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g r a p h i c a l a b s t r a c t
� PCBs, PCNs, PeCBz, and HxCBz
emitted from secondary nonferrous
smelters were stated.

� Emission factors of UPOPs in stack
gas from various smelting sources
were derived.

� Diagnostic ratios of specific conge-
ners were suggested for source
appointment.

� UPOPs emissions from secondary
nonferrous smelters should be
emphasized.
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Secondary nonferrous metal smelters are important sources of unintentionally produced persistent
organic pollutants (UPOPs) including polychlorinated biphenyls (PCBs), polychlorinated naphthalenes,
pentachlorobenzene, and hexachlorobenzene. Quantifying UPOP emissions by the main sources is an
important step when evaluating UPOP emissions and establishing an inventory. In this study, field in-
vestigations were performed to allow UPOP emissions and distributions in stack gases emitted by sec-
ondary nonferrous metal smelters to be compared. A total of 25 stack gas samples were collected from
secondary copper smelters (SCus), secondary zinc smelters, and secondary lead smelters in China. The
mean toxic equivalent concentrations (TEQs) and mass concentrations of most of the UPOPs were highest
in the secondary zinc smelter stack gas samples, next highest in the SCu stack gas samples, and lowest in
the secondary lead smelter stack gas samples. The mean dioxin-like PCB and polychlorinated naph-
thalene TEQs were ~8.9 and ~6.6 times higher in stack gases from a SCu equipped with an oxygen-
enriched smelting furnace than in stack gases from a SCu with a converter furnace. The mean PCB-118
to PCB-123 ratios and CN-10 to CN-35 ratios varied strongly and could be used as diagnostic ratios for
apportioning the sources of UPOPs in the environment. Emission factors for dioxin-like PCBs, poly-
chlorinated naphthalenes, pentachlorobenzene, and hexachlorobenzene in stack gases from secondary
nonferrous metal smelters were derived and updated. The results improve our understanding of UPOP
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emission and provide data for establishing UPOP emission inventories for secondary nonferrous metal
smelters.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Polychlorinated dibenzo-p-dioxins and dibenzofurans, poly-
chlorinated biphenyls (PCBs), polychlorinated naphthalenes
(PCNs), pentachlorobenzene (PeCBz), and hexachlorobenzene
(HxCBz) are unintentionally produced persistent organic pollutants
(UPOPs) that are included in Annex C of the Stockholm Convention
on Persistent Organic Pollutants, and these compounds have been
intentionally produced as pesticides or industrial chemicals and are
therefore also listed in Annex A of the Convention. In the last de-
cades it has been found that these UPOPs can be produced and
emitted during many industrial processes such as municipal solid
waste incineration (Takasuga, 1994; Zhang et al., 2011; Li et al.,
2016; Pham et al., 2019), coke production (Liu et al., 2009, 2010),
and nonferrous metal production (Grochowalski et al., 2007; Ba
et al., 2010). UPOPs contribute to carcinogenic and mutagenic ef-
fects in cocktails of environmental pollutants, so their emissions
during industrial thermal processes have to be decreased/elimi-
nated and controlled (Grochowalski et al., 2007; Xu and Cai, 2015;
Varjani et al., 2017; Dat et al., 2019). Quantifying UPOP emissions
from major sources is an important step in evaluating and con-
trolling UPOP emissions and therefore mitigating environmental
pollution and the risks posed to humans or vulnerable wildlife
through exposure to UPOPs.

Secondary non-ferrous metal production in China has continu-
ally and rapidly increased in recent decades, and has been higher
than in any other country for many years (China Nonferrous Metals
Industry Association, 2018). The secondary nonferrous metal
smelting industry has been found to be an important source of
polychlorinated dibenzo-p-dioxin and dibenzofuran (PCDD/F)
emissions because of the large number of secondary nonferrous
metal smelters and high PCDD/F concentrations in stack gases
emitted by such smelters (Ba et al., 2009a, 2009b; Yang et al., 2020).
Many studies of PCDD/F and PCNs formation mechanisms and
emissions have been conducted (Falandysz, 1998; Takasuga et al.,
2004; Yu et al., 2006; Wang et al., 2016; Wu et al., 2018), but few
studies of emissions of other UPOPs (particularly PeCBz, and
HxCBz) into the atmosphere from secondary nonferrous metal
smelters have been performed. Oxygen-enriched smelting furnaces
have started to be used in the recycled copper smelting industry
because they have fast smelting processes, simple material prepa-
ration procedures, and high smelting efficiencies. Raw materials
such as copper sludge and waste copper can be converted into
crude copper with a higher copper content in an oxygen-enriched
smelting furnace, and the crude copper can then be refined
further in an anode furnace or using another process (Ministry of
ecology and environment of the people’s Republic of China, 2017).
To the best of our knowledge, little information is available on UPOP
concentrations and profiles emitted from oxygen-enriched smelt-
ing furnaces. It is therefore essential for studies of UPOP emissions
during secondary nonferrous metal smelting processes (particu-
larly using oxygen-enriched smelting furnaces) to be performed to
allow UPOP emissions from these important sources to be assessed
and strategies to be developed to decrease UPOP emissions. It is
also important to compare the profiles of UPOPs emitted from
secondary nonferrous metal smelters and to identify diagnostic
ratios that can be used to identify the sources of UPOPs in the
environment (Liu et al., 2015; Yang et al., 2020). However, profiles
of UPOPs emitted by secondary nonferrous metal smelters have
rarely been studied, and UPOP diagnostic ratios have not yet been
identified.

In this study, stack gas samples from secondary copper smelters
(SCus), secondary zinc smelters (SZns), and secondary lead smelters
(SPbs) in China were collected, and the dioxin-like (dl-) PCB, PCN,
PeCBz, and HxCBz concentrations in the stack gases were deter-
mined. Updated emission factors (EFs) for dl-PCBs, PCNs, PeCBz,
and HxCBz in stack gases emitted by SCus, SZns, and SPbs were
derived. The UPOP profiles for the different types of smelters were
compared, and diagnostic ratios for apportioning the sources of
UPOPs in the environment were identified. The results provide
important data to support the establishment of an UPOP emission
inventory and apportioning the sources of UPOPs in the environ-
ment. The data will be useful in the development of strategies for
decreasing the environmental burden of UPOPs and the risks posed
by UPOPs in the environment to humans.

2. Materials and methods

2.1. Descriptions of the secondary nonferrous metal smelting plants
and the sample collection procedure

Samples were collected from seven secondary nonferrous metal
smelting plants (three SCus, two SPbs, and two SZns). Detailed in-
formation on the plants is given in Table S1. A total of 25 stack gas
samples were collected from the plants. Information on the raw
materials, smelting furnace types, and air pollution control devices
used at the smelting plants was collected to allow the factors
affecting UPOP emissions from the different smelting plants to be
investigated. We collected 13 flue gas samples from SCus with two
different furnace types (an oxygen-enriched smelting furnace and a
converter furnace) to determine whether oxygen-enriched smelt-
ing furnaces are new sources of UPOPs. Of these 13 samples, eight
were of flue gases from different sections of the converter furnace.
These were the feedingefusion, oxidation, and deoxidization sec-
tions. These samples were collected to identify the main section in
which UPOP emissions occurred. The stack gas samples were
collected using an Isostack Basic automatic isokinetic sampling
system (TCR TECORA, Milan, Italy), as described in previous publi-
cations (Nie et al., 2012; Li et al., 2017).

2.2. PCB, PCN, PeCBz, and HxCBz analyses

The PCB concentrations in the samples were determined
following US Environmental Protection Agency method 1668A. The
PCN, PeCBz, and HxCBz concentrations in the samples were
determined following a procedure described in previous publica-
tions (Liu et al., 2009; Nie et al., 2012). Briefly, a stack gas sample
was spiked with 13C12-labeled PCBs, 13C10-labeled PCNs, 13C6-
labeled PeCBz, and 13C6-labeled HxCBz, which were used as sur-
rogate internal standards. The sample was then Soxhlet extracted
with 250 mL toluene for 24 h. The extract was rotary evaporated,
then passed through an acid silica gel column, a multilayer silica gel
column, and an activated carbon column. The clean extract was
evaporated to 20 mL using a rotary evaporator and then under a
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stream of nitrogen. Recovery internal standards were then added
before instrumental analysis was performed.

A total of 12 dl-PCB and 75 PCN congeners were determined by
high resolution gas chromatography tandem high-resolution mass
spectrometry using a DB-5 MS capillary column (60 m long,
0.25 mm i. d., 0.25 mm film thickness; Agilent Technologies, Santa
Clara, CA, USA). Congener-specific dl-PCB and PCN analyses were
performed using the high-resolutionmass spectrometer in selected
ion monitoring mode with a resolution of ~10,000. HxCBz and
PeCBz were analyzed by gas chromatography triple quadrupole
mass spectrometry using a DB-5 MS capillary column (60 m long,
0.25 mm i. d., 0.25 mm film thickness; Agilent Technologies). The
mass spectrometer was operated in multiple reaction monitoring
mode. The 13C12-labeled PCB, 13C10-labeled PCN, 13C6-labeled PeCBz,
and 13C6-labeled HxCBz recoveries were 33%e102%, 23%e82%,
37%e91%, and 53%e97%, respectively. These were within the re-
covery ranges proposed by the US Environmental Protection
Agency for trace analyses of UPOPs and other organic pollutants by
gas chromatography tandem mass spectrometry (USEPA, 1989,
1999; Wyrzykowska et al., 2009).

3. Results and discussion

3.1. UPOP mass and toxic equivalent concentrations in stack gases
from the secondary metal smelters

The UPOP mass concentrations and toxic equivalent (TEQ)
concentrations in the stack gas samples are shown in Table 1. The
dl-PCB TEQ concentrations were calculated using World Health
Organization (WHO) toxic equivalence factors (Van den Berg et al.,
2006). The PCN TEQ concentrations were calculated using previ-
ously published relative potency factors (Falandysz et al., 2014).

Obviously, the average concentrations of UPOP in the stack gas
samples from the different smelting plants varied significantly,
even by orders of magnitude. The variations in UPOP concentra-
tions between different smelters belonging to the same metal
category were also significant. In general, the mean UPOP con-
centrations, excluding the dl-PCBs, in the samples from the
smelters decreased in the order SZn > SCu > SPb. The mean dl-PCB
mass concentrations in the stack gases from the SZns, SCus, and
SPbs were 25.9, 1.34, and 1.41 ng Nm�3, respectively. The average
dl-PCB TEQ concentrations in the stack gases from the SZns, SCus,
and SPbs were 0.118, 0.017, 0.0035 ng TEQ Nm�3, respectively.
These concentrations were considerably lower than concentrations
found in secondary metal smelting plant stack gas samples in 2009
(Ba et al., 2009a, 2009b), demonstrating that China has made sig-
nificant improvements and upgrades in metal smelting processes
or flue gas purification technologies and has achieved remarkable
results in the past few years. However, the trends in the
Table 1
Mass concentrations and toxic equivalent (TEQ) concentrations of dioxin-like polychlorin
(PeCBz), and hexachlorobenzene (HxCBz) in the stack gas samples from the secondary non
(SCu(1) and SCu(2)-A), SCus with oxygen-enriched smelting furnaces (SCu(2)-B and SCu
oxidation, DO deoxidization, WHO-TEQ World Health Organization toxic equivalent).

Compounds SCu(1) SCu(2)-A

FF
(n ¼ 2)

OX
(n ¼ 2)

DO
(n ¼ 1)

FF
(n ¼ 1)

OX
(n ¼ 1)

DO
(n ¼ 1

dl-PCBs(ng Nm�3) 0.66 0.31 0.11 1.53 0.52 0.35
PCNs(ng Nm�3) 5.20 4.37 2.84 1.74 2.28 1.29
HxCBz (ng Nm�3) 620.78 645.16 566.12 502.082 536.68 507.22
PeCBz (ng Nm�3) 1528.42 1436.72 77.11 1270.09 1288.78 1296.8
dl-PCBsWHO-TEQ (pg WHO-TEQ

Nm�3)
8.31 4.38 1.15 14.86 10.64 5.34

PCNsTEQ (pg TEQ Nm�3) 0.99 1.63 0.52 1.30 0.93 0.46
concentrations were the same, the highest dl-PCB concentrations
being for the SZns. This indicated that UPOP emissions from SZns
and the risks posed to the environment and human health in areas
around SZns should be paid more attention than currently.

In 2015, PCNs were added to the Stockholm Convention on
Persistent Organic Pollutants. It has been found that PCNs have
similar toxicities to other dioxin-like compounds and make
considerable contributions to the dioxin-like toxicities of pollutants
in environmental matrices and human tissues (Fernandes et al.,
2017; Falandysz et al., 2019). An understanding of PCN concentra-
tions and patterns in emissions from secondary nonferrous metal
smelters is required to allow the main sources of PCNs to the
environment to be identified and for measures to decrease PCN
emissions to be identified (Jansson and Andersson, 2012; Liu et al.,
2014). It can be seen from Table 1 that the mean PCN TEQ con-
centrations in the samples from the SZns, SCus, and SPbs were 0.02,
0.0028, and 0.0007 ng TEQ Nm�3, respectively. Much higher con-
centrations were found in stack gases emitted frommetal smelting
plants in a previous study (Ba et al., 2010), but much lower con-
centrations were found in stack gases emitted from magnesium
metallurgical plants (Nie et al., 2011) and coking plants (Liu et al.,
2010). Several studies of PeCBz and HxCBz emissions in stack
gases produced by municipal waste incinerators (Li et al., 2016),
iron ore sintering plants (Tian et al., 2012), and magnesium pro-
duction plants (Nie et al., 2011) have been published. However, very
little information is available on PeCBz and HxCBz emissions from
secondary nonferrousmetal smelting plants. In our study, themean
PeCBz and HxCBz concentrations in the stack gases were 1366.6
and 543.9 ng/Nm�3, respectively, for the SCus, 863.9 and 356.4 ng/
Nm�3, respectively, for the SPbs, and 747.7 and 1245.2 ng/Nm�3,
respectively, for the SZns. Similar concentrations have previously
been found in stack gases produced during secondary copper
metallurgical processes (Nie et al., 2012).

Differences in raw materials, smelting technologies, operating
conditions (e.g., temperature and packing speed), and flue gas pu-
rification equipment can cause variations in the UPOP formation
mechanisms that occur and UPOP concentrations in stack gases
(Aries et al., 2006; Li et al., 2016). The dl-PCB, PCN, PeCBz, and
HxCBz concentrations were all different in the stack gases emitted
by the different factories. The PCNmass concentrationswere higher
than the dl-PCB mass concentrations, but the dl-PCBs were the
main contributors to the total TEQ concentrations (contributing
81.9%e86.1% of the total TEQ concentrations). For the SCu with a
converter furnace, the PCN and dl-PCB concentrations in the stack
gases produced during the different processes decreased in the
order feedingefusion > oxidation > deoxidization, as was found in
a previous publication (Hu et al., 2013). However, the mean PCN
and dl-PCB TEQ concentrations in the stack gases emitted by the
SCu with an oxygen-enriched smelting furnace were 0.00097 and
ated biphenyls (dl-PCBs), polychlorinated naphthalenes (PCNs), pentachlorobenzene
ferrousmetal smelters (SCu secondary copper smelter, SCus with converter furnaces
(3)), SPb secondary lead smelter, SZn secondary zinc smelter, FF feedingefusion, OX

SCu(2)-B
(n ¼ 2)

SCu(3)
(n ¼ 3)

SPb(1)
(n ¼ 3)

SPb(2)
(n ¼ 3)

SZn(1)
(n ¼ 3)

SZn(2)
(n ¼ 3)

)

6.25 1.05 0.41 2.40 16.78 35.02
6.37 970.74 2.65 2.03 1116.94 1735.74
447.53 525.67 396.36 316.45 92.25 2398.22

5 1310.74 2724.23 939.96 787.84 19.67 1475.69
97.17 9.95 3.54 3.50 47.07 190.10

1.98 15.34 0.86 0.69 16.62 23.64
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0.0074 ng TEQ Nm�3, respectively, approximately 8.9 and 6.6 times
higher than those in the stack gases emitted from the converter
furnace. It is clear from these results that attention needs to be paid
to assessing the environmental risks posed by UPOP emissions and
methods for decreasing UPOP emissions from secondary nonfer-
rous metal smelters.
3.2. UPOP homolog and congener patterns in stack gases emitted by
the secondary nonferrous metal smelters

Comparison of homolog and congener patterns of PCN sand
PCBs were conducive to evaluating the distribution characteristics
and speculating the formation mechanism in stack gases from
various secondary metal smelting processes. As shown in Fig. 1a
and b, the dl-PCB congener profiles were very different in the stack
gas samples from the SCus, SPbs, and SZns. PCB-77, PCB-81, and
PCB-118 were generally the dominant congeners, together
contributing 37%e65% of the total dl-PCB mass concentrations.
Similar patterns have been found in stack gases produced in iron
ore sintering plants (Li et al., 2017), magnesiummetallurgical plants
Fig. 1. Congener profiles of (a) dioxin-like polychlorinated biphenyls (dl-PCBs) in the stack
(SCu(1) and SCu(2)-A) and SCus with oxygen-enriched smelting furnaces (SCu(2)-B and SC
secondary zinc smelters (SZns), (c) polychlorinated naphthalenes (PCNs) in the stack gas sa
enriched smelting furnaces, and (d) PCNs in the stack gas samples from the SPbs and SZns
(Nie et al., 2011), and municipal waste incinerators (Li et al., 2016).
PCB-126 has a higher toxic equivalence factor than other dl-PCB
congeners, and this caused PCB-126 to be the dominant contrib-
utor to the TEQ concentrations, contributing >74% of the total dl-
PCB TEQs. These results agreed with the results of a previous
study of SCus, SPbs, and SZns (Ba et al., 2009a, 2009b). The PCN
congener profiles for the stack gases from the different plants are
shown in Fig. 1c and d. Less-chlorinated PCNs were clearly the
dominant congeners. For example, the dominant PCN congeners in
the stack gases produced by the SCus and SPbs were CN-1, CN-2,
CN-5/7, and CN-66/67, and the dominant congeners in the stack
gases produced by the SZnswere CN-1, CN-2, CN-4, and CN-5/7. CN-
1, CN-2, and CN-66/67 had high relative potency factors and mass
fractions, and were the dominant PCN congeners that contributed
to the PCN TEQs of the stack gases produced by all of the secondary
metal smelting plants. These congeners contributed 52%e95% of
the total PCN TEQs.

Differences in the congener fractions (patterns) can provide
information that can be used to distinguish between different
sources of UPOPs (Helm and Bidleman, 2003; Liu et al., 2014).
gas samples from different secondary copper smelters (SCus with converter furnaces
u(3)), (b) dl-PCBs in the stack gas samples from secondary lead smelters (SPbs) and
mples from different smelting stages of the SCus with converter furnaces and oxygen-
.
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Concentration ratios for congeners selected because they had
markedly different concentrations in the samples from different
plants were therefore derived to evaluate differences in the UPOP
congener patterns in the stack gases produced by the different
secondary smelting plants. The mean PCB-118 to PCB-123 ratios for
the SCus, SPbs, and SZns were 5.2, 2.9, and 9.5, respectively. The CN
10 to CN 35 ratios for the SCus, SPbs, and SZns were 1.1, 2.9, and 31.1,
respectively. We concluded that the PCB-118 to PCB-123 and CN 10
to CN 35 ratios could be used to distinguish between UPOP emis-
sions from different types of secondary smelting plants to the
environment.

The dl-PCB and PCN homolog distributions in the stack gas
samples from the secondary nonferrous metal smelters are shown
in Fig. 2. It can be seen that the di-to penta-chlorinated biphenyls
contributed 42%e99% of the total PCB concentrations in the sam-
ples and were the dominant homologs. The concentrations of the
more-chlorinated homologs decreased as the number of chlorine
atoms increased. A similar trend was found for the PCN homolog
distributions in the stack gas samples, the less-chlorinated homo-
logs contributing 78%e98% of the total PCN concentrations.
Analyzing the correlations between the concentrations of different
homologs can provide important information on the mechanisms
involved in UPOP formation (Oh et al., 2007; Fan et al., 2019). We
performed Pearson correlation analyses to identify correlations
between the concentrations of PCB homologs, PCN homologs,
HxCBz, and PeCBz, and the results are shown in Fig. 3. It can be seen
from Fig. 3 that significant positive correlations were found be-
tween the concentrations of some PCB homologs (the penta-to
hepta-chlorinated biphenyls) and of some PCN homologs (the
tetra-to hexa-chlorinated naphthalenes) (R ¼ 0.77e0.94, P < 0.05),
indicating that these homologs have similar formation mecha-
nisms. Precursor formation mechanism is considered to be the
main formation pathway of UPOPs in industrial thermal processes.
Previous studies have revealed that some precursors, such as
chlorobenzenes, chlorophenols and polycyclic aromatic hydrocar-
bons, undergo a series of chlorination or oxidation reactions to
form these PCBs and PCNs homologs (Ballschmiter et al., 1988;
Sommeling et al., 1994; Kim et al., 2007; Altarawneh et al., 2009). It
can be hypothesized that the precursor mechanism may be the
main pathway through which these homologs are formed (Weber
et al., 2001; Fan et al., 2019). Strong correlations were also found
between the concentrations of the trichlorinated biphenyls and
less-chlorinated PCN homologs (the di- and tri-chlorinated naph-
thalenes) (R ¼ 0.72e0.77, P < 0.05). It has been suggested that
Fig. 2. Homolog distributions of dl-PCBs and PCNs in the stack
chlorination is the dominant mechanism through which tri-
chlorinated biphenyls and di- and tri-chlorinated naphthalenes
form (Jansson et al., 2008; Sun et al., 2016).

3.3. UPOP EFs for secondary metal smelters

It is important to establish pollutant inventories to allow the
International Treaty on Persistent Organic Pollutants to be imple-
mented. It is essential to determine UPOP EFs to allow UPOP
emission inventories to be constructed, particularly for PeCBz and
HxCBz, and to allow appropriate measures to be developed to
decrease UPOP emissions. At the recent ninth meeting of the con-
ference of the parties of the Stockholm Convention it was proposed
that the “toolkit for identification and quantification of releases of
dioxins, furans, and other unintentional POPs” should be updated
using the method previously used to construct a polychlorinated
dibenzo-p-dioxin and dibenzofuran emission inventory. The
intention of updating the toolkit is to allow EFs for UPOPs including
dl-PCBs, PCNs, PeCBz, and HxCBz to be determined to allow global
UPOP emissions to be estimated. We calculated UPOP EFs for the
secondary metal smelters using Eq. (1), which was proposed by the
United Nations Environment Programme (UNEP, 2013).

UPOP EF¼UPOP concentration � Stack gas flow rate
Amount of metal produced

(1)

The UPOP EFs for the secondary metal smelters are shown in
Table 2. The EFs for the smelters of different metals were different,
and the EFs for the different smelters of the same metal were also
different. The SZns had the highest UPOP EFs, the SCus the next
highest EFs, and the SPbs the lowest EFs. The mean dl-PCB, PCN,
HxCBz, and PeCBz EFs for the SCu stack gases were 1.0 mg TEQ/t,
0.047 mg TEQ/t, 6352.7 mg/t, and 12998.9 mg/t, respectively. These
EFs were lower than that reported for SCu in China (Ba et al., 2009b,
2010) and South Korea (Yu et al., 2006). The mean dl-PCB, PCN,
HxCBz, and PeCBz EFs for the SPb stack gases were 0.12 mg TEQ/t,
0.025 mg TEQ/t, 11793.5 mg/t, and 28804.8 mg/t, respectively. These
results were similar to the data previously reported in China (Ba
et al., 2009a, 2010), but higher than those reported in Japan (Ota
et al., 2005). The mean dl-PCB, PCN, HxCBz, and PeCBz EFs for the
SZn stack gases were 2.34 mg TEQ/t, 0.45 mg TEQ/t, 21809.8 mg/t, and
12848.9 mg/t, respectively, which were similar to EFs that have been
found previously (Chi et al., 2008; Ba et al., 2009a). These results
improve our understanding of the production of UPOPs by sec-
ondary nonferrous metal smelters and improve our ability to
gas samples from secondary nonferrous metal smelters.



Fig. 3. Pearson correlation coefficients for the relationships between the concentrations of the polychlorinated biphenyl homologs, polychlorinated naphthalene homologs, PeCBz,
and HxCBz in the stack gases emitted from the secondary nonferrous metal smelters.

Table 2
Emission factors for dl-PCBs, PCNs, PeCBz, and HxCBz for the secondary nonferrous metal smelters.

Abbreviations emission factors

dl-PCBs (ug TEQ/t) PCNs (ug TEQ/t) HxCBz (ug/t) PeCBz (ug/t)

SCu(1) 0.052 0.012 6826.7 11336.2
SCu(2)-A 0.12 0.010 5878.7 14661.6
SCu(2)-B 3.832 0.078 17648.2 51687.9
SCu(3) 0.0062 0.090 3098.3 16057.1
SPb(1) 0.0842 0.020 9416.0 22329.8
SPb(2) 0.152 0.031 14170.9 35279.8
SZn(1) 1.45 0.51 2841.8 606.04
SZn(2) 3.23 0.40 40777.9 25091.8
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establish UPOP emission inventories.

4. Conclusions

The concentrations and distribution patterns of dl-PCBs, PCNs,
PeCBz, and HxCBz in stack gas samples from secondary nonferrous
metal smelters in China were evaluated and compared. The mean
concentrations of most of the UPOPs in the stack gas samples from
the smelters decreased in the order SZn > SCu > SPb. The PCN and
dl-PCB TEQ concentrations were much higher in stack gases pro-
duced by a SCu with an oxygen-enriched smelting furnace than in
stack gases produced by a SCu with a converter furnace. The mean
ratios between the concentrations of certain congeners with
markedly different concentrations in stack gases from different
types of smelters could be used to apportion the sources of UPOPs
in environmental media. The updated UPOP EFs for stack gases
emitted by secondary metal smelters will improve our ability to
compile and improve UPOP emission inventories. The results
improve our understanding of UPOP emissions from secondary
nonferrous metal smelters and indicate that more attention should
be paid to the potential risks posed by UPOPs emitted from such
smelters to the environment and humans.
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