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ABSTRACT: Polychlorinated naphthalenes (PCNs) are carcinogenic contaminants.
Residues from historical production and ongoing unintentional releases from industrial
thermal sources have led to the ubiquitous presence of PCNs in the environment. Our
previous study has revealed that unintentional releases may be the main sources of PCNs
in human milk from China. However, an assessment of PCN burden in human milk and
exposure differences between historical residues and unintentional release exposure has
not been conducted. In this study, we performed the first comparison of human exposure
to PCNs and evaluated the differences between the estimated health risks from historical
residues and unintentional releases. Three characteristic PCN congener patterns found in
Chinese human milk specimens collected from 100 cities/counties can be considered
characteristic of PCN exposures in regions with unintentional industrial releases as the
main PCN sources. The health risk assessment suggested potential noncarcinogenic health
effects in infants aged 0−6 months. The hazard index calculated for infants in Sweden
indicates a strong impact of historical residues that nonetheless decreases over time, and a comparison of the hazard indices
calculated for China and Ireland suggests that ongoing unintentional formation and release of PCNs from industrial processes should
be a matter of public health concern.
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1. INTRODUCTION

Polychlorinated naphthalenes (PCNs) are derived from the
substitution of hydrogen atoms on the naphthalene molecule
with one to eight chlorine atoms and have raised global
concerns over the past decades. Both the Stockholm
Convention1 with 184 parties aiming at protecting human
health and the environment from persistent organic pollutants
(POPs) and the Aarhus Protocol on POPs under the United
Nations Economic Commission for Europe Convention on
Long-Range Transboundary Air Pollution2 reached a con-
sensus to eliminate the production and use or reduce the
unintentional release of these pollutants. The OSPAR
Commission aiming to protect and conserve the North-East
Atlantic has listed PCNs as chemicals for priority action3 and
the Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and their Disposal considers
waste containing PCNs as hazardous waste.4 These interna-
tional conventions indicated the globe concern for PCNs
exposure and its risks to the environment and human body.
This global concern is attributable to the toxicity,

bioaccumulation, and long-range transport of PCNs, which
are similar to those of dioxins and dioxin-like chemicals.5

Studies in laboratory animals5−15 on the toxicity of PCNs
reported dermal lesions, oxidative stress, lipid peroxidation,
genotoxicity, carcinogenicity, neurotoxicity, and reproductive

and developmental toxicity. Known effects of PCNs in humans
include chloracne, liver dysfunction, systemic symptoms of
digestive problems, anorexia, nausea, vertigo, and even
death.16−19 Environmental pollution by PCNs is both
historical and ongoing. Estimates of past global production
of PCNs vary between approximately 150 000 and 200 000−
400 000 t.20,21 Although commercial production of PCNs was
banned in the 1980s,22 their bioaccumulation23,24 and long-
range transport25 result in their persistence. In addition,
unintentional releases are still occurring through processes
such as thermal formation, especially in the waste-incineration
and metal-smelting industries,26−29 maintaining PCNs in the
environment and suggesting the need for the comprehensive
evaluation of human exposure to these chemicals.
Historical production of PCNs mainly occurred in Europe

and the United States, while China has no reported historical
production but contributes to unintentional releases.27,30−33

PCN products were known under various trade names in the
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20th century, such as Halowaxes in the United States, Nibren
waxes in Germany, Seekay waxes in the United Kingdom,
Clonacire waxes in France, Woskol in Poland, Cerifal in Italy,
and Wako-PCN in Japan.22,34 Falandysz et al.34,35 reported two
cases of illegal import of PCN-containing materials in Japan
according to an announcement of the Japanese government in
2002. One case showed that more than 18 t of commercial
PCN products was imported to Japan from the United
Kingdom during 1998−2000. The other was about a Japanese
company importing 54 t of PCN-contaminated raw rubber
from suppliers in Canada in the late 1990s. Production and
trade of these commercial PCN products indicate that the
major sources of PCNs in Europe may be the historical
residues, while in China PCNs in the environment are mainly
derived from ongoing unintentional releases from industrial
thermal processes, especially waste incineration, which is
becoming a more and more important component of waste
disposal in China and is also increasing worldwide.36,37

Although there is a historical production and import of
commercial PCB products in China,38 which may contain
PCNs as byproducts, the total amount of PCNs in Chinese
PCB3 is estimated at only 0.005% of the global production of
PCNs,39 and PCNs emitted from the use of PCBs is less than
1% of the production of technical PCN mixtures from a global
point of view.40 Therefore, China could be considered as a
typical country where sources of PCNs are mainly industrial
releases. Data on PCN human loads in China may reflect the
PCN exposure from unintentional releases, and comparing
PCN human loads between Europe and countries with no
history of PCN production is relevant to evaluating the
contribution of PCN sources to human loads and for risk
assessment on a global scale.

To the best of our knowledge, studies on human exposure
and body loads of PCNs are limited, providing poor support to
health risk assessments. Only a few studies have reported PCN
concentrations in specimens from humans, including milk from
Sweden, Ireland, and China,41−43 blood from Germany and
Korea,44−46 adipose tissue from Canada, Sweden, Italy, the
United States, and the United States,47−51 and liver tissue from
Sweden49 (Figure 1). However, the data from these studies are
inadequate for a global and comprehensive assessment of
human exposure. Most of these studies were conducted before
2010 and focused only on a few PCN congeners, without a
systematic and comprehensive analysis. Human milk is an
important monitoring matrix for POPs and has become one of
the core matrices of the United Nations monitoring program
for POPs.52−54 However, only three studies reported PCN
levels in human milk. In an Irish population, the summed
concentrations of 12 PCNs in human milk were 59−168 pg/g
lipid weight (lw).42 A study in Sweden, published over two
decades ago, reported that concentrations of PCNs decreased
from 3081 to 483 pg/g lw between 1972 and 1992.43 Both
studies were conducted in countries from the region (Europe)
with a historical production and use of commercial PCNs. Our
previous study41 is the only one from a typical region where
sources of PCNs are mainly industrial releases, wherein we
reported the levels of PCNs in human milk from China at a
provincial level. Sources of PCNs in the environment and
congener profiles in samples from different countries may vary
among countries, but a global comprehensive assessment and
comparison of the PCN body burden and differences in the
congener profiles in human-derived specimens from typical
historical residues and unintentional release regions have never
been conducted, hindering meaningful risk assessment.

Figure 1. Worldwide comparison of polychlorinated naphthalenes (PCNs) in human specimens. (Canada: adipose,48 sum of Hexa-CN66/67, an
unknown PentaCN, and an unknown HexaCN; Germany: plasma,46 sum of TetraCN to OctaCN; Ireland: human milk,42 sum of Penta-CN52/60,
Penta-CN53, Hexa-CN66/67, Hexa-CN68, Hexa-CN69, and Hepta-CN73; Italy: adipose,50 sum of DiCN to OctaCN; Kazakhstan and Russia:
adipose,47,51 sum of three TetraCN, two PentaCN, and one HexaCN; Korea: serum,44 sum of TetraCN to OctaCN; Sweden: human milk,43 sum of
Tetra-CN36, Penta-CN52, Hexa-CN66/67, Hexa-CN71/72, Hexa-CN63, and two unknown TetraCN; Sweden: adipose and liver,49 sum of
TetraCN to OctaCN; United States: adipose,51 sum of TriCN to OCN; United States: plasma;45 China: human milk, this study.)
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In the present study, we measured the summed concen-
trations of 75 PCNs in 100 pooled human milk specimens
derived from 4480 individual specimens collected from 100
city/county-level locales in China. We characterize and discuss
PCN concentrations and congener profiles in detail and
compare those with published data from countries with
historical PCN production. Differing from our previous
study, in which we mainly focused on the concentrations
and possible sources of PCNs in human milk from 19
provinces in China, this study aims to evaluate the status of
PCN body burden in 100 city/county-level locales in China
and to clarify the exposure differences between historical
production and unintentional releases. We believe that our
study provides a comprehensive and systematic evaluation of
PCN exposure in China and insights into global exposure and
may assist in implementing international conventions and
evaluating the health risk of PCN exposure.

2. MATERIALS AND METHODS

The sampling methods were described in detail in our previous
study.41 Briefly, 50 individual specimens were collected and
mixed into a pooled specimen for each city sampling site and
30 for each county sampling site. During the mix-up procedure,
equal amounts of each individual specimen from the same
sampling site were totally mixed to obtain a pooled specimen
to represent the sampling site. All volunteers gave birth for the
first time and were under 30 years of age. Both mother and
newborn were healthy. During gestation, volunteers had
resided in the sampling locale for at least 10 years and were
distant from the areas considered potential emission sources of
persistent organic pollutants, such as incinerators, pulp mills,
paper mills, and steel mills or other areas where organochlorine
substances are produced or used. Specimens were collected
within 3−8 weeks of delivery. We collected a total of 4480
human milk specimens between 2017 and 2020 from 100 city/

county-level locales in China. Table S1 and Figure S1 display
more detailed information.
All specimens were stored in a refrigerator at −20 °C until

analysis. The analytical method was detailed in our previous
study.41 In brief, human milk specimens were first freeze-fried,
and then approximately 1 g of dry weight was extracted using
an ASE 350 (Thermo Fisher Scientific, Waltham, MA, U.S.A.).
The cleanup procedure included an acid silica column, a
multilayer silica column, and a basic alumina column. Finally,
the extracts were analyzed using high-resolution gas
chromatography combined with high-resolution mass spec-
trometry (Thermo Fisher Scientific, Waltham, MA, U.S.A.).
The calibration curves were obtained from 11 standard
solutions mixed from PCN-MXA, PCN-MXC, and PN-31S,
which were obtained from Wellington Laboratories (Ontario,
Canada), and ECN-2663, ECN-2664, ECN-2665, ECN-2641,
ECN-2653, ECN-2623, ECN-2623, ECN-2620, and ECN-
2621, which were purchased from Cambridge Isotope
Laboratories (Tewksbury, MA, U.S.A.). Concentrations of
the standard solutions were in the range of 1−1000 ppm. 13C-
labeled Tetra-CN42, Tetra-CN-27, Penta-CN52, Hexa-CN67,
Hexa-CN64, Hepta-CN73, and Octa-CN75 were used for the
quantification of 75 PCN congeners.
A total of 10 procedural blanks were analyzed with the

human milk specimens using the same method. For each batch
of specimens, at least one blank was analyzed simultaneously.
A small amount of monochlorinated, dichlorinated, and
trichlorinated naphthalenes was found in the blank samples
(lower than 20% of PCNs found in the milk specimens). PCN
concentrations in the milk specimens were not corrected using
values from blanks. The average recoveries of 13C10-labeled
Tetra-CN27, Tetra-CN42, Penta-CN52, Hexa-CN67, Hepta-
CN73, and Octa-CN75 were in the range of 47%−83%, which
was satisfactory for the PCN trace analysis.55 Half of the
detection limits were used for calculation when concentrations
were under the detection limit.

Figure 2. Concentrations of 75 polychlorinated naphthalenes (PCNs) in human milk from 100 cities/counties.
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3. RESULTS AND DISCUSSION

3.1. Concentrations of PCNs in Human Milk. PCNs
were detected in all 100 human milk specimens analyzed.
Figure 2 shows the summed concentrations of 75 PCNs, in
which the PCNs ranged from 164.4 pg/g lw to 2497.4 pg/g lw
(mean: 514.3 pg/g lw; median: 382.4 pg/g lw). Specimens
containing <300 pg/g lw accounted for 31% of the total, and
concentrations in the range of 300−600 pg/g lw accounted for
43%, while PCN concentrations in only 2% of specimens
exceeded 1500 pg/g lw. Zhang et al.56 reported mean
concentrations of PCDD/Fs and dioxin-like PCBs in human
milk specimens from various regions of China in 2011 as 131.5
pg/g lw and 2652.5 pg/g lw, respectively. The mass
concentration of PCNs in human milk was approximately 4
to 5 times higher than that of PCDD/Fs and 1 order of
magnitude lower than that of dioxin-like PCBs.
Between-country comparisons of human exposure to PCNs

are challenging, as very few studies have reported PCN loads in
the human body. Table 1 summarizes PCN concentrations
reported in human milk. The two European studies, with
which we compared our data, conducted measurements one to
five decades ago and analyzed only a few congeners (Penta-
CN52, Hexa-CN66/67, and Hexa-CN71/72), rendering
comparisons difficult. Based on these three congeners, the
sum concentrations of which contribute 14.7% on average to
the total concentration of the 75 congeners in the human milk
sample from China, we found that the concentrations we
recorded were approximately 1 to 2 orders of magnitude lower
than the concentrations measured in Sweden in 1972 and 1992
and comparable to concentrations measured in Ireland in
2010. Production and use of commercial PCNs were stopped
in Europe and the United States in the 1980s,22 and PCN
concentrations in human milk decreased accordingly after that
time. However, the comparable concentrations measured in
Ireland (2010, with historical production) and in China
(2017−2020, no historical production) indicate that long-term
residues are still as impactful as unintentional releases.
3.2. Comparison of PCN Body Burden. Several studies

have reported PCN loads in other human-derived specimens,
including adipose tissue, plasma, serum, and liver tissue.
Weistrand and Noren49 studied the concentrations of 22 PCN
congeners in paired adipose and liver tissue specimens from

autopsies in the late 1990s and found that mean summed
concentrations were 2158 and 5773 pg/g lw in adipose and
liver tissues, respectively. Fromme et al.46 reported mean
summed concentrations of 33 PCNs in 42 plasma specimens
collected in Germany in 2013−2014 as 575 pg/g lw.
Information from these two publications indicated a reduction
in body burden over time. Table S2 summarizes all available
reports on PCN loads in the human body. The number of
PCN congeners measured in these studies varied considerably,
and measurements focused on single congeners or grouped the
chemicals by the number of chlorine atoms. The studies also
varied by sampling locale and specimen type. Therefore, we
selected the most commonly reported congeners for
comparison: Tetra-CN42, Tetra-CN37/33/34, Tetra-CN44/
47, Tetra-CN28/43, Tetra-CN38/40, Penta-CN52/60, Penta-
CN51, and Hexa-CN66/67 (Figure 3). Contribution of these
congeners to the total concentration of 75 congeners in 100
specimens ranged from 4.7%−48.8% with an average of 26.1%.

Table 1. Concentrations of the Commonly Reported Polychlorinated Naphthalene (PCN) Congeners in Human Milk

countrya

Sweden Ireland China

year 1972 1976 1980 1984−1985 1990 1991 1992 2010 2017−2020
number of specimens 75 78 116 102 60 60 40 109 4480
Tetra-CN1b 346 119 84 94 58 39 37
Tetra-CN2b 791 269 147 238 119 84 77
Tetra-CN36 22 11 ND 13 ND ND ND 9.7c

Penta-CN52 1439 1004 691 344 350 283 261 56d 19.5d

Penta-CN53 3 1.0
Hexa-CN66/67 438 310 252 159 175 92 103 27 43.7
Hexa-CN68 0.9 1.7e

Hexa-CN63 9 7 18 ND ND ND ND 0.9
Hexa-CN69 5 1.9
Hexa-CN71/72 36 12 38 38 9 3 5 ND 0.9
Hepta-CN73 1 4.9

aUnits of measurement are picograms per gram lipid weight for data from Ireland,42 Sweden,43 and China (this study). bUnknown congener.
cTetra-CN45/36. dPenta-CN52/60 eHexa-CN64/68. ND, not detected. An empty cell indicates no data.

Figure 3. Concentrations of polychlorinated naphthalene (PCN)
congeners in human specimens. Germany: plasma;46 Sweden: adipose
and liver tissue;49 United States: adipose tissue;51 China: milk (this
study).
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In our study, 75 congeners in Chinese human milk were
detected and reported. Current knowledge on body burden of
PCNs is very lacking; we thus made a global comparison based
on the available data. The common congeners reported in the
available publications were adopted for the valid comparison of
different countries.
Hexa-CN66/CN67 was prevalent in all human specimens

reported in the literature; both are considered among the most
toxic PCN congeners.5,57 The concentrations we measured in
human milk in China were lower than human-derived
specimens from European countries, indicating a lower scale
of exposure from unintentional PCN releases. Overall, PCN
concentrations in human sampling matrices decreased on the
order of liver tissue > adipose tissue > plasma > milk.
Moreover, human body loads of PCNs in the 1990s were

obviously higher than recent years indicating a decreasing
impact of historical PCN residues on human exposure.

3.3. PCN Congener Profiles in Human Milk. Figure S2
displays the PCN congener profiles in human milk from China.
Half (51%) of the milk specimens were dominated by
trichlorinated naphthalenes, 20% by dichlorinated naphtha-
lenes, 13% by pentachlorinated naphthalenes, 11% by
heptachlorinated naphthalenes, and 4% by hexachlorinated
naphthalenes. Figure 4 shows the contribution of individual
PCN congeners to the summed concentrations of 75
congeners. Tri-CN24/14, Hexa-CN66/67, and Di-CN5/7
were the dominant congeners, and their mean contributions
to the summed PCNs were 13%, 10.2%, and 10.1%,
respectively. In addition, we found three characteristic PCN
congener patterns in the milk specimens. The first was an
approximate ratio of 7:2:1 for Di-CN5/7 to Di-CN6/12 to Di-

Figure 4. Contribution of specific polychlorinated naphthalene (PCN) congeners to the summed concentrations of 75 PCNs in human milk from
China. Congeners with a contribution below 1% are not shown. The outside lines represent the maximums and minimums, the lines within the
boxes represent the median values, the red lines represent the mean values, the top lines of the boxes represent the first quartile, the bottom lines of
the boxes represent the third quartile, and the open circles represent single data.

Figure 5. Three characteristic polychlorinated naphthalene (PCN) congener patterns in human milk from China.Pattern 1 (a), pattern 2 (b),
pattern 3 (c).
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CN11/8. The second was a ratio of 0.5:2:7.5 for Penta-CN61
to Penta-CN50 to Penta-CN51. The third was a ratio of
1:0.5:0.5:0.8 for Tri-CN20 to Tri-CN19 to Tri-CN21 to Tri-
CN24/14 (Figure 5). These patterns may be considered
characteristic patterns in human milk from unintentional
release of PCNs and may assist in risk assessment, source
analysis, and studies of bioaccumulation.
Source analysis typically relies on a comparison of the

congener distribution in environmental samples or biota
samples with congener distribution in commercial PCN
products or other sources. To some extent, congener
distribution can reflect its sources, but the congener profile
in the human body may be affected by factors such as
environmental concentrations, contents in food, bioaccumula-
tion though food chains, chemical properties of specific PCN
congeners (e.g., octanol−water partition coefficient), exposure
route, and metabolism. Therefore, congener distribution is not
sufficient for source analysis.
The distribution of the commonly reported congeners listed

in Figure 3 was on the order of Hexa-CN66/67 > Penta-
CN52/60 > Penta-CN51 > Tetra-CN37/33/34. Of note,
Hexa-CN66/67 and Penta-CN52/60 were not the dominant
congeners in commercial PCNs or in byproducts of
commercial polychlorinated biphenyls. However, Hexa-

CN66/67 has been reported to have the highest biomagnifi-
cation factor in pigs and other mammals.58 The log octanol−
water partition coefficient59 (log KOW) for Hexa-CN66 is 7.70,
while the log KOW values for most of the monochlorinated and
dichlorinated naphthalenes were lower than 5.00, and the
highest is the Hepta-CN73 with a log KOW value of 8.20. The
prevalence of Hexa-CN66/67 in human-derived specimens
indicated that biomagnification may be the dominant factor in
its accumulation. Table S3 summarizes the dominant
congeners in commercial PCNs and in byproducts of
commercial polychlorinated biphenyls. We found that Tetra-
CN38/40 and Tetra-CN33/34/37 were dominating PCN
congeners both in commercial PCNs and byproducts of
polychlorinated biphenyls.22,40 Therefore, we compared the
concentration of these two congeners in our human milk
specimens collected between 2017 and 2020 in China with
those in adipose tissue collected in the United States in 2003−
2005, adipose tissue collected in Germany in 2013−2014, and
adipose and liver tissues collected in Sweden in 1998 (Table
S2). We found that among the tetrachlorinated congeners, the
concentrations of Tetra-CN38/40 and Tetra-CN33/34/37
were relatively higher in the specimens from Western countries
with historical production or use of commercial PCNs
regardless of decade. However, in China, the concentrations

Figure 6. Toxic equivalent quantity (TEQ) concentrations of polychlorinated naphthalenes (PCNs) in human milk from 100 cities/counties in
China (a) and the contribution of major PCN congeners to total TEQ concentration (b). aHexa-CN66/67, Hexa-CN64/68, Hexa-CN69, Hexa-
CN63, and Hepta-CN73 were not included.
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of these two chemicals were comparable to those of other
tetrachlorinated congeners. This indicated that historical
residues may be the dominating factor for Tetra-CN38/40
and Tetra-CN33/34/37 accumulation in the human body in
countries that have a historical production and use of
commercial PCNs products. Overall, accumulation of different
PCN congeners in the human body may be affected by various
factors. As discussed above, a relatively higher body burden of
congeners that have a high log KOW value such as Hexa-CN66/
67 could be attributed to the bioaccumulation factors while
occurrences and accumulation of dominating congeners in
commercial PCN products like Tetra-CN38/40 and Tetra-
CN33/34/37 in the human body may mainly be influenced by
historical residues.
3.4. Comparison of PCN Health Risks. Figure 6 shows

the toxic equivalent quantity (TEQ) concentrations of PCNs
in human milk from China and the major contributors to total
TEQ concentrations. We included 36 PCN congeners with
reported relative potency (REP) in the calculation.57 The TEQ
concentrations of PCNs in human milk from 74 cities in China
ranged from 0.04 to 0.43 pg/g lw (mean: 0.17 pg/g lw); for
specimens from 26 counties, they were slightly lower and in
the range of 0.05−0.31 pg/g lw (mean: 0.14 pg/g lw). The
main contributors were Hexa-CN67/67, Hepta-CN73, Hexa-
CN69, and Hexa-CN63, which contributed 80.3.%, 9.1%, 2.3%,
and 1.2%, respectively. These congeners are among the most
toxic PCNs. Of note, PCNs have similar chemical and physical
properties to polychlorinated biphenyls, which are still
affecting the health of marine mammals and other organisms
even decades after their production and use were banned60 and
also pose a threat to human health through edible foods.61

Human milk is a major and sometimes the only food for
infants, and breastfeeding may persist at least in part until the
age of 24 months. This renders human milk an important
biomonitoring matrix in estimating the risks of PCNs to
infants. In our previous study,41 we estimated the cancer risk
and potential noncarcinogenic health effects in infants from 19
provinces in China aged up to 24 months. The cancer risk
posed to nursing infants was insignificant, but the estimate
suggested potential noncarcinogenic health effects. Here, we
extended the estimate of potential noncarcinogenic health
effects to infants by using data from 100 city/county-level
locales in China and comparing the findings with reports from
other countries.
Table S4 lists the calculated subchronic daily intake and

hazard index for infants aged 0−6, 6−12, and 12−24 months
using the calculation method described in our previous
study,41 which was also briefly introduced in the Supporting
Information. Subchronic daily intake for infants aged 0−6, 6−
12, and 12−24 months was in the range of 0.14−1.38 (mean:
0.56), 0.09−0.84 (mean: 0.34) and 0.06−0.59 (mean: 0.24) pg

TEQ/kg-d, respectively. The hazard index was in the range of
0.2−1.98 (mean: 0.80), 0.12−1.2 (mean: 0.49), and 0.01−0.85
(mean: 0.34), respectively. A hazard index exceeding 1 is
considered to denote potential noncarcinogenic health
effects,62 and the index exceeded 1 in 27% of the specimens
for infants aged 0−6 months.
To compare the estimated health effects of PCNs to infants

among countries, we calculated the subchronic daily intake and
hazard index from the data on the commonly reported
congeners and countries listed in Table 1. Penta-CN52, Hexa-
CN66/67, and Hexa-CN71/72 have a relatively higher REP, so
a calculation based on these congeners can reflect the overall
situation, especially in the case of Hexa-CN66/67, which
contributed nearly 80% to the total TEQ concentration. Table
2 lists the results of the calculation. Production and use of
commercial PCNs were stopped in Europe in the 1980s. The
hazard index for infants aged 0−6 months from specimens
collected in Sweden in 1972, prior to the stop, was
approximately six times higher than the hazard index we
calculated for specimens collected in Sweden in 1992 (after the
stop), indicating a strong impact of direct exposure to
commercial PCNs on health risks. The hazard index for
infants aged 0−6 months for specimens collected in China
(2017−2020) was slightly higher than that for specimens from
Ireland (collected around 2010). In our previous study,41 we
found that industrial thermal processes may be a major source
of PCNs in China, explaining why the hazard index was higher
than in Ireland, which has a lower density of industrial thermal
processes and decreasing impact of historical PCN residues.
These findings also reflect the risk from the ongoing release of
PCNs from industrial sources.
In general, this study discussed the human exposure to

PCNs and the differences between estimated health risks from
historical residues and unintentional releases from a global
point of view. Characteristic PCN congener patterns were
found in Chinese human milk based on a large-scale
investigation, which could be considered characteristic of
PCN exposures from industrial releases. The calculated hazard
index for infants in Sweden indicates a strong impact of
historical residues that nonetheless decreases over time, and a
comparison of the hazard indices calculated for China and
Ireland suggests that ongoing unintentional formation and
release of PCNs from industrial processes should be a matter
of public health concern.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.1c00605.

Table 2. Calculated Subchronic Daily Intake and Hazard Index for Breastfeeding Infants Aged 0−6, 6−12, and 12−24
Monthsa

subchronic daily intake (pg TEQ/kg-d) hazard index

country year 0−6 6−12 12−24 0−6 6−12 12−24

Sweden 1972 4.80 2.91 2.06 6.86 4.16 2.94
Sweden 1992 1.12 0.68 0.48 1.61 0.97 0.69
Ireland 2010 0.29 0.18 0.13 0.42 0.25 0.18
China 2017−2020 0.47 0.29 0.20 0.67 0.41 0.29

aThe subchronic daily intake and hazard index were calculated from data for Penta-CN52/60, Hexa-CN66/67, and Hexa-CN71/72 from Ireland,42

Sweden,43 and China (this study). TEQ, toxic equivalent quantity.
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Supplementary methods, Tables S1−S4 showing sam-
pling locations and details, polychlorinated naphthalene
concentrations in human-derived specimens reported in
the literature, dominant congeners in commercial
polychlorinated naphthalenes and polychlorinated naph-
thalene as byproducts of polychlorinated biphenyls, and
toxic equivalent quantity (TEQ) concentrations of
polychlorinated naphthalenes in human milk from
China and the calculated corresponding subchronic
daily intake and hazard index for infants, and Figures S1
and S2 showing sampling sites and profiles of
polychlorinated naphthalene congeners in human milk
(PDF)
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