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Abstract: A new process for utilization of hazardous lead-bearing wastes and iron-rich wastes by reducing-matting smelting has
been developed. The slag (SG) and the iron-rich matte (IRM) are the main by-products from reducing-matting smelting of
lead-bearing wastes and iron-rich wastes. The environmental risk of heavy metals (Cd, Zn, Pb and As) in the main by-products versus
the charging material for reducing-matting smelting (CM) has been systematically assessed using leaching toxicity test, the
three-stage sequential extraction procedure of European Community Bureau of Reference (BCR) and Hakanson Potential Ecological
Risk Index Method (PERI). The results demonstrate that the ecological risk level of heavy metals for SG and IRM is significantly
reduced after the reducing-matting smelting process compared with that for CM.
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1 Introduction

Each year, significant amounts of iron-rich wastes
and lead-bearing wastes are generated. For example, over
1x107 t of pyrite cinders are generated annually in
China [1]. In 2012, 5.47x10° t of various lead-bearing
wastes (such as lead soot, lead mud, lead sulfate slag and
smelting slag of waste batteries) were produced from
non-ferrous metal smelting and rolling processing
industry in China [2]. These wastes contain high levels
of iron oxides or lead and a bit of rare expensive
elements (Au, Ag), but their compositions are very
complicated and include considerable various harmful
elements such as As, Cd and Zn, which limit their usage
in pig iron industry and lead smelting industry. At
present, almost all of these wastes are dumping as solid
wastes, causing resource waste and  serious
environmental pollution [3].

In recent decades, many techniques have been
developed to recover lead from lead-bearing wastes,
including flotation [4], leaching [5,6], and reduction
smelting [7,8]. However, application of these techniques

has been limited by factors such as high costs, technical
difficulty, relatively low recovery ratio and serious
secondary pollution. For example, the widely used
reduction smelting process has the problems such as
excessive emission of SO, and lead dust, and high energy
consumption [7].

A new process for utilization of these hazardous
lead-bearing  wastes and iron-rich wastes by
reducing-matting smelting has been developed. In this
process, using iron oxides in the wastes (such as pyrite
cinder) as sulfur-fixed agent, the reducing-matting
smelting of the lead-bearing wastes can be used for the
recovery of lead and precious metals without SO,
emission, while the sulfur in the wastes could be
stabilized in the form of matte [9,10]. Due to its
advantages such as process simplicity, high efficiency,
low pollution, this technology has a promising
application prospect in the utilization of lead-bearing
wastes and iron-rich wastes and has been selected in the
“advanced and applicable technologies catalog for
industrial solid waste utilization” released by Ministry of
Industry and Information Technology of China (MIIT) in
2013 [11].
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Besides lead bullion, there are three other products,
iron-rich matte, slag and soot, from the reducing-matting
smelting of lead-bearing wastes and iron-rich wastes.
These by-products contain residual metals such as As
and Cd, and probably pose potential risks to the
environment. However, so far, no systematic
environmental risk assessment has been conducted for
this new process. To obtain a more comprehensive
understanding of this new technology, it is necessary to
systematically quantify the heavy metal hazards in the
by-products from the reducing-matting smelting.

In this work, the chemical speciation analyses of
heavy metals and two typical assessment models, the
potential ecological risk index (PERI) [12] and the risk
assessment code (RAC) [13], were used to assess the
degree of heavy metal pollution in the by-products from
the reducing-matting smelting of lead-bearing wastes and
iron-rich wastes. Because the amount of the soot
generated is small, only accounting for about 5% of the
by-products, and the soot can be used as auxiliary
material returning to the smelting furnace, only the
iron-rich matte (IRM) and slag (SG) were evaluated.
Moreover, the same analyses were performed on the
charging material of reducing-matting smelting (CM)
(which is mainly composed of the lead-bearing solid
wastes and iron-rich wastes) for comparison.

2 Experimental

2.1 Materials

The samples (IRM, SG and CM) used for testing
were obtained from a reducing-matting smelting plant for
the lead-bearing waste in Hunan Province, China. The
smelting plant has handled 90 t lead-bearing and
iron-rich wastes in reverberatory furnace a day, and
40-50 t slag, 15 t IRM, 4-5 t soot would be produced in
normal smelting conditions. The technological process is
developed by RAO et al [14]. Rude lead can be obtained
from the bottom of furnace, matte can be separated from
slag due to the different density, the soots are collected
from dust collection system of reverberatory furnace, and
then all soots which contain a large amount of lead
(40%) would be sent to mix with lead-bearing and
iron-rich wastes and return to furnace again. Only the
IRM and SG were investigated in this work because they
were the by-products directly disposed into the
environment after smelting.

The samples were collected every day in smelting
cycle (4 d) for three smelting cycles when the lead-
bearing wastes and iron-rich wastes were processed
under normal production conditions. All solid samples
were taken at the outlet except the soot which would be
returned to furnance. All samples were air-dried, then
sieved to less than 2 mm, and stored. All chemicals used

were of analytical reagent grade.

2.2 Analyses

The total content of heavy metals could be obtained
by the digestion developed by the US Environmental
Protection Agency (USEPA, Method 3052) [15], and
elemental compositions were analyzed for Cd, Zn, Pb, Fe,
S and As using inductively coupled plasma atomic
emission spectroscopy (ICP-OES, IRIS Intrepid II XSP,
Thermo Electron Corporation). The X-ray diffraction
(XRD) patterns were obtained using Rigaku D/Max-RB
diffractometer with Cu K, radiation (1=0.15406 nm,
35 kV, 40 mA). The pH was measured in sample extracts
(solid/distilled water ratio 1:20, ratio of mass to volume)
using a pH meter (FE20) [16]. The pH values were 6.21,
8.04 and 5.77 for SG, IRM and CM, respectively.

2.3 Contamination assessment methodology

Leaching procedure: The toxicity characteristic
leaching procedure (TCLP) developed by the US
Environmental Protection Agency (USEPA) was used to
simulate the leaching of contaminated materials by
organic acid leachates [17]. The purpose of this analysis
was to predict the long-term behavior of heavy metals.
As the pH was found to be higher than 5.0 for all
samples, the TCLP leaching was carried out by
extraction fluid of sodium acetate solution (liquid-to-
solid ratio, 20:1) in a plastic container. Moreover, the
H,SO,—HNO; leaching was used to simulate leaching
characteristics of contaminated materials under specified
conditions of acid rain. It was carried out by extraction
fluid of mixed solution (mass ratio of H,SO4 to HNO;,
2:1) at pH 3.20+0.05 with liquid-to-solid ratio of
10:1 [18]. All the tests were conducted in a standard
tumbler and operated at 163 r/min for 18 h. Each
experiment was conducted in triplicate to ensure the
reproducibility, and the concentrations of heavy metals
were determined by ICP-OES.

Sequential extraction procedure: The adopted
sequential extraction test was improved over the
sequential extraction procedure proposed by the
European Community Bureau of Reference (BCR) based
on the Tessier analysis method [19]. Besides soils and
sediments, the three-stage BCR has also been applied to
evaluating the environmental availability of heavy metals
in sewage sludge [20], mine tailings [21] and smelting
slag [22,23]. Details of the experiment protocol were
introduced by DAVIDSON et al [24].

Potential ecological risk index (/pgr): The Ipgr is
also introduced to assess the contamination degree of
heavy metals in the products from the reducing-matting
smelting.

In this work, only the acid soluble and reducible
fractions were used to assess the contamination degree of
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heavy metals in the by-products from the reducing-
matting smelting [25]. The formulas of the lpgr were
listed below:

Tppg = ZE; (1
E; =T/C; )
Cé = siample / C;'efemce (3 )

where Ipgr is calculated as the sum of all risk indices for

heavy metals in the samples, E' is the monomial

potential ecological risk index, 7' is the toxic

response-factor for a given heavy metal, C} is the

single heavy metal pollution index, Csiamplc is the

concentration of heavy metal in the samples (mg/kg), and
! temce 1 the reference value for metals (mg/kg).

The values of Cly, ... for Pb, As, Cd and Zn are
500, 40, 1.0, 500 mg/kg, respectively, which come from
the Grade III standard of the environmental quality
standard for soil [26]. The values of toxic response-factor
Tfi for Pb, As, Cd and Zn are 5, 10, 30 and 1,
respectively, which come from HAKANSON [12]. Five
categories of E; and four classes of the Ipgr were
defined as shown in Table 1 [12].

Table 1 Classification criteria of Eﬁ and Ipgg

Potential Level of
Valug ecological Value potential
of E; risk for single of Ipgr ecological risk
regulator of environment
E; <40 Low risk Ipr<150 Low risk
40<E'<80 Moderate risk 150</ppr<300 Moderate risk
80<E'<160 Higherrisk  300</ppr<600 High risk
160<E'<320  High risk 600</ppr Serious risk
320<E! Serious risk

Risk assessment code (RAC): The RAC was used to
estimate the environment risk of heavy metal pollution in
SG, IRM and CM. The RAC assesses the availability of
heavy metals by applying a scale to the percentage of
heavy metals in acid soluble fractions (F1) [18,27]. The
classification of risk has been assorted in terms of RAC.
When the RAC value is less than 1%, the sample does
not represent a risk for the aquatic environment, while
values between 1% and 10% reflect a low risk, values
between 11% and 30% reflect a moderate risk, and
values between 31% and 50% reflect high risk. Values
higher than 50% imply a very high risk.

3 Results and discussion

3.1 Chemical composition
The chemical compositions for SG, IRM and CM

are listed in Table 2. The total content of Pb in SG and
IRM was significantly less than that in CM. This can be
attributed to the high recovery of Pb in the reducing-
matting smelting [9,10]. Moreover, the total contents of
Cd in SG and IRM were low with only 0.01% and 0.02%,
respectively, while that in CM was relatively high, being
0.83%. It can be explained that Cd was volatile, and
could become gaseous at high temperature, causing it to
condense into the soot. It was also found that As was
enriched in IRM, and its content reached 5.63%. It may
be due to the high content of Fe in IRM (48.81%).
However, the total metal concentrations cannot afford
accurate information for their mobility, biological
availability and potential toxicity, which are primarily
determined by their specific chemical forms or ways of
binding. Therefore, further research is necessary.

Table 2 Chemical compositions of CM, SG and IRM
Mass fraction/%
As Pb Cd Zn Fe S
CM 1.04 31.10 0.83 2.50 1440 720
SG 0.08 1.34 0.01 2.41 18.83  2.30
IRM  5.63 7.65 0.02 1.99 48.81 8.80

Sample

3.2 Leachable metal concentrations

Leachable metal concentrations for SG, IRM and
CM as determined by TCLP test and H,SO,~HNO;
leaching test are listed in Table 3. For CM, the
concentrations of Pb, Cd and Zn in TCLP extract
exceeded the respective threshold values [16]. The
concentrations of Cd, Pb and Zn extractable by TCLP
declined both in SG and IRM. In particular, leachable Cd
concentration was reduced from 197.35 mg/L in CM to
1.25 mg/L in SG and 0.98 mg/L in IRM. Leachable Zn
concentration was reduced from 201.43 mg/L in CM to
22.46 mg/L in SG and 13.96 mg/L in IRM. According to
the H,SO,~HNO; leaching test, the leachable
concentrations for all these metals in SG and IRM
decreased significantly compared to those in CM, and
were under the acceptable threshold values [16]. The
lower leachable concentrations of Pb, Cd and Zn in IRM
and SG compared to CM may be due to the following
reasons: 1) because of the high recovery of Pb, the total
content of Pb is low in SG and IRM; 2) the high content
of Fe which is alkali metal has a strong buffering for acid
solution to deduce the leaching of heavy metals; 3) on
the other hand, As would be absorbed by the iron of the
solution so that the ability of As dissolving into solution
decreases, however, the concentration of As in IRM is
higher than the limited value, because of large amount of
As contained in IRM. This indicates that the leaching
toxicity of the lead-bearing wastes and iron-rich wastes
decreases sharply after the reducing-matting smelting
treatment.
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Table 3 Leachable metal concentrations based on TCLP test and H,SO,~HNOj leaching test

TCLP/(mg-L™")

H,SO,~HNO; leaching/(mg-L™")

Sample
As Pb Cd Zn As Pb Cd Zn
CM 0.98 571.08 197.35 201.43 0.19 5.77 344.20 120.71
SG 2.13 223.06 1.25 22.46 0.01 0.30 0.41 3.52
IRM 6.59 65.87 0.98 13.96 0.99 0.19 0.27 0.03
Threshold value 5.00 5.00 1.00 5.00 5.00 5.00 1.00 5.00
3.3 Speciation of heavy metals 1001® mwF4 emF3 OF2 =Fl
The bioavailability and eco-toxicity of heavy metals
mainly depend on their speciation [22,28]. The acid g0l
soluble fraction (F1) is a loosely bound phase and is °
liable to change with environmental conditions such as A 6ol i
pH changes. Meanwhile, the reducible fraction (F2) is % %
thermodynamically unstable and available under anoxic o a0l
conditions. Two fractions (F1 and F2) are defined as &
direct effect phases which are more harmful to the 201 3 '
environment. The oxidizable fraction (F3) containing 4
metals binding to organic matter and metals in the sulfide 0 e m 4
combination state can be mobilized and transformed to As Cd Pd Zn
F1 or F2 in oxidizing condition. Thus, it is identified as a
potential effect fraction. The residual fraction (F4) is a 100 ®) WS IEL. K]
stable fraction in which the metals are not expected to be
released in solution under environmental conditions. The 80+

speciation of Pb, As, Cd and Zn represented as percent of
total concentrations is shown in Fig. 1. In general, there
was a good agreement between the sums of the fractions
and the total metal contents, with recovery ratios in the
range of 90%—105%.

Pb is one of the most important metals in this work
because of its significant presence in all samples. It
would be found that the proportion of Pb in F3 fraction
increased, and less Pb existed in the form of F2 because
of strong reducing atmosphere in the smelting. Pb mainly
existed in F4 fraction in CM, accounting for 89.95% of
its total content. The proportion of Pb in F4 fraction was
39.95% in SG and 62.90% in IRM. This may be because
most of Pb in CM existed in the form of PbSO,
according to the XRD pattern (Fig. 1(a)), which was
transformed into metallic Pb after the reducing-matting
smelting treatment [14].

PbSO4+FeO+C=Pb+FeS+CO 4
PbSO,4+FeO+CO=Pb+FeS+CO, ®)

It is shown by XRD (Fig. 1(b)) that Pb in IRM is in
the form of metallic Pb and PbO. PbSQ, is more stable in
acid environment than metallic Pb or PbO [29]. The
XRD pattern for SG is not shown as SG existed in
amorphous form.

Cd is mainly associated to the two fractions with
direct toxicity to the environment (F1 and F2) in CM
(66.33%). Only 3.06% of total Cd in CM was associated
with F4 fraction. Meanwhile, the proportions of Cd in F1

Percentage/%
[=a]
S

401 R
20 B
o 3 B
et sjeisies :
0 S
As Cd Pd Zn
100 LB m F4 @ F3 F2 WFI

80T

Percentage/%
(=)
=]

.

Cd Pd Zn
Fig. 1 Speciation of heavy metals in CM (a), SG (b) and
IRM (c)

and F2 fractions were 53.28% in SG and 28.16% in IRM.
The proportions of Cd in F4 fraction were 8.98% in SG
and 35.82% in IRM. According to these results, it may be
concluded that the Cd in SG and IRM was more stable
than that in CM.
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For As, high content in F4 fraction was found in all
the samples, especially for CM, up to 91.21% of As
existing in the F4 fraction. The proportions of As in the
direct effect phases (F1 and F2) were 19.89% in SG and
8.17% in IRM, which suggested a high direct toxicity to
the environment. In addition, the proportions of As in F3
fraction were 1.42% in SG and 41.31% in IRM. Figure 2
shows the XRD patterns for CM and IRM. XRD analysis
of IRM indicated the presence of Fe,As, FeS as the
predominant crystalline phases, and Fe, FeO and Pb were
detected at the same time. Arsenic would be reduced to
zero-valent arsenic and trivalent arsenic when it reacted
with iron in the reducing atmosphere [30]. The arsenic
would stay mainly in the form of arsenate for SG, it has
been proved that As(V) binds more strongly with the
metal oxides of Fe and Mn, as compared with the As(III)
species. As(V) species are also less soluble and toxic as
compared to the reduced form As(III). Hence, As in the
by-products from the reducing-matting smelting,
especially for IRM, presented a significant
environmental risk due to their direct and potential
eco-toxicity and bioavailability.

(a) . i
| +— PbSO,
|| * — K,Pb(SO,),
*»
N ‘ . .
LT
JJ i MJ";;LI&«JWH REV‘!JU\W)JJM'M. i A

10 20 30 40 50 60 70 80

260/(%)
®) 1 = — Fe,As
*— FeS
. 4— Fe
v— Pb
«— FeO
. »— PbO

Fig. 2 X-ray diffraction patterns for CM (a) and IRM (b)

The percentages of Zn in CM distributed in F1 and
F2 were 39.04% and 2.29%, respectively. The amounts
bound to the direct effect phases (F1 and F2) in SG and

IRM were greatly reduced compared with the amount in
CM. These results indicated that the stability of Zn in SG
and IRM was greater than that in CM.

3.4 Environment risk assessment based on RAC

The results of the environmental risk assessment
according to RAC are shown in Fig. 3. The percentages
of heavy metals in acid soluble fraction (F1) for CM
ranged from the highest to the lowest in the order:
Cd>Zn>As>Pb. Accordingly, Cd posed a very high risk
to the ecosystem, Zn posed a high risk, As posed a low
risk, and Pb posed no risk. Meanwhile, metals associated
with the F1 fraction decreased in the order Cd>Pb>
Zn>As for SG and IRM. The heavy metals of Pb, Zn and
As in SG were all categorized as having moderate risk to
the environment, and Cd presented a high risk. For IRM,
Pb, Cd and Zn presented moderate risk, As presented a
low risk. However, the classification of RAC only
considered the percentages of F1, ignoring the
proportions of the reducible fraction (F2), the oxidizable
fraction (F3) and the toxicity of the metal.

Fig. 3 Environmental risk assessment (RAC) for CM, SG and
IRM

3.5 Potentially ecological risk assessment based on

PERI

The results of potential ecological risk assessment
for heavy metals in CM, SG and IRM are shown in
Table 4. As for the single-factor pollution, the potential
ecological risk level of Cd in all the samples was
classified as serious risk, which posed a serious risk
to the environment. Especially for CM, the potentially

Table 4 Potential ecological risk indices of single elements and

PERIs for samples
E
Sample Tper
As Pb Cd /n
CM 151.99  121.50 1.54x10° 20.66 1.54x10°
SG 99.12 4790 1.70x10° 9.83  1.85x10°
IRM  1.15x10° 131.83 1.69x10° 6.63 2.98x10°
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ecological risk index (Eﬁ) of Cd was 1.54x10°. The
potential risk level of Zn was low in all the samples
based onthe E' values.

The comprehensive potential ecological risk indices
(Ipgr) of all the samples were greater than 600, indicating
that the ecological risk level was serious. The main
donation of Ipgr came from Cd for all the samples. CM
had the maximum Zpgg value of 1.54x10°. This value was
two orders of magnitude higher than those for SG and
IRM, suggesting that the ecological risk level for CM
was much more serious than that for SG and IRM.

4 Conclusions

1) The leachable concentrations of the four metals
(Cd, Zn, Pb and As) in SG and IRM by TCLP test and
H,SO,~HNO; leaching test were much lower than those
in CM, except for the leachable As concentration by
TCLP test. This indicated that the leaching toxicity of the
lead-bearing wastes and iron-rich wastes decreased after
the reducing-matting smelting treatment.

2) According to the BCR results, the heavy metals
of Zn and Cd were transformed into the more stable
fractions after the reducing-matting smelting, however,
As in the by-products from the reducing-matting
smelting process, especially for IRM, presented a
significant environmental risk due to their direct and
potential eco-toxicity and bioavailability.

3) The overall risk indexes calculated for the four
metals were 1.54x10°, 1.85x10° and 2.98x10° in CM, SG
and IRM, respectively, while Cd is the main donation.
The ecological risk levels for SG and IRM were
significantly reduced after the reducing-matting smelting
process compared with CM. In general, the
environmental risk of heavy metals in SG and IRM was
relatively low. The reducing-matting smelting process is
a potentially effective technology for both recovering
metal and protecting the environment.

4) The data in this work would be helpful to the
management of the by-products from reducing-matting
smelting process with lead-bearing solid wastes and
iron-rich wastes. It is also concluded that some efforts
should be made to improve the reducing-matting
smelting process at environmental protection.
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