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Abstract Nine typical waste incinerating plants were inves-
tigated for polychlorinated naphthalene (PCN) contents in
their stack gas. The incinerators investigated include those
used to incinerate municipal solid, aviation, medical, and
hazardous wastes including those encountered in cement
kilns. PCNs were qualified and quantified by isotope dilu-
tion high resolution gas chromatography–high resolution
mass spectrometry techniques. An unexpectedly high con-
centration of PCNs (13,000 ngNm−3) was found in the stack
gas emitted from one waste incinerator. The PCN concen-
trations ranged from 97.6 to 874 ngNm−3 in the other waste
incinerators. The PCN profiles were dominated by lower
chlorinated homologues, with mono- to tetra-CNs being the
main homologues present. Furthermore, the relationships
between PCNs and other unintentional persistent organic
pollutants involving polychlorinated dibenzo-p-dioxins and
dibenzofurans, polychlorinated biphenyls, hexachloroben-
zene, and pentachlorobenzene were examined to ascertain
the closeness or otherwise of their formation mechanisms. A
good correlation was observed between ΣPCN (tetra- to
octa-CN) and ΣPCDF (tetra- to octa-CDF) concentrations
suggesting that a close relationship may exist between their
formation mechanisms. The results would provide an

improved understanding of PCN emissions from waste
incinerators.
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Introduction

Polychlorinated naphthalenes (PCNs), a family of two-
ringed aromatic compounds, are ubiquitous environmental
pollutants (Domingo 2004; Bidleman et al. 2010). Seventy-
five possible congeners exist based on naphthalene substi-
tuted with one to eight chlorine atoms. PCNs exhibit dioxin-
like toxicities as a result of their structural similarity to
dioxins (Falandysz 1998; Olivero-Verbel et al. 2004). They
have been used in a variety of industrial applications, such
as dye-making; as fungicides in the wood, textile, and paper
industries; as plasticizers; and as oil additives (Bidleman et
al. 2010). The total global PCN production is estimated to
be 10 % of polychlorinated biphenyl (PCB) production or
150,000 t (Falandysz 1998; Helm and Bidleman 2003). The
production and use of PCNs have been banned in the USA
and Europe since the 1980s (Marti-Cid et al. 2008).
However, PCNs can be produced unintentionally by indus-
trial thermal processes such as waste incinerators, secondary
nonferrous metallurgical facilities, and coking industries
and may eventually be released into the environment
(Imagawa and Lee 2001; Oh et al. 2007; Ba et al. 2010; Liu
et al. 2010).

Furthermore, the influence of combustion sources on the
levels and profiles of PCNs in air has also been reported at
an industrialized location in Toronto, Canada (Helm and
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Bidleman 2003). In terms of toxic equivalency (TEQ), PCN
levels in human blood have been found to exist in concen-
trations slightly greater than other dioxin-like compounds
(Park et al. 2010). Park et al. (2010) determined PCN, poly-
chlorinated dibenzo-p-dioxins (PCDDs), polychlorinated
dibenzofurans (PCDFs), and PCB concentrations in the serum
of individuals working at municipal solid waste (MSW) incin-
erators as well as those living in close proximity to these
facilities and realized that the PCNs contribution to total
TEQ in the serum (26.8 %) was slightly greater than that of
the PCDDs (23.8 %), PCDFs (25.0 %), and PCBs (24.3 %).
Thus, PCNs emitted from waste incinerators have attracted
increasing attention for their potential impact on the ambient
environment and human health.

Some studies have been conducted to understand how
PCNs form and several formation mechanisms have been
suggested such as chlorination of naphthalene, de novo
synthesis from polycyclic aromatic hydrocarbons (PAHs),
and chlorophenol condensation (Weber et al. 2001; Oh et al.
2007; Jansson et al. 2008; Liu et al. 2010). To investigate
the formation mechanisms, the relationships between PCNs
and other incinerator emission compounds, such as naph-
thalene, PAHs, and PCDD/Fs, were examined. These com-
pounds may be co-formed by similar mechanisms or may
serve as reactants to form PCNs. Oh et al. (2007) found that
a strong correlation existed between PCNs and PCDFs and
adjacent PCN homologue groups were closely related to one
another. They suggested that PCN formation was related to
chlorination/dechlorination mechanisms, similar to PCDFs
formation. Meanwhile, Weber et al. (2001) suggested that
PCNs can be formed via de novo synthesis from PAHs
based on results of the de novo experiments. The formation
mechanism of PCNs is, however, still unclear and needs
further study.

In recent years, a large portion of the literature on the
emission of dioxin-like compounds from waste incinerators
has focused on PCDD/Fs and PCBs (Behnisch et al. 2002;
Shin et al. 2006; Jansson et al. 2009; Ni et al. 2009; Węgiel
et al. 2011; Yan et al. 2011). Fewer investigations have been
conducted on PCNs, especially regarding their release from
stack gas in relation to the types and scales of waste incin-
erators. In this study, nine different waste incinerating plants
were investigated for PCN contents in the stack gas. The
incinerators investigated include those used to incinerate
MSW, aviation, medical, and hazardous wastes including
those encountered in cement kilns. The relationships between
PCNs and other unintentional persistent organic pollutants
(U-POPs) including PCDD/Fs, PCBs, hexachlorobenzene
(HxCBz), and pentachlorobenzene (PeCBz) under the
Stockholm Convention were examined to ascertain the
similarities or otherwise of their formation mechanisms.
The findings of this study would be useful for controlling
PCN emissions from waste incinerators.

Materials and methods

Sample collection

A total of 27 stack gas samples were collected from nine
different waste incinerators, including those used to incin-
erate MSW, aviation, medical, and hazardous wastes
(detailed information in Table 1). Three stack gas samples
from each waste incinerator were collected by an automatic
isokinetic sampling system, Isostack Basic (TCR TECORA,
Italy) according to European Standard EN-1948: part 1. The
sampling point was set downstream of all air pollution
control systems (APCSs). Particles in the stack gas were
trapped by a microfiber thimble filter (25 mm i.d., 90 mm
length, Whatman). Gasses were cooled in a condensing
system and then adsorbed in a trap with Amberlite XAD-2
resin (Supleco International Ltd., Varina). The resin was
spiked with sampling standards (three surrogate target com-
pounds: 13C12-1,2,3,7,8-PeCDF,

13C12-1,2,3,7,8,9-HxCDF,
and 13C12-1,2,3,4,7,8,9-HpCDF) before sampling.

Sample preparation and analysis

The stack gas samples were spiked with 13C10-labeled PCN
(ECN-5102, tetra-octa-CNs mixture comprising 13C10-
CN27, 42, 52, 67, 73, and 75; Cambridge Isotope
Laboratories, USA) internal standards and were then
Soxhlet extracted with toluene for approximately 24 h.
Subsequently, the sample extracts were concentrated and
subjected to a series of cleanups by adsorption chromatog-
raphy including an acid silica gel column, a multilayer silica
gel column (from top to bottom: anhydrous sodium sulfate,
1 g activated silica gel, 8 g silica/H2SO4 44 % (w/w) gel, 1 g
activated silica gel, 5 g silica/NaOH (1 M) 33 % (w/w) gel,
1 g activated silica gel, 2 g of silica/AgNO3 10 % (w/w) gel,
and 1 g activated silica gel) and a basic alumina column.
Finally, the extracts were concentrated to approximately
20 μL by rotary evaporation and a gentle stream of nitrogen
gas. Prior to injection, a 13C10-labeled PCN syringe standard
(ECN-5260: 13C10-CN64, Cambridge Isotope Laboratories,
USA) was added to the extracts. PCNs were analyzed using
a gas chromatograph (GC) coupled with a DFS mass spec-
trometer (MS; Thermo Fisher Scientific, USA) with electron
impact ion source. The high resolution MS was operated in
selected ion monitoring mode with a resolution greater than
10,000. One microliter of the final concentrate of extract
was injected with an autosampler in splitless mode. A DB-5
fused silica capillary column (60 m×0.25 mm i.d.×
0.25 μm) was used for the separation of PCN congeners.
The electron emission energy was set to 45 eV. The source
temperature was 270 °C. The column temperature program
was as follows: isothermal at 80 °C for 2 min, 20 °Cmin−1

to 180 °C, held at 180 °C for 1 min, 2.5 °Cmin−1 to 280 °C,
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10 °Cmin−1 to 290 °C, and finally held at 290 °C for 5 min.
The carrier gas was helium with a flow rate of 1 mLmin−1.

Quality control and assurance

Some native standards (CN13, 27, 42, 52, 54, 64, 67, 70, 73,
and 75, Cambridge Isotope Laboratories, USA) and tech-
nical Halowax 1014 (Accustandard, USA) together with
13C-labeled standards (13C10-CN27, 42, 52, 64, 67, 73,
and 75) were used to identify the elution pattern of PCN
congeners. The peaks were identified based on retention
time compared with available individual standards and ion
ratios. The elution order of the PCN congeners on the DB-5
column was also taken into account (Schneider et al. 1998;
Abad et al. 1999). Peaks were quantified if the GC retention
times matched those of the standard compounds and the
ratios of target/qualifier ion were within 15 % of the theo-
retical values. The detection limits and quantification limits
were defined as three and ten times the signal-to-noise ratio,
respectively. The recoveries of sampling and internal labeled
standards in the samples were in the range of 74–90 and 42–
88 %, respectively (Electronic supplementary material
(ESM) Table S2). Blank experiments were carried out in
each batch of samples. Some mono- and di-chlorinated

congeners were detected in the blank sample, but their
concentrations were all lower than 5 % that in the stack
gas samples. The PCN concentrations in samples were not
corrected with blank values in this study. The analysis
procedure and quality control for PCDD/Fs, PCBs, PeCBz
and HxCBz can be found in the ESM.

Statistical analysis

To evaluate the relationships between the concentrations of
PCNs and other U-POPs from the waste incinerators investi-
gated, a principal component analysis (PCA) was applied.
Correlation analysis (CA) was performed among closely re-
lated compounds to investigate their relationships further.
PCA and CAwere performed using SPSS 13.0 for Windows.

Results and discussion

Concentration of PCNs emitted from waste incinerators
investigated

The concentration of PCNs in the stack gas samples
from each waste incinerator is presented in Table 2. PCN

Table 1 Detailed information of waste incinerators investigated

Plant denotation Incinerator type Capacity (ton/day) APCS Type of waste material

WI1 Fluidized bed incinerator 350 SDC + AC + BF Municipal solid waste

WI2 Fluidized bed incinerator 480 SDC + AC + BF Municipal solid waste

WI3 Fluidized bed incinerator 350 SDC + AC + BF Municipal solid waste

WI4 Grate incinerator 100 SDC + AC + BF Municipal solid waste

WI5 Grate incinerator 800 SDC + AC + DBF Municipal solid waste

WI6 Rotary kiln + SCC 25 SDC + AC + BF Aviation waste

WI7 Rotary kiln + SCC 15 SDC + AC + BF + WS Medical waste

WI8 Rotary kiln + SCC 20 SDC + AC + BF Hazardous waste

WI9 Cement kiln 120 SDC + BF Hazardous waste

SCC secondary combustion chamber, SDC semi-dry scrubber, AC activated carbon, BF bag filter, DBF dual bag filter, WS wet scrubber

Table 2 PCN concentrations,
chlorination degrees, and
dl-PCN/PCN ratios in stack gas
from investigated waste
incinerators

aCalculated as Σ[(homologue/
total PCNs) × no. of Cl]

Plant denotation Total PCNs
(ngNm−3)

dl-PCNs
(ngNm−3)

dl-PCN TEQs
(pg TEQNm−3)

dl-PCN/PCN
ratios

Chlorination
degreea

WI1 13000 11300 198 0.87 1.22

WI2 239 211 6.43 0.88 1.38

WI3 874 275 18.6 0.31 2.71

WI4 786 90.3 32.9 0.11 3.34

WI5 185 16.7 3.09 0.09 3.33

WI6 330 29.1 2.16 0.09 3.17

WI7 97.6 23.4 1.74 0.24 3.08

WI8 379 47.3 1.76 0.12 2.92

WI9 282 228 5.71 0.81 1.49
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concentrations varied considerably among different waste
incinerators. An unexpectedly high concentration of PCNs
(13,000 ngNm−3) was found in the stack gas emitted from
WI1. The PCN concentrations ranged from 97.6 to 874 ng
Nm−3 in other waste incinerators. Some other studies have
investigated PCN emissions from MSW incinerators. Abad
et al. (1999) determined the PCN concentrations in stack gas
samples from five MSW incinerators and found that the total
PCN levels ranged from 1.08 to 21.4 ngNm−3. Oh et al.
(2007) reported that concentrations of PCNs in raw gas
collected just before the APCS under various operating
conditions were in the range of 939–9,990 ngm−3 in a
MSW incinerator. To our knowledge, emissions of PCNs
from medical waste incinerators, hazardous waste inciner-
ators, and cement kilns with hazardous waste disposal have,
however, not been reported. The concentrations of PCNs
emitted from waste incinerators in this study were higher
than those of five MSW incinerators reported by Abad et al.
(1999), but lower than that of raw gas from a MSW incin-
erator reported by Oh et al. (2007).

The dioxin-like toxicity of PCNs has been investigated in
previous studies (Hanberg et al. 1990; Blankenship et al.
2000; Villeneuve et al. 2000). The relative potency factors
(RPFs) of individual PCN congeners to 2378-TCDD
estimated in these studies have been used to evaluate the
toxicity of PCNs (Noma et al. 2004; Guo et al. 2008; Liu et
al. 2009). In this study, the TEQs of PCNs were defined by
the sum of the products of the concentration of each conge-
ner multiplied by its RPF reported by Noma et al. (ESM
Table S1). The dioxin-like PCNs (dl-PCNs) were defined as
those congeners whose toxic equivalent factors have been
suggested (ESM Table S1). The concentrations of dl-PCNs
ranged from 16.7 to 275 ngNm−3 in WI2–WI9 while an
unexpectedly high concentration of dl-PCNs (11,300 ng
Nm−3) was found in the stack gas emitted from WI1
(Table 2). The TEQs of the dl-PCNs ranged from 1.74 to
198 pgTEQNm−3, which were lower than that of PCDD/Fs,
but comparable with that of PCBs in the waste incinerators
investigated (ESM Table S3).

Profiles of emitted PCNs

The homologue profiles of PCNs emitted from the waste
incinerators are shown in Fig. 1. In WI1, WI2 and WI9,
mono-CNs were the predominant homologue and their con-
tributions to total PCNs (mono- to octa-CNs) were 81.5,
84.5, and 76.2 %, respectively. The weight distribution of
homologues decreased with increasing degree of chlorina-
tion in these three plants. In the other waste incinerators, di-,
tri-, and tetra-CNs were the predominant homologues. PCN
homologue profiles were dominated by lower chlorinated
homologues (mono- to tetra-CNs) in each waste incinerator
investigated. The degree of chlorination of PCNs was in the
range of 1.22–3.34 (Table 2), which is comparable with that
of coking industries (Liu et al. 2010). WI1, WI2, and WI9
emitted PCNs with relatively lower degree of chlorination
(1.22–1.49) compared with emissions from the other incin-
erators (2.71–3.34). On the other hand, emissions from WI1,
WI2, and WI9 were characterized with relatively greater
contents of dl-like PCNs. These three plants had dl-PCNs/
total PCNs ratios ranging from 0.8 to 0.88, compared with
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0.09–0.31 for the remaining plants. It is possible that the
difference in type of incinerators as well as the type of waste
incinerated may be responsible for the difference in the
degree of chlorination and dl-PCN/total PCN ratios. For
instance, it has been suggested that different PCN emission
patterns may exist between fluidized bed and some grate
MSW incinerators (Iino et al. 2001; Weber et al. 2001).

The characteristics of PCN profiles from different
cataloged sources have been applied to identify the specific
source of PCNs in the environment (Schneider et al. 1998;
Helm and Bidleman 2003; Pan et al. 2011). The major
sources of PCNs in the environment were the technical
formulations of PCNs (such as the Halowax series), indus-
trial thermal processes, and impurities in technical formula-
tions of PCBs (Abad et al. 1999; Yamashita et al. 2000; Ba
et al. 2010; Liu et al. 2010). Some PCN congeners have
been identified that are absent or present in trace amounts in
the technical formulations of PCNs and PCBs but are abun-
dant in thermal-related processes (Schneider et al. 1998;
Helm and Bidleman 2003; Helm et al. 2004). These con-
geners were recognized as combustion-related congeners
and have been used to analyze the sources of PCNs in air
(Helm and Bidleman 2003; Helm et al. 2004). On the other
hand, the ratios of selected PCN congeners may also indi-
cate a possible source. For instance, the ratios of CN1 to
CN2 and CN5/7 to CN6/12 were distinctly different
between fly ash samples from MSW incinerators and

Halowax samples (Schneider et al. 1998). Similarly, the
ratio of CN73 to CN74 varies in samples from different
sources with the values being less than 1 for Halowaxes,
but greater than 1 in stack gas or fly ash samples from
thermal-related sources (Abad et al. 1999; Noma et al.
2004; Takasuga et al. 2004; Liu et al. 2012). In this study,
the ratios of some characteristic PCN congeners were also
determined and are shown in Fig. 2. These ratios are obviously
different from those of the technical formulations of PCNs
and impurities of PCNs in technical formulations of PCBs
(ESM Fig. S2; Falandysz et al. 2000; Yamashita et al. 2000;
Noma et al. 2004; Falandysz et al. 2006a, b). This may provide
useful information for identifying specific PCN sources.

With regard to the toxic profiles of PCNs from waste
incinerators, the TEQ contributions of PCN congeners, for
which RPFs have been suggested, are shown in Fig. 3. CN1
and CN2 were the dominant toxic congeners owing to their
high concentrations in WI1, WI2, and WI9. In other incin-
erators, the most dominant toxic congeners were CN66/77
and CN73 owing to their relatively high RPFs compared
with other PCN congeners. The toxic profiles of PCNs in
this study were similar to that of the coking industries and
secondary nonferrous metallurgical facilities (Liu et al.
2009; Ba et al. 2010). In these studies, CN1, CN2, CN66/
77, and CN73 were also the main toxic contributors.

A significant positive correlation was observed between
adjacent PCN homologues, but mono-CNs and di-CNs
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Table 3 Pearson coefficient
between each PCN homologue

aCorrelation is significant at 0.01
level (two tailed)
bCorrelation is significant at 0.05
level (two tailed)

PCN MoCN DiCN TrCN TeCN PeCN HxCN HpCN OCN

MoCN 1

DiCN 0.995a 1

TrCN 0.604 0.669b 1

TeCN −0.255 −0.171 0.523 1

PeCN −0.218 −0.133 0.417 0.937a 1

HxCN −0.197 −0.128 0.466 0.944a 0.906a 1

HpCN −0.168 −0.128 0.379 0.773b 0.675b 0.921a 1

OCN −0.070 −0.060 0.114 0.332 0.394 0.566 0.691b 1
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showed a negative correlation with the tetra- through octa-
CNs (Table 3). Furthermore, the Pearson correlation coeffi-
cient decreased with increasing chlorine substitution among
tri- through octa-CNs. For example, the Pearson coefficient
between tri-CNs and tetra-CNs was 0.523 but decreased to
0.417 between tri-CNs and penta-CNs, and to 0.379 be-
tween tri-CNs and hepta-CNs. These results suggest that
chlorination may occur in a stepwise manner during the
formation of PCNs in waste incinerators, such that most of
the tri-CNs for instance, may form before the tetra-CNs,
penta-CNs until the octa-CNs in that order (Oh et al. 2007).

Relationships among PCNs and other U-POPs

We presume that it is possible to extend some of the existing
approaches at controlling classical U-POPs (such as PCDD/
Fs, PCBs, and chlorobenzenes) from incinerators to also
control emissions of PCNs. Such a judgment would depend
on our understanding of the relationships between emissions
of the PCNs and classical U-POPs during incineration. The
concentrations of PCDD/Fs (tetra- to octa-CDD/Fs, noted as
ΣPCDD/Fs), PCBs (tetra- to deca-CBs, noted as ΣPCBs),
HxCBz, and PeCBz were also determined in the stack gas
from the various incinerators (ESM Table S3). The relation-
ships between ΣPCNs (tetra- to octa-CNs) and the other U-
POPs were investigated by PCA (Fig. 4). In the PCA, the
different incinerators were treated as cases and the concen-
trations of various compounds constituted the variables.
ΣPCNs concentrations were closely related to ΣPCDFs,
ΣPCDDs, and PeCBz concentrations, more so than to that
of ΣPCBs and HxCBz. Further analysis by scatter plot
showed that the ΣPCNs generally correlated well with
ΣPCDDs (r200.46), ΣPCDFs (r200.73), and PeCBz
(r200.65; ESM Fig. S1). Given the strongest correlation

coefficient between ΣPCNs and ΣPCDFs, the formation
mechanisms of these two compounds may be closely related,
a result which is consistent with previous findings
(Imagawa and Lee 2001; Oh et al. 2007). Therefore,
the technologies applied in reducing dioxin emissions
from waste incinerators may be also effective for the
control of PCN emissions.

Conclusion

The release levels and characteristics of PCNs were inves-
tigated in nine different waste incinerators. Lower chlorinat-
ed PCNs were the main homologues in the stack gas emitted
from these waste incinerators. It was speculated that chlori-
nation is possibly a main pathway of PCNs formation in
investigated waste incinerators. Furthermore, other U-POPs
were determined and their relationships with PCNs were
examined. It was suggested that a close relationship may
exist between the formation mechanism of PCNs and
PCDFs. These results are helpful to understand PCN
emissions from waste incinerators; but most importantly,
they suggest that existing technology used in controlling
classical U-POPs could also be applied to control PCN
emissions.
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