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A B S T R A C T   

The amount of steel produced using electric arc furnaces (EAFs) has been increasing in recent years. In this study, 
stack gases from EAFs in steelmaking plants were analyzed to determine if they are also dominant sources of 
polybrominated dibenzo-p-dioxin and dibenzofuran (PBDD/F) emissions in China. Isotope dilution high- 
resolution gas chromatography high-resolution mass spectrometry for qualitative and quantitative analysis of 
PBDD/F congeners revealed that the mean PBDD/F mass concentrations were 271.1–9467.8 pg Nm− 3 for the 
preheating stages (PS) of three EAF plants and that the corresponding toxic equivalents (TEQs) were 10.8–971.2 
pg TEQ Nm− 3. The PBDD/F mass concentration from the smelting stage (SS) at plant E3 was 261.9 pg Nm− 3 (4.5 
pg TEQ Nm− 3). The PBDD/F emission factors (EF) during the preheating stage for the three plants were 
0.0356–1.51 μg TEQ t− 1, and the EF was 0.0359 μg TEQ t− 1 during the E3 smelting stage. PBDD/Fs were found to 
contribute 2.39–67.85% to the total mass and 2.84–57.68% to the total dioxin TEQ. These wide fluctuations were 
caused by differences in the composition of feeding materials and the working temperature of bag filters. Overall, 
the results indicate that PBDD/F emissions from EAF steelmaking should receive increased attention. The PBDD/ 
F congener patterns among the three EAF plants were variable, possibly because of differences in raw materials. 
The results presented herein will facilitate assessment of the contribution of EAFs to total PBDD/F emissions in 
China and investigations of PBDD/F emissions at different stages of steelmaking processes using EAFs.   

1. Introduction 

PBDD/Fs are unintentionally produced persistent organic pollutants 
(UP-POPs) that have not yet been included in the Stockholm Conven-
tion. PBDD/Fs are considered to have the same chemical structure as 
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), as 
well as similar physical and chemical properties and toxicological effects 
(Behnisch, 2003; Birnbaum, 2003). Therefore, they threaten the health 
and global environment (Birnbaum, 2003). In recent years, PCDD/Fs 
have attracted widespread attention from society and scientific re-
searchers (Venkatesan and Halden, 2014; Zacs et al., 2013) and have 
been continuously found in the atmosphere, sediments, marine food and 

waste (Choi et al., 2003; Li et al., 2008, 2015; Watanabe et al., 2004; 
Zacs et al., 2013). Moreover, PBDD/F pollution appears to be increasing 
(Ericson Jogsten et al., 2010; Venkatesan and Halden, 2014). Compared 
with PCDD/Fs, PBDD/Fs have a larger molecular weight, higher melting 
point, lower vapor pressure and lower water solubility (Rordorf, 1987; 
WHO, 1998). A previous study (Birnbaum, 2003) showed that the 
half-life of 2,3,7,8-tetrabromodibenzofuran (TBDF) in mice and rats is 
longer than that of 2,3,7,8-tetrachlorodibenzofuran (TCDF). They 
believed that the potential toxicity of 2,3,7,8-substituded PBDD/Fs was 
equivalent to that of 2,3,7,8-substituded PCDD/Fs, and that some 
PBDD/Fs congeners are even more toxic than PCDD/Fs. Moreover, 
PBDD/Fs are considered to have higher bioaccumulation than PCDD/Fs, 
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and are more sensitive to ultraviolet (UV) degradation because C-Br 
(276 kJ/mol) bonds have weaker energy than C–Cl bonds (328 kJ/mol) 
(Birnbaum and Staskal, 2004; Takahashi et al., 2006). PBDD/Fs are also 
sensitive to high temperature, and highly brominated PBDD/Fs are 
prone to photodegradation and thermal degradation (Onodera et al., 
2003). These characteristics lead to difficulties in analysis (Hagberg, 
2009), which has led to poor understanding of the existing levels and 
profiles of PBDD/Fs in different substrates and their emission sources. 

PBDD/Fs enter the environment as industrial by-products that are 
mainly produced and emitted during thermal industrial processes, as 
well as in the production, pyrolysis, and recycling of brominated flame 
retardants (BFRs). Previous studies (Du et al., 2010; Duan et al., 2011; 
Weber, 2003) have shown that industrial thermal processes such as 
e-waste dismantling and waste incineration plants significantly influ-
ence PBDD/F concentrations in the surrounding environment. Du et al. 
(2010) investigated the production of brominated dioxins in several 
metallurgical and combustion processes and found that the levels of 
PBDD/F produced during metallurgical processes were markedly higher 
than the amounts produced during combustion processes, indicating 
that metallurgical processes may comprise a considerable source of 
PBDD/Fs. 

Du et al. (2010) showed that metallurgical processes, including 
electric arc furnace steelmaking processes, emit far more emissions than 
combustion processes at municipal solid waste incinerators (MWIs), 
hazardous waste incinerators (HWIs), and crematories. The levels of 
PBDD/Fs emitted in EAF process are moderate to lower when compared 
to other metallurgical process (Du et al., 2010; Wang et al., 2010; Wu 
et al., 2014). However, the total production capacity of EAF steel of 
China has been the highest worldwide for many years, and the amount of 
EAFs generated during total crude steel production in China is 
increasing (Association, 2017, 2019, 2020). 

To date, only three articles (Du et al., 2010; Wang et al., 2010; Wu 
et al., 2014) have focused on PBDD/F emission levels and characteristics 
in EAFs for steelmaking processes, and PBDD/F emissions at different 
stages of EAF plants have not been investigated. In this study, the mass 
concentrations, TEQs, congener profiles, and emission factors of 
PBDD/Fs in stack gases emitted from EAFs for steelmaking plants during 
the preheating stage and the smelting stage were determined. The re-
sults presented herein will facilitate assessment of the contribution of 
EAFs to total PBDD/F emissions in China and can fill the gaps in the 
study of PBDD/F emissions at different stages in EAF steelmaking 
processes. 

2. Materials and methods 

2.1. Sample collection 

There is no international standard method for the collection of 
PBDD/Fs in stack gas; therefore, we mainly referred to the PCDD/Fs 
sampling method (European Union standard EN-1948) for collection of 
stack gas samples from EAFs for steelmaking plants. Detailed sample 

information is summarized in Table S1. Briefly, nine samples from three 
plants were collected. Sampling of the smelting stages was performed in 
E3 and sampling of the preheating stages were performed in E1, E2, and 
E3 using an Isostack G4 1.4 mc automatic sampler (TCR TECORA, Milan, 
Italy) according to the isokinetic method. For plants E1 and E2, we 
strictly followed the standard and took three parallel samples from the 
preheating stage of each plant. However, because of the actual condi-
tions on site, we were only able to take one sample from the preheating 
stage and two samples from the smelting stage for E3. Each sample 
covered 1–2 cycles and mainly existed in particulate matter (from the 
quartz fiber filter), water vapor (from the condensate), the gas phase 
(from the XAD-2 resin), and other parts (washing fluid, etc.) The 
collected samples were wrapped in aluminum foil, then put in a dark bag 
and subjected to pretreatment analysis as fast as possible. 

2.2. Sample pre-treatment 

Before sample pre-treatment, 13C12-labeled internal standard EDF- 
5408 (1 ng, Cambridge Isotope Laboratories, USA) was added to each 
sample to determine the recoveries of the sample pre-treatment pro-
cedure. Samples from the above four parts (the quartz fiber filter, the 
condensate, the XAD-2 resin, and the washing fluid) were subsequently 
treated with pesticide-grade solvents as described below. Samples 
adsorbed on solid particles were then extracted with 250 mL toluene 
using a Soxhlet extractor for ~ 24 h, while liquid samples were extracted 
three times with dichloromethane using the liquid-liquid extraction 
method. Next, they were combined and condensed to 2 mL in a rotary 
evaporator, after which purification was conducted using an acid silica 
gel column, multilayer silica gel column and activated carbon column in 
turn. The PBDD/Fs were then eluted from the activated carbon column 
using 250 mL of toluene, condensed to 2 mL with a rotary evaporator, 
and then transferred to a Kuderna–Danish tube. Finally, samples were 
condensed to 0.1 mL with a nitrogen blower and frozen, after which 
instrumental analysis was conducted as soon as possible. 

2.3. Instrumental analysis 

At present, there is no universal analytical standard for PBDD/Fs 
because of their low concentrations in nature, complex matrix, strict pre- 
processing purification and separation steps and the high-sensitivity 
precision instruments required to identify them. Therefore, this study 
utilized a previous method developed by our research group (Du et al., 
2010; Li et al., 2015; Wang et al., 2015) to analyze PBDD/Fs from stack 
gas samples in light of the isotope dilution HRGC/HRMS method. Prior 
to injection, the 13C12-labeled standard EDF-5409 (Cambridge Isotope 
Laboratories, USA) was added to assess the recovery of the instrumental 
analysis procedure. In addition, an Agilent 6890 N gas chromatograph 
combined with a Waters Autospec Ultima NT mass spectrometer was 
used to analyze 13 PBDD/F congeners qualitatively and quantitatively 
by HRGC-HRMS. The mass spectrometer was operated at a resolution of 
10,000 in positive electron impact (EI+) ionization mode at 35 eV and 

Table 1 
Mass concentrations and TEQs of PBDD/Fs in the stack gas from EAFs.  

Source E1-PS E2-PS E3-PS E3-SS 

Name mean (n = 3) SD mean (n = 3) SD mean (n = 1) mean (n = 2) SD 

PBDFsa  847.7  196.4  9135.6  3322  256.1  209.1  5.1 
PBDDsa  68.7  40.8  332.2  123.8  15  52.8  6.7 
PBDFs/PBDDs ratio  18  17.1  28  6  17  4  0.4 
∑

PBDD/Fsa  916.4  187.2  9467.8  3431.9  271.1  261.9  11.8 
PBDF TEQb  58.7  17.2  861.4  412.2  9.7  2.4  0.9 
PBDD TEQb  14.1  1.4  109.8  3.9  1.1  2.1  1 
PBDFs/PBDDs TEQ ratio  4  0.9  8  4  9.1  1.2  0.1 
∑

PBDD/F TEQb  72.7  18.5  971.2  412.7  10.8  4.5  1.9  

a unit=pg/Nm3. 
b unit=pg TEQ/Nm3. 
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the PBDDs and PBDFs were analyzed in selected ion monitoring mode. 
Some high brominated dioxins are prone to pyrolysis and photolysis; 
therefore, a short column length (15 m) and a thin stationary phase 
(0.10 µm) column was used to avoid degradation of PBDD/Fs during the 
separation process. During analysis, a DB5-HT column (15 m × 0.25 mm 
I.D. × 0.10 µm) was applied to separate the 13 PBDD/F congeners. This 
separation was performed in pulsed splitless mode with an injection 
volume of 1 μL using an initial carrier gas flow rate of 4.0 mL/min for 1 
min, followed by 1.0 mL/min constant current operation. The carrier gas 
was helium, the temperature of the injection port was 280 ◦C, and the 
oven temperature was as follows: 130 ◦C for 2 min, followed by an in-
crease of 30 ◦C /min to 230 ◦C, and then 10.0 ◦C/min to 325 ◦C, which 
was held for 3 min. 

2.4. Quality assurance and quality control 

The organic solvents used in this experiment were all of pesticide 
residue grade. Prior to use, all glassware was rinsed three times with 
acetone, toluene and hexane. In addition, all analytical procedures were 
performed using field blank samples and actual samples. PBDD/Fs were 
either not detected in the field blank samples or were present in levels 
far below those observed in the actual sample. A standard method for 

PBDD/F analysis has not yet been established; therefore, we refer to the 
method based on USEPA Method 1613B developed by our research 
group in the early stage. In addition to 13C12–OBDF, the recoveries of 
13C12–labeled internal standards PBDD/F congeners ranged from 32.2% 
to 103.6%. Although the recoveries of 13C12–OBDF were relatively low 
(17.6–45.8%), they were still within the 17–169% required for 
13C12–OCDFs by USEPA 1613B, which indicated that the method was 
suitable for analysis of trace PBDD/Fs. 

2.5. Statistical analysis 

Stack gas samples from three typical EAF plants utilized for steel-
making were analyzed. The concentrations of stack gas samples were 
obtained by combining MassLynx and Excel. The TEQ concentration of 
stack gas in EAF plant is obtained by multiplying the concentration of 
each congener by its corresponding toxicity equivalent factor (TEF). 
Relative contributions of PBDDs, PBDFs, PCDFs, and PCDDs to the total 
TEQs were obtained by Origin 9.0. Origin 9.0 are also used to presented 
PBDD/F congener profiles in stack gas from case EAF plants. 

The EFs of PBDD/Fs were calculated using Eq. (1).   

Fig. 1. The mass concentrations of 13 PBDD/F congeners in the stack gas from EAFs.  
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The detailed parameters needed (stack gas concentration, flow rate, 
production rate) were displayed in Table S1 and Table 1. 

3. Results and discussion 

3.1. PBDD/F concentrations in stack gas from investigated EAF plants 

Stack gas samples from three typical EAF plants utilized for steel-
making were analyzed. At present, there is no uniform equivalent factor 
for evaluation of the toxicity of PBDD/Fs; therefore, the TEQ calculation 
was conducted using TEFs of their corresponding chlorinated analogs as 
recommend by the World Health Organization (WHO). The mass con-
centrations and TEQs of 2,4,6,8-substituted Tetra-brominated Di-
benzofurans (TBDF) and twelve 2,3,7,8-substituted PBDD/F congeners 
are presented in Table 1 and Fig. 1. 

3.1.1. Abbreviations 
Hazardous waste incinerator (HWI); municipal solid waste inciner-

ator (MWI); industrial waste incinerators (IWIs); coal-fired power plants 
(CFPP); crematory (Cre); secondary zinc smelter (SZn); secondary lead 
smelter (SPb); secondary aluminum smelter (SAl); iron ore sintering 
(SNT); secondary copper smelter (SCu); converter steelmaking processes 
(CSP); EAF fly ash treatment plants (EAF FATP). 

The mean total substituted PBDD/F mass concentrations were 916.4 
(range: 700.6–1033.9, SD = 187.2), 9467.8 (range: 6590.5–13266.3, 
SD = 3431.9), and 271.1 pg Nm− 3 in the preheating stages in plants E1, 
E2, and E3, respectively, while the total WHO2005-TEQ concentrations 
were 72.7 (range: 50.4–90.9, SD = 18.5), 971.2 (range:5 51.9–1376.9, 
SD = 412.7), and 10.8 pg TEQ Nm− 3. The raw materials used by E2 
(Table S1) include PVC plastics, cutting oil, tires, and appliances, which 
explains the high emissions. The PBDD/F concentrations of the three 
parallel samples collected from the same EAF facilities fluctuated 
greatly, mainly because the working conditions were changing during 
the actual sampling process. PBDD/F TEQs found in stack gases from 
different emission sources in previous studies are summarized and 
shown in Fig. 2. The emission sources in Fig. 2 include HWI (Du et al., 
2010; Song et al., 2019), MWI (Du et al., 2010; Song et al., 2019; Wang 

and Chang-Chien, 2007; Wang et al., 2010), IWIs (Wang and 
Chang-Chien, 2007), CFPP (Hutson et al., 2009), Cre (Du et al., 2010), 
secondary metal smelters (SZn, SPb, SAl, and SCu) (Du et al., 2010; 
Wang et al., 2016), SNT (Drage et al., 2014; Du et al., 2010; Wang et al., 
2010), CSP (Li et al., 2014), EAF FATP (Wang et al., 2010), EAFs (Du 
et al., 2010; Wang et al., 2010; Wu et al., 2014), and four emission 
sources investigated in this study (E1-PS, E2-PS, E3-PS, E3-SS). The re-
sults obtained in this study are shown in the blue box. The results clearly 
show that, in general, the emissions of PBDD/Fs produced during 
metallurgical processes (including EAFs utilized in steelmaking plants) 
are greater than the emissions produced by combustion sources. It 
should be noted that EAF steelmaking emits more PBDD/Fs than con-
verter steelmaking, which is also the main steelmaking method. Only 
three articles (Du et al., 2010; Wang et al., 2010; Wu et al., 2014) 
investigating PBDD/F TEQs in EAF plants were found, and these had 
TEQs ranging from 0.000869 to 0.35 ng TEQ Nm− 3 and a geomean value 
of 0.117. The mean total substituted PBDD/F TEQs in plants E1 and E3 
were in the range of those reported in previous studies (Du et al., 2010; 
Wang et al., 2010; Wu et al., 2014), but the TEQs in the E2 samples were 
eight times higher than those previously reported, and were close to the 
limit of 1.0 ng TEQ Nm− 3 set by the China National Standard for 
emissions of air pollutants during industrial steel smelting. This is 
because E2 scrap steel raw materials are complex and may contain BFRs, 
which are known precursors of PBDD/Fs. In addition, the working 
temperature of the E2 bag filter is 230 ◦C, which facilitates generation of 
PBDD/Fs, while those of E1 and E3 are only 150 ◦C and 120 ◦C, 
respectively, which are not favorable for PBDD/F generation. 

Regarding plant E3, the PBDD/F mass concentrations and TEQs in 
the preheating stage (271.1 pg Nm− 3 and 10.8 pg TEQ Nm− 3) were 
slightly higher than those in the smelting stage (261.9 pg Nm− 3 and 
4.5 pg TEQ Nm− 3), which was ascribed to different operational tem-
peratures. The scrap preheating stage ranges from 200 ◦C to 700 ◦C, 
which contributes to the formation of PBDD/Fs through PBDEs pre-
cursors synthesis (Weber, 2003). However, the smelting stage is con-
ducted at > 1300 ◦C, which is not adverse to PBDD/F formation and 
causes those that are generated to decompose. Other researchers (Oda-
basi et al., 2009, 2017; Quass et al., 2000) also found that EAF plants 
with scrap preheating emitted larger amounts of UP-POPs than those 
without scrap preheating. 

Wang et al. (2008) indicated that EAF processes were associated with 
elevated PBDD/F levels in the surrounding atmosphere, resulting in 
greater potential exposure of humans to PBDD/Fs. Future studies should 
focus on the risk of PBDD/Fs from EAF plants. 

3.2. Relative contributions of PBDDs, PBDFs, PCDFs, and PCDDs to the 
total TEQs in stack gases emitted by EAFs of steelmaking plants 

The relative contributions of PBDDs, PBDFs, PCDFs, and PCDDs to 
the total TEQs in different stack gas samples were calculated and 
compared (Fig. 3). As shown in the figure, furans (PBDFs and PCDFs) 
contributed much more than dioxins (PBDDs and PCDDs) in all samples. 

PCDFs were found to contribute the most dioxin (based on mass 
concentration) to the stack gas of the EAF plants, accounting for about 
26.62–61.17% of the total dioxins, followed by PBDFs (2.31–60.83%), 
PCDDs (3.9–36.44%) and then PBDDs (0.08–13.67%) (Fig. 3 (1a, 2a, 3a, 
4a)). Similarly, PCDFs contributed the most to the TEQs, accounting for 
35.39–52.28% of the total. However, PCDDs were the second largest 
contributor (6.94–49.9%), followed by PBDFs (2.52–46.51%). Similar to 

Fig. 2. PBDD/Fs TEQs found in stack gases from various emission sources (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article). 

Emissionfactor� (μgTEQ
/

t) =
stackgasconcentration� (pgTEQ

/
Nm3）× 10− 6 × stackgasflowrate� (Nm3/h)

productionrate� (t/h)
. (1)   
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PBDDs based on mass concentration, the PBDDs comprised only a small 
portion of the TEQs (0.32–11.17%) (Fig. 3 (1b, 2b, 3b, 4b)). 

PBDDs and PBDFs (on mass and TEQs basis) were found to be more 
abundant than PCDDs and PCDFs in the scrap preheating stage during 
the E1 stage (Fig. 3 (1a, 1b)). PBDDs and PBDFs were also found to 
contribute more than chlorinated dioxins and furans during the E3 
smelting stages (Fig. 3 (4a)). These findings indicate that PBDD/F 
compounds should receive greater attention. 

The ratios of PBDD/Fs to PCDD/Fs (marked as B/C) were calculated 
on both a TEQ and mass basis and are displayed in Table 2. For E1 and 
E3, the B/C TEQ ratios ranged from 0.25 to 1.4 and the B/C mass ratios 
ranged from 0.8 to 2.1, which are parallel with the results (mass and 
TEQs, 2.6 and 12) for EAF plants investigated by Du et al. (2010). For E2, 
the B/C mass and TEQ ratios (0.025 and 0.029) were clearly lower than 
those obtained in other EAF plants; however, these ratios were similar to 
the results observed for crematories, SZn, SCu, HWIs and MWIs obtained 
by Du et al. The low B/C ratio of E2 is mainly a result of the high 
emissions of PCDD/Fs, which may be because the raw materials, APCD 
and EAF plant operating conditions at E2 plants are conducive to the 
production of PCDD/Fs. In most cases, the PBDD/F level of the EAF 
process was significantly higher than that of the combustion process. 
Overall, these findings indicate that EAF plants should be regarded as a 
considerable source of PBDD/Fs and considered in future studies. 

3.3. PBDD/F congener profiles in stack gas from case EAF plants 

The concentrations of the twelve 2,3,7,8-substituted PBDD/F con-
geners and 2,4,6,8-substituted TBDF were normalized to the total 

substituted congener concentrations from smelting stages of E3 plants 
and the preheating stages of each plant to evaluate the congener profiles 
of PBDD/Fs. The PBDD/F congener profiles are displayed in Fig. 4. 

The congener profiles of PBDD/F among the three investigated EAF 
plants varied. For E1, OBDF, 2,3,7,8-TBDF and 2,4,6,8-TBDF were the 
three most abundant congeners, accounting for 33%, 23% and 19% of 
the total, respectively. For E2, 1,2,3,4,6,7,8-HpBDF, 1,2,3,4,7,8-HxBDF 
and 2,3,7,8-TBDF were the three most abundant congeners, accounting 
for 32%, 18% and 14%, respectively. For E3, OBDF and 1,2,3,4,6,7,8- 
HpBDF were the predominant congeners in the scrap preheating 
stages, accounting for 90%, while other congeners were present in 
extremely low levels or below the detection limit. The OBDF accounted 
for the highest proportion (71%) in the smelting stages, while the levels 
of the other congeners were relatively low. Wu et al. (2014) and Wang 

Table 2 
B/C ratios in investigated EAF plants (Yang et al., 2020).  

Source Mass basis TEQ basis 

E1-PS  1.9  1.4 
E2-PS  0.025  0.029 
E3-PS  0.8  0.4 
E3-SS  2.1  0.25  

Fig. 4. PBDD/F congener profiles of EAF steelmaking plants.  

Fig. 3. Contributions of polybrominated dibenzo-p-dioxins (PBDDs), polybrominated dibenzofurans (PBDFs), polychlorinated dibenzo-p-dioxins (PCDDs), and 
polychlorinated dibenzofurans (PCDFs) (Yang et al., 2020) to the total dioxin (a) mass concentrations and (b) TEQs in the stack gas from investigated EAF plants. 
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et al. (2010) both found that 1,2,3,4,6,7,8-HpBDF and OBDF were the 
dominant congeners, whereas the others were present at very low levels 
or below the detection limits (Wang et al., 2010; Wu et al., 2014), and 
this pattern was consistent with the patterns observed in the scrap 
preheating stages of E3 plants in the present study. Moreover, they both 
considered PBDEs to be the precursor for PBDFs formation ((Wang et al., 
2010; Wu et al., 2014) b); however, 1,2,3,4,7,8-HxBDF and 1,2,3,7, 
8-PeBDF were found to be dominant in a study conducted by (Du 
et al., 2010). It was inferred that this discrepancy was because of dif-
ferences in raw materials among studies. 

Evaluation of the homolog profiles revealed that PBDF homologs 
contributed more than PBDD homologs in all samples. This is also 
evident in the data presented in Table 1, which shows that the calculated 
PBDF/PBDD mass ratio was greater than one (range, 4–28) for the scrap 
preheating stages and the smelting stages. Similarly, the PBDF/PBDD 
TEQ ratio was greater than one (range, 1.2–9.1) for the scrap preheating 
and smelting stages. These patterns have also been observed in stack gas 
of EAF plants by Wu and Du et al., (2014, 2010). Similar to EAF plants, 
PBDF accounted for the majority of the total concentration in other in-
dustrial sources (Du et al., 2010). 

3.4. PBDD/F emission factors in stack gas from the investigated EAF 
plants 

Emission factors (EFs) are critical to establishment of a PBDD/F in-
ventory on the basis of limited data. As shown in Table 3, the PBDD/F 
EFs were 0.17, 1.51 and 0.0356 μg TEQ t− 1 in the preheating stages for 
E1, E2 and E3, respectively, and 0.0359 μg TEQ t− 1 during the smelting 
stage for E3. The EFs of the scrap preheating stages for E1 and E2 were 
observably higher than that of the smelting stage (0.0359 μg TEQ t− 1). 
However, the EF of the E3 preheating stage (0.0356 μg TEQ t− 1) was just 
below that of the smelting stage (0.0359 μg TEQ t− 1). We speculate that 
this was primarily because the chimney gas flow of the smelting stage 
was high. 

The EFs of the preheating and smelting stages for plants E1 and E3 
are consistent with previously reported values such as 0.00247 µg TEQ/ 
ton-feedstock (Wu et al., 2014), and 0.0799 µg TEQ/ton-product (Wang 
et al., 2010). However, the EF of the E2 preheating stage was 20–750 
times higher than previously reported. Differences in EF are ascribed to 
differences in the feeding materials of each plant and the working 
temperature of APCD in case plants. 

4. Conclusions 

We investigated three typical EAF plants to estimate the emissions of 
PBDD/Fs in China focusing on the smelting stage in E3 plants and the 
preheating stage in all plants. The PBDD/F levels in the preheating 
stages were higher than in the smelting stage. The differences in the 
working temperatures of bag filters and feeding materials contributed to 
differences in the PBDD/F concentrations and emission factors among 
three EAF plants. The PBDD/F levels in EAF steelmaking plants were 
higher than in the combustion sources and converter steelmaking. The 
PBDD/F levels from plants E1 and E3 were in the range reported in 
previous studies, while E2 emitted more PBDD/Fs than previously re-
ported. In some stack gases, PBDD/F contributed more than PCDD/F to 
the total TEQs; therefore, PBDD/F emissions in the stack gases emitted 

by EAF steelmaking plants should receive increased attention. The 
congener profiles of PBDD/F among the three investigated EAF plants 
varied, possibly because of differences in raw materials. EAFs for 
steelmaking plants are considered important emission sources of PBDD/ 
Fs, and our study provides preliminary support for assessing the 
contribution of EAFs for steelmaking plants to China’s total PBDD/F 
emissions. 
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