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Polycyclic aromatic hydrocarbons (PAHs) are harmful compounds formed in meat through pyrolysis 

and incomplete combustion of organic matter in several cooking practices, such as smoking and 

grilling. Heat treatments of meat are used for preservation and improving the organoleptic properties 

of meat. PAHs have toxic properties and pose a health hazard to humans. According to the literature, 

the concentrations of BaP and PAH4 in meat products can found in the range from 0 up to 600 µg kg-

1. The maximum levels in smoked meat and smoked meat products as well as for smoked fish products 

for BaP is 2.0 µg kg-1 and for PAH4 12.0 μg kg−1. 

Aims of this study was to analyze BaP and PAH4 levels in in different smoked meat products 

produced by meat industries and by private households between 2018-2020 in Estonia, and to 

determine whether they are in accordance the European Commission Regulation (EC) No 1881/2006 

limits. Also, additionally to present possible reduction options for reduction of PAHs in meat 

products. Determination of the BaP and PAH4 concentration were performed by gas chromatography-

mass spectrometry (GC-MS) method. PAH4 values ranged from 0-572.2 µg kg-1. BaP values ranged 

from 0-67.2 µg kg-1. In the results meat industry prepared are mainly within the EU limits. Home 

prepared smoked meat products exceed set PAH limits up to 4 times. According to the results the 

PAH concentrations in smoked meat products have decreased in a space of a few years. 

Due to the high consumption of heat treated and smoked meat and meat products, and due to the 

carcinogenic and mutagenic properties of PAHs, it is important to find reduction options for food 

manufacturers and consumers. Reduction of PAHs can be done by various methods. Lowest 

possible levels of PAHs can be achieved by combining these reduction methods. Reduction can be 

done by using different pre-treatments for the meat or fuel, using filters in smoking chambers and 

using marinades high with phenolic compounds. 

Keywords: PAHs, smoked meat products, PAH concentrations, PAH reduction 
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Polütsüklilised aromaatsed süsivesinikud (PAH) on lihas pürolüüsi ja orgaanilise aine mittetäieliku 

põlemise käigus, näiteks suitsutamisel ja grillimisel, tekkivad kahjulikud ühendid. Liha 

kuumtöödeldakse selleks, et pikendada säilimisaega ning parandada liha organoleptilisi omadusi. 

PAH-idel on toksilised omadused ja seetõttu on nad inimeste tervisele ohtlikud. Kirjanduse andmetel 

on leitud lihatoodetest BaP ja PAH4 ühendeid kontsentratsiooni vahemikus 0 kuni 600 µg kg-1. 

Lõputöö eesmärgiks oli analüüsida BaP ja PAH4 sisalduste erinevusi Eesti lihatööstuses ja eraelamus 

valmistatud suitsulihatoodetes aastatel 2018-2020 ning teha kindlaks, kas need jäävad Euroopa 

Komisjoni määrusega (EÜ) nr 1881/2006 kehtestatud piirnormidesse. Samuti on eesmärgiks tuua 

välja teaduskirjanduse alusel võimalikud PAH-ide vähendamise võimalused lihatoodetes. 

Suitsulihatoodetes olevaid BaP ja PAH4 sisaldusi määrati gaasikromatograafia-massispektromeetria 

(GC-MS) meetodil. PAH4 väärtused olid vahemikus 0-572,2 µg kg-1. BaP väärtused olid vahemikus 

0-67,2 µg kg-1. Tulemustest selgus, et enamik lihatööstusettevõtetes toodetud lihatooteid jäid 

määrusega kehtestatud piirnormidest madalamale tasemele. Mõningad eraelamus toodetud 

suitsulihatooted ületavad seatud PAH piirnorme kuni 4 korda. Erinevate aastate tulemustest saab 

järeldada, et PAH-ide sisaldus suitsulihatoodetes on vähenenud. 

Suitsutatud liha ja lihatooted on tarbijate hulgas väga populaarsed, seega on kantserogeensete ja 

mutageensete PAH-ide sisalduse vähendamiseks oluline leida mooduseid toksiliste ühendite 

vähendamiseks suitsulihatoodetes. PAH-ide vähendamiseks on võimalik kasutada erinevaid 

võimalusi, lisaks on võimalik neid metoodikaid kombineerida ning saavutada PAH-ide võimalik 

madalaim tase. Vähendamise meetoditena rakendatakse liha või suitsutamisel kasutatava puidu 

erinevaid eeltöötlusi, filtreid suitsutuskambrites ja fenoolsete ühendite sisaldusega marinaade. 

 
Märksõnad: PAH-id, suitsutatud lihatooted, PAH-ide sisaldused, PAH-ide vähendamine  
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INTRODUCTION 
 

Polycyclic aromatic hydrocarbons (PAHs) are an organic compound group derived from 

incomplete combustion of organic matter. PAHs contain two or more aromatic rings. 

Generation of PAHs takes place in meat products through conventional cooking methods, such 

as grilling, frying, roasting and smoking (Suleman et al., 2020). PAHs have carcinogenic and 

mutagenic properties and thus consumption of PAHs pose potential health hazard to humans. 

Increasing popularity of grilled, smoked, and roasted meat products, present elevated health 

risks as these conventional cooking methods are found to have higher levels of PAHs (Lee et 

al., 2016).  

 

Methods used before and after processing of the meat can reduce the PAH contents. Reduction 

of PAHs can be done by choosing the fuel type and cooking method. Using filters, casings, and 

different marinades, and wrapping of the meat reduce PAH content in meat (Iko Afé et al., 

2020). With the increasing meat consumption in the world (Singh et al., 2020) and due to the 

carcinogenic potential of PAHs, the matter requires severe measures to reduce PAHs levels in 

meat products and to increase awareness of the consumers (Pirsaheb et al., 2020). 
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1. LITERATURE REVIEW 
 

1.1 Polycyclic aromatic hydrocarbons  
 

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds having two or more aromatic 

rings. PAHs are formed in incomplete combustion of organic matter (Lee et al., 2016). PAHs 

occur generally as complex mixtures and composition varies with the generation process 

(EFSA, 2008).  

 

PAHs are bio-accumulative (Zhang et al., 2021). PAHs are lipophilic and hydrophobic, which 

enable them to accumulate into the food chain. PAHs are a widespread group of environmental 

contaminants which, are found in air, soil, water, and various foods. Primary sources of PAHs 

include usage of petrol (motor vehicles, plants, spills etc.), industrial processes, combustion of 

waste, tobacco smoke and grilling smoke (Bansal and Kim, 2015). Primary natural sources for 

the airborne PAHs include forest fires and volcanos (EFSA, 2008).  

  

1.2 Formation of polycyclic aromatic hydrocarbons in meat products 
 

In many parts of the world, smoked meat and meat products are an important part in the daily 

diet (Li et al., 2016). PAHs are formed in two different ways in meat products. Firstly, through 

pyrolysis of organic matter at temperatures above 200 °C, and secondly by the incomplete 

combustion of charcoal, which can form PAHs in surface of meat products (Lee et al., 2016) 

There are over 100 individual PAH compounds generated in pyrolysis and incomplete 

combustion of organic matter (Li et al., 2016). Main precursors for PAH formation in meat are 

creatine, creatinine, glucose, and amino acids. Processes where these precursors form PAHs are 

fat oxidation, decomposition of proteins, polymerization of amino acids and Maillard reaction 

(Shao et al., 2021).  

 

Common heat-treatment processes of meat where PAHs are formed include smoking, grilling, 

deep frying and drying. The meat contaminates though direct contact with the combustion 

products. Contamination of the meat product with PAHs depends on composition of the wood 

used in heat-treatment processes, type of the generator, accessibility of oxygen, smoking time, 

and temperature of the smoke generation (Kuhn et al., 2009). PAHs are generated in almost all 

cooking methods in meat products at different levels. Boiling produces one of the lowest levels 
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of PAHs compared to methods using charcoal, such as grilling, smoking, and roasting, which 

produce the high levels of PAHs. The optimum temperature level for the formation of PAHs is 

between 500-700°C and the formation is intensified by the reduction of the oxygen pressure 

(Pirsaheb et al., 2020).  

 

Formation of the PAHs in meat products depends on the cooking procedures, cooling style, 

ingredients, and temperature. High fat content of the meat increases concentration of PAHs 

formed during cooking. The proximity of the meat from the heat source and high temperatures 

favors PAHs formation. In reverse, PAHs formation can be reduced by using low temperatures 

for longer period of cooking in charcoal grilling (Gysel et al., 2018). Fat content and 

contribution of fat in meat juice dripping also plays a part in formation of PAHs, as this will 

result in incomplete combustion (Lee et al., 2016).  

 

1.3 Analysis of polycyclic aromatic hydrocarbon levels in meat products  
 

PAHs are presented in micrograms per kilogram in food products. The determination of the 

PAH levels in meat products is a difficult task due to several factors. PAH level measurements 

have multiple approaches that can be used to analyze the exact values. PAH values can be 

measured from the initial raw meat or cooked meat. Factors to take into the account are the 

temperature used, the method of cooking and the condiments used during cooking (Pirsaheb et 

al., 2020).  

 

PAH levels from smoked meat products are analyzed by gas chromatography-mass 

spectrometry method (Jira et al., 2008). Benzo(a)pyrene (BaP) and sum of specific substances 

(PAH4): benzo(a)pyrene (BaP), bentz(a)anthracene, benzo(b)fluoranthene and chrysene are 

used as indicators for PAHs established by the European Food Safety Authority. These BaP 

and PAH4 are considered the most appropriate indicators for evaluating the PAHs carcinogenic 

potency in foodstuff  (Cordeiro et al., 2020).  

 

Sample preparation is a four-phase process beginning with accelerated solvent extraction (ASE) 

followed by gel permeation chromatography (GPC) and solid phase extraction, ending with 

preparation for gas chromatography-mass spectrometry (GC-MS) analysis. In ASE process, 

homogenized meat is levigated with the same number of drying substances. GC-MS method 
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was developed for the detection and analysis of PAHs. There are 16 PAHs that are analyzed in 

foodstuff in European Union (EU) (Jira et al., 2008). 

 

1.4 Toxicity of polycyclic aromatic hydrocarbons 
 

Contamination of food with PAHs occurs from industrial food processing, certain home 

cooking practices and environmental sources. For smokers, the contribution of smoking may 

be significant source of PAHs (EFSA, 2008). Intake of human consumption of PAHs is through 

contaminated environment or from food processing (Kuhn et al., 2009).  

 

Most important pathways of human consumption of PAHs are through food indigestion (Li et 

al., 2016). Smoked meat and smoked meat products are the most common dietary source for 

human PAH intake (Bansal and Kim, 2015).  

 

PAHs are a wide range of environmental contaminants, and many compounds have teratogenic, 

mutagenic, and carcinogenic properties, including the BaP (Kuhn et al., 2009). The most 

significant concerns for human health are the carcinogenic and the genotoxic properties of 

PAHs. Studies have also been made on acute and short-term toxicity, reproductive toxicity and 

immunotoxicity of PAHs. After the digestion, PAHs are distributed to the organs rapidly and 

are able cross the placental barrier (EFSA, 2008).  

 

There are 16 PAHs that pose health concern to human health. These PAHs are the following: 

benz(a)anthracene, benzo(b)fluoranthene, benzo(j)fluoranthene, benzo(k)fluoranthene, 

benzo(ghi)perylene, benzo(a)pyrene, chrysene, cyclopental(cd)pyrene, dibenz(a, h)anthracene, 

dibenzo(a, e)pyrene, dibenzo(a, h)pyrene, dibenzo(a, i)pyrene,  dibenzo(a, l)pyrene, indeno(1, 

2, 3-cd)pyrene, 5-methylchrysene and benzo(c)fluorene (EFSA, 2008).  

 

Carcinogenic properties of PAHs have been identified by administration of oral, inhalation, 

dermal and subcutaneous routes in several studies. Development site of the tumors was related 

to the route of administration of PAHs (EFSA, 2008).  
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1.5 Legislation associated with polycyclic aromatic hydrocarbons in meat 

products  
 

The aim of EU legislation is to ensure protection of human health and set maximum levels of 

certain food contaminants in foodstuff. EU legislation regulates levels of PAHs in oils and fats, 

baby foods, smoked meat products, smoked fish and fishery products, muscle meat of fish other 

than smoked fish, crustaceans, cephalopods and other than smoked and bivalve molluscs.  

 

EU maximum limits according to the Commission Regulation (EC) No 1881/2006 of polycyclic 

aromatic hydrocarbons presented in Table 1. BaP is used as a marker for the occurrence of 

PAHs in foodstuff. In addition, maximum limit for sum of benzo(a)pyrene, bentz(a)anthracene, 

benzo(b)fluoranthene and chrysene (PAH4) is laid down by European Commission (EC). 

PAH4 is also used as a marker for PAH concentration in food stuff. Concerning the smoked 

meat and smoked meat products the maximum level of BaP is 2.0 µg kg-1 of the wet weight.  

 

Table 1. EU limits of benzo(a)pyrene and the sum of benzo(a)pyrene, bentz(a)anthracene, 

benzo(b)fluoranthene and chrysene (PAH4) in smoked meat products. 

Foodstuff Maximum levels μg kg−1 
  Benzo(a)pyrene PAH4 
Smoked meat and smoked meat products  

2.0 12.0 

Muscle meat of smoked fish and smoked 
fishery products, expect the meat 
mentioned in point 3 

2.0 12.0 

Smoked sprat and canned smoked sprats, 
bivalve molluscs (fresh, chilled or 
frozen); heat treated meat and heat-treated 
meat products sold to the final consumer 

5.0 30.0 

Bivalve molluscs (smoked) 6.0 35.0 
 

The maximum level of BaP in smoked fish and fishery products are the same as for smoked 

meat and meat products. The maximum levels for PAH4 in smoked meat and smoked meat 

products is 12.0 μg kg−1 and it is the same for smoked fish products.  

 

There is an exception on smoked sprat and smoked canned sprat, bivalve molluscs (fresh, 

chilled, or frozen) and heat-treated meat and heat-treated meat products sold to final consumer 
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which have a BaP limit of 5 μg kg−1 and PAH4 limit of 30.0 μg kg−1. Smoked bivalve molluscs 

have BaP limit of 6.0 μg kg−1 and PAH4 limit of 35.0 μg kg−1.  

 

The legislation is not able to alone guarantee the safety and quality of the foodstuff, the main 

responsibility must be taken by the food business operator.  

 

1.6 Smoke treatment procedures  
 

Smoking is determined as a process, where food products are penetrated with volatiles resulting 

from the pyrolysis of organic matter (Li et al., 2016). Smoking of food is a processing method 

used to preserve foodstuff and improve the aroma, taste, and color of the food (Kafouris et al., 

2020). Smoking of meat produces several harmful compounds that have carcinogenic and 

mutagenic properties. These compounds include polycyclic aromatic hydrocarbons, 

formaldehyde, and heterocyclic amines (Racovita et al., 2020).   

 

The smoking of food is categorized to direct and indirect, and cold and hot smoking. Traditional 

cold and hot smoking have difference in smoke temperature, location of the smoke generation 

and the smoke generator (Kafouris et al., 2020). Smoke has antimicrobial effects and preserves 

meat from bacterial spoilage (Fellows, 2016). Smoking of meat enhances the organoleptic 

properties of meat. Thermal reaction improves the visual appearance of meat through browning 

and adds the characteristic smoky smell to the meat (Racovita et al., 2020).  In direct smoking 

conditions, the meat is exposed to higher PAH contamination than with indirect smoking 

method, which uses separate smoking generator. In direct smoking the food with the smoke and 

all components generated into it (Babić et al., 2018).  

 

In cold smoking, the smoke is cooled to low temperature 20-30 °C before reaching the meat. In 

hot smoking, higher temperatures of 52-80 °C are used, and the meat is cooked completely 

(Singh et al., 2020). Traditional smoke houses have natural airflow or convection and require 

expertise to use. Modern smokehouses have control and monitoring of the temperature, smoke 

exposure, humidity and drying. Also, in modern smokehouses the airflow is controlled 

mechanically or electronically (EFSA, 2008).  

 



 12 

Smoking kilns and separate smoke generators are used in production of smoked meat products. 

The smoking kilns heat quickly to the desired 80 °C temperature. The meat is smoked in 

controlled cycles while hanging or in trails. The separate smoke generators have control on the 

level of humidity and temperature. This gives the separate smoke generator an advantage that 

the meat may be smoked before or after the meat has been dried or cooked. In addition, the 

density of the smoke can be controlled with the separate smoke generator. Also, with the 

separate smoke generator reduction of PAHs through filtration, treatment with water spay or 

by electrostatic precipitation is possible (Fellows, 2016).  

 

1.7 Concentrations of polycyclic aromatic hydrocarbons in meat products  
 

In a study by Hokkanen et al. (2018), concentrations of BaP in meat products varied from 0-40 

μg kg−1 and concentrations of PAH4 ranged from 0-200 μg kg−1. The study showed significant 

variation in the concentrations of PAHs when using different smoking techniques and pork 

products had highest PAH concentrations compared to the other meat products. In addition, 

some of the fish product samples exceeded the maximum limits set for PAHs by the European 

Commission. 

 

Rozentale et al. (2018) stated that in the year 2016 to 2017 were they analysed smoked meat 

products from all three Baltic states and the highest amounts of PAH4 were found from Latvian 

smoked meat products. In Latvian smoked meat products were detected the PAH4 

concentrations in a range of 0.77–628 μg kg−1, in the Estonian products were in a range of 0.42–

175 μg kg−1 and in the Lithuanian products were in a range of 0.42–56.2 μg kg−1. Additionally, 

also BaP concentrations were detected in the Latvian smoked meat products in the range of 

0.11–116 μg kg−1, in the Estonian products were in the range of 0.09–16.8 μg kg−1 and in the 

Lithuanian products were in the range of 0.05–7.1 μg kg−1.  

 

In a Cambodian study (Slámová et al., 2017) PAH concentration of smoked fish were analysed. 

In the study the BaP and PAH4 were above the set EU limits by 2-50 times. Values of BaP of 

the smoked fish in this study ranged between 4.6–119.5 μg kg−1. The median BaP concentration 

was 53.9 μg kg−1 and the average concentration was 54.7 μg kg−1. The PAH4 range in this study 

by Slámová et al. (2017) for smoked fish were 34.3-597.8 μg kg−1. The median PAH4 
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concentration was 260.6 μg kg−1 and the average PAH4 concentration was 253.0 μg kg−1 in 

smoked fish.   

 

In home prepared grilled and smoked meat products, the maximum levels set by the European 

Commission are likely to be exceeded as the legislation is not applied to home cooking. The 

maximum levels in PAHs apply only to the meat products to be traded (Rose et al., 2015). In 

the UK, the average meat consumption of processed meat and red meat was 70 g per day for 

adults. High meat consumption could pose a risk of cancer, since high level of PAHs can be 

produced during heat treatments of meat (Lu et al., 2017). 

 

1.8 Reduction options of polycyclic aromatic hydrocarbons in meat 

products 
 

Reduction, prevention, and suppression on the formation of the PAHs in meat has several 

approaches. PAH intake is mostly coming from cooked food and PAH contaminated products. 

Protection of the food resources and environment from contamination of PAHs is also an 

important aspect for reduction of environmental PAHs (Bansal and Kim, 2015).  

 

In smoked meat, PAH levels depend on mainly in the fuel type, moisture of the meat, 

temperature of the combustion and the degree of the smoke (Kumar, 2015). Also, the 

contamination level of the meat depends on the transformation of the nutrients, such as 

cholesterol and triglycerides, meat fat dripping and the grilling time (Chaemsai et al., 2016).  

Regional differences are relevant for the reduction strategies due to different cultures, religions, 

cooking styles and food preferences (Singh et al., 2020).  

 

1.8.1 Choice of fuel and pre-treatment of fuel  
 

Grilling is a cooking technique using high heat to improve sensory properties of meat, destroy 

pathogenic microorganisms and to preserve and extend the shelf-life. Grilling produces high 

PAH concentrations especially with charcoal grilling (Wongmaneepratip and Vangnai, 2017).  

 

The choice of fuel and wood as heating source has influence on the formation of PAHs. Use of 

apple-tree and alder produce the smallest concentration of PAHs in smoked meat. Spruce 
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produces highest individual and total PAH concentrations during meat smoking procedures. 

With the choice of wood, it is possible to reduce the levels of PAHs in smoked meat products 

(Stumpe-Viksna et al., 2008).  

 

Charcoal is common fuel to use in household situations in grilling and smoking (Babić et al., 

2018). Use of charcoal in meat grilling is fast and produces a better aroma compared to gas-

grilled meat (Ghorbani et al., 2020). Charcoal grilling is widely used for meat cooking. The 

type of charcoal used effects on the formation of PAHs when using controlled grilling method. 

White charcoal, that is mainly used in Asia, produced significantly lower levels of PAHs in 

meat compared to black charcoal or extruded charcoal (Kim et al., 2021). Charcoal produces 

lower PAH levels than use of wood as fuel due to the charcoal being previously burnt and 

reduces precursors available for the formation of PAHs (Kpoclou et al., 2014).  

 

In addition, preheating of charcoal is used to control the formation of PAHs. Preheating of the 

fuel before the smoking of the meat reduces meat juice dripping into the embers (Iko Afé et al., 

2020). Using charcoal when it is fully glowing is reducing the PAH content in the charcoal. 

The meat should be also grilled in charcoal with temperatures over 750 °C to have lower 

contamination risk of PAHs (Chaemsai et al., 2016). Stable complete combustion of charcoal 

during grilling can reduce PAH content in meat. Incomplete combustion of charcoal produces 

smoke that deposits PAH into the grilled meat (Lee et al., 2016).  

 

Gas can be used as the fuel in meat cooking. Natural gases, such as methane, propane and 

butane are in use. Gas-cooked meat produces considerably lower PAH contents compared to 

charcoal grilled meat. In gas grilling there are other advances also, it is faster to heat, ease of 

lightening and it produces no residues (Ghorbani et al., 2020).  

 

1.8.2 Use of filters  
 

Modification of the smoking chamber so that there is a physical barrier between the smoke 

source and the product limits PAH formation (Onopiuk et al., 2021). Filters can be used for 

decreasing the number of PAHs forming in meat. In this process the smoke passes through 

filters. Variety of different filters are used including gravel, granular activated carbon (GAC), 

and zeolites filters. Zeolite filter is found to be best filter to be used in smoking process of the 
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common carp meat. GAC is also a good absorbent of PAHs when using traditional (direct) 

smoking technique. Highest concentration of PAHs in smoked common carp is found in direct 

smoking method without a filter (Babić et al., 2018).  

 

1.8.3 Meat type, use of marinades and pre-treatments of meat 
 

The meat type itself is also a contributor in the formation of PAHs. Some meats form higher 

levels of PAHs. Grilled pork produced lower levels of PAHs compared to grilled duck, and 

highest PAH levels were found in charcoal grilled loin lamb (Pirsaheb et al., 2020). Different 

types of smoked meat show difference in PAH contents (Djinovic et al., 2008).  

 

Meat with higher fat content produces higher levels of PAHs in grilling. Choosing meat 

products with low fat content should be selected for grilling to avoid high levels of PAH intake 

(Onopiuk et al., 2021). In a study by Lee et al. (2016), removal of the meat juice dripping is 

one of the best procedures at home and restaurant grill for reduction of PAH formation on pork 

and beef meat. Fat is a major contributor in the meat juice dripping.  

 

Marinating of meat is used to improve the texture, flavor, and color of meat. Different 

marinades have been reported to affect the PAH formation in meat products (Wongmaneepratip 

and Vangnai, 2017). Marinades high with phenolic compounds inhibit free radical reactions 

and prevent the interactions resulting into precursors of PAHs. The higher the concentration of 

marinade, the better the inhibition of the formation of PAHs is (Onopiuk et al., 2021).  

 

Vinegars are fermented products with acidic compounds, such as phenolic compounds. They 

are used as marinades to tenderize meat and added to increase flavor as a seasoning. The 

vinegars tenderize the meat through proteolysis. Vinegars have also the ability to improve the 

microbiological safety and quality of the meat through extension of the shelf-life. Vinegars 

have a significant inhibitory effect on the formation of PAHs when used in meat grilling. This 

result is achieved with spraying vinegar prior to the meat cooking, this method also saves time 

compared to marinating. Highest inhibition of PAHs was achieved with elderberry and white 

wine vinegars. Vinegars rich with phenolic compounds limit the formation of PAHs in grilling 

(Cordeiro et al., 2020).  
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Use of lactic acid bacteria (LAB) as marinade or pre-treatment is found to be an effectual way 

in reduction of toxic substances. LAB can directly absorb and degrade toxic substances and 

reduce their precursors. Surface treatment of meat can significantly decrease PAH formation. 

LAB can physically bind BaP from the meat (Shao et al., 2021). PAH content decreases directly 

applying LAB before and after the smoking procedure (Iko Afé et al., 2020).  

 

Reduction of PAH concentrations has been observed by using preheating of meat with 

microwave or steam (Farhadian et al., 2011). Preheating of meat before smoking or grilling 

procedure reduces formation of PAHs. Using microwave in 180 °C for 40-60 seconds resulted 

in undetectable BaP values. Detection limit for BaP was 0.03 µg kg-1. In addition, pretreatment 

with steam of 100 °C for 2-4 minutes also resulted in undetectable BaP concentrations (Iko Afé 

et al., 2020).  

 

The disadvantage of the pre-treatments of meat is the time consumption in marinating and 

requirement of ingredients, such as mixtures spices and plant extracts, that are not commonly 

found in daily cuisine. This makes the implementation difficult into the cooking practices 

(Cordeiro et al., 2020).  

 

1.8.4 Use of casings and wrapping of meat   
 

Casing type is an important factor in PAH concentration reduction in sausages. Natural casing 

has been shown to accumulate more PAHs than artificial ones (Singh et al., 2020).  The natural 

casings are mainly composed of proteins and lipids and hence absorb PAHs by allowing 

diffusion to these hydrophobic compounds (EFSA, 2008). Use of collagen casing reduced 

accumulation of PAHs in dry fermented smoked sausages compared to traditional hog casings. 

Although, removal of the casing before the consumption of the sausage is recommended 

(Gomes et al., 2013).  

 

Meat dripping causes incomplete combustion in charcoal grilling that results in increased PAH 

concentrations. The most important component in meat dripping causing incomplete 

combustion is fat. Significant reduction of PAH concentrations can be obtained through 

removal of the meat dripping (Lee et al., 2016). If the meat fat is exposed to the pyrolysis, the 

PAHs will accumulate in the meat (Li et al., 2016).  
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Use of wrapping prevents the meat dripping onto the heat source. Wrapping reduces the levels 

of carcinogenic PAHs.  The use of wrapping is shown to reduce PAH contents more than pre-

heating of meat. Aluminum and banana wrapping used in charcoal grilling reduced PAH levels. 

The aluminum wrapping produced better reduction for PAHs compared to the banana wrapping 

(Farhadian et al., 2011).   

 

1.8.5 Smoking and cooking techniques 
 

Indirect smoking method produces lower PAH concentrations in meat compared to the direct 

smoking. Also, in the cold smoking of fish, the amount of PAH formation was significantly 

decreased compared to the hot smoked (Singh et al., 2020). Indirect smoking combined with 

having a distance more than five meters between the product and smoke source will result in 

lower levels of PAHs compared to direct smoking. Distance between the source of the smoke 

and food affects the accumulation of PAHs. The closer the smoked food is, the higher the PAH 

levels are in the food. A longer distance will produce lower levels of PAHs into the smoked 

foods (Hokkanen et al., 2018).  

 

Sugar-smoking process was studied, and it prevented formation of PAHs compared to 

traditional wood-smoking. This also is shown lowered the cancer risk. In Taiwan, sugar-

smoking is a popular cooking method involving precooking of meat in marinade and after 

exposing sugar to the smoke. Using this method, the highly carcinogenic benzo(a)pyrene (BaP) 

was undetected in the mat samples (Chen et al., 2013).  

 

The smoking time should be kept to a minimum level to achieve the desired sensory properties. 

The accumulation of PAHs increases with the increasing smoking time used for the meat. By 

decreasing the smoking time, the PAH concentrations will be lower. Increasing the smoking 

time from 2 hours to 6 hours will produce a 3-fold increase in BaP concentration and at least 2-

fold increase in PAH4 concentration (Racovita et al., 2020). In meat smoking, short times are 

recommended but in fish shorter smoking times have resulted in higher levels of PAHs 

(Hokkanen et al., 2018) 
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1.8.6 Other influences on PAH levels 
 

Packing of the smoked fishery products in different types of plastic bags has been shown to 

decrease PAH levels. Also, washing the smoked fish after smoking procedure with distilled 

water has shown to decrease PAH levels. Effect of this in the taste and aroma has not been 

studied (Iko Afé et al., 2020).  
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2. AIMS OF THE STUDY  
 

Aims of the study were to: 

 

analyze the levels of PAH4 and BaP in different smoked meat products produced by meat 

industries and by private households between 2018-2020 in Estonia, and to determine whether 

they are in accordance the European Commission Regulation (EC) No 1881/2006 limits;  

 

to give an overview according to the scientific literature on PAH reduction options in smoked 

meat products. 
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3. MATERIALS AND METHODS 
 

3.1 Meat samples and sampling 
 

The samples of smoked meat products were collected from Estonian meat industry 

manufacturers and private households between 2018 and 2020. Altogether 190 samples were 

collected. Samples were organized into six different product groups (Table 2). The collection 

of the samples was performed by the officials of competent authority. Altogether 190 samples 

were analyzed. There were 25 samples of smoked meat and ham that were collected from meat 

industry manufacturers and 54 samples of smoked meat and ham prepared in private 

households. Additionally, one sample of smoked sausage and four sample of smoked chicken 

was included into the study. 

 

A total of 103 smoked fish samples were analyzed. Canned smoked sprats had three samples 

analyzed, one from each year between 2018-2020. 

 

3.2 Laboratory methods  
 

Analysis of levels of PAH4 and BaP were determined by using gas chromatography-mass 

spectrometry (GC-MS). Analysis was carried out at Tartu Laboratory of Health Board. For the 

sample purification was used GPC method. A portion of the extract was injected into a gel 

chromatograph. The fraction containing PAHs was collected, evaporated to dryness and the 

residues dissolved in methanol. The limit of PAHs determination was 0.5 µg kg-1. 

Method is accredited by the Estonian Accreditation Centre and laboratory has successfully 

participated in international proficiency tests.  

 

3.3 Statistical analysis  
 

Median and average PAH4 and BaP values were calculated for each six product groups. Also, 

range of PAH4 and BaP levels of each product group was included in the Table 2, Table 3, 

Figure 1 and Figure 2.  
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Microsoft Excel for Mac version 16.49 (Microsoft, Redmont, Washington, USA) was used for 

data management.  

4. RESULTS 
 
4.1 PAH4 concentrations in smoked meat and meat products  
 

Concentration of PAH4 in smoked meat products varied between 0-572.2 µg kg-1. Average and 

median levels of the PAH4 were calculated from each smoked meat product group. The results 

are presented in Table 2.  

 

In meat industry prepared smoked meat prepared meat and ham was compared with home 

prepared smoked meat and ham products. The average levels PAH4 of home prepared meat 

were higher compared to the meat industry produced smoked meat and ham for each year, 

shown in Table 2 and Figure 1. In the year 2018, PAH4 levels were significantly higher 

compared to 2019 and 2020 home prepared smoked meat. 

 

The PAH4 concentrations of smoked meat and ham prepared in meat industry are within the 

EU limits. All the individual samples are also within the EU maximum limit. The EU maximum 

limit for PAH4 concentration in the smoked meat and meat products is 12.0 µg kg-1. Smoked 

sausage sample is also within the EU PAH4 limit.  

 

Table 2. PAH4 concentrations in smoked meat in 190 samples in Estonia 2018-2020. 

Product group No. Of 
samples  

Concentration 
range             

(µg kg-1)  

Median 
concentration  

(µg kg-1)  

Average 
concentration 

(µg kg-1)  

EU limit  
(µg kg-1)  

Smoked meat and ham - 
prepared in meat 
industry 

25 0 – 11.1 3.42 4.24 12.0 

Smoked meat and ham - 
prepared in private 
household  

54 0.32 – 572.2 10.35 32.26 12.0 

Smoked sausage 
1 5 5 5 12.0 

Smoked chicken  
4 0.32 – 193.8 18.96 58.01 12.0 

Smoked fish 
103 0 – 96.6 1.60 5.55 12.0 

Sprats 
3 15.9 – 1.3 18 17.4 30.0 
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Home prepared smoked meat and ham has the median concentration of PAH4 within the EU 

limit, but the average concentration exceeds the limit. According to the results 46.3 % (25/54) 

of the samples exceed the EU maximum limit for PAH4.  

  

Half of the chicken samples exceed the EU limits, the PAH levels in the two samples are very 

high in the year 2018 compared to samples which are from 2019 and 2020. Those samples from 

2019 and 2020 do not exceed the EU limits for PAH4. Due to small sample size the average 

and median values are quite high and exceed the EU limits clearly. 

 

Smoked fish has the maximum limit of 12.0 µg kg-1and canned smoked sprats 30.0 µg kg-1. 

The smoked fish and canned sprats average and median were in this study within the EU 

maximum limits. There are 12.3% (13/103) of the samples of smoked fish that exceed the limit.  

 

 
Figure 1. Smoked meat and ham average PAH4 levels in Estonia 2018-2020.  

 

In Figure 1, average PAH4 concentrations of smoked meat and ham prepared by meat industry 

and private households from each year between 2018-2020 are presented. The home prepared 

smoked meat and ham are at least 4 times higher each year compared to the meat industry 

prepared ones. The biggest difference in the PAH4 concentration is in 2018, when the 

difference between home and meat industry prepared meat is 9 times over the other. In the year 

2019 difference in the average PAH4 levels was 6 times over in meat industry compared to 

home prepared and in 2020 it was the lowest, 4 times over.  

 

5.8
2.6 3.9

56.7

17.5 18.3

0.0

10.0

20.0

30.0

40.0

50.0

60.0

2018 2019 2020

Smoked meat and ham PAH4 average levels                   
(µg kg-1) in Estonia 2018-2020

Meat industry Smoked meat & ham prepared in private household

EU limit of 12.0 µg kg-1 



 23 

The average levels of PAH4 in home prepared smoked meat exceeds the EU limits by 4 times 

in 2018, by 1.5 times in 2019 and by 1.5 times in 2020. PAH4 levels have mainly decreased in 

the space of few years. 

 

4.2 BaP concentrations in smoked meat and meat products  
 

Concentration of the BaP in smoked meat products varied between 0-67.2 µg kg-1. Average and 

median concentrations of the BaP were calculated from each of the smoked meat product group. 

The results are presented in Table 3.  

 

Table 3. BaP concentrations in smoked meat in 190 samples in Estonia 2018-2020. 

Product group No. Of 
samples  

Concentration 
range            

(µg kg-1)  

Median 
concentration 

(µg kg-1)  

Average 
concentration 

(µg kg-1)  

EU limit   
(µg kg-1)  

Smoked meat and ham - 
prepared in meat 
industry 

25 0 – 2.9 0.5 0.68 2.0 

Smoked meat and ham - 
prepared in private 
household  

54 0 – 67.2 1.55 4.13 2.0 

Smoked sausage 1 0.8 0.8 0.8 2.0 
Smoked chicken  4 0 – 27.1 3.2 8.38 2.0 
Smoked fish 103 0 – 10.2 0.32 1.2 2.0 
Sprats 3 1.3 – 7.8 1.8 3.6 6.0 

       
In the smoked meat and ham product group prepared in the meat industry all median and 

average are within the EU limits. In this product group two samples (8.0%) exceed the EU 

maximum limit for BaP, limits presented in Table 1 and in Table 3.  

 

In the group of smoked meat and ham prepared in private household the average concentration 

exceeds the EU maximum limits, the EU maximum limit for smoked meat and meat products 

is 2.0 µg kg-1. The median concentration of BaP is within the EU limit in the product group 

smoked meat and ham prepared in private household.  There are 24 (44.4%) samples that exceed 

the EU maximum limit for BaP. In addition, the smoked chicken also exceeds the 2.0 µg kg-1 

limit in the median and average concentration.  
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The sausage and sprats are within the EU limits. The maximum limit for the BaP concentration 

for sausage is 2.0 µg kg-1. For smoked sprats the limit is 5.0 µg kg-1.  

 

The group of smoked fish BaP average and median concentration are within the EU limits. In 

the smoked fish group 15.2 % (16/105) of the individual samples exceed the EU limits. 

 

 
Figure 2. Smoked meat and ham average BaP levels in Estonia 2018-2020.  

 

The group of smoked chicken samples exceed the EU limits, the BaP levels in the two samples 

are very high in the year 2018 compared to samples which are from 2019 and 2020. Those 

samples from 2019 and 2020 do not exceed the EU limits for BaP. Due to small sample size 

the average and median values are quite high.  

 

In Figure 2, average BaP concentrations of smoked meat and ham prepared by meat industry 

and private households from each year between 2018-2020 are presented. The home prepared 

smoked meat and ham are at least 5 times higher each year compared to the meat industry 

prepared ones. In the year 2018 and 2019 the BaP average levels of home prepared smoked 

meat and ham are 6 times higher compared to meat industry prepared meat. BaP average levels 

of home prepared smoked meat exceed the EU limits, the meat industry prepared meat are 

within the EU limits. BaP levels have mainly decreased in the space of few years as presented 

in Figure 2. As seen in Figure 2, the average BaP levels in home prepared smoked meat exceeds 

the EU limits by 3.5 times in 2018, by 1.2 times in 2019 and by 1.3 times in 2020. 
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5. DISCUSSION 
 

In the study were 190 smoked meat and smoked meat product samples in total between the 

2018-2020 collected in Estonia. According to our results the meat industry produced meat is 

considered safe for human consumption as the PAH4 and BaP concentrations are mostly within 

the required EU set maximum limits.  

 

Compared to a previous Estonian study (Reinik et al., 2007) period with current study, it is seen 

that industry prepared meat products BaP concentrations were higher. In the study Reinik et al. 

(2007) the smoked meat and ham BaP concentrations were in the range <0.3-0.5 µg kg-1, but in 

current study were the BaP concentrations 0-2.9 µg kg-1. 

 

Rozentale et al. (2018) stated that in the year 2016 to 2017 were they analysed smoked meat 

products from all three Baltic states the highest amounts of PAH4 were found from Latvian 

smoked meat products. In the Latvian products were the concentrations in a range of 0.77–

628 μg kg−1, with the average and median concentrations at 53.8 μg kg−1 and 13.3 μg kg−1. In 

current study we can declare that the Estonia smoked meat products contained lower 

concentration of the PAH4, in a range of 0.32–572.2 μg kg−1, with the average and median 

concentrations at 32.26 μg kg−1 and 10.35 μg kg−1. Additionally, also BaP concentrations were 

lower in current study in the range of 0–67.2 μg kg−1, with the mean concentration of 4.13 μg 

kg−1 then in Latvian smoked products in the range of 0.11–116 μg kg−1, with the mean 

concentration of 8.1 μg kg−1. According to these two studies, it can be concluded that Estonian 

smoked meat products contain less PAH4 than Latvian origin.  

 

Rozentale et al. (2018) analysed also Lithuanian smoked meat products and compared with 

current Estonian data and Latvian smoked meat products were PAH4 content lower, the median 

BaP and PAH4 concentrations were 0.73 and 7.1 μg kg−1. 

 

Slámová et al., (2017) analysed BaP and PAH4 levels in smoked fish. Comparing to our results 

the PAH levels were much higher. In the study by Slámová et al., (2017) the BaP average 

concentration was 54.7 μg kg−1 and PAH4 concentration was 253.0 μg kg−1. In this study the 

EU limits were exceeded. Comparing to our study the average BaP value for smoked fish was 
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1.20 μg kg−1 and PAH4 average value was 5.55 μg kg−1. Both the BaP and PAH4 values were 

45 times higher compared to our results.  

 

The responsibility of food business operators is to provide safe food for the consumers. The EU 

has set the limits for maximum levels of PAHs and when comparing meat industry and home 

prepared meat, the meat industry operators produce lower PAH concentration levels.  

 

Combining the reduction methods will give the lowest PAH concentrations and produce safer 

food for the consumers. The legislation has set the maximum levels of PAHs, but it does not 

bind the regular consumers when preparing smoked meat and meat products at home. In 

addition, in meat smoking and meat cooking other additional harmful compounds are also 

formed, such as heterocyclic amines and formaldehydes.  

 

The safety and quality of the home prepared meat products is uncertain as the PAH levels are 

high and exceed the EU limit in almost half of the samples. Compared to the meat industry 

prepared meat, the home prepared meat has at least 4 times higher the average PAH4 

concentration each year of the sampling. In the home prepared meat, the reason behind the high 

PAH concentrations is unknown. Each individual consumer may have different method for 

smoking the meat products which compared to meat industry are less controlled. Possible 

reasons for high PAH concentrations in homemade meat is having too high temperatures, 

having meat too close to the fire or/and smoke, method of cooking and lack of use of 

pretreatments of meat. There are no commercial measuring tools or quick tests available for 

consumers to evaluate the PAH levels in meat. GC-MS is the main device to measure PAH 

levels. The smoked meat and meat products prepared by consumers that exceed EU limits are 

most likely to be consumed.  

 

Reduction of PAHs in foodstuff has importance due to its harm to human health. Toxic 

properties of PAHs may induce cancer and have harmful impact on fetuses in pregnant women. 

PAHs are also environmental contaminants and have ability to accumulate in the food chain.  

 

Diversity of culture, cooking styles, cooking patterns and preferences should be considered in 

the reduction strategies as these are relevant due to regional differences (Singh et al., 2020). 

Application of the reduction methods to home and restaurants could reduce the concentrations 
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of PAHs in meat products (Farhadian et al., 2011). Reduction options can be used individually 

or combine them to reduce the PAH levels in meat (Iko Afé et al., 2020).  

 

Recommendations to reduce PAH levels in meat preparing for consumers. Recommendation to 

use lower grilling temperatures, having the heat source further away from the meat and 

wrapping and using pretreatments of meat. Wrapping is important as prevents fat dripping into 

the heat source and protects the meat from the smoke. For grilling meat, gas as a fuel should be 

preferred over charcoal or wood.  

 

Recommendations for reduction of PAHs for meat industry are not like those for the regular 

consumer as the methods used for preparing the meat are rather different. For the manufacturers 

using indirect smoking method, using filters, collection of meat juice dripping and using shorter 

smoking times. In addition, different pretreatment of meat can be used in addition to get lower 

PAH levels for smoked meat.  

 

6. CONCLUSIONS 
 
 
PAHs are mutagenic and carcinogenic compounds forming in incomplete combustion of 

organic matter in meat cooking. Levels of PAHs are regulated by the European Union in 

foodstuff. PAH concentrations are mainly affected by the time of processing, the method 

used, the type of fuel and temperature used in meat preparing. 

 

In this study the PAH4 values ranged from 0-572.2 µg kg-1 and BaP values ranged from 0-67.2 

µg kg-1. In the results meat industry prepared are mainly within the EU limits. Home prepared 

smoked meat products exceed the set PAH limits by the EU.  The average PAH4 home prepared 

smoked meat exceeds the EU limits by 1.5-4 times in 2018-2020. The average BaP levels in 

home prepared smoked meat exceeds the EU limits by 1.2-3.5 times in 2018-2020.  

 

Considering the data from meat products, prepared in private household, from different years 

(2018-2020), it can be concluded that the PAH4 and BaP concentrations have decreased over 

the years.  
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Reduction options include using different pre-treatments for the meat or fuel, using filters in 

smoking chambers and using marinades high with phenolic compounds. The optimization to 

prevent formation of PAHs includes combining these methods to achieve lowest possible 

PAH levels. Optimization of the smoking practices will improve the safety of smoked and 

grilled meat products.  
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