovira, J.D. Pablo, Leaching behaviour of magnesium phos-
phate cements containing high quantities of heavy metals, J. Hazard. Mater.
175 (2010) 789–794.

23] D.L. Jacob, M.L. Otte, Long-term effects of submergence and wetland vegetation
on metals in a 90-year old abandoned Pb-Zn mine tailings pond, Environ. Pollut.
130 (2004) 337–345.

24] H.B. Zhang, Chemical Phase Analysis of Ore and Industrial Product, Metallurgi-
cal  Industry Press, Beijing, 1992.

25] USEPA, Method 1311: toxicity characteristic leaching procedure, in: Office of
Solid Waste and Emergency Response (Ed.), Test Methods for Evaluating Solid
Waste, SW-846, U.S. Environmental Protection Agency, Washington, DC, 1992.

26] B.R. Tagirov, T.M. Seward, Hydrosulfide/sulfide complexes of zinc to 250 ◦C
and the thermodynamic properties of sphalerite, Chem. Geol. 269 (2010)
301–311.

27] M. Kuppayee, G.K.V. Nachiyar, V. Ramasamy, Synthesis and characterization of
Cu2+ doped ZnS nanoparticles using TOPO and SHMP as capping agents, Appl.
Surf. Sci. 257 (2011) 6779–6786.

28] X.M. Song, J.M. Wu,  G.J. Zhang, M.  Yan, A dual-layer titania film with enhanced
photocatalytic activity, J. Phys. Chem. 113 (2009) 10681–10688.

29] P. Cauwenberg, F. Verdonckt, A. Maes, Floatation as a remediation technique
for  heavily polluted dredged material. 1. Characterisation of flotated fractions,
Sci. Total. Environ. 209 (1998) 121–131.

30] P.T.L. Koh, F.P. Hao, L.K. Smith, T.T. Chau, W.J. Bruckard, The effect of parti-
cle shape and hydrophobicity in floatation, Int. J. Miner. Process. 93 (2009)
128–134.

31] T.G. Vizcarra, S.L. Harmer, E.M. Wightman, N.W. Johnson, E.V. Manlapig, The
influence of particle shape properties and associated surface chemistry on the
floatation kinetics of chalcopyrite, Minerals Eng. 24 (2011) 807–816.

32] USEPA, Hazardous Waste Characteristics Scoping Study, United States Environ-
mental Protection Agency Office of Solid Waste, 1996.

33] T. Jong, D.L. Parry, Evaluation of the stability of arsenic immobilized by

microbial sulfate reduction using TCLP extractions and long-term leaching
techniques, Chemosphere 60 (2005) 254–265.

34] P.K. Lee, M.J. Kang, S.H. Choi, J.C. Touray, Sulfide oxidation and the natural atten-
uation of arsenic and trace metals in the waste rocks of the abandoned Seobo
tungsten mine, Korea, Appl. Geochem. 20 (2005) 1687–1703.

http://dx.doi.org/10.1016/j.jhazmat.2012.03.025
dx.doi.org/10.1016/j.ceramint.2011.10.013

	Hydrothermal sulfidation and floatation treatment of heavy-metal-containing sludge for recovery and stabilization
	1 Introduction
	2 Experiment
	2.1 Materials
	2.2 Experimental apparatus and operational procedure
	2.3 Analyses
	2.3.1 Sulfidation percentage
	2.3.2 Floatation test
	2.3.3 Stabilization test
	2.3.3.1 TCLP test
	2.3.3.2 Continuous leaching test



	3 Results and discussion
	3.1 The factors influencing sulfidation percentage of heavy metals
	3.1.1 Effect of reaction temperature
	3.1.2 Effect of reaction time
	3.1.3 Effect of pulp density
	3.1.4 Effect of pH

	3.2 Floatation treatment and metal recovery
	3.2.1 Floatation treatment of the synthetic sulfides
	3.2.2 Characterization of the synthetic sulfide
	3.2.3 Modification of ZnS crystal

	3.3 Stabilization test
	3.3.1 TCLP test
	3.3.2 Continuous leaching test of the floatation tailings


	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


