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� Emission of 2,3,7,8-PCDD/Fs and non-
2,3,7,8-PCDD/Fs was investigated.

� The impacts of raw material compo-
sition on PCDD/F levels and profiles
were studied.

� Non-2,3,7,8-PCDD/Fs can be trans-
formed into 2,3,7,8-PCDD/Fs,
elevating risks.

� PCDD/F concentrations increased as
the content of dirty aluminum scrap
increased.
a r t i c l e i n f o

Article history:
Received 15 July 2018
Received in revised form
28 September 2018
Accepted 1 October 2018
Available online 5 October 2018

Handling Editor: Myrto Petreas

Keywords:
Non-2,3,7,8-PCDD/Fs
Secondary aluminum smelting
Raw material
Emission inventory
a b s t r a c t

The secondary aluminum smelting industry is an important source of polychlorinated dibenzo-p-dioxin
and dibenzofurans (PCDD/Fs). However, the formations and emissions of non-2,3,7,8-PCDD/Fs have
rarely been studied. Non-2,3,7,8-PCDD/Fs may also be metabolically toxic to mammalians. In this study,
four typical secondary aluminum smelters were selected as demonstration smelters and the composition
of the raw material they used was adjusted to investigate the influence on PCDD/F emissions and profiles.
In addition to 17 congeners of 2,3,7,8-PCDD/Fs, 64 congeners of non-2,3,7,8-PCDD/Fs were firstly re-
ported. Strong, positive correlations were found between non-2,3,7,8-PCDD/Fs and 2,3,7,8-PCDD/Fs. The
concentrations of 2,3,7,8-PCDD/Fs in stack gas and fly ash samples were 120.7e870.4 pg/Nm3 and 13.40
e292.9 ng/g, respectively. Those of non-2,3,7,8-PCDD/Fs in the stack gas and fly ash samples were 84.03
e1183.7 pg/Nm3 and 7.20e344.7 ng/g, respectively. The raw material composition was a key factor
affecting PCDD/F emissions and profiles. An analysis of Gibbs free energies (DGf) showed that non-
2,3,7,8-PCDD/Fs could be transformed into 2,3,7,8-PCDD/Fs, which would increase the PCDD/F environ-
mental risks. The emission inventories of 2,3,7,8-PCDD/Fs, non-2,3,7,8-PCDD/Fs, and International Toxic
Equivalents from Chinese secondary aluminum smelters in 2013 were 8247 g, 7253 g, and 608.6 g,
respectively. The results of this study could contribute to potential risk evaluations and effective
reduction of non-2,3,7,8-PCDD/Fs.

© 2018 Elsevier Ltd. All rights reserved.

mailto:liuwb@rcees.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2018.10.004&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2018.10.004
https://doi.org/10.1016/j.chemosphere.2018.10.004
https://doi.org/10.1016/j.chemosphere.2018.10.004


H. Li et al. / Chemosphere 215 (2019) 92e100 93
1. Introduction

Aluminum can be produced from bauxite ore or recovered by
recycling aluminum scrap. During the secondary production pro-
cess from scrap, aluminum is melted in a furnace, and impurities
are typically removed using chlorine until the aluminum reaches
the desired purity (Tondeur et al., 2015). The presence and
incomplete combustion of organic impurities on the scrapmay lead
to unintentional formation of polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/Fs) (Ba et al., 2009; Shao et al., 2010; Hu
et al., 2013a; Subedi et al., 2014; Wang et al., 2016a; Su et al., 2017).
Organic impurities on scrap or other sources of carbon can generate
PCDD/Fs when reacting with inorganic chlorides or organically
bound chlorine at 250e450 �C (Ba et al., 2009). Additionally, PCDD/
F synthesis can occur when the stack gas (SG) is cooled through the
re-formation window (Eduljee and Dyke, 1996).

Secondary aluminum smelting industry is widely recognized as
an important source of PCDD/Fs in the Stockholm Convention. Ba
et al. (2009) measured PCDD/F emissions from Chinese secondary
aluminum smelters and reported an International Toxic Equivalent
(I-TEQ) range of 0.053e0.72 ng TEQ/Nm3. Comparable levels of
PCDD/Fs were found at secondary aluminum smelters in Poland by
Grochowalski et al. (2007), and the total TEQs (0.03e0.58 ng TEQ/
Nm3) were much higher than those for other industrial thermal
processes. Although some studies have investigated PCDD/F emis-
sions during secondary aluminum smelting processes, these
studies have focused only on toxic 2,3,7,8-PCDD/Fs and total ho-
mologue groups. Such results did not reveal the subtle details that
can be derived from the study of individual congeners. Besides, the
formations, concentrations, and profiles of non-2,3,7,8-PCDD/Fs
during secondary aluminum smelting processes have rarely been
reported.

Some toxicology andmetabolism studies on non-2,3,7,8-PCDD/F
congeners have confirmed their potential toxicity. For instance, the
effects of 1,2,3,4-TCDD on drug-metabolizing enzymes were stud-
ied in male and female rats (Hanioka et al., 1994). This research
showed that 1,2,3,4-TCDD induced the CYPIA subfamily P450 in
male and female rats, and that 1,2,3,4-TCDD was a bifunctional
inducer of drug-metabolizing enzymes. Unexpectedly, the re-
searchers also found that 1,2,3,4-TCDD may have some 2,3,7,8-
TCDD-like toxicity. To gain a better understanding of the
mammalian metabolism of PCDD/Fs, 1,2,7,8-TCDD was utilized to
conduct a tissue distribution, excretion, and metabolism study
(Hakk et al., 2001). The study data showed that 1,2,7,8-TCDD had
significant potential to interferewith thyroid hormone homeostasis
via hydroxylation to the TTR-competitive binding species, 2-OH-
1,3,7,8-TCDD. Conceivably, non-2,3,7,8-PCDD/F congeners may also
be metabolically toxic to mammalians.

For comprehensive monitoring of PCDD/F emissions and control
of the potential risks, careful examination of emissions and profiles
of both 2,3,7,8-PCDD/Fs and non-2,3,7,8-PCDD/Fs offers definite
advantages over measurement of only the 2,3,7,8-PCDD/Fs. Previ-
ous studies have evaluated different gas chromatography (GC)
columns for separation of all 136 tetra-to octa-chlorinated PCDD/Fs
from closely eluting congeners (Fishman et al., 2011; Do et al.,
2013), and identified their retention times and elution orders.
These results could be applied to a comprehensive study of 2,3,7,8-
PCDD/F and non-2,3,7,8-PCDD/F emissions. It is therefore important
to obtain a full picture (however approximate) of tetra-to octa-
chlorinated PCDD/Fs and to explore the transformation pathways
and deduce the chemical behavior of different PCDD/F congeners
during secondary aluminum smelting processes. The results of this
study could contribute to risk evaluations and control of PCDD/F
emissions from secondary aluminum smelters globally, and will be
beneficial for the protection of human and environmental health.
2. Material and methods

2.1. Demonstration smelters and sample collection

Four typical secondary aluminum smelters (labeled A, B, C, and
D) located in Shandong and Hebei provinces in Chinawere selected
as demonstration smelters to investigate the formations and
emissions of 2,3,7,8-PCDD/Fs and non-2,3,7,8-PCDD/Fs. Previous
studies have indicated that the raw material, smelting technique,
and furnace capacity might influence the emissions of uninten-
tionally produced persistent organic pollutants during industrial
thermal processes (Li et al., 2007; Ba et al., 2009; Wang et al., 2010;
Hu et al., 2014). The capacities of the smelters ranged from11,000 to
120,000 tons per year. All of the smelters were equipped with
reverberatory furnaces and bag filter air pollution control systems,
which are used by most of the secondary aluminum smelters
globally. The proportions of dirty aluminum scrap (used and dis-
carded material with high content of organic impurities, such as
appliances, aluminum foil, automobile and airplane parts,
aluminum sidings, and beverage cans) and clean aluminum scrap
(pre-consumer scrap material, such as waste from the drilling and
machining of aluminum castings, waste from fabrication and
manufacturing operations, and dross skimmed off molten
aluminum during the smelting process) in the raw material could
be easily adjusted and may play a key role in the PCDD/F emissions.
Therefore, we adjusted the composition of the raw material with
dirty aluminum scrap of 100%, 80%, 50%, and 10% in smelters A, B, C
and D, respectively, to evaluate how the raw material composition
affected the PCDD/F emissions and profiles. Detailed information
for smelters A, B, C, and D is shown in Table S1 of the Supporting
Information.

Three or four SG samples and one fly ash (FA) sample were
collected from each smelter. The SG samples were collected using
an automatic isokinetic sampling system (Isostack Basic; Tecora
Corp., Milan, Italy) that has been widely used in previous studies
(Liu et al., 2013; Wang et al., 2016b) following the European Union
standard method EN-1948. The sampling system consisted of a
heated titanium probe, a filter box with a Whatman quartz mi-
crofiber thimble filter (GE Healthcare Bio-Sciences, Pittsburgh, PA,
USA), and a water-cooled Amberlite XAD-2 adsorbent trap
(Supelco, Bellefonte, PA, USA). A13C-labeled standard (EN-1948 SS;
Cambridge Isotope Laboratories, Andover, MA, USA) was added as a
sampling standard before sampling to evaluate the sampling effi-
ciency. After sampling, the samples were wrapped tightly in
aluminum foil and packed in sealed polyethylene bags to prevent
sample contamination and target loss. The FA samples were
collected from the bag filter outlet during SG sampling.

2.2. PCDD/F analysis

Pretreatment and analysis of the SG and FA samples for PCDD/Fs
followed the standard methods EN-1948 and US EPA-1613, which
have been described in detail previously (Ba et al., 2009; Nie et al.,
2012; Hu et al., 2013b; Han et al., 2016; Wang et al., 2016b). Briefly,
each sample was spiked with 1 ng of a13C-labeled PCDD/F internal
standard mixture (EN-1948 ES, Cambridge Isotope Laboratories;
EPA-1613 LCS, Wellington Laboratories, Guelph, Canada) and then
Soxhlet-extracted with 250mL of toluene for approximately 24 h.
Before extraction, the FA samples were treated with 1M HCl. Each
extract was purified using an acidic silica gel column, a multilayer
silica gel column, and then a basic alumina column. To quantify the
native PCDD/Fs and labeled internal standards, the final extract was
concentrated to 20 mL and spikedwith 1 ng of a13C-labeled injection
standard (EN-1948 IS, Cambridge Isotope Laboratories; EPA-1613 IS,
Wellington Laboratories) before instrumental analysis.
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The PCDD/Fs were analyzed using an Agilent 6890 high reso-
lution GC (Agilent Technologies, Santa Clara, CA, USA) equipped
with a DB-5 MS column (60m� 0.25mm� 0.25 mm, Agilent
Technologies) and coupled to a Waters Autospec Ultima high res-
olutionmass spectrometer (Waters Corporation, Milford, MA, USA).
The mass spectrometer had a resolution of at least 10 000 and was
operated in selected ion monitoring mode.

The 2,3,7,8-PCDD/Fs were identified and quantified based on the
retention times and isotope ratios of corresponding 13C12-labeled
internal standards. Non-2,3,7,8-PCDD/Fs were identified based on
the results of previous studies (Fishman et al., 2007, 2011; Do et al.,
2013) and quantified using the closest eluting 13C12-labeled internal
standards. The following quality control criteria were used for
identification of the non-2,3,7,8-PCDD/Fs: (a) GC retention times
were matched to the corresponding native standards of the PCDD/
Fs; (b) a signal-to-noise ratio of >3:1 was used. One method blank
was included in each batch of samples, which had been spiked with
the same amount of internal standard as the samples. No target
compounds were detected in the blank samples. The recovery
ranges for 2,3,7,8-PCDD/Fs in the SG and FA samples were 42e124%
and 41e115%, respectively. The limit of detection (LOD) ranges for
2,3,7,8-PCDD/Fs in the SG and FA samples were 0.26e11.84 pg and
2.13e10.71 pg, respectively. For congeners with concentrations
Fig. 1. 2,3,7,8-PCDD/F congener pro
below their LODs, we used the LODs/2 as their concentrations for
calculation and discussion. The recoveries and LODs of the 2,3,7,8-
PCDD/Fs are given in Tables S2 and S3.
3. Results and discussion

3.1. 2,3,7,8-PCDD/Fs in SG and FA samples

The concentration ranges for the 2,3,7,8-PCDD/Fs in SG and FA
samples, respectively, were: 497.8e870.4 pg/Nm3 and 292.9 ng/g
for smelter A, 204.6e707.4 pg/Nm3 and 133.6 ng/g for smelter B,
237.6e362.7 pg/Nm3 and 108.8 ng/g for smelter C, and 120.7e416.0
pg/Nm3 and 13.40 ng/g for smelter D. The congener profiles for the
SG and FA samples are shown in Fig. 1.

Compared with the less chlorinated PCDD/Fs, more chlorinated
PCDD/Fs were the predominant congeners (Fig. 1(SG)). 1,2,3,4,6,7,8-
HpCDF and OCDF were the dominant congeners for the 2,3,7,8-
PCDFs, with average contribution rates of 19.1% and 27.2%, respec-
tively, to the total 2,3,7,8-PCDD/Fs. Interestingly, the corresponding
dominant congeners for the 2,3,7,8-PCDDs were congeners with
the same substitution positions for the chlorine atoms, 1,2,3,4,6,7,8-
HpCDD and OCDD, and their average contribution rates were 7.95%
and 17.3%. The congener profiles were consistent with the profiles
files in the SG and FA samples.
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for stack gases emitted from other secondary aluminum smelters
(Du et al., 2010) and secondary copper smelters (Hu et al., 2013b).
These results may point to the additional and occasionally impor-
tant role played by stereoselective chlorination reactions that take
place during the melting-purification process and inside the air
pollution control device (Tondeur et al., 2015). The concentration
range of the most toxic PCDD/Fs, 2,3,7,8-TCDD, was relatively low
(1.09e6.66 pg/Nm3) compared with the levels of other 2,3,7,8-
PCDD/Fs. Similar to the SG, 1,2,3,4,6,7,8-HpCDF was the major
congener in the FA samples with a contribution rate of 12.5e23.8%
(Fig. 1(FA)).

The I-TEQ ranges in the SG and FA samples, respectively, were:
13.27e46.87 pg I-TEQ/Nm3 and 27.78 ng I-TEQ/g for smelter A,
4.97e67.17 pg I-TEQ/Nm3 and 12.20 ng I-TEQ/g for smelter B,
13.79e68.75 pg I-TEQ/Nm3 and 3.03 ng I-TEQ/g for smelter C, and
3.30e6.37 pg I-TEQ/Nm3 and 0.61 ng I-TEQ/g for smelter D. The
TEQs in this study were comparable with those measured for two
aluminum smelters investigated by Wang et al. (2009) (57 and
44 pg I-TEQ/Nm3), but quite low compared with those measured by
Lee et al. (2005) (0.041e40.1 ng I-TEQ/Nm3) and Chen et al. (2004)
(9.02 ng I-TEQ/Nm3). The detailed TEQ profiles of the SG and FA
samples are shown in Fig. S1.

The dominant congener in the SG samples was 2,3,4,7,8-PeCDF,
at 0.85e17.54 pg I-TEQ/Nm3 (average 30.4%), followed by 2,3,7,8-
TCDD (average 16.5%), and 1,2,3,7,8-PeCDD (average 10.2%). The
more chlorinated 2,3,7,8-PCDDs only accounted for 2.21e12.6% of
the total I-TEQs, which differed from the congener profiles obtained
Fig. 2. Non-2,3,7,8-PCDD/F congener profiles in the SG and FA samples. (Co-TCDF* ¼ 2,3,
1,2,3,4,6-PeCDF).
using mass concentrations. Similar to the SG samples, 2,3,4,7,8-
PeCDF was the leading congener at 0.25e10.28 ng I-TEQ/g with an
average contributing rate of 35.5% in FA samples.

3.2. Non-2,3,7,8-PCDD/Fs in SG and FA samples

Sixty-four of the 119 non-2,3,7,8-PCDD/F congeners were qual-
ified and quantified in this study, and these congeners included 15
TCDF congeners, 20 PeCDF congeners, 10 HxCDF congeners, 2
HpCDF congeners, 9 PeCDD congeners, 7 HxCDD congeners, and 1
HpCDD congener. Most of these congeners were detected in both
the SG and FA samples. Detailed congener profiles of the non-
2,3,7,8-PCDD/Fs in the SG and FA samples are given in Fig. 2.

The total concentration ranges for non-2,3,7,8-PCDD/Fs in the
SG samples were 277.9e1046.6 pg/Nm3 for smelter A, 111.0e1183.7
pg/Nm3 for smelter B, 277.3e486.8 pg/Nm3 for smelter C, and
84.03e112.5 pg/Nm3 for smelter D. PCDFs dominated the non-
2,3,7,8-PCDD/Fs in the SG samples. The average PCDF levels were
307.9, 281.9, 299.2, and 80.77 pg/Nm3 for smelters A, B, C, and D,
respectively. The corresponding levels of PCDDs were 315.1, 166.8,
91.00, and 14.50 pg/Nm3. The total concentrations in the FA sam-
ples were 344.7 ng/g for smelter A, 138.7 ng/g for smelter B,
37.05 ng/g for smelter C, and 7.20 ng/g for smelter D.

For both the SG and FA samples, congener profiles from different
smelters showed fairly consistent trends (Fig. 2). Thus, an
assumption may be made that the formation mechanisms and
pathways for non-2,3,7,8-PCDD/Fs in different secondary
6,8/1,2,3,8/1,2,3,4/1,6,7,8/1,4,6,9/1,2,3,6-TCDF; Co-PeCDF* ¼ 2,3,4,6,8/1,2,4,6,9/1,2,3,4,7/
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aluminum smelters are similar. Overall, the congener distributions
showed some similarities between the SG and FA samples.
1,3,4,6,7,8/1,2,4,6,7,8-HxCDF was the dominant congener in the SG
(10.79e62.05 pg/Nm3, 8.78e14.3% of the total non-2,3,7,8-PCDD/
Fs) and FA (1.14e37.67 ng/g, 10.9e18.6% of the total non-2,3,7,8-
PCDD/Fs) samples. Other congeners (2,3,4,6,7/1,2,3,6,9-PeCDF,
1,2,3,4,6,8-HxCDF, 1,2,3,4,6,7-HxCDF, 1,2,3,4,6,7,9-HpCDF,
1,2,3,4,6,8,9-HpCDF, 1,2,3,4,6,8-HxCDD, 1,2,3,6,7,9/1,2,3,6,8,9-
HxCDD, and 1,2,3,4,6,7,9-HpCDD) were also major contributors to
the total concentrations, with a total contributing rate of 46.2% and
54.0% in SG and FA samples. The summed contribution rates of
these nine non-2,3,7,8-PCDD/F congeners were larger than 50% in
both SG and FA samples from plants A, B, C and D. An obvious
difference was that less chlorinated TCDF and PeCDF congeners
accounted for 26.4% of the total levels in SG samples, which was
significantly higher than that in FA samples (9.42%). This could be
explained by the fact that less chlorinated PCDD/Fs are more vol-
atile (Li et al., 2003) and partition more into the gas phase
(Lohmann and Jones, 1998), whereas more chlorinated congeners
are more likely to bind to particles. This is the first intensive
investigation of non-2,3,7,8-PCDD/F emissions and profiles in SG
and FA samples from secondary aluminum smelters. To date, many
complexities and uncertainties about different formation routes
and a lack of knowledge of non-2,3,7,8-PCDD/F emissions and
profiles have limited the ability to conduct thorough and in-depth
studies of PCDD/F formation mechanisms. Our data provide addi-
tional information about non-2,3,7,8-PCDD/Fs to increase under-
standing and allow for deeper exploration of the formation
mechanisms of tetra-to octa-chlorinated PCDD/Fs.

3.3. Relationship between 2,3,7,8-PCDD/Fs and non-2,3,7,8-PCDD/
Fs

To better understand the relationship between 2,3,7,8-PCDD/Fs
and non-2,3,7,8-PCDD/Fs, the concentrations of major non-2,3,7,8-
PCDD/F congeners (2,3,4,6,7/1,2,3,6,9-PeCDF, 1,2,3,4,6,8-HxCDF,
1,3,4,6,7,8/1,2,4,6,7,8-HxCDF, 1,2,3,4,6,7-HxCDF, 1,2,3,4,6,7,9-HpCDF,
1,2,3,4,6,8,9-HpCDF, 1,2,3,4,6,8-HxCDD, 1,2,3,6,7,9/1,2,3,6,8,9-
HxCDD, and 1,2,3,4,6,7,9-HpCDD) were compared with those of
the corresponding 2,3,7,8-PCDD/Fs (Fig. 3). The concentrations for
non-2,3,7,8-PCDD/Fs were identified by using the LODs of the
Fig. 3. The concentration ratios of non-2,3,7,8-PCDD/
closest eluting 2,3,7,8-PCDD/F congeners. And all concentrations of
non-2,3,7,8-PCDD/F congeners in SG and FA samples (Fig. 3) were
above their LODs. All concentrations of 2,3,7,8-PCDD/F congeners in
FA samples (Fig. 3) were above their LODs. For 2,3,7,8-PCDD/F
congeners in SG samples, the concentrations of 1,2,3,4,7,8-HxCDD,
1,2,3,7,8,9-HxCDF and 1,2,3,7,8-PeCDF in 36% (5/14), 28% (4/14) and
28% (4/14) of the SG samples were below their LODs, we chose to
use the LODs/2 as their concentrations for the ratios comparison.

In both the SG and FA samples, almost all the concentration
ratios of non-2,3,7,8-PCDD/Fs to 2,3,7,8-PCDD/Fs were greater than
1. Consequently, the levels of the non-2,3,7,8-PCDD/Fs were
generally higher than those of the corresponding 2,3,7,8-PCDD/Fs.
Specifically, the concentrations of 1,3,4,6,7,8/1,2,4,6,7,8-HxCDF
were much higher than those of 1,2,3,7,8,9-HxCDFs in the SG
samples, and the ratio was as high as 20.44. The ratios in all the SG
samples were higher than those of the FA samples. It could be
concluded that substantial levels of non-2,3,7,8-PCDD/Fs were
present in the SG and FA samples from secondary aluminum
smelters. Emissions of non-2,3,7,8-PCDD/Fs into the atmosphere
and environment may also have a significant impact on human and
environmental health, which have been almost neglected in pre-
vious studies and environmental management.

Linear correlations between the non-2,3,7,8-PCDD/F and 2,3,7,8-
PCDD/F congeners in all the SG samples were investigated using
Pearson correlation coefficients (R2). When examining correlations
(Table S4), the levels of non-2,3,7,8-PCDD/Fs are discussed with
their corresponding 2,3,7,8-PCDD/Fs with the same number of
chlorine atom substituents. Among the 25 relationships, 11 showed
strong positive correlations (R2> 0.90, p< 0.05) (Fig. S2). The R2 for
the relationship between 1,3,4,6,7,8/1,2,4,6,7,8-HxCDF and
1,2,3,6,7,8-HxCDF, and between 1,2,3,4,6,7,9-HpCDD and
1,2,3,4,6,7,8-HpCDD were more than 0.97. In addition, it can be
found that good correlations often existed in congeners with high
levels. For example, the 1,2,3,4,6,7,8-HpCDF concentrations in all
the SG samples were much higher than those of 1,2,3,4,7,8,9-
HpCDF. Consequently, the R2 between 1,2,3,4,6,7,9-HpCDF and
1,2,3,4,6,7,8-HpCDF (0.9307) was much higher than that between
1,2,3,4,6,7,9-HpCDF and 1,2,3,4,7,8,9-HpCDF (0.4186). These good
correlations revealed that the formation pathways of typical
2,3,7,8-PCDD/Fs and non-2,3,7,8-PCDD/Fs may be correlated during
secondary aluminum smelting processes.
Fs to 2,3,7,8-PCDD/Fs in the SG and FA samples.
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3.4. Influence of raw material composition on PCDD/F emissions

Smelters A, B, C, and D all used bag filters and reverberatory
furnaces. The most obvious difference among the four smelters was
the raw material composition, which may play a key role in
determining the PCDD/F emissions. Dirty aluminum scrap
contributed 100%, 80%, 50%, and 10% of the raw material used in
smelters A, B, C, and D, respectively. The relationship between the
raw material composition and 2,3,7,8-PCDD/F and non-2,3,7,8-
PCDD/F levels was evaluated for the four smelters (Fig. 4).

The 2,3,7,8-PCDD/F and non-2,3,7,8-PCDD/F concentrations
increased as the dirty aluminum scrap content in the raw material
increased. Specifically, smelter A, which used only dirty aluminum
scrap as the raw material, had the highest PCDD/F levels (686.64
pg/Nm3 for 2,3,7,8-PCDD/Fs, and 622.95 pg/Nm3 for non-2,3,7,8-
PCDD/Fs). This may be because dirty aluminum scrap typically
contains relatively large amounts of organic residues, such as
plastics, paints, and solvents (Kevorkijan, 2010), which could
generate more PCDD/Fs during the smelting processes. The 2,3,7,8-
PCDD/F and non-2,3,7,8-PCDD/F emissions for smelter B, which
used 80% dirty aluminum scrap, were 421.23 and 448.66 pg/Nm3,
respectively. Smelter C, which used 50% dirty aluminum scrap, had
2,3,7,8-PCDD/F and non-2,3,7,8-PCDD/F emissions of 302.28 and
390.24 pg/Nm3. Smelter D, which used only 10% dirty aluminum
scrap, had the lowest PCDD/F emissions (230.16 pg/Nm3 for 2,3,7,8-
PCDD/Fs, and 95.27 pg/Nm3 for non-2,3,7,8-PCDD/Fs). In addition,
the average ratios of the total PCDF to PCDD concentrations (the F/D
ratios) in the SG samples were calculated. The F/D ratios of smelters
A, B, C, and D were 1.47, 1.28, 4.63, and 4.24, respectively. The F/D
ratios of smelters C and D were much higher than those of smelters
A and B, which may be a result of the different proportions of dirty
aluminum scrap in the raw material. These results indicate that the
composition of the raw material is a key factor affecting PCDD/F
emissions and profiles.

There are three distinct stages in secondary aluminum smelting
process: feeding-fusion, refining, and casting (Ba et al., 2009; Wang
et al., 2016a). During the smelting process, raw material is added to
the furnace, which is heated by burning fuel. Once the rawmaterial
has almost melted, alloying agents (zinc, copper, magnesium, and
silicon) are added to optimize the strength and purity of the molten
aluminum. Finally, the refined liquid aluminum is poured into
casting machines to produce aluminum ingots. The amounts and
profiles of the emitted PCDD/Fs may differ because of the different
levels of organic and chlorine-containing material present in the
different smelting stages. Subjected to actual sampling conditions,
the SG samples from smelters A, B, and C were all samples mixed at
different smelting stages, as, in these smelters, one bag filter system
Fig. 4. Relationship between raw material composition and 2,3,7,8-PCDD/F and non-
2,3,7,8-PCDD/F levels.
was used by several reverberatory furnaces. The SG samples for
smelter D were collected from feeding-fusion, refining, and casting,
and the 2,3,7,8-PCDD/Fs and non-2,3,7,8-PCDD/Fs in the different
smelting processes were measured (Fig. S3).

The total PCDD/F emissions from feeding-fusion, refining, and
casting were 500.1, 266.3 and 209.9 pg/Nm3, respectively. The
PCDD/Fs mainly came from the feeding-fusion stage, with a
contribution rate of 51.2% of the total emissions. As the operating
conditions were unsteady at the feeding-fusion stage, incomplete
combustion of the fuel or organic impurities in the raw material
may have occurred when the raw material was added into the
furnace, resulting in formation of PCDD/Fs. Because most of the
organic impurities in the raw material were probably removed
during feeding-fusion, the PCDD/F levels significantly decreased
during refining and casting, and the contribution rates to the total
emissions were 27.3% and 21.5%, respectively. The non-2,3,7,8-
PCDD/Fs contributed 16.8%, 42.2%, and 42.5% of the total PCDD/Fs
in the feeding-fusion, refining, and casting stages, respectively. The
F/D ratios for feeding-fusion, refining, and casting were calculated
at 2.64, 5.22 and 4.87, respectively. Combinedwith the F/D ratios for
smelters A, B, C and D given above, it can be inferred that not only
concentrations, but also the F/D ratios were influenced by the
contents of organic impurities in the raw material. Therefore, the
raw material, and especially secondary material with high organic
impurity contents, should be effectively pretreated to decrease
PCDD/F emissions from secondary aluminum smelters.

3.5. Transformation between 2,3,7,8-PCDD/F and non-2,3,7,8-
PCDD/F congeners

Chlorination of less chlorinated congeners (Wikstrom and
Marklund, 2000) and dechlorination of highly chlorinated conge-
ners (Hagenmaier et al., 1987; Iino et al., 2000) is occurring all the
time around the world (Wikstrom and Marklund, 2000;
Altarawneh et al., 2009). Chlorination transforms non-2,3,7,8-
PCDD/Fs into 2,3,7,8-PCDD/Fs, and dechlorination transforms
2,3,7,8-PCDD/Fs into non-2,3,7,8-PCDD/Fs. To better understand
these processes, the Gibbs free energies (DGf) (Ayala-Luis et al.,
2008) of the major non-2,3,7,8-PCDD/F congeners and their cor-
responding chlorination products were calculated at the B3LYP/6-
31G* and B3LYP/6-311G** levels based on the research of Wang
et al. (2005, 2004) (Table 1). And the transformation pathway of
typical PCDF congeners are shown in Fig. S4.

Usually, a lower DGf means that a PCDD/F congener is more
stable and more easily transformed by chlorination and dechlori-
nation. For the PCDFs, the DGf values of the non-2,3,7,8-PCDF
congeners were generally higher than those of 2,3,7,8-PCDF con-
geners (Table 1). Taking the dominant congener 1,3,4,6,7,8/
1,2,4,6,7,8-HxCDF as an example, 1,3,4,6,7,8-HxCDF could be chlo-
rinated to form 1,2,3,4,6,7,8-HpCDF or 1,2,3,4,6,7,9-HpCDF, which
had DGf of 219.85 and 234.47 kJ/mol, respectively (Wang et al.,
2005). Likewise, 1,2,4,6,7,8-HxCDF could be chlorinated to form
1,2,3,4,6,7,8-HpCDF or 1,2,3,4,6,8,9-HpCDF, which had DGf of 219.85
and 235.39 kJ/mol, respectively (Wang et al., 2005). The DGf of
1,2,3,4,6,7,8-HpCDF was much lower than the DGf of the other two
non-2,3,7,8-PCDF congeners. This means 1,2,3,4,6,7,8-HpCDF can be
transformed more easily than the other congeners, resulting in an
increase in the level of 2,3,7,8-PCDFs. The other major congener,
2,3,4,6,7-PeCDF, could be chlorinated to form 2,3,4,6,7,8-HxCDF
(DGf¼ 216.19 kJ/m), 1,2,3,4,6,7-HxCDF (DGf¼ 216.19 kJ/m), or
1,3,4,6,7,8-HxCDF (DGf¼ 219.38 kJ/m). The DGf of 2,3,4,6,7,8-HxCDF
was equal to that of 1,2,3,4,6,7-HxCDF, but slightly lower than that
of 1,3,4,6,7,8-HxCDF. Similarly, the phenomenon of non-2,3,7,8-
PCDFs being easily transformed into 2,3,7,8-PCDFs also took place
in the other two PCDF congeners, 1,2,3,4,6,8-HxCDF and 1,2,3,4,6,7-



Fig. 5. The spatial distribution of 2,3,7,8-PCDD/Fs and non-2,3,7,8-PCDD/Fs emitted
from Chinese secondary aluminum smelters in different provinces in 2013.

Table 1
The Gibbs free energies (DGf) of major non-2,3,7,8-PCDD/F congeners and their
corresponding chlorination products.

Raw non-2,3,7,8-PCDD/Fs Target PCDD/Fs DGf/(kJ/mol)

2,3,4,6,7-PeCDF 1,2,3,4,6,7-HxCDF 216.19
2,3,4,6,7,8-HxCDF 216.19
1,3,4,6,7,8-HxCDF 219.38

1,2,3,4,6,8-HxCDF 1,2,3,4,6,7,8-HpCDF 219.85
1,2,3,4,6,8,9-HpCDF 235.39

1,3,4,6,7,8-HxCDF 1,2,3,4,6,7,8-HpCDF 219.85
1,2,3,4,6,7,9-HpCDF 234.47

1,2,4,6,7,8-HxCDF 1,2,3,4,6,7,8-HpCDF 219.85
1,2,3,4,6,8,9-HpCDF 235.39

1,2,3,4,6,7-HxCDF 1,2,3,4,6,7,8-HpCDF 219.85
1,2,3,4,6,7,9-HpCDF 234.47

1,2,3,4,6,7,9-HpCDF OCDF 273.64
1,2,3,4,6,8,9-HpCDF OCDF 273.64

1,2,3,4,6,8-HxCDD 1,2,3,4,6,7,8-HpCDD 171.19
1,2,3,4,6,7,9-HpCDD 167.73

1,2,3,6,7,9-HxCDD 1,2,3,4,6,7,9-HpCDD 167.73
1,2,3,4,6,7,8-HpCDD 171.19

1,2,3,6,8,9-HxCDD 1,2,3,4,6,7,9-HpCDD 167.73
1,2,3,4,6,7,8-HpCDD 171.19

1,2,3,4,6,7,9-HpCDD OCDD 192.78
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HxCDF.
For the PCDDs, the DGf of the non-2,3,7,8-PCDDs were generally

lower than those of the 2,3,7,8-PCDDs. For example, 1,2,3,4,6,8-
HxCDD could be chlorinated to form 1,2,3,4,6,7,8-HpCDD
(DGf¼ 171.19 kJ/mol) or 1,2,3,4,6,7,9-HpCDD (DGf¼ 167.73 kJ/mol)
(Wang et al., 2004). In an obviously different result from the PCDFs,
the DGf of 1,2,3,4,6,7,8-HpCDD was slightly higher than that of
1,2,3,4,6,7,9-HpCDD, indicating that the toxic 1,2,3,4,6,7,8-HpCDD
may be more difficult to transform. Therefore, because of ener-
getically difficult transformation from non-2,3,7,8-PCDDs into toxic
PCDDs, higher concentrations of non-2,3,7,8-PCDDs will be detec-
ted both in nature and various industrial thermal processes.

The high levels and substantial presence of non-2,3,7,8-PCDD/Fs
in SG and FA samples from secondary aluminum smelters, coupled
with their widespread conversion to toxic 2,3,7,8-PCDD/Fs, may
significantly increase the TEQs and environmental risks. Conse-
quently, for comprehensive environmental investigations and risk
evaluations, the emissions and potential toxicities of non-2,3,7,8-
PCDD/Fs should be given more attention alongside conventional
2,3,7,8-PCDD/Fs.

3.6. Emission inventory of PCDD/Fs for secondary aluminum
smelters in China

The emission factors of PCDD/Fs are typically used to estimate
the total amounts of PCDD/Fs emitted into the environment each
year, and to establish a PCDD/Fs emission inventory. Emission fac-
tors and total emission amounts can be calculated using the
following equations:
Emission factor ðmg=tÞ ¼ level of PCDD=Fs� Stackgas flowrate
�
Nm3�h

�

Mass of Al produced ðt=hÞ (1)
Total emission amountðg=yearÞ ¼ Emission factor ðmg=tÞ
� activity level of reference yearðt=yearÞ (2)
In this study, according to the PCDD/F emissions of smelters A, B,
C, and D, the emission factors of 2,3,7,8-PCDD/Fs, non-2,3,7,8-
PCDD/Fs and I-TEQ were all calculated. The 2,3,7,8-PCDD/F emis-
sion factors ranged from 980 to 2511 mg/t (average 1836 mg/t), the
non-2,3,7,8-PCDD/F emission factors ranged from 491 to 2866 mg/t
(average 1615 mg/t), and I-TEQ emission factors ranged from 40 to
230 mg/t (average 136 mg/t). The I-TEQ result was comparable to that
of the United Nations Environment Programme (UNEP) PCDD/Fs
Toolkit 2013 (103.5 mg/t).

According to the statistical annual report of the Nonferrous
Metals Association of China, secondary aluminum production was
investigated in detail in every Chinese province in 2013. China is the
largest producer of aluminum in the world, and the total produc-
tion of secondary aluminum in 2013was 4.8million tons. According
to the average emission factors provided above, the total emissions
of 2,3,7,8-PCDD/Fs, non-2,3,7,8-PCDD/Fs, and I-TEQs in 2013 were
8247 g, 7253 g, and 608.6 g, respectively. The total emission of non-
2,3,7,8-PCDD/Fs was slightly less than that of 2,3,7,8-PCDD/Fs.

The spatial distribution of PCDD/Fs emitted from Chinese sec-
ondary aluminum smelters of different provinces in 2013 was also
evaluated and shown in Fig. 5 and Fig. S5. Generally, the emissions
of 2,3,7,8-PCDD/Fs and non-2,3,7,8-PCDD/Fs were comparable in
most provinces, and there were significant differences among
different regions. In six provinces (Tianjin, Inner Mongolia, Hebei,
Jiangsu, Henan, and Shanghai), the emissions of 2,3,7,8-PCDD/Fs
and non-2,3,7,8-PCDD/Fs from secondary aluminum smelters were
larger than 500 g. The PCDD/F emissions in these provinces
accounted for 60.1% of the total industrial emissions of PCDD/Fs in
2013. Other provinces (Guangdong, Zhejiang, and Sichuan) were
also major PCDD/Fs contributors, with emissions of 408e450 g for
2,3,7,8-PCDD/Fs and 359e395 g for non-2,3,7,8-PCDD/Fs. For TEQ
emissions (Fig. S5), five provinces (Tianjin, Inner Mongolia, Hebei,
Jiangsu, and Henan) were also the primary emitting areas with TEQ
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emissions larger than 50 g. This was consistent with the PCDD/F
level distributions. In summary, Eastern China was the main region
for secondary aluminum smelting emissions of PCDD/Fs.

4. Conclusions

In this study, a full picture of 2,3,7,8-PCDD/Fs and non-2,3,7,8-
PCDD/Fs emitted from secondary aluminum smelters were inves-
tigated. The composition of rawmaterial used in the demonstration
smelters were adjusted to determine how this affected emissions
and profiles of 2,3,7,8-PCDD/Fs and non-2,3,7,8-PCDD/Fs. Non-
2,3,7,8-PCDD/Fs were present at high levels in the SG and FA
samples. Some typical 2,3,7,8-PCDD/F and non-2,3,7,8-PCDD/F
congeners showed similar formation and transformation pathways.
Transformation of non-2,3,7,8-PCDD/Fs into 2,3,7,8-PCDD/Fs can
elevate the environmental and health risks. The 2,3,7,8-PCDD/F and
non-2,3,7,8-PCDD/F concentrations increase as the content of dirty
aluminum in the raw material increases. Eastern China is the main
regionwhere 2,3,7,8-PCDD/Fs and non-2,3,7,8-PCDD/Fs are emitted
from secondary aluminum smelters. Hence, it is essential that
further investigates and more attention should be given to the raw
material pretreatment and non-2,3,7,8-PCDD/F emissions for well-
roundedly monitoring and controlling the PCDD/Fs.
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