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bstract

Chloronaphthalenes (CNs) and phenanthrenes or/and anthracenes (CP/CAs) were detected in the emissions of polyvinylchloride (PVC) combus-
ion at 900 ◦C. The presence of metallic iron, copper, or aluminum increased the formation of highly chlorinated CNs (tri- to octachloro-homologues)
n the PVC combustion process. Total levels of CNs and CP/CAs were 40–48 and 76–116 mg/kg PVC, respectively, in the emissions from com-

ustion of PVC with metals. Monochloronaphthalenes, dichloronaphtahlenes, monochlorophenanthrenes, and monochloroanthracenes were the
redominant homologues. The other CN homologues were minor combustion byproducts. Detection of CNs in the PVC combustion emissions
uggests that CN formation from solid waste incineration is a source of CNs in the environment.

2006 Published by Elsevier B.V.
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. Introduction

Chloronaphthalenes (CNs) are persistent and widely dis-
ributed in the environment. The trade names of CN industry
roducts include Halowaxes, Nibren waxes, Seekay waxes, and
lonacire waxes. Technical CN formulations have many indus-

rial applications including cable insulation, wood preservation,
ngine oil additives, electroplating masking compounds, feed-
tock for dye production, dye carriers, impregnating agents for
ondensers and capacitors, and refractive index testing oils [1]
ecause of their chemical and thermal stability, good weather
esistance, good electrical insulate properties, and low flamma-
ility. The production of CNs was restricted soon after their
erious occupational health effects such as chloracne and liver
amages were found [2].
CNs become of concern because of their toxicity, persistence,
nd bioaccumulation potential. It was reported that some higher
hlorinated CN congeners can induce hepatic drug-metabolism
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ctivity such as 7-ethoxyresorufin-o-deethylase and aryl hydro-
arbon hydroxylase [3,4]. Some CN congeners exhibit dioxin-
ike toxicity [3–5]. Therefore, CNs are proposed to add to the
ist of banned or restricted chemicals by the United Nations
conomic Commission for Europe Convention on Long-Range
ransboundary Air Pollution-Protocol on Persistent Organic
ollutants [6]. They have been found in river sediment [7–10],
quatic biota [7,8,11–15], human adipose tissue [16], and arctic
ir [17].

Another important source of CNs other than CN industry
roducts is municipal waste incineration and other thermal
rocesses, which CNs were detected in fly ash [18,19] and
n emissions from waste incineration plants [20–22]. Studies
emonstrated that thermal waste treatment of polyvinylchlo-
ide (PVC) can form polychlorinated dibenzo-p-dioxins and
urans (PCDD/Fs), particularly in the presence of metals
23–26]. However, few studies were done on CN forma-
ion from PVC combustion and solid waste incineration. This

tudy was designed to measure possible formation of CNs
nd other polychlorinated aromatics in emissions from PVC
ombustion with or without the presence of copper, iron, or
luminum.

mailto:xuxb1006@tom.com
dx.doi.org/10.1016/j.jhazmat.2006.03.072
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. Experimental

.1. Materials and reagents

PVC powder, free of additives, was product of Beijing
econd Chemical Factory. Copper, aluminum, and iron pow-
er were from Beijing Hongxing Chemical Factory, Beijing
izhong Chemical Factory, and Britain Johnson Matthey Chem-

cals Ltd., respectively. All solvents were redistilled in all-glass
pparatus prior to use. Halowax 1014 (100 �g/mL in hex-
ne), 2-chloronaphthalene (2-monoCN), 9-chlorophenanthrene
9-monoCP), and 9-chloroanthracene (9-monoCA) were pur-
hased from Prochem, AccuStandard Inc., Acros, and Aldrich
o., respectively. 1-Bromonaphthalene (1-BrN) was obtained

rom Beijing Zhonglian Reagents Refinery Chemicals Ltd. 9,10-
ichloroanthracene (9,10-diCA) was synthesized according to

he reported method [27] and the purity was >97%.
Glass wool and glass fiber filter were cleaned with methy-

ene chloride for 6 h in a Soxhlet apparatus, and dried prior to
se. XAD-2 adsorbent was cleaned successively with methy-
ene chloride and methanol in a Soxhlet apparatus for 12 h.
ilica gel (100–200 mesh) was activated at 130 ◦C for 16 h. Neu-

ral alumina (100–200 mesh) was activated at 550 ◦C for 16 h
nd deactivated with 10% water. Activated carbon powder was
ashed with methanol, vacuum-filtered through a glass fiber
lter (Gelman Sciences Inc. A/E, 1 �m pore size), and dried at
30 ◦C for 72 h. Activated carbon/silica (1:20, w/w) mixture was
ctivated at 130 ◦C for 24 h, and then stored in desiccators.

.2. Combustion procedure

The combustion tests were performed in a tube-type furnace,
hich consisted of a quartz tube of 80 cm length × 4 cm inner
iameter and an enclosing furnace of 50 cm length (Fig. 1). The
urnace was heated up to 900 ◦C followed by introduction of
ir into the quartz tube at a flow rate of 2 mL/min, which the

emperature was controlled by the thermocouple. A quartz sam-
le boat filled with PVC (1.0 g) and metal powder (0.03 g) was
ushed into the combustion zone. Glass fiber wool and glass
ber membrane were used to trap particulate emissions from

(
m
i
H

Fig. 1. A schematic diagram of the experim
Materials B138 (2006) 273–277

ombustion, and a XAD-2 adsorbent cartridge and cold traps
ith liquid nitrogen were used for sampling volatile emissions.
he combustion lasted approximately 2.5 min. Data were aver-
ge of two independent experiments.

.3. Extraction and clean-up

After cooling, sample boat, glass fiber wool, glass fiber mem-
rane, and XAD-2 adsorbents were collected and extracted with
ethylene chloride in a Soxhlet apparatus for 18 h. The quartz

ube and cold trap of liquid nitrogen were washed with methy-
ene chloride. The extracts and washes were combined and
oncentrated to 8 mL using a K-D apparatus, and then a gentle
itrogen stream. The extracts were spiked with 1-BrN internal
tandard at 2.9 �g/mL, and then cleaned up on a column of silica
el overlaid with deactivated neutral alumina [17]. The analytes
ere eluted with n-hexane and further fractionated with a col-
mn activated carbon/silica mixture (1:20, w/w) [15], which was
luted with a mixture of methylene chloride and n-hexane (3:7,
/v) followed by 60 mL of toluene. The toluene eluate was con-
entrated to 200 �L for CN analysis.

.4. Instrumental analysis

CNs and CA/CPs were analyzed with an Agilent 6890
C/5973 MSD with electron impact ionization (EI) at 70 eV

nd in selected ion monitoring (SIM) mode. GC was equipped
ith a HP 5 ms fused-silica capillary column (30 m, 0.25 mm

.d., and 0.25 �m film thickness). The oven was ramped from
0 ◦C, held for 1 min, to 180 ◦C at 15 ◦C/min, held at 180 ◦C for
min, and then to 280 ◦C at 4 ◦C/min and held for 20 min. Injec-

or, ion source, and quadrupole temperatures were 280, 230, and
50 ◦C, respectively. An aliquot of 1 �L of extract was injected
n splitless mode and the purge time was 1 min.

The analytes were identified by comparison of retention times
nd ratio of the selected ions with those of appropriate standards

Table 1). The standard solutions contained Halowax 1014, 2-
onoCN, 9-monoCP, 9-monoCA, 9, 10-diCA, and 1-BrN in

sopropane. Di- to octaCNs (
∑

CN) were quantified against a
alowax 1014 technical CN mixture of known composition

ental apparatus for PVC combustion.
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Table 1
Ions monitored and chromatographic windows in analysis of CNs and CP/CAs
with HRGC/MSD

Compounds M M + 2 Isotopic ratio
M/M + 2

Time interval
(min)

MonoCNs 162 164 3.05 10.0–24.0
DiCNs, 1-BrN 196, 206 198, 208 1.55 24.0–31.0
TriCNs 230 232 1.04 31.0–35.4
TetraCNs, monoCP/CAs 264, 212 266, 214 0.78, 3.05 35.4–40.5
PentaCNs, diCP/CAs 300, 246 302, 248 1.55, 1.55 40.5–45.0
HexaCNs 334 336 1.24 45.0–50.5
H
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eptaCNs 368 370 1.04 50.5–54.5
ctaCN 402 404 0.89 54.5–57.5

28], and monoCNs, monoCP/CA, and diCA were quantified
ith 2-monoCN, 9-monoCP, and 9,10-diCA, respectively. The

oncentrations of congeners present in combustion products but
bsent in the standard solutions were estimated with their cor-
esponding homologue standard congeners, which homologues
ere indicated in SIM–MS.

.5. Quality assurance and quality control

A procedural blank was run to confirm that all materials,
eagents, and glassware were free of CNs and CP/CAs. Method
ecoveries and reproducibility were determined with glass fiber
lters spiked with the composite standard solution in triplicates.
he average recoveries ranged from 46 to 117% with rela-

ive standard deviations (R.S.D.s) of 4–15% for tri- to octaCN
ongeners and CP/CAs. The recoveries of mono- and diCN con-
eners ranged from 33 to 38% due to their high volatility [2].
he recoveries of the internal standard 1-BrN in individual sam-
les were in a range of 40–80%. The limits of detection (LODs),
efined as a signal-to-noise of 3:1 in blank samples, were in a
ange of 0.1–5.1 �g/kg PVC.

. Results and discussion
.1. CNs released from PVC combustion

The total amount of CNs emitted from PVC combustion was
ery similar (40–48 mg/kg PVC) under conditions with or with-

1
w
a
p

able 2
oncentrations (mg/kg PVC), mass percent distribution (in parentheses) of CN homo
VC combustion

omologues PVC PVC/Fe

onoCNs 20.0 (47) 10.3 (22)
iCNs 19.1 (45) 28.1 (59)
riCNs 2.66 (6.2) 6.19 (13)
etraCNs 0.472 (1.1) 1.79 (3.8)
entaCNs 0.20 (0.46) 1.06 (2.2)
exaCNs 0.04 (0.10) 0.14 (0.30)
eptaCN <0.01 (0.019) <0.01 (0.038)
ctaCN <0.01 (nd) <0.01 (0.0027

CNs 42.6 47.6

TEQsa 0.0533 0.246

a TEFs used in TEQ calculations refer to previous studies [3–5].
Materials B138 (2006) 273–277 275

ut metals (Table 2). The amount of mono-, di-, and triCNs
ccounted for 98% of total CNs from pure PVC combustion
nd 94, 95, and 95.6% from combustion of PVC with iron (Fe),
opper (Cu), and aluminum (Al), respectively. Tetra-, penta-,
exa-, hepta-, and octaCNs accounted for 0.019–3.8% of total
Ns. The CN homologue pattern is similar to that found in the
as phase emission from the municipal solid waste incinerators
MSWI) [2]. The results of this study indicate that combustion
f PVC in MSW can form CNs. It is very important to note that
ombustion of PVC in presence of Fe, Cu, or Al emitted higher
mounts of highly chlorinated CNs (tera-, penta-, and hexaCNs)
han with no metal control (Table 2). It is known that highly chlo-
inated CNs are more toxic, persistent, and bioaccumulative in
he environment than lower chlorinated ones [9,10,15,16].

Fig. 2 shows specific CN congener profiles in the PVC com-
ustion emissions. The dominant order of CN congeners was
Ns 1, 2, 5, 19, 24, and 41 in the emissions from PVC com-
ustions. In general, the levels of individual triCN to octaCN
ongeners decreased as the degree of chlorination increased.
Ns 42, 33/34/37, 47, 52/60, 50, 57, 66/67, 64/68, and 74 were

he abundant congeners in their own homologue groups. They
ere also found in municipal waste incinerator, cement kiln and

ron sintering plant fly ashes. For example, CNs 52/60 and 66/67
ere the most abundant congeners in medical and municipal
aste incinerator fly ashes, and were suggested to be a good

ndicator for combustion processes [19,29,30]. Although CNs
5, 38, 57, 62, 53, 59, and 75 were not found in PVC combustion,
hey were found in the range of 0.76 �g/kg PVC–0.121 mg/kg
VC in the emissions from combustion of PVC combined with
etals (Fig. 2). CNs 35 and 62 were also identified in the fly

sh samples from other incinerators [18]. These results suggest
hat Cu, Fe, and Al have catalytic effects on the formation of
ighly chlorinated CNs from PVC combustion and therefore the
emoval of metals from the incinerators prior to burning should
e practiced to minimize formation of highly chlorinated CNs.

Many CNs interact with the aryl hydrocarbon receptor [3,4].
oxic equivalent factors (TEFs) of CNs 57, 63, 64, 66/67, 68,
9, and 73 are 3.5 × 10−6, 2 × 10−3, 2 × 10−5, 1.3 × 10−3,

.5 × 10−4, 2 × 10−3, and 3 × 10−3, respectively, as determined
ith H4IIE enzyme induction assays [3,4]. CNs 63, 66/67, 69,

nd 73 were detected in the emissions (Fig. 2) and were the most
otentially toxic congeners. Total toxic equivalents (

∑
TEQs) of

logues, and
∑

TEQs (�g/kg PVC) of dioxin-like CN congeners released from

PVC/Cu PVC/Al

14.6 (37) 20.5 (50)
19.1 (48) 14.6 (36)

4.07 (10) 3.92 (9.6)
1.03 (2.6) 0.94 (2.3)
0.77 (1.9) 0.61 (1.5)
0.13 (0.33) 0.08 (0.19)

<0.01 (0.025) <0.01 (0.025)
) <0.01 (0.0030) <0.01 (0.0019)

39.7 40.6

0.246 0.291
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Fig. 2. Mass distribution of CN congeners from mono- to oc
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Fig. 3. CP/CAs homologue distribution in emissions from PVC combustions
(mg/kg PVC).

the eight CNs in the emissions from PVC combustion without
metals was 0.0553 �g/kg PVC, but

∑
TEQs of these CNs in

the emissions from combustion of PVC combined with metals
increased to about 0.3 �g/kg PVC (Table 2).

3.2. CP/CAs released from PVC combustion

Fourteen CP/CAs in the combustion emissions from PVC
with or without presence of Fe, Cu, or Al were well separated
and detected with GC–MS. Although the CP/CAs homologues
were clearly distinguished with GC–MS, their specific con-
geners were not identified due to lack of the standards. Fig. 3
shows the CP/CAs homologue distribution in the emissions from
PVC combustions. The levels of monoCP/CAs emitted from
combustion of PVC with metals were two- to three-fold of those
from PVC combustion alone. There was no significant differ-
ence in the amount of diCP/CAs formed at various experimental
conditions (Fig. 3).

4. Conclusion

The results of this study showed releases of a large quantity
of CNs and CP/CAs from PVC combustion. Metals enhanced
emissions of the highly chlorinated CNs in PVC combustion pro-
cesses. Some CNs found in solid waste incineration were also
detected in the emissions from PVC combustions. The results

suggest that PVC is a major source of CNs and CP/CAs for-
mation from solid waste incineration. Separation of PVC from
municipal waste streams is a possible effective means to reduce
emissions of chloroaromatic compounds from incinerators.

[

taCNs released from PVC combustion (mg/kg PVC).
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