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Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) are cancerogenic organic pollutants
that priority controlled by Stockholm Convention with globally 183 signatories now. Secondary
nonferrous smelting plants are conﬁrmed to be important sources in China due to its large industrial
activities and high emissions of PCDD/Fs. It is important to prioritize source to achieve source emission
reduction by conducting ﬁeld monitoring on typical case plants. Here, the emission proﬁles and levels of
PCDD/Fs were investigated in 25 stack gas samples collected from three secondary copper production
(SeCu), two secondary zinc production (SeZn) and two secondary lead production (SePb). Both average
mass concentration and toxic equivalency quantity (TEQ) concentrations of PCDD/Fs all generally
decreased in the order: SeCu > SeZn > SePb. It is noteworthy that the mean TEQ concentration in stack
gas from SeCu with oxygen-enrich melting furnace technology, at 2.7 ng I-TEQ/Nm3, was much higher
than the concentrations of other smelting processes. The average emission factors and annual release
amounts of PCDD/Fs from SeCu, SePb and SeZn investigated were 28.4, 1.5, 10.4 mg I-TEQ/t and 1.03,
0.023, 0.17 g I-TEQ/year, respectively. The ratios of 2,3,7,8-TCDF to 1,2,3,7,8-PeCDF and OCDD to
1,2,3,7,8,9-HxCDD varied to large extent for three metal smelting, which could be used as diagnostic
ratios of tracing speciﬁc PCDD/Fs sources. Addition of copper-containing sludge into the raw materials
might lead to higher PCDD/Fs emissions. It is important to emphasize and reduce the PCDD/Fs emissions
from oxygen-enrich melting furnace from secondary copper productions.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs) are classiﬁed as persistent organic pollutants (POPs) which have acute and chronic effects may pose
enormous possible risks to the environment and human health
(Knutsen et al., 2018; Van den Berg et al., 1998; Van den Berg et al.,
2006). PCDD/Fs are unintentionally formed and released from
many thermal industrial sources such as waste incineration (Kanan
and Samara, 2018; UNEP, 2013; Zhu et al., 2018) and secondary
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metallurgy production (Lv et al., 2011), which can result in the
contamination of the environment with long term contamination
of soils (Weber et al., 2018) and food in the surrounding with
associated human exposure (Weber et al., 2019). The secondary
metallurgy manufacture including secondary copper (SeCu), zinc
(SeZn) and lead production (SePb) have been addressed to be major
sources of PCDD/Fs in environment (Ba et al., 2009a; Ba et al.,
2009b), especially secondary zinc smelters can have extreme high
releases of PCDD/Fs above 100 ng TEQ/Nm3 (Chi et al., 2007).
Tracing the PCDD/Fs emissions from secondary metallurgy manufacture is an activity of great importance to metallurgy plants
management and plays an important role in our country’s implementation of the Stockholm Convention.
Several researchers focused on the emission factors and homolog and congener proﬁles of PCDD/Fs from secondary metallurgy industry (Altarawneh et al., 2009; Chin et al., 2011; Wang
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et al., 2016; Wu et al., 2018). Yu et al. (2006) reported the release
levels of PCDD/Fs from various secondary metal smelting industries
in Korea. It was reported that the emission concentration of PCDD/
Fs in ﬂue gas of different secondary metal smelting industries
varied greatly. The emission factor of PCDD/Fs during the process of
secondary copper smelting was 24.4 mg TEQ/t, which was much
higher than that of secondary lead and zinc industries (Yu et al.,
2006). Ba et al., (2009)a,b investigated the emission levels of
PCDD/Fs in stack gas of several secondary copper smelters in China
(Ba et al., 2009b). The concentrations of PCDD/Fs releases varied
from 0.043 to 15.8 ng TEQ/Nm3. At the same time, the total PCDD/Fs
emissions of China’s secondary copper smelting industry in 2009
were estimated at 37.5 g TEQ/year, which was higher than that of
PCDD/Fs in the recycled lead and zinc smelting industries (Ba et al.,
2009a). Besides, Nie et al., (2011) studied the effects of different raw
materials, pretreatment technology and production scale on PCDD/
Fs emissions in the process of secondary copper smelting, indicating that the pretreatment of raw materials can effectively reduce
PCDD/Fs emissions in the process of reclaimed copper smelting
(Nie et al., 2011). Subsequently, Hu et al. (2013) surveyed the stack
gas levels of PCDD/Fs from different smelting stages of secondary
copper (feeding-fusion stage, oxidation stage and deoxidization
stage). It was found that feeding-fusion stage was the dominate
discharge stage of PCDD/Fs in the process of reclaimed copper
smelting (Hu et al., 2013).
Many secondary copper smelting enterprises currently use
oxygen-enriched smelting furnace to process copper-containing
sludge, low-grade waste copper and other raw materials to produce crude copper, which is used as raw material for copper production in converter, thereby improving the grade of copper
(Ministry of ecology and environment of the people’s Republic of
China, 2017). To the best of our knowledge, the data about the
release of PCDD/Fs in oxygen-enrich smelting furnaces is scarce. In
the other hand, the emission limits and regulations of PCDD/Fs in
stack gases from secondary metallurgy industry continued to be
more and more stringent in the recent years (Ministry of Industry
and Information Technology of the People’s Republic of China,
2006). Nevertheless, there is no survey on PCDD/Fs emissions
from oxygen-enriched smelting furnace, leading to the absence of
data about release concentration and proﬁle of PCDD/Fs in this
facility of secondary copper smelting processes. Such a gap indicated urgently need for case studies with the aim of better recognizing and evaluating the major emission stages and source
emission control of PCDD/Fs for secondary nonferrous smelting
industries. This is signiﬁcant for towards to the source emission
control of secondary copper smelting industries. Moreover, much
more data about PCDD/Fs levels and proﬁles from secondary zinc
and lead production is also needed for accurately evaluating their
emissions on national scale. In this study, 25 stack gas samples from
secondary nonferrous productions including SeCu, SeZn and SePb
were isokinetic collected and quantiﬁed for seventeen toxic PCDD/
Fs congeners. The congener proﬁles of PCDD/Fs from the investigated facilities were evaluated. Additionally, the emission factors
and annual release amounts of PCDD/Fs expressed in the toxic
equivalency (TEQ) were also calculated for comprehensively evaluating the PCDD/Fs emission from secondary metallurgy industries
in China.

these plants are provided in Table 1). In order to understand the
release of PCDD/Fs from different smelting furnaces of secondary
copper smelting industry, the ﬂue gas samples from converter
furnace (SeCu(1), SeCu(2)-A) and oxygen-enriched smelter furnace
(SeCu(2)-B, SeCu(3)) were collected. 25 stack gas samples were
collected from investigated plants by an automatic isokinetic
sampling system, Isostack Basic (TCR TECORA, Milan, Italy), in
accordance with the European Standard EN-1948-1 which was the
sampling procedure. Before sampling the stack gas samples, 13C12labelled PCDD/Fs was spiked into the XAD-2 resin as surrogate
sampling standards.

2. Materials and methods

3. Results and discussion

2.1. Basic information on the investigated plants and stack gas
sample collection

3.1. Emission levels and variations of PCDD/Fs from different
secondary metallurgy facilities and different smelting stages

Seven typical secondary metallurgy plants were investigated,
including three SeCu, two SePb, and two SeZn (basic information of

The mass concentrations and I-TEQ of PCDD/Fs were determined
in stack gas samples sampled from the seven secondary nonferrous

2.2. Stack gas sample preparation and instrumental analysis of
PCDD/Fs
The extraction and puriﬁcation, identiﬁcation and quantiﬁcation
of PCDD/Fs congeners were accomplished in accordance with EN1948-2 and EN-1948-3, respectively. Brieﬂy, 13C12-labelled PCDD/
Fs internal quantiﬁcation standards were spiked into stack gas
samples. The stack gas samples were then Soxhlet extracted for
about 24 h by using 250 mL of toluene. The extracts were evaporated to approximately 1e2 mL using the rotary evaporator. After
concentration, the extracts were sequentially puriﬁed by a series of
adsorption columns, including acidiﬁed silica gel, a multilayer silica
gel, and activated-charcoal columns. Finally, 13C-labelled recovery
standards were added to the extracts before high resolution gas
chromatography/high resolution mass spectrometry (HRGC/HRMS)
analysis. Congener speciﬁc analysis of PCDD/Fs were performed by
using a gas chromatograph coupled to a DFS mass spectrometer
(Thermo Fisher Scientiﬁc, Waltham, MA, USA), and a DB-5 capillary
column (60 m  0.25 mm  0.25 mm) was selected to separate the
analytes. The HRMS was equipped with a positive electron impact
source and HRMS was tuned and operated at a mass resolution of
around 10,000. The ion source was speciﬁed at 250  C and the
electron energy is set to be 37 eV.
2.3. Quality assurance and quality control (QA/QC)
The recoveries of 13C12-labelled PCDD/Fs internal standards in
the stack gas samples were range 58e120%, meeting the analytical
method requirements. Three QC criteria were employed in the
determination of the target compounds: (a) the GC retention time
matched to the available corresponding 13C12-labelled standards;
(b) the signal-to-noise ratio was >3:1; and (c) the isotopic ratios of
two monitored ions for the analyte should be within ±15% of the
theoretical values. Furthermore, there was a blank in each batch of
samples, and no obvious interference was detected in the blank
samples. When calculating the concentration of PCDD/Fs in stack
gas, the collection volume will be converted to the standard state
(0  C and 1 atm).
Statistical analysis was employed by SPSS version 25 software
(IBM, USA). In order to minimize the inﬂuence of total concentrations, the congener concentrations were normalized to the percentage of total concentrations. Pearson correlation analysis was
conducted by SPSS to explore possible relationships between the
target compounds and total TEQs. Statistical signiﬁcance of p < 0.05
was set for correlation analysis.
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Table 1
Basic information on the investigated plants.
Abbreviation of
investigated plants

category of
metallurgical
plants

Furnace type

Capacity (t/ Air Pollution Control Devices
day)

SeCu(1)

secondary copper
production
secondary copper
production

converter furnace

110

converter furnace

120

SeCu(2)-A
SeCu(2)-B
SeCu(3)
SePb(1)
SePb(2)
SeZn(1)
SeZn(2)

secondary copper
production
secondary lead
production
secondary lead
production
secondary zinc
production
secondary zinc
production

oxygen-enrich melting 55
furnace
oxygen-enrich melting 140
furnace
rotary furnace
50

Number of
samples

Raw material

activated carbon þ bag ﬁlter

5

activated carbon þ bag ﬁlter

3

bag ﬁlter

2

bag ﬁlter

3

crude
copper þ copper scrap
crude
copper þ copper scrap
copper
sludge þ copper scrap
copper scrap

3

lead scrap

3

lead slag þ lead scrap
dust of steel
mill þ zinc dross
zinc ore þ zinc dross

rotary furnace

20

electrostatic precipitation þ gravity
settling þ bag ﬁlter
bag ﬂiter

rotary furnace

60

gravity settling þ bag ﬂiter

3

rotary furnace

64

electrostatic precipitation þ bag ﬂiter

3

smelting plants investigated are presented in Fig. 1. Obviously, there
was a large concentrations variations of PCDD/Fs among the
different metallurgy smelting industries (SeCu, SeZn and SePb) and
among different plants in the same nonferrous smelting category.
In general, the average concentrations of PCDD/Fs in stack gas
samples of three category of sources ranged from high to low as
follow: SeCu > SeZn > SePb, the corresponding mass concentrations were 53.35, 24.47, 1.53 ng/Nm3 and the corresponding I-TEQ
concentrations were 0.84, 0.48, 0.05 ng TEQ/Nm3, respectively. As
seen in Fig. 1, the tendencies of mass concentrations of PCDD/Fs
from different plants were generally consistent with those of PCDD/
Fs TEQ concentrations. The TEQ concentrations of PCDD/Fs in this
study were signiﬁcantly lower than that reported by Ba et al., in
2009, where corresponding concentration were 2.84, 98.02, 0.35 ng
TEQ/Nm3 for SeCu, SeZn, and SePb, respectively (Ba et al., 2009a; Ba
et al., 2009b), indicating that the metal smelting techniques and
stack gas removal technology have been obviously upgraded or
improved and achieved remarkable achievements in recent years in
China.
There are multiple process stages and different types of furnaces
for secondary copper smelting. In order to recognize the dominant

Fig. 1. Mass concentrations of PCDDs and PCDFs, I-TEQ concentration of PCDD/Fs in
stack gas from different secondary metallurgy industries.

stages of PCDD/Fs emissions from secondary copper smelting
sources, we aim to compare the PCDD/Fs concentrations in the
stack gas collected from different smelting furnaces in the secondary copper smelting industry. Firstly, the ﬂue gas samples from
converter furnace and oxygen-enriched smelter were collected and
analyzed. The converter furnace usually had three main smelting
stages: feeding-fusion (FF), oxidation (OX) and deoxidization (DO),
and the corresponding dioxin concentrations in the ﬂue gas were
sequentially reduced, which were in the range of 0.11e0.80,
0.07e0.19, 0.06e0.07 ng I-TEQ/Nm3, respectively. These trends
were similar to the previous report in the stack gas of different
stages of secondary copper production (Hu et al., 2013). However, it
was noteworthy that the mean TEQ in stack gas from SeCu(2)-B
(oxygen-enrich melting furnace) was 2.7 ng TEQ/Nm3. This value
is far higher than the concentrations of PCDD/Fs released from the
converter furnace in the same plant, which suggested that PCDD/Fs
emissions from oxygen-enrich melting furnace should be emphasized. This is the ﬁrst measurement of PCDD/Fs released from
oxygen-enrich melting furnace and the results are signiﬁcant for
further control and reduction of PCDD/Fs from secondary copper
smelting sources.
The mean TEQ concentration in stack gas from SeCu(2)-B was
approximately 21 times higher than that in SeCu(3) using the same
type of furnace. After comparing the raw materials, smelting processes and pollution control facilities of the above two secondary
copper smelters, it might be attributable to the difference in raw
materials: SeCu(2)-B were 30% copper-containing sludge and 70%
scrap copper, while SeCu(3) was 100% scrap copper. The carbon
source, chlorine source, and catalytically metal elements are widely
recognized as important factors in the formation of PCDD/Fs (Heeb
et al., 2013; Kakuta et al., 2007; Kuzuhara et al., 2003; Vallejo et al.,
2013; Wu et al., 2018). It is widely recognized that ash from secondary copper smelters have the high PCDD/Fs formation potential
(Cagnetta et al., 2016; Liu et al., 2015), since copper is more likely to
catalyze the formation of PCDD/Fs during thermal processes (Hung
et al., 2015; Stieglitz et al., 1989). Therefore, the TOC contents (3.3%),
Cu element (25.1%) and chlorine (4.3%) in the copper-containing
sludge from electroplating industry may explicate that the PCDD/
Fs concentration of SeCu(2)-B was higher than that of SeCu(3). It
was obvious that different raw material compositions can affect the
formation amounts of the PCDD/Fs in the secondary metal smelting
processes.
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3.2. Congener proﬁles and homolog distributions of PCDD/Fs from
different industries
Homolog patterns and congener proﬁles of PCDD/Fs were
compared for understanding their emission characteristics in stack
gas from different metallurgical industries. Fig. 2 presents the
congener proﬁles of 2,3,7,8-substitude PCDD/Fs in the stack gas
samples from various industries. In most of stack gas samples,
OCDD and 1,2,3,4,6,7,8-HpCDD were the major congeners. The
contributions of PCDDs to total PCDD/Fs increased with chlorination degree elevation. Those general patterns were consistent with
those for incinerators (Abad et al., 2006; Li et al., 2017), cement
kilns (Ames et al., 2012; Zou et al., 2018), and coke plants (Liu et al.,
2009). The congener 1,2,3,4,6,7,8-HpCDF was dominant in the
PCDFs in the samples and this is similar to that in previous studies
(Li et al., 2015; Liu et al., 2009). Meanwhile, the proportion of OCDD
increases with the process of smelting in the samples collected
from secondary copper production converter furnace, with the
ratio in FF, OX and DO stages was 9.5e13.9%, 16.7e20.7% and
25.4e27.5%, respectively (Fig. 2a). The ratios of speciﬁc PCDD/Fs
congeners can provide important information on source apportioning of PCDD/Fs in the environment (Liu et al., 2015). To further
assess the differences in congener proﬁles of different secondary
metallurgy industries, we calculated the concentration ratios of the
speciﬁc congeners with clear discrepancy. The average ratios of
2,3,7,8-TCDF to 1,2,3,7,8-PeCDF were 0.82, 3.2 and 0.39 for SeCu
oxygen-enrich melting furnace, SeZn and SePb, respectively. The

average ratios of OCDD to 1,2,3,4,6,7,8-HpCDD were 1.8, 1.1 and 0.41
for SeCu oxygen-enrich melting furnace, SeZn and SePb, respectively. Those ratios could be used as diagnostic values of tracing the
sources of PCDD/Fs in the environment. Moreover, to obtain
comprehensive ﬁngerprinting of PCDD/Fs, a more detailed assessment of congener patterns including the non-2,3,7,8-substituted
congeners should be done in future (Hagenmaier et al., 1994; Ooi
et al., 2018).
Pearson correlation analysis was conducted to study the correlations among the congener concentrations of PCDD/Fs and total
TEQ (Fig. 3). Positive correlations (R2 > 0.9, p < 0.05) between
2,3,4,6,7,8-HxCDF, 1,2,3,4,6,7,8-HpCDF, 1,2,3,4,7,8,9-HpCDF, OCDF,
1,2,3,4,6,7,8-HpCDD, OCDD and TEQ were observed. Two congeners
comprised of 1,2,3,4,7,8,9-HpCDF and 1,2,3,4,6,7,8-HpCDD, display
much signiﬁcant correlation with TEQ, with R2 of 0.975 and 0.972,
respectively, which can act as indicators for estimating PCDD/Fs
emissions in TEQ from secondary metal smelting processes.
The homolog contributions to PCDD/Fs TEQ in the stack gases
from the 7 plants investigated are presented in Fig. 4. For PCDD/Fs
homolog proﬁles, lower chlorinated PCDD/Fs homologs (tetra-, and
penta-) were dominant in the stack gas from SeCu converter
furnace and SePb, while higher chlorinated PCDD/Fs homologs
were dominant in SeCu oxygen-enrich melting furnace and SeZn.
The different homolog pattern may arise from the different formation mechanisms of PCDD/Fs homologs under different metal
catalysts (Liu et al., 2015; Oh et al., 2004).

Fig. 2. Contributions of PCDD/Fs congeners to the total PCDD/Fs concentrations in the stack gas samples from different smelting stages of secondary copper production (SeCu)
converter furnace (a), SeCu oxygen-enrich melting furnace (b), secondary lead production(c) and secondary zinc production (d).
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Fig. 3. Pearson correlation of PCDD/Fs congeners and I-TEQ.

Fig. 4. PCDD/Fs homolog distribution for the stack gas samples from the 7 plants investigated.

3.3. Emission factors, annual emission amounts and implication for
source emission reduction
Derivation of the emission factors (EFs) is signiﬁcant for

compiling emission inventories and estimating PCDD/Fs emission
amounts from whole industries on national scale based on available
monitoring data from studies on case plants. It is also important to
recognize the priority sources and assist regulatory agencies to
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develop best control technique and strategy for reducing overall
emissions. The following formula was used for deriving emission
factors and calculating the total release of unintentional POPs
(UNEP, 2013).

Emission factor of stack gas in TEQ ðng TEQ = tÞ ¼

and total emission amounts, it is important to pay attention to the
PCDD/Fs emissions from secondary nonferrous productions. This
ﬁeld study on the case plants found that the PCDD/Fs emissions
from oxygen-enrich melting furnace were much higher than that in

.
.
.
TEQ of PCDD Fs ðng TEQ Nm3 Þ  Dry stack gas flow rate ðNm3 h Þ
Metal production ðt=hÞ

Total Emission amount ðg TEQ = yearÞ ¼ Emission factor ðng TEQ =tÞ  activity level of reference year ðt = yearÞ

The emission factors varied among different categories of metallurgy industries and also among different smelting plants for a
given metal category. The derived emission factors and evaluated
annual emission amounts of PCDD/Fs from ﬂue gas of the secondary nonferrous metal smelters are presented in Table 2. The emission factors ranged from 0.79 to 106.8 mg TEQ/t. The emission
factors derived in our study were consistent with those previous
publications for metallurgical plants (Antunes et al., 2012; Ba et al.,
2009a; Ba et al., 2009b; Lv et al., 2011). For secondary copper
smelters, the emission factors of SeCu(1), SeCu(2)-A and SeCu(3)
were all lower than the emission factor of UNEP toolkit’s (5 mg TEQ/t
for classiﬁcation with optimized for PCDD/PCDF control), indicating
that the optimization control was carried out for the PCDD/Fs
emissions, such as the pretreatment of raw materials or the treatment of ﬂue gas with activated carbon (UNEP, 2013). However, the
highest EFs were estimated for a secondary copper production
plant with oxygen-enrich melting furnace technology (SeCu(2)-B;
106.8 mg TEQ/t), which located between the classiﬁcation of the
well controlled (50 mg TEQ/t) and the basic technology (800 mg TEQ/
t) in the UNEP Toolkit. The secondary lead smelter’s emission factors were lower than the UNEP toolkit’s emission factor (8 mg TEQ/t
for removing PVC plants and 80 mg TEQ/t for scrap containing PVC).
For the investigated secondary zinc smelters, bag ﬁlters or electrostatic precipitators were adopted for control dioxins emissions
into air, the emission factors were lower than the UNEP toolkit’s
emission factor (100 mg TEQ/t for classiﬁcation of hot briquetting/
rotary furnaces, basic dust control; e.g., fabric ﬁlters/electrostatic
precipitation) (UNEP, 2013). The emission amounts represented the
emission level and activity intensity of the speciﬁc industries. In
this study, the estimated total annual stack gas emissions of the 7
investigated plants ranged from 11.9 to 3847.2 mg TEQ/year.
There are about a thousand secondary nonferrous smelting
plants being operation in China. Due to the high emission factors

(1)
(2)

the three stages of converter furnaces. Thus, it is important to
optimize the operation parameters in this stage and reduce PCDD/
Fs formation and emissions from the oxygen-enrich melting
furnace, which was scarcely recognized before this study. We also
found that the addition of copper sludge into the raw materials
could increase the PCDD/Fs emissions. These ﬁndings in this study
might provide important knowledge for the considerations of
PCDD/Fs control, reduction and regulations by the enterprise or
policy makers, which could contribute to the reduction of human
exposure in China. Our results also pointed out that the estimated
PCDD/Fs emission amount decreased compared to that evaluated in
2009.

4. Conclusions
In this study, the emission characteristics of PCDD/Fs in 25 stack
gas samples collected from secondary nonferrous productions were
investigated. The results indicated that PCDD/Fs concentrations in
stack gas were in the order of SeCu > SeZn > SePb. The average TEQ
concentration in stack gas from SeCu with oxygen-enrich melting
furnace technology was higher than the concentrations of other
smelting processes. The highest EFs and EAs were also estimated
for SeCu(2)-B, at 106.8 mg TEQ/t and 3847.20 mg TEQ/year,
respectively. It was found that addition of copper-containing sludge
into the raw materials might result in higher PCDD/Fs formation
and emissions. Ratios of speciﬁc congeners could be used for the
diagnostic ratios for identifying their speciﬁc sources in the environment. These results might provide important knowledge for the
considerations of PCDD/Fs control, reduction and regulations in
secondary nonferrous smelting plants, and also emphasize that
high emissions of PCDD/Fs from the secondary metal industries and
the potential long-term risk to the surrounding areas should attract
more attention. Besides, a more comprehensive ﬁngerprinting is
available including the non-2,3,7,8-substituted congeners and need
to be applied for source assessment in future.

Table 2
Derivation of emission factors and estimation of annual emission amounts of PCDD/Fs from the investigated plants.
Abbreviation of investigated plants

Emission factors (ug TEQ/t)

Annual emission amounts (mg TEQ/year)

SeCu(1)
SeCu(2)-A
SeCu(2)-B
SeCu(3)
SePb(1)
SePb(2)
SeZn(1)
SeZn(2)

2.57
3.42
106.86
0.79
2.18
0.89
9.54
11.22

92.56
171.11
3847.20
11.93
30.59
17.55
177.61
168.33
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