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A B S T R A C T

In general, for most environmental persistent organic pollutants (POPs), dietary intake is the main way of 
exposure. Polychlorinated naphthalenes (PCNs) are a family of two-ringed aromatic compounds, which are 
ubiquitous environmental contaminants, being structurally similar to PCDD/Fs and PCBs. Although the pro
duction and use of PCNs were banned in the USA and Europe some decades ago, due to their persistent prop
erties, PCNs remain still present in the environment, being able to enter the food chain. The present paper was 
aimed at reviewing the results of the studies focused on determining the levels of PCNs in foods. The human 
dietary intake of these compounds was also reviewed with the few available data. The information on the levels 
of PCNs in foodstuffs is currently more abundant than that found in a previous review (Domingo, 2004). Since 
then, China is the country that has contributed with the greatest number of studies. The results of most surveys 
seem to suggest that human health risks of PCNs due to dietary exposure should not be worrying. However, 
because of the important differences in the methodology of the published studies, the comparison of the results is 
not easy, although there seems to be a general trend towards a decrease in the levels of PCNs in foods. In the next 
few years, a continued reduction of the environmental levels of PCNs is still expected. Therefore, a direct 
repercussion of the concentrations of these pollutants in foodstuffs must be also noted. Consequently, a reduction 
of the dietary exposure to PCNs should be expected. Anyway, to establish the tolerable dietary intake of PCNs is a 
key issue for assessing human health risks of these pollutants.

1. Introduction

Polychlorinated naphthalenes (PCNs) are a group of aromatic com
pounds, which consist of a molecule of naphthalene that is substituted 
with one-to-eight atoms of chlorine. Consequently, there are 75 possible 
congeners of PCNs. The chemical structure of PCNs is relatively like that 
of other well-known persistent organic pollutants (POPs) –which are 
also diaromatic hydrocarbons– such as polychlorinated dibenzo-p-di
oxins and dibenzofurans (PCDD/Fs), and polychlorinated biphenyls 
(PCBs). Among other uses, PCNs were widely employed as dielectrics 
and flame retardants in the 20th century. With respect to the environ
mental presence of PCNs, the primary source of emissions of these 
compounds is due to unintentional production –along with PCDD/Fs and 
PCBs– from industrial thermal processes (Li et al., 2023; Liu et al., 2014), 
being the environmental sources of PCNs various and diverse (Bidleman 
et al., 2010; Domingo, 2004; Dong et al., 2019; Rigby et al., 2023). Thus, 
there are reports on the emissions of PCNs by coking industries (Liu 
et al., 2010), iron ore sintering processes (Liu et al., 2012), waste in
cinerators (Hu et al., 2013; Zheng et al., 2013), hot dip galvanizing 

plants (Liu et al., 2015), cement kilns co-processing municipal wastes 
(Han et al., 2022; Liu et al., 2016), metal smelters (Ba et al., 2010; Dong 
et al., 2022a; Hu et al., 2021; Wu et al., 2018; Xu et al., 2020; Yang et al., 
2021), steelmaking industries (Shen et al., 2021), and electronic waste 
hubs (Waheed et al., 2020; Wang et al., 2012), among other different 
and specific emission sources as for example, the heating of sucralose 
(Dong et al., 2019).

In recent decades, numerous studies concerning environmental 
sources, distribution, toxicity, and human health risks of POPs –mainly 
PCDD/Fs and PCBs– have been carried out. However, data on PCNs are 
much more reduced. According to the scientific literature, the first ar
ticles summarizing the environmental sources, analysis, and potential 
toxicity of PCNs, were published in the 70′s of the last century 
(Brinkman & Reymer, 1976; Erickson et al., 1978). An interesting re
view on various issues regarding PCNs was written by Hayward (1998). 
In that review-article, the author reported the history of PCNs manu
facture and the connection to human and animal toxicity from occupa
tional and experimental exposure. Once already in the 21st century, 
PCNs have received more attention (Falandysz et al., 2014; Jin et al., 
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2022; Klimczak et al., 2023; Liu et al., 2014; Olisah et al., 2024). In this 
sense, it is important to remark that PCNs are currently in the list (Annex 
A and C) of POPs, for which the Stockholm Convention considered that 
their use/release must be eliminated/restricted. This is important 
considering the potential of these pollutants to provoke a wide range of 
adverse environmental effects, as well as effects on living organisms 
(Fernandes et al., 2019; Olisah et al., 2024; Xu et al., 2013).

The similarity in the structural configuration of PCNs to those of 
PCDD/Fs and PCBs is related to human health concerns. Thus, a number 
of PCN congeners have been reported to contribute to dioxin-like 
toxicity (Domingo, 2004; Falandysz et al., 2014; Fernandes et al., 
2017). The toxicological profile of PCNs was recently reviewed by Fer
nandes et al. (2022). It was found that in human tissues, the most toxic, 
persistent, abundant, dioxin-like congeners are the hexa-CNs. In the 
conclusions, the authors remarked that since the restriction of the uses of 
PCNs and the stricter controls on potential atmospheric emissions, the 
main route of human exposure was/is currently being the dietary intake. 
This had already been suggested in previous reviews focused on the 
human dietary exposure to PCNs (Domingo, 2004; Falandysz, 2003). In 
this sense, it is worth to remember that the diet is also the most 
important way of human exposure to POPs with similar chemical 
structures than those of PCNs: PCDD/Fs, PCBs, or polybrominated 
diphenyl ethers (PBDEs), for example (De Filippis et al., 2014; Gasull 
et al., 2011; Lacomba et al., 2024; Marquès et al., 2022; Rauscher- 
Gabernig et al., 2013). In relation to exposure to PCNs though food 
intake, recently, the EFSA (2024) was asked for the opinion on the po
tential risks for animal and human health due to the presence of PCNs in 
feed and food. Based on the limitations in the available scientific data, 
only hexa-CNs were assessed for the human health risks of PCNs. In fact, 
very limited data were found regarding other PCN congeners/homo
logues. For hexa-CNs in food, the highest daily exposure for the general 
population ranged between 0.91 and 29.8 pg/kg body weight (bw). With 
at least 99 % certainty, it was concluded that dietary exposure to hexa- 
CNs should not mean health concerns (EFSA, 2024).

Studies conducted in recent years, have detected the presence of 
PCNs in several environmental matrices including air, sediments, and 
biota (Bidleman et al., 2010; Dong et al., 2023a; Du et al., 2022; Gebru 
et al., 2024; Hanari et al., 2004; McGoldrick et al., 2018). PCNs have 
been also detected in human samples of serum, adipose tissue, liver, and 
breast milk (Fernandes et al., 2017; Kunisue et al., 2009; Schiavone 
et al., 2010; Weistrand & Norén, 1998). With respect to human exposure 
to POPs, as above commented, dietary intake has been recognized as the 
main pathway. Specifically regarding PCNs, the information on the topic 
is not so abundant as that corresponding to the dietary intake of PCDD/ 
Fs or PCBs. However, according to the scientific literature, in the current 
century several studies on the presence of PCNs in food samples, as well 
as on the estimation of the dietary intake of these compounds have been 
conducted.

The purpose of the current paper was to review the scientific liter
ature on the concentrations of PCNs in foods and the human exposure to 
these environmental contaminants through dietary intake. Reports and/ 
or data of studies about risk assessment of PCNs, conducted by regional, 
national or international agencies and/or food safety authorities, have 
not been here included. The scientific literature has been reviewed using 
the PubMed (https://pubmed.ncbi.nlm.nih.gov/) and Scopus 
(https://www.scopus.com/search/form.uri?display=basic#basic) da
tabases. The following keywords –and their combinations– were used for 
the search: “polychlorinated naphthalenes”, “PCNs”, “food consump
tion”, and “dietary intake”. Information on the available studies and 
their results are next summarized, being presented by specific countries. 
It must be noted that the year of publication of the reviewed studies does 
not necessarily correspond with the year in which the study was per
formed, or the samples were collected.

2. Concentrations of PCNs in food and human dietary exposure

2.1. Asian countries

2.1.1. China
According to the scientific databases, in the current century, China 

has been the country where more studies on the distribution and source 
identification of PCNs in foods have been conducted. The available re
sults are next summarized following the order of publication from the 
oldest to the most recent papers. Jiang et al. (2007) carried out a study 
aimed at measuring the concentrations of PCNs (among other POPs) in 
seafood collected in the Chinese cities of Guangzhou and Zhoushan. 
Four species of fish, two species of cephalopods, shrimps and crabs, as 
well as three species of bivalves were purchased from local markets in 
both cities. PCNs were found in all analyzed samples, with a range of 
mean concentrations of 

∑
PCNs between 93.8 (crab of Zhoushan) and 

1300 (cephalopod of Guangzhou) pg/g lipid, depending on the sampling 
location and the specific species. In general, the levels of PCNs in sea
food were comparable between both cities. In turn, Li et al. (2015)
determined the concentrations of PCNs (also those of PCDD/Fs and 
PCBs) in two dairy products: cheese and butter. The 

∑
PCNs were in the 

ranges 5.6–103 pg/g wet weight (ww) in the cheese samples, and 
5.0–199 pg/g ww in the butter samples. PCN-73 was the predominant 
congener, contributing with more than 40 % to the PCN TEQ-value. PCN 
congeners 63, 66/67, 69 were also found at relatively high levels.

Cui et al. (2018) analyzed the levels of PCNs in 122 marine fish 
samples, which belonged to 17 species of different trophic levels from a 
coastal area in a typical industrial Chinese zone: the Bohai Rim Region. 
Most PCN congeners were detected in most samples. The 

∑
PCNs con

centrations ranged between 7.3 and 214  pg/g ww, with a variation of 
two orders of magnitude. The highest 

∑
PCN level was found in ditrema 

(Ditrema temminckii). The predominant PCN congeners were tri-CNs 
followed by di-CNs, penta-CNs, and tetra-CNs, which contributed 
respectively with 32 %, 23 %, 20 % and 15 % to the 

∑
PCN concen

tration. Interestingly, the authors highlighted that the PCN TEQs were 
much lower than the PCDD/F and dioxin-like PCB TEQs found in pre
vious studies in fish performed in the Bohai region. The results suggested 
that toxicological concerns posed by PCNs were rather negligible. On the 
other hand, Han et al. (2018) measured the concentrations of PCNs in 
blood of eight species of animals, whose meats are often consumed. The 
levels of PCNs (a total of 75 mono- to octa-CN congeners were quanti
fied) were analyzed in whole blood samples of horse, donkey, cattle, 
sheep, chicken, duck, rabbit and pig (animals obtained of large farms in 
the suburbs of Beijing). In the eight species, the median and mean 
concentrations of PCNs –given on a liquid volume basis– were 826 and 
756 pg/L, respectively, with a range between 305 and 987 pg/L. The 
highest and lowest PCN levels corresponded to blood of donkey, 987 pg/ 
L followed by pig, 305 pg/L. The mono-CNs were the predominant ho
molog group, followed by the di-CNs and tri-CNs. With respect to the 
dietary intakes of PCNs, it was found that chicken, beef, and pork 
contributed most to the total TEQs, with percentages of 61 %, 27 % and 
5.9 %, respectively. In turn, Wang et al. (2022a) determined the con
centrations of 75 PCN congeners in 102 samples of commercial green 
tea, a popular beverage in China, which were collected from 10 Chinese 
provinces and Chongqing City. The mean of PCN concentrations in the 
green tea samples was 36.1 pg/g dry weight (dw) (range: 3.62–175 pg/g 
dw). Similar profiles of homologs and congeners of PCNs were observed 
for all samples of different areas, being di-CNs, tetra-CNs, and tri-CNs 
the dominant PCN homologs. It was concluded that PCNs in green tea 
should mean little risks for the consumers. In another study, Qi et al. 
(2022) investigated the presence and distribution of PCNs in 107 sam
ples of bees, bee pollen, and wax collected in various geographical 
Chinese regions. A total of 75 PCN congeners could be detected in the 
samples of bee, pollen, and wax, being their average ΣPCNs concen
trations 74.1, 96.3, and 141 pg/g dw, respectively. In relation to the 
predominant homologues, it was found that mono-to tri-CNs 
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contributed with approximately 80 % to the total PCNs in all the sam
ples. Regarding the health risks of PCNs for the consumers of bee pollen, 
which is a popular food in China, it was found that PCNs exposure 
through dietary pollen posed low carcinogenic and non-carcinogenic 
risks, for both adults and children. In order to investigate the tox
icokinetics and bioaccumulation of tri- to octa-CNs in hen eggs and 
tissues, Wang et al. (2022b) carried out a feeding experiment with laying 
hens fed fly ash-contaminated. The eggs showed increasing concentra
tions of PCNs 14 days after oral exposure. Although these levels grad
ually decreased during the 28-day depuration period, they still exceeded 
the initial concentrations. The 

∑
PCNs levels ranged between 48.1 and 

40 pg/g lipid weight (lw) in tissues of the low-exposure group, and 
between 67.4 and 394 pg/g lw in tissues of the high-exposure groups. 
The transfer rates of PCN congeners ranged between 0.27 % and 23.0 %, 
which indicated a potential transfer of PCNs from feed to eggs. More
over, PCN distribution in the laying hens at the end of the exposure 
showed tissue-specific accumulation, being the high PCN levels found in 
liver, spleen, and ovum. Based on these results, the authors suggested 
potential risks of exposure to PCNs in the food supply chain.

Dong et al. (2022b) determined the concentrations and assessed the 
distribution of 75 PCN congeners in 82 raw cow milk specimens from 
three different regions in North China, which varied in the intensity of 
emission sources of PCNs. “A” was the region with the highest emissions, 
while no PCN emission sources were detected in region “C”. The median 
and mean concentrations of PCNs in raw cow milk were the following: 
364 and 487 pg/g lw (region A), 150 and 261 pg/g lw (region B), and 
171 and 186 pg/g lw (region C). The levels detected in region A (range 
214–2050 pg/g lw) were significantly higher than those found in regions 
B (range 89.6–638 pg/g lw) and C (range 90.2–386 pg/g lw). The ho
mologue profiles of PCNs were dominated by di-CNs and tri-CNs, ac
counting the combined proportions of di-CNs and tri-CNs for 
approximately 70 % of the total PCNs. It was concluded that, in general, 
exposure risk posed by PCNs in cow milk for the average Chinese con
sumer, would not be significant. In a subsequent study of the same 
research group, Dong et al. (2022c) determined the levels and homo
logue profiles of PCNs in 65 milk samples obtained from four dairy 
farms, which were situated within 10 km of an iron smelting plant in 
Northern China. Although not directly related with the purpose of the 
current review, it is interesting to note that in that study, samples of 
excrements, feed, plants and soils of the farms were also analyzed. The 
mean and median PCN concentrations in milk were 552 and 519 pg/g 
lw, respectively. These values were comparable to those found in sam
ples from other regions with important PCN emission sources (mean: 
487 pg/g lw, median: 364 pg/g lw). However, they were higher than the 
levels in milk from less polluted Chinese areas, with no industrial PCN 
emission sources identified (mean: 186 pg/g lw, median: 171 pg/g lw) 
(Dong et al., 2022a). In a subsequent study, the same research group 
(Dong et al., 2023b) measured the concentrations of 75 PCN congeners 
in beef samples obtained from local markets in Beijing and six Chinese 
provinces. The total number of analyzed samples was 83, including 26 
flanks, 31 round, and 26 shank samples. Almost all the 75 PCN conge
ners could be detected. The total concentrations in the 83 analyzed 
samples ranged between 9.9 and 239 pg/g ww, with mean and median 
values of 61.9 and 43.6 pg/g ww, respectively. Tri- and di-CNs were the 
predominant homologues, with 54 % and 30 % of the total PCNs, 
respectively. The estimated daily intakes (EDIs) for PCNs –by an average 
person living in China– using the beef intake, ranged between 0.0011 
and 0.071 pg TEQ/kg bw, with mean and median values of 0.0089 and 
0.0059 pg TEQ/kg bw, respectively. Based on these values, it was 
concluded that exposure to PCNs through beef consumption would be 
minimal. Recently, the same research group (Dong et al., 2023c) 
measured the concentrations of PCNs in 72 samples of commercial milk- 
based formula produced in various countries and sold on the Chinese 
market. The total PCN concentrations in all the commercial cow milk 
formula samples from different countries were in the range 7.8–30.3 pg/ 
g ww, with mean and median values of 15.5 and 13.6 pg/g ww, 

respectively. Mono- to tri-CNs were the predominant homologs in these 
samples, while the penta- and hexa-CNs were below their respective 
LODs. The TEQ values for PCNs in all the formula samples ranged be
tween 0.0001 and 0.0019 pg TEQ/g ww, being the mean and median 
values 0.0008 and 0.0007 pg TEQ/g ww, respectively. It was concluded 
that based on exposure to PCNs, the consumption of formula in China 
poses a lower risk to infants and toddlers compared with consuming 
breast milk. The TEQ values for PCNs in all the formula samples ranged 
between 0.0001 and 0.0019 pg TEQ/g ww, being the mean and median 
values 0.0008 and 0.0007 pg TEQ/g ww, respectively. In relation to this, 
recently Li et al. (2020) assessed the occurrence of PCNs in breast milk 
samples collected in 19 Provinces of China during the period 
2017–2019. The following daily intakes of PCNs were estimated for the 
0–6, 7–12 and 13–24 months age groups consuming breast milk: 
0.27–0.95, 0.16–0.57 and 0.12–0.41 pg TEQ/kg bw/day, respectively. 
These values were approximately 10 times higher than those determined 
by Dong et al. (2023c) based on consuming formula, and consequently, 
the consumption of formula would pose a notable lower risk to infants 
and toddlers compared with consuming breast milk.

Considering that in Asian countries, Chinese mitten crab is a popular 
foodstuff, Wang et al. (2022c) measured the levels 75 PCN congeners in 
farmed Chinese mitten crabs, (also crab compound feed and sediments) 
collected from 36 crab farms from Anhui Province and Shanghai. The 
mean concentration of the individual PCNs in all crab samples was 21.3 
pg/g ww (range 5.46–43.8 pg/g ww). Di-CNs, tetra-CNs, penta-CNs and 
hepta-CNs accounted for more than 85 % of the total PCN concentrations 
for the samples of crabs collected in the Anhui Province and in Shanghai. 
Regarding potential health risks for the Chinese consumers, the average 
EDIs associated with crab consumption were 0.0044–0.0083 and 
0.0025–0.0048 pg TEQ/kg bw/day for a 63 kg adult consuming 40–75 
g/day in Anhui Province and Shanghai, respectively. The authors 
concluded that the results would not mean significant health risks to the 
Chinese population from exposure to PCNs through the consumption of 
farmed crabs. One of the most complete Chinese studies on the dietary 
exposure to PCNs and the health risks derived from that exposure was 
conducted by Li et al. (2022). These researchers determined the levels of 
75 PCN congeners in 8 categories of food from 24 provinces of China. 
One-hundred ninety-two composite samples –comprising 17,280 sub
samples– of fish, meat, eggs, milk, legumes, cereals, vegetables and 
potatoes were collected. The food samples analyzed in that study were 
obtained through the sixth Chinese total dietary study, being analyzed 
for PCNs in the way they were consumed. Thirty randomly selected 
households were included at each sampling site. All individuals in each 
household were asked to participate in a 24 hr dietary intake recall over 
3 days. As expected, the levels of PCNs in animal-origin foods were 
generally higher than those found in plant-origin foods. The highest 
concentrations of PCNs were found in meat (range: 49.2–174.1 pg/g 
ww; mean: 92.0 pg/g ww), eggs (range: 7.6–159.0 pg/g ww; mean: 31.4 
pg/g ww) and fish (range: 11.1–138.6 pg/g ww; mean: 27.2 pg/g ww). 
In contrast, among animal-origin foods, the lowest concentration cor
responded to milk (range: 8.6–51.7 pg/g ww; mean: 22.2 pg/g ww). On 
average, it was found that meat, cereals, and vegetables were the most 
important contributors to the total dietary intake of PCNs, with per
centages of contribution of 35.4 %, 25.2 % and 19.4 %, respectively. The 
risk assessment did not suggest significant cancer risks or potential non- 
carcinogenic adverse health effects for the Chinese population. How
ever, it was also concluded that the release of PCNs from industrial 
thermal processes was still being an important factor in contamination 
by these compounds, and consequently, for human exposure.

2.1.2. Korea
In Korea, Kim et al. (2018) determined the levels of 37 PCN conge

ners (from tetra- to octa-CNs) in 33 species of fish and seafood, while the 
dietary intake of PCNs through fish and seafood consumption was also 
estimated. A total of 165 samples of the edible parts of the samples of 
fish, mollusks, and crustaceans (widely and frequently consumed in the 
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country) were analyzed. In fish samples, the highest concentrations of 
total PCNs corresponded to sailfin sandfish (110 pg/g ww), herring (96 
pg/g ww), and salmon (53 pg/g ww), while in mollusks and crustaceans, 
the highest level of total PCNs was detected in mussels (29 pg/g ww). In 
fish samples, penta-CNs was the predominant homolog group, followed 
by tetra-, hexa- and hepta-CNs. In turn, tetra-CNs was the dominant 
homolog group in samples of mollusks and crustaceans. The EDI of total 
PCNs through the consumption of fish and seafood was 570 pg/kg bw, 
with penta-CNs being the highest contributor (310 pg/kg bw). 
Regarding the specific species, the highest contribution was due to 
mackerel (170 pg/day), while other highly consumed seafood species in 
Korea, such as anchovy, flatfish and croaker, were also important con
tributors to the dietary daily intakes of PCNs. In a recent study con
ducted by the same research group, Heo et al. (2024) investigated the 
concentrations and congener patterns of PCNs in foodstuffs from Korean 
markets. A total of 208 food samples belonging to 30 food items were 
analyzed. The food items followed this distribution: 9 agricultural 
products, 8 fishery products, and 13 processed foods. The highest mean 
concentrations of ΣPCNs corresponded to fishery products (70.7 pg/g 
ww, range 22.2–275 pg/g ww), while the lowest levels corresponded to 
agricultural products (9.12 pg/g ww, range ND-39.9 pg/g ww). 
Regarding the distribution pattern of PCNs, it was found that tri-CNs 
were the most dominant group in all three food groups. In turn, tetra- 
CNs and penta-CNs, followed by tri-CNs, were the dominant homo
logues in fishery products and processed foods. With respect to the di
etary intake of PCNs by the Korean population, the mean intakes of PCN 
(TEQ) for the Korean population were estimated to be 0.901 and 0.601 
pg-TEQ/day, for males and females, respectively.

2.1.3. Other Asian countries
In Pakistan, Mahmood et al. (2014) measured the concentrations of 

PCNs in crops of rice and wheat, while the human dietary exposure to 
these pollutants via these cereals crops was also estimated. A total of 14 
sampling locations were selected for the sampling of cereal crops, lo
cations within 170 km stretch along the two tributaries of River Chenab, 
Punjab Province. Twenty-eight samples of rice and wheat were collected 
from their fields during the harvesting seasons. The average concen
trations of 

∑
PCNs in wheat and rice samples were 0.11 ng/g (range: 

0.02–0.21 ng/g) and 0.31 ng/g (range: 0.02–1.21 ng/g), respectively. 
Among PCN homologs, penta-CNs were the predominant, with 37 % for 
wheat samples and 40 % for rice samples. Penta-CNs were followed by 
tetra-CNs, with percentages of 27 % and 25 %, for wheat and rice 
samples, respectively. The EDIs of 

∑
PCNs through consumption of 

wheat and rice were 0.21 ng/kg bw/day and 0.03 ng/kg bw/day, 
respectively.

2.2. Europe

2.2.1. Ireland and United Kingdom
Fernandes et al. (2010) performed a study aimed at examining the 

occurrence of PCNs in foods and to determine the dietary exposure of 
these compounds for the population of the United Kingdom (UK). A 
number (44) of samples of various commonly consumed foods: fish, 
meat, milk and dairy products, eggs, vegetables, etc., were analyzed for 
the content of the following PCN congeners: 52, 53, 66/67, 68, 69, 71/ 
72, 73, 74, and 75. The highest levels and the widest range of PCN 
congeners were found in fish (average, 20 ng/kg whole weight), being 
the highest concentrations specifically detected in farmed and organi
cally produced salmon: 37.29 and 34.51 ng/kg, respectively. A wide 
range of congeners was also detected in the samples of eggs/poultry, but 
the average level was comparatively lower (about 2.4 ng/kg whole 
weight) for the sum of the measured PCN congeners. Based on the 
concentrations of PCNs, it was concluded that the average dietary intake 
of these pollutants should not mean toxicological concerns in the UK. In 
another study conducted by the same research group, Fernandes et al. 
(2011) determined in commonly consumed Irish foods, the occurrence 

of PCNs. The resulting human exposure to PCNs was also estimated. 
One-hundred composite samples were analyzed: 17 samples of marine 
and farmed fish and shellfish, 15 samples of milk and eggs, 21 samples of 
carcass fat (from beef cattle, pigs, lambs, chickens and duck), 12 samples 
of liver (bovine, porcine, ovine, equine and avian), 6 dairy products, as 
well as 14 other miscellaneous foods. PCNs were detected in most foods 
with, a range of concentrations for the sum of the measured PCNs be
tween 0.09 and 59.3 ng/kg whole weight, for milk and fish samples, 
respectively. The PCN congeners 66/67, 52, and 73 were the most 
frequently detected. The calculated PCN TEQ values associated with the 
reported concentrations, ranged between 0.0001 ng/kg TEQ (mainly for 
vegetable-based foods and some shellfish) and 0.03 ng/kg TEQ for fish. 
In another investigation carried out by the same research group, Rose 
et al. (2015) identified groups of the population, who might be exposed 
to various environmental pollutants due to fish consumption from UK 
freshwater systems. For this, regional and seasonal differences in con
sumption of freshwater fish were considered. PCNs (together with other 
POPs, heavy metals, OC pesticides, etc.) were included in that investi
gation, which was designed to identify UK inland waterways that are 
likely to be contaminated either by anthropogenic activity, or because of 
the geology of the area. The habits of anglers and others who might 
consume fish caught from these waters were established. Efforts were 
made to identify groups of the population that might be exposed to the 
environmental contaminants, as well as regional and seasonal differ
ences in consumption of freshwater fish. An estimate of the extent of 
these habits among the various sub-groups of the population was made. 
The mean and median concentrations of ΣPCNs in freshwater fish were 
109.75 and 43.78 µg/kg (range: 1.11–1197.33 µg/kg), based on upper 
bound whole weight basis. The results of that survey confirmed the 
occurrence of a wide range of environmental pollutants –including 
PCNs– in fish. Within the same research line, but now in marine waters 
of the UK, with extension of the sampling areas to the coasts of Norway 
and the south of the Algarve (Portugal), a new study was conducted by 
Fernandes et al. (2018). A total of 182 samples of marine species (sea 
bass, mackerel, herring, sprats, grey mullet, sardines, turbot, halibut, 
various shark species etc.) were collected, mainly from the waters 
around the UK and the European coastal North Atlantic. The concen
trations of various POPs were determined in these samples. Regarding 
PCNs, the levels were measured in a sub-set of 75 samples belonging to 
seven species. Concentrations were reported as the sum of 12 measured 
PCN congeners. They ranged between 0.7 and 265  ng/kg ww, with the 
highest levels corresponding to sprats and mackerel: means of 67 and 
68  ng/kg ww, respectively. The highest PCN levels corresponded to fish 
samples from the Irish Sea. On the other hand, Zhihua et al. (2019)
carried out a study aimed at determining the occurrence and geospatial 
mapping of PCNs, PTEs (potentially toxic elements), and aflatoxins, to 
provide effective visualization of their distribution within geographical 
regions. The focus was mainly established on the distribution of PCN 
contamination for different edible marine fish species from locations in 
the North Atlantic Ocean (mainly, but not exclusively, from waters 
around the UK, Ireland and Northern France). Seventy-five samples of 
sea bass, herring, mackerel, mullet and sardine were analyzed for PCNs, 
as part of a larger study investigating also other environmental con
taminants. The PCN congeners included in that survey were the 
following: 52/60, 53, 66/67, 68, 69, 71/72, 73, 74, and 75. The highest 
PCN levels corresponded to sprats and mackerel, with mean summed 
concentrations of 67 and 68  ng/kg ww, respectively. The geo-spatial 
visualization approach proposed for food contaminants (including 
PCNs) should allow rapid interpretation and communication of complex 
information.

2.2.2. Italy
Kannan et al. (2002) determined the concentrations and congener 

profiles of PCNs (and other POPs) in samples of fish from the Italian 
coast of the Mediterranean Sea. Bluefin tuna (liver, muscle and fat) and 
swordfish (muscle and liver) were the fish species selected for that 

J.L. Domingo                                                                                                                                                                                                                                     Food Research International 195 (2024) 114949 

4 



survey. The levels of PCNs, which were detected in all analyzed 
samples– ranged between 6.97 and 552 pg/g in muscle and fat of tuna, 
and from 14.6 to 62.9 pg/g in muscle and liver of swordfish.

2.2.3. Finland
Isosaari et al. (2006) measured the levels of PCDD/Fs, PCBs, dioxin- 

like PCBs, PCNs and PBDEs in 156 composite samples of fish collected 
from the Baltic Sea, as well as three Finnish lakes during the period 
2001–2003. The following fish species were collected from the Baltic 
Sea, and from the three lakes, when available: burbot, Baltic herring, 
sprat, pike-perch, salmon, perch, pike, flounder, vendace, whitefish, 
river lamprey, smelt and bream. The levels of PCNs in fish were less than 
0.085 ng/g lw except for salmon, river lamprey, and herring. As it could 
be expected, fish species caught in the Baltic Sea, but which can also live 
in Finish lakes (pike, perch, pike-perch, burbot, bream, vendace, roach 
and whitefish), showed in general, higher levels of PCNs, as well as the 
other analyzed POPs.

2.2.4. Latvia
Zacs et al. (2021) performed a study aimed at providing data on 

selected PCNs in foods from Latvia and at estimating the dietary intake 
of these pollutants by the general population of the country. The 
analyzed foods, which are widely consumed in Latvia, were the 
following: milk and dairy products, eggs, meats, fish, cod liver, bread 
and cereal products, vegetable oils, fish oil as a food supplement (pu
rified from POPs), and baby food samples. Twenty-six tetra- through 
octa-PCN congeners were determined. The highest mean PCN levels 
were observed in fish products, with mean and median 

∑
PCNs con

centrations of 45.7 and 27.1 pg/g, respectively. The highest 
∑

PCNs 
concentration (286 pg/g) corresponded to a sample of cod liver. The 
EDIs for 

∑
PCNs and PCN-TEQ for the general population were 116 and 

0.036 pg TEQ/kg bw, respectively. Fish and fish products provided the 
main contribution to the dietary “dioxin-like” burden of PCNs, with 
approximately 60 % of the total PCN-TEQ intake.

2.2.5. France
Godéré et al. (2022) conducted –for the first time in France– a survey 

aimed at determining the presence of PCNs in fish and seafood products, 
as well as to assess the health risks for the French sea consumers. During 
the known as CALIPSO study (Leblanc et al., 2006), composite samples 
of the most consumed fish and seafood (collected between January and 
April 2005 in 4 French coastal cities: Le Havre, Lorient, La Rochelle and 
Toulon) were selected based on a local Total Diet Study (TDS). PCNs 
were detected in 36 of the 37 samples analyzed. The mean and median 
concentrations of PCNs were 100 and 34 pg/g ww, with a range between 
1.9 and 440 pg/g ww (medium-bound values). Crab and mackerel were 
the species containing the highest levels of PCNs, followed by sardine, 
salmon and sea bass. Regarding the assessment of the potential health 
risks for the consumers, it was found that salmon –followed by mackerel 
and sardine– made up 50–90 % of total intakes of PCNs. The specific 
PCN related dietary dioxin-like exposure was 0.028–0.051 pg TEQ/kg 
bw/week for adults, based on fish and seafood consumption only. In that 
same line, recently this research group (Godéré et al., 2024) determined 
also the levels of PCNs in 60 food products, which were acquired in 
2021–2022 throughout the French territory. The foodstuffs included 
meat and meat products, milk and dairy products, eggs, vegetable oils, 
and baby foods. Simultaneously, the levels of PCDD/Fs and PCBs were 
also measured to allow that the contribution of PCNs to the cocktail of 
dioxin-like pollutants was evaluated. The concentrations of 

∑
PCN 

ranged from 2.5 to 150 pg/g (ww) (13 to 3900 pg/g lw). The median 
∑

PCNs concentrations in the different food categories ranged from 12 
to 14 pg/g ww (excepting baby food). On a lipid weight basis, the levels 
were more than 10 times higher in fish and fishery products. In this 
recent study, Godéré et al. (2024) found a low risk from dietary exposure 
to PCNs. Milk and dairy products being the highest contributors, fol
lowed by meat and meat products.

2.2.6. Spain
In recent decades, our research group, commissioned by the Waste 

Agency of Catalonia (Spain) and the Catalan Food Safety Agency, has 
conducted several studies focused on establishing the occurrence of 
various environmental contaminants in foods and the human dietary 
exposure to these pollutants. These have included surveys on heavy 
metals, PCDD/Fs, PCBs, PBDEs, PCNs, polycyclic aromatic hydrocar
bons (PAHs) and polychlorinated diphenyl ethers (PCDEs), among 
others (Aznar-Alemany et al., 2017; Domingo et al., 1999; González 
et al., 2021; Llobet et al., 2008; Martí-Cid et al., 2008; Martorell et al., 
2012; Perelló et al., 2015). Regarding specifically PCNs, in a first study 
(Domingo et al., 2003), we analyzed the concentrations of tetra- to octa- 
CNs, being the mean sums of tetra–octa-CN also estimated. A total of 108 
composite samples of vegetables, tubers, fruits, cereals, pulses, fish and 
shellfish, meat and meat products, eggs, milk, dairy products, and oils 
and fats were analyzed. All foods were randomly acquired in various 
cities of Catalonia. The highest level of total PCNs was found in oils and 
fats (447 pg/g). Cereals (71 pg/g), fish and shellfish (39 pg/g), and dairy 
products (36 pg/g) showed also comparatively high levels of PCNs, 
while the lowest concentrations of total PCNs corresponded to milk (0.4 
pg/g) and fruits (0.7 pg/g). In general, tetra-CNs were the predominant 
homologue in all food groups. The largest contribution to the daily PCNs 
intake was due to the consumption of oils and fats, and cereals. The 
highest and lowest daily dietary intakes of PCNs corresponded to chil
dren and seniors: 1.65 and 0.54 ng/kg bw, respectively.

With respect to the dietary intake of environmental pollutants, it is 
well established that fish and shellfish is –in general terms– the food 
group showing the highest contributions to the human daily exposure to 
these contaminants. For that reason, we conducted in our laboratory a 
survey specifically aimed at determining the human exposure to PCNs 
through the consumption of edible marine species (Llobet et al., 2007). 
Forty-two composite samples of 14 widely consumed species in Cata
lonia (sardine, tuna, anchovy, mackerel, swordfish, salmon, hake, red 
mullet, sole, cuttlefish, squid, clam, mussel and shrimp) were analyzed. 
The highest levels of total PCNs corresponded to salmon (227 ng/kg 
ww), mackerel (95 ng/kg ww), and red mullet (68 ng/kg ww). In 
contrast, cuttlefish (3 ng/kg ww) and shrimp (5 ng/kg ww), were the 
species showing the lowest levels of total PCNs. Penta-CNs (60 %) was 
the predominant contributor to total PCNs, except for cephalopods and 
shellfish species, for which tetra-CNs was the predominant group. 
Regarding the daily dietary intake of PCNs through the consumption of 
fish and seafood, it was estimated to be 1.53 ng for a standard male 
adult. The species with the highest contributions to this intake were 
salmon (0.41 ng/day), sole (0.28 ng/day) and tuna (0.24 ng/day). To 
know the temporal trend in the dietary intake of PCNs by the population 
of Catalonia, in addition to fish and seafood (Llobet et al., 2007), 
foodstuffs belonging to the rest of food groups that had been assessed in 
our first survey (Domingo et al., 2003), were again analyzed. In that new 
survey (Martí-Cid et al., 2008), 50 food items (meat and meat products, 
vegetables and tubers, fruits, eggs, cow’s milk and dairy products, ce
reals, pulses, oils and fats, and bakery products) were selected, and 
composite samples analyzed. For estimating the dietary intake of PCNs, 
the results regarding fish and seafood were taken from our previous 
study (Llobet et al., 2007). Precisely, it was noted that the highest 
∑

PCNs corresponded to fish and seafood (47.1 ng/g ww), followed by 
oils and fats, bakery products, and dairy products, with values of 

∑
PCNs 

of 21.5, 15.3 and 11.7 ng/kg ww, respectively. For a standard consumer 
–male adult (70 kg bw)– of Catalonia, the daily dietary intake of PCNs 
was estimated to be 7.25 ng, which meant an 84 % of decrease in 
relation to our previous survey (Domingo et al., 2003). This important 
reduction was mainly due to the decreases in the contribution of oils and 
fats, and cereals.

2.2.7. Analysis of PCNs in cod liver
The occurrence and human exposure to PCNs, PCDD/Fs and PCBs 

through the consumption of cod liver products have been also assessed. 
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Falandysz and Fernandes (2020) analyzed a set of persistent and toxi
cologically significant PCN congeners in samples of cod liver oil and 
canned cod liver, which had been obtained between 1972 and 2017 
from the North Atlantic region, including the Baltic Sea. The analyzed 
samples consisted of cod liver oil of medical grade, sourced from the 
Baltic Sea or the North Atlantic, as well as canned cod livers made from 
the Baltic Sea cod. The levels of the following 19 PCNs were analyzed: 
13, 27, 42, 52/60, 53, 63, 65, 66/67, 64/80, 69, 70, 71/72, 73, 74, and 
75. The highest contributors to ƩPCNs were CNs #42 (TeCN), #52/60 
(PeCN), #66/67, #69, #64/68 and #71/72 (HxCN) and #73 (HpCN). 

The concentrations of ƩPCN congeners in the medicinal grade and other 
cod liver oils ranged between 2050 and 13,400 pg/g1 (period 
1972–2001). In turn, in canned cod liver foods, the range of ƩPCNs was 
between 1670 and 2240 pg/g1 fat (730–1050 pg/g whole weight in 
2017). The PCN contribution to dioxin-like toxic equivalence (TEQ) was 
estimated for these samples to be in the range 1.2–15.9 pg TEQ/g. This 
range was notable in comparison to the EU regulated value of 1.75 pg 
TEQ/g for dioxins in fish oils. Falandysz et al. (2019) also carried out a 
retrospective investigation into the occurrence and human exposure to 
PCNs (also PCDD/Fs and PCBs) through consumption of cod liver 

Table 1 
A summary of some recent publications on the occurrence of PCNs in foods consumed by the Asian population.

Country/region/ 
city

Food samples analyzed Concentrations of PCNs Remarks Reference

China, cities of 
Guangzhou and 
Zhoushan

Fish, cephalopods, shrimps, 
crabs, bivalves

∑
PCNs, range: 93.8–1300 pg/g lipid PCNs were detected in all seafood samples Jiang et al. 

(2007)

China Cheese, butter
∑

PCNs, ranges: cheese, 5.6–103 pg/g ww and butter, 
5.0–199.9 pg/g ww

PCN 73 was the predominant congener followed 
by PCNs 63, 66/67 and 69

Li et al. 
(2015)

China, Bohai Rim 
Region

17 marine fish species
∑

PCNs, range: 7.3–214 pg/g ww. The highest level was 
found in ditrema samples

Predominant congeners were tri-CNs. 
Toxicological concerns posed by PCNs were 
considered negligible for the consumers

Cui et al. 
(2018)

China, Beijing Blood samples of 8 species of 
animals, whose meats are 
commonly consumed

Median and mean: 826 and 756 pg/L (range: 305 pg/L 
in donkey-987 pg/L in pig).

Mono-CNs were the predominant group of 
homolgues. Chicken, beef and pork were the 
main contributors to total TEQs (61 %, 27 % and 
5.9 %, respectively)

Han et al. 
(2018)

North China (3 
regions)

Raw cow milk Means: 487, 261 and 186 pg/g lw, for the most to the 
less contaminated region

Di-CNs and tri-CNs were the dominant 
homologues. Exposure to PCNs from milk 
consumption would not be of concern

Dong et al. 
(2022b)

North China Milk from 4 dairy farms near 
an iron smelting plant

Mean and median values: 552 and 519 og/g lw PCN levels were comparable to those found in 
milk samples collected in Chinese areas with 
important emission of PCNs

Dong et al. 
(2022c)

China, Beijing and 
six Provinces

Beef (flanks, round and 
shank samples) from local 
markets

∑
PCNs, mean and median values: 61.9 and 43.6 pg/g 

ww (range: 9.9–239 pg/g ww)
Tri and di-CNs were the predominant 
homologues. Using beef consumption, the EDIs 
ranged: 0.0011–0.071 pg TEQ/kg bw

Dong et al. 
(2023b)

Chinese market Commercial milk-based 
formulas

∑
PCNs, mean and median values: 15.5 and 13.6 pg/g 

ww (range: 7.8–30.3 pg/g ww)
Mono- and tri-CNs were the predominant 
homologues. TEQ values ranged between 
0.0001 and 0.0019 pg TEQ/g ww

Dong et al. 
(2023c)

China, Anhui 
Province and 
Shanghai

Mitten crabs Mean value: 21.3 pg/g ww (range 5.46–43.8 pg/g ww) No significant health risks were associated with 
exposure to PCNs through farmed Chinese 
mitten crab consumption.

Wang et al. 
(2022c)

China, 24 
Provinces

Fish, meat, eggs, milk, 
legumes, cereals, vegetables 
and potatoes

The highest concentrations were found in meat (range: 
49.2–174.1 pg/g ww; mean: 92.0 pg/g ww), eggs 
(range: 7.6–159.0 pg/g ww; mean: 31.4 pg/g wwt) and 
fish (range: 11.1–138.6 pg/g ww; mean: 27.2 pg/g ww).

The risk assessment did not show significant 
cancer risks or potential non-carcinogenic 
adverse health effects for the Chinese 
population.

Li et al. 
(2022)

Korea, various 
cities

Fish, mollusks and 
crustaceans

The highest 
∑

PCNs to sailfin sandfish (110 pg/g ww), 
herring (96 pg/g ww), and salmon (53 pg/g ww). In 
mollusks and crustaceans, the highest 

∑
PCNs was 

detected in mussels (29 pg/g ww)

The EDI of total PCNs through the consumption 
of fish and seafood was 570 pg/kg, being penta- 
CNs the highest contributor (310 pg/kg).

Kim et al. 
(2018)

Korea, various 
markets

Nine agricultural products, 8 
fishery products, and 13 
processed foods

The highest mean ΣPCNs corresponded to fishery 
products (70.7 pg/g ww, range 22.2–275 pg/g ww). The 
lowest levels corresponded to agricultural products 
(mean 9.12 pg/g ww, range ND-39.9 pg/g ww)

The estimated mean intakes of PCN for the 
Korean population were 0.901 and 0.601 pg- 
TEQ/day (males and females, respectively)

Heo et al. 
(2024)

Pakistan, Punjab 
Province

Wheat and rice crops The average 
∑

PCNs in wheat and rice samples were 
0.11 ng/g (range: 0.02–0.21 ng/g) and 0.31 ng/g 
(range: 0.02–1.21 ng/g), respectively.

The EDIs of 
∑

PCNs through consumption of 
wheat and rice were 0.21 and 0.03 ng/kgbw/ 
day, respectively

Mahmood 
et al. (2014)
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products. It was found that, over the years covered by the study, cod 
liver oils and cod liver products of Northern Europe showed relatively 
high levels of PCNs (also of PCDD/Fs and PCBs). In turn, cod liver oils 
from the Baltic Sea showed higher levels of these pollutants than the 
North Atlantic samples. Specifically regarding PCNs only, it was noted 
that the contribution to daily adult TEQ intake was relatively small.

3. Discussion and conclusions

For environmental pollutants such as PCDD/Fs, PCBs, or PBDEs 
among other POPs, it is well established that air inhalation is one of the 
ways of human exposure to these compounds (Cai et al., 2020; López 
et al., 2021; Othman et al., 2022; Tue et al., 2013; Wang et al., 2017). 
For PCNs, whose chemical structure is similar to that of PCBs, air is also 

Table 2 
A summary of some recent publications on the occurrence of PCNs in foods consumed by the European population.

Country/region/ 
city

Food samples analyzed Concentrations of PCNs Remarks Reference

United Kingdom 
(UK)

Commonly consumed foods: fish, meat, milk 
and dairy products, eggs, vegetables, etc.,

The highest levels and of PCN congeners were 
found in fish (average, 20 ng/kg whole 
weight), being the highest concentrations 
detected in farmed and organically produced 
salmon: 37.29 and 34.51 ng/kg, respectively

The average dietary intake of PCNs should 
not mean toxicological concerns in the UK

Fernandes 
et al. (2010)

Ireland Marine and farmed fish and shellfish, milk, 
eggs, carcass fat (from beef cattle, pigs, 
lambs, chickens and duck), liver (bovine, 
porcine, ovine, equine and avian), dairy 
products, and other miscellaneous foods.

∑
PCNs ranged between 0.09 and 59.3 ng/kg 

whole weight for milk and fish samples, 
respectively

PCN TEQ values ranged between 0.0001 
ng/kg TEQ (mainly for vegetable-based 
foods and some shellfish) and 0.03 ng/kg 
TEQ for fish

Fernandes 
et al. (2011)

UK marine regions, 
Norway coast, 
and south 
Algarve 
(Portugal)

Seven edible marine species
∑

PCNs ranged between 0.7 and 265  ng/kg 
ww. The highest levels corresponded to sprats 
and mackerel, with means of 67 and 68  ng/kg 
ww, respectively.

Considering the precedence of the sample, 
the highest PCN levels corresponded to 
fish from the Irish Sea

Fernandes 
et al. (2018)

Italy Bluefin tuna (liver, muscle and fat) and 
swordfish (muscle and liver)

The levels ranged between 6.97 and 552 pg/ in 
muscle and fat of tuna, and from 14.6 to 62.9 
pg/g in muscle and liver of swordfish. 

Exposure to PCNs should not mean health 
risks

Kannan et al. 
(2002)

Finland (Baltic Sea 
and 3 Finish 
Lakes)

Fish: burbot, Baltic herring, sprat, pike- 
perch, salmon, perch, pike, flounder, 
vendace, whitefish, river lamprey, smelt and 
bream.

The levels of PCNs in fish were lower than 
0.085 ng/g lw except for salmon, river 
lamprey, and herring

Fish species caught in the Baltic Sea, 
showed, in general, higher levels of PCNs

Isosaari et al. 
(2006)

Latvia Milk and dairy products, eggs, meats, fish, 
cod liver, bread and cereal products, 
vegetable oils, fish oil as a food supplement, 
and baby foods.

Mean and median 
∑

PCNs were 45.7 and 27.1 
pg/g, respectively. The highest 

∑
PCNs 

concentration (286 pg/g) corresponded to a 
sample of cod liver.

The EDIs for 
∑

PCNs and PCN-TEQ for the 
general population were 116 and 0.036 pg 
TEQ/kg bw, respectively. Fish and fish 
products provided the main contribution 
(60 %)

Zacs et al. 
(2021)

France Various species of widely consumed fish and 
seafood

Mean and median 
∑

PCNs were 100 and 34 
pg/g ww, with a range between 1.9 and 440 
pg/g ww. Crab and mackerel were the species 
containing the highest levels of PCNs

The PCN related dietary dioxin-like 
exposure was 0.028–0.051 pg TEQ/kg 
bw/week for adults

Godéré et al. 
(2022)

France Meat and meat products, milk and dairy 
products, eggs, vegetable oils, and baby 
foods

∑
PCN ranged from 2.5 to 150 pg/g (ww). The 

median 
∑

PCNs in the different food 
categories ranged from 12 to 14 pg/g ww

Milk and dairy products were the highest 
contributors, followed by meat and meat 
products.

Godéré et al. 
(2024)

Spain, Catalonia Vegetables, tubers, fruits, cereals, pulses, 
fish and shellfish, meat and meat products, 
eggs, milk, dairy products, and oils and fats

The highest 
∑

PCNs was found in oils and fats 
(447 pg/g), followed by cereals (71 pg/g), fish 
and shellfish (39 pg/g), and dairy products 
(36 pg/g)

The highest and lowest daily dietary 
intakes of PCNs corresponded to these age 
groups: children and seniors, with 1.65 
and 0.54 ng/kg bw, respectively.

Domingo 
et al. (2003

Spain, Catalonia Sardine, tuna, anchovy, mackerel, 
swordfish, salmon, hake, red mullet, sole, 
cuttlefish, squid, clam, mussel and shrimp

The highest levels of 
∑

PCNs corresponded to 
salmon (227 ng/kg ww), mackerel (95 ng/kg 
ww), and red mullet (68 ng/kg ww).

The daily dietary intake of PCNs through 
the consumption of fish and seafood was 
estimated to be 1.53 ng for a standard 
male adult.

Llobet et al. 
(2007)

Spain, Catalonia Meat and meat products, vegetables and 
tubers, fruits, eggs, cow’s milk and dairy 
products, cereals, pulses, oils and fats, and 
bakery products

Oils and fats, bakery products, and dairy 
products, showed the highest 

∑
PCNs: 21.5, 

15.3 and 11.7 ng/kg ww, respectively

In relation to the daily dietary intake of 
PCNs it was estimated to be 7.25 ng, which 
meant an 84 % of decrease in relation to 
the previous survey by Domingo et al. 
(2003).

Martí-Cid 
et al. (2008)
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one of the potentials ways of human exposure (Klimczak et al., 2023; 
Waheed et al., 2020; Yang et al., 2021). However, as it also occurs with 
other environmental pollutants, for non-occupationally exposed in
dividuals, the diet is –in general– the main source of exposure to these 
POPs and also for heavy metals.

The present review shows that, in recent years, China is the country 
for which more scientific literature on the concentrations of PCNs in 
foods is available. A summary of the most relevant studies carried out in 
China and other Asian countries are presented in Table 1. Various sur
veys conducted in China have measured the levels of PCNs in a number 
of foodstuffs. Notwithstanding, data regarding the complete dietary 
daily intake of PCNs is limited. Most studies were focused on the EDIs 
calculated only with the specific food items included in the respective 
surveys (fish and seafood, milk, meats, etc.). To the best of our knowl
edge, in the scientific literature there is not any article reporting the 
results of studies aimed at estimating the global human dietary exposure 
to PCNs in China. Despite this, the results of most surveys carried out in 
that country suggest that dietary exposure to PCNs from the analyzed 
food items should not mean human health risks. In Korea, recently Heo 
et al. (2024) reported the daily dietary intake of PCNs, which was esti
mated after analyzing their levels in 9 agricultural products, 8 fishery 
products and 13 processed foods. To date, that is the first and most 
complete survey conducted in that country (Table 1).

Table 2 summarizes information on studies conducted in European 
countries. Most surveys have been also performed in the current century. 
Just a few studies were conducted in the 1990 s, while other few surveys 
were published just in 2000, being focused on determining the levels of 
PCNs in fish and shellfish samples (Domingo, 2004). The current in
formation on the concentrations of PCNs in food and their intake 
through the diet is now more abundant than that available in our pre
vious review (Domingo, 2004). However, to draw conclusions on the 
health risks that the dietary exposure to PCNs can mean remains still 
difficult. In this sense, the recent EFSA report on the presence of PCNs in 
feed and food and the health risks for animals and humans, has not 
provided an acceptable a safety value for human daily dietary intake (or 
allowable dietary exposure) of PCNs (EFSA, 2024). It is due to the scarce 
available information on that topic. On the other hand, the lack of 
published data from complete market-based studies in most countries is 
notorious, while there is a total absence of available scientific publica
tions in American countries, including USA, Canada, Mexico, or Brazil, 
for example. There is no data either human total daily intake through 
food consumption conducted in other relevant countries such as India, 
Australia or Japan, among many others, including all the African 
countries.

In the current review, differences among those countries/regions for 
which results are available have been observed. Doubtless, it is due to 
the different origins of the food items included in the respective surveys, 
which belong to regions/areas potentially contaminated by PCNs at 
different levels. Another important difference is due the number of in
dividual PCN congeners analyzed in the respective surveys (not only in 
the specific analyzed PCNs, but also in their total number), and even the 
analytical techniques, including the detection limits. With the potential 
existence of 75 PCN congeners, most PCNs were only analyzed in a few 
studies, while other surveys included only some congeners.

In summary, although the available information regarding human 
health risks of PCNs due to dietary exposure is still currently rather 
limited, the results of the studies conducted in the present century in 
various countries (mainly China), seem to suggest that the risk are not 
being significant. On the other hand, considering that PCNs are included 
in the list of POPs under the Stockholm Convention (aimed at protecting 
human health and the environment from the effects of these POPs), it 
must be expected a continued reduction of the environmental levels of 
PCNs. It should have a direct repercussion on the concentrations of these 
pollutants in foodstuffs, and therefore, in a consequent reduction in the 
dietary exposure to PCNs. An example of this would be the result of a 
study conducted some years ago aimed at evaluating the temporal trend 

of the dietary intake to PCNs (Martí-Cid et al., 2008). It showed a 
reduction of the daily dietary intake of PCNs of 84 % in relation to a 
previous survey conducted in the same country (Domingo et al., 2003). 
Although in Catalonia, no data are available since then, the reductions in 
the environmental concentrations of PCNs, and consequently the levels 
in foods, are expected having been relevant.
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Perelló, G., Vicente, E., Castell, V., Llobet, J. M., Nadal, M., & Domingo, J. L. (2015). 
Dietary intake of trace elements by the population of Catalonia (Spain): Results from 
a total diet study. Food Additives & Contaminants. Part A, Chemistry, Analysis, Control, 
Exposure & Risk Assessment, 32, 748–755.

Qi, S., Dong, S., Zhao, Y., Zhang, S., Zhao, Y., Liu, Z., Zou, Y., Wang, P., & Wu, L. (2022). 
Distribution and source identification of polychlorinated naphthalenes in bees, bee 
pollen, and wax from China. Environmental Pollution, 314, Article 120225.

Rauscher-Gabernig, E., Mischek, D., Moche, W., & Prean, M. (2013). Dietary intake of 
dioxins, furans and dioxin-like PCBs in Austria. Food Additives & Contaminants. Part 
A, Chemistry, Analysis, Control, Exposure & Risk Assessment, 30, 1770–1779.

Rigby, H., Dowding, A., Fernandes, A., Humphries, D., Petch, R. G., Reynolds, C. K., 
Rose, M., & Smith, S. R. (2023). Transfer of polychlorinated, polybrominated and 
mixed-halogenated dioxins, furans and biphenyls, polychlorinated naphthalenes and 
alkanes, polycyclic aromatic hydrocarbons and chlorobenzenes to the milk of dairy 
cattle from controlled ingestion of industrial and municipal bioresources recycled to 
agricultural land. The Science of the Total Environment, 886, Article 163546.

Rose, M., Fernandes, A., Mortimer, D., & Baskaran, C. (2015). Contamination of fish in 
UK fresh water systems: Risk assessment for human consumption. Chemosphere, 122, 
183–189.

Schiavone, A., Kannan, K., Horii, Y., Focardi, S., & Corsolini, S. (2010). Polybrominated 
diphenyl ethers, polychlorinated naphthalenes and polycyclic musks in human fat 
from Italy: Comparison to polychlorinated biphenyls and organochlorine pesticides. 
Environmental Pollution, 158, 599–606.

Shen, J., Yang, L., Liu, G., Zhao, X., & Zheng, M. (2021). Occurrence, profiles, and control 
of unintentional POPs in the steelmaking industry: A review. The Science of the Total 
Environment, 773, Article 145692.

Tue, N. M., Takahashi, S., Suzuki, G., Isobe, T., Viet, P. H., Kobara, Y., Seike, N., 
Zhang, G., Sudaryanto, A., & Tanabe, S. (2013). Contamination of indoor dust and 
air by polychlorinated biphenyls and brominated flame retardants and relevance of 

non-dietary exposure in Vietnamese informal e-waste recycling sites. Environment 
International, 51, 160–167.

Waheed, S., Khan, M. U., Sweetman, A. J., Jones, K. C., Moon, H. B., & Malik, R. N. 
(2020). Exposure of polychlorinated naphthalenes (PCNs) to Pakistani populations 
via non-dietary sources from neglected e-waste hubs: A problem of high health 
concern. Environmental Pollution, 259, Article 113838.

Wang, X. T., Jia, J. P., Li, Y. C., Sun, Y. Z., Wu, M. H., Sheng, G. Y., & Fu, J. M. (2012). 
Level, distribution, and source identification of polychlorinated naphthalenes in 
surface agricultural soils from an electronic waste recycling area. Huan Jing ke Xue=
Huanjing Kexue, 33, 247–252 (in Chinese).

Wang, P., Zhang, Q., Li, Y., Matsiko, J., Zhang, Y., & Jiang, G. (2017). Airborne persistent 
toxic substances (PTSs) in China: Occurrence and its implication associated with air 
pollution. Environmental Science: Processes & Impacts, 19, 983–999.

Wang, Y., Zhang, S., Wang, Y., Wu, X., Zou, Y., Zhou, W., Wang, P., Cheng, J., & Dong, S. 
(2022a). Concentration and risk assessment of PCNs in green tea in different 
locations in China. The Science of the Total Environment, 847, Article 157587.

Wang, C., Dong, S., Wang, P., Hao, Y., Wang, R., Zhang, S., Wang, Y., Wang, P., 
Zhang, Q., & Jiang, G. (2022b). A pilot evaluation on the toxicokinetics and 
bioaccumulation of polychlorinated naphthalenes in laying hens. The Science of the 
Total Environment, 835, Article 155454.

Wang, Y., Zhang, S., Fan, M., Wang, R., Zou, Y., Wang, P., Cheng, J., & Dong, S. (2022c). 
Polychlorinated naphthalenes in farmed Chinese mitten crabs in China: 
Concentration, distribution and source analysis. Environmental Research, 206, Article 
112582.

Weistrand, C., & Norén, K. (1998). Polychlorinated naphthalenes and other 
organochlorine contaminants in human adipose and liver tissue. Journal of 
Toxicology and Environmental Health. Part A, 53, 293–311.

Wu, J., Hu, J., Wang, S., Jin, J., Wang, R., Wang, Y., & Jin, J. (2018). Levels, sources, and 
potential human health risks of PCNs, PCDD/Fs, and PCBs in an industrial area of 
Shandong Province, China. Chemosphere, 199, 382–389.

Xu, W., Wang, X., & Cai, Z. (2013). Analytical chemistry of the persistent organic 
pollutants identified in the Stockholm Convention: A review. Analytica Chimica Acta, 
790, 1–13.

Xu, C., Hu, J., Wu, J., Wei, B., Zhu, Z., Yang, L., Zhou, T., & Jin, J. (2020). 
Polychlorinated naphthalenes, polychlorinated dibenzo-p-dioxins and 
dibenzofurans, and polychlorinated biphenyls in soils in an industrial park in 
Northwestern China: Levels, source apportionment, and potential human health 
risks. Ecotoxicology and Environment Safety, 188, Article 109895.

Yang, X., Wu, J., Li, M., Qi, M., Wang, R., Hu, J., & Jin, J. (2021). Particle size 
distributions and health risks of polychlorinated dibenzo-p-dioxin/furans, 
polychlorinated biphenyls, and polychlorinated naphthalenes in atmospheric 
particles around two secondary copper smelters in Shandong Province, China. 
Chemosphere, 269, Article 128742.

Zacs, D., Perkons, I., Pasecnaja, E., & Bartkevics, V. (2021). Polychlorinated 
naphthalenes (PCNs) in food products in Latvia: Congener-specific analysis, 
occurrence, and dietary exposure of the general population. Chemosphere, 264, 
Article 128460.

Zheng, M., Liu, W., Li, C., Nie, Z., Liu, G., Zhang, B., Xiao, K., & Gao, L. (2013). 
Characterization of polychlorinated naphthalenes in stack gas emissions from waste 
incinerators. Environmental Science and Pollution Research International, 20, 
2905–2911.

Zhihua, L., Gong, Y., Holmes, M., Pan, X., Xu, Y., Zou, X., & Fernandes, A. R. (2019). 
Geospatial visualisation of food contaminant distributions: Polychlorinated 
naphthalenes (PCNs), potentially toxic elements (PTEs) and aflatoxins. Chemosphere, 
230, 559–566.

J.L. Domingo                                                                                                                                                                                                                                     Food Research International 195 (2024) 114949 

10 

http://refhub.elsevier.com/S0963-9969(24)01019-6/h0315
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0315
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0320
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0320
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0320
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0325
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0325
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0325
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0325
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0330
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0330
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0330
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0330
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0335
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0335
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0335
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0335
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0335
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0340
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0340
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0340
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0340
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0340
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0345
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0345
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0345
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0345
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0350
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0350
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0350
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0350
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0355
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0355
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0355
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0365
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0365
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0365
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0370
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0370
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0370
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0370
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0370
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0370
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0375
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0375
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0375
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0380
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0380
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0380
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0380
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0385
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0385
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0385
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0390
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0390
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0390
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0390
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0390
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0395
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0395
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0395
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0395
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0400
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0400
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0400
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0400
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0405
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0405
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0405
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0410
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0410
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0410
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0415
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0415
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0415
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0415
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0420
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0420
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0420
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0420
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0425
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0425
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0425
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0430
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0430
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0430
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0435
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0435
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0435
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0440
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0440
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0440
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0440
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0440
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0445
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0445
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0445
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0445
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0445
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0450
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0450
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0450
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0450
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0455
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0455
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0455
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0455
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0460
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0460
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0460
http://refhub.elsevier.com/S0963-9969(24)01019-6/h0460

	Concentrations of polychlorinated naphthalenes in food and human dietary exposure: A review of the scientific literature
	1 Introduction
	2 Concentrations of PCNs in food and human dietary exposure
	2.1 Asian countries
	2.1.1 China
	2.1.2 Korea
	2.1.3 Other Asian countries

	2.2 Europe
	2.2.1 Ireland and United Kingdom
	2.2.2 Italy
	2.2.3 Finland
	2.2.4 Latvia
	2.2.5 France
	2.2.6 Spain
	2.2.7 Analysis of PCNs in cod liver


	3 Discussion and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


