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Abstract 15 

This study reports on concentrations of short- and medium-chain chlorinated paraffins (SCCPs and 16 

MCCPs, respectively) in a wide range of food samples (n=211) purchased in Belgium during 2020. Samples 17 

were analysed by gas chromatography-mass spectrometry (GC-MS) and quantified using chlorine content 18 

calibration. ∑SCCPs were present above LOQ in 25% of samples with an overall range of <LOQ to 58 ng/g 19 

wet weight (ww), while ∑MCCPs were identified in 66% of samples ranging from <LOQ to 250 ng/g ww. 20 

∑MCCP concentrations were greater than those of ∑SCCPs in all 48 samples in which both groups were 21 

detected with an average ∑MCCP/∑SCCP ratio of 5.8 (ranging from 1.3 to 81). In general, the greatest CP 22 

concentrations were observed in foods classified as animal and vegetable fats and oils and sugar and 23 

confectionary for both SCCPs and MCCPs. Significant correlations between lipid content in food samples and 24 

CP levels illustrated the role of lipids in accumulating CPs within foodstuffs, while industrial processing, food 25 

packaging and environmental conditions are each likely to contribute to overall CP loads. Selected samples 26 

(n=20) were further analysed by liquid chromatography-high resolution MS (LC-HRMS) to investigate 27 

homologue profiles and the occurrence of long-chain CPs (LCCPs). LCCPs were detected in 35% of the 20 28 

subset samples while the HRMS results for SCCPs and MCCPs matched closely with those obtained by GC-29 

MS. This study reveals the widespread occurrence of SCCPs and MCCPs in Belgian food and indicates that 30 

LCCPs may represent a substantial contribution to overall CP levels in foodstuffs. 31 

 32 

  33 
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1 Introduction 34 

Chlorinated paraffins (CPs) are chlorinated linear chain alkanes with the general formula CxH(2x+2−y)Cly. 35 

They are typically classified by carbon chain length into three groups, short-chain CPs – SCCPs (C10-13), 36 

medium-chain CPs – MCCPs (C14-17) and long-chain CPs – LCCPs (C>17), and by degree of chlorination 37 

varying between 30% and 70% by weight. CPs have been produced since the 1930s for a wide range of 38 

applications, including metalworking fluids, lubricants and additives, and consumer products (van Mourik et al., 39 

2016). Information on production, import and use of CPs is still limited, especially on a group level. Based on 40 

available data and reported emission factors, the global production of total CPs in 2016 was estimated to 41 

exceed 1 million t/year while production of SCCPs was 165,000 t/year (Glüge et al., 2016).  42 

As a consequence of their high production volumes, application rates and unintentional release, CPs have 43 

been detected worldwide in environmental media (including air, water, sediment and soil, biota) (van Mourik 44 

et al., 2016) and humans (serum and milk) (Li et al., 2017; Hu et al., 2021). Due to their environmental 45 

persistence, long-range transport, bioaccumulative and toxic properties (Geng et al., 2019; Ren et al., 2019), 46 

SCCPs were globally regulated and classified in 2017 as persistent organic pollutants (POPs) by the United 47 

Nations Environment Stockholm Convention (UNEP, 2017). Such legal restrictions have thus opened the way 48 

to increasing application of MCCPs and LCCPs (Glüge et al., 2018).  49 

Human exposure pathways to CPs primarily include food intake and inhalation of indoor air (Li et al., 2020), 50 

but also dermal absorption and dust ingestion (Fridén et al., 2011; Gao et al., 2018). Although toxicological 51 

studies are still scarce, long-term exposure to SCCPs has been associated with potential adverse effects on 52 

human and animal health, including carcinogenicity and neurotoxicity (Bucher et al., 1987; Yang et al., 2021), 53 

sub-chronic nephro- and hepatotoxicity (Geng et al., 2019), and impairments of metabolism (Gong et al., 2019). 54 

SCCPs are also considered as thyroid-disrupting chemicals (Zhang et al., 2016; Gong et al., 2018). 55 

Foodstuffs in particular can be contaminated with CPs via bioaccumulation in the environment (Huang et 56 

al., 2018; Dong et al., 2021), food processing equipment (Yuan et al., 2017b) and migration from food contact 57 

materials (FCM) (Wang et al., 2019a). A recent opinion released by the European Food Safety Authority (EFSA) 58 

pointed out the lack of data on occurrence and toxicity of CPs in food, feed and domestic animals (EFSA 59 

CONTAM Panel et al., 2020). In addition, due to their similar physico-chemical properties and toxicity profiles 60 

(Ren et al., 2019), simultaneous exposure to SCCPs and MCCPs may increase the risk of adverse effects in 61 

humans through dietary intake (Huang et al., 2018). For these reasons, broad-ranging dietary studies are 62 

required to fully evaluate the contamination status of CPs in food (McGrath et al., 2021a).  63 

To date, one of the biggest obstacles hampering the estimation of consumers’ exposure to CPs through 64 

food is represented by the unprecedented analytical challenges due to the high number of possible congeners. 65 

Commercial CP formulations consist in fact of very complex mixtures of thousands of isomers with different 66 

carbon chain lengths and chlorination degrees (van Mourik et al., 2015). The most common approach to CP 67 

analysis globally has been gas chromatography coupled to quadrupole mass spectrometry (GC-MS) using 68 

electron capture negative ionization (ECNI). Although full separation of CP congener groups with defined 69 

CxH(2x+2−y)Cly molecular formula, also referred to as homologues, cannot be achieved and analysis is generally 70 

limited to chain lengths of C<18, this technique provides ∑SCCP and ∑MCCP concentrations via chlorine-71 

content calibration (Reth et al., 2005), as well as tentative congener group abundance data (Tomy et al., 1997). 72 

Recent advances have applied liquid chromatography (LC) with high resolution MS (LC-HRMS) using chlorine 73 

enhanced soft ionisation to achieve simultaneous analysis of SCCPs, MCCPs and LCCPs. Indeed, a MS 74 

resolution of >50,000 is required to resolve individual homologues (Yuan et al., 2019) in order to investigate 75 
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congener group distribution without interferences between groups. However, even with the application of 76 

advanced technologies, a lack of available single compound analytical standards prevents true congener 77 

group specific quantification. 78 

To the best of the authors’ knowledge, there are no studies concerning the presence of SCCPs and MCCPs 79 

in food in Belgium and only limited data for these compounds are available at the European level. The present 80 

study intends to respond to the recommendations of EFSA for more data on the occurrence of CPs in food by 81 

assessing the levels and patterns of SCCPs and MCCPs in over 200 foods belonging to multiple food 82 

categories representative of the Belgian diet. Congener group distribution and the contribution of LCCPs to 83 

total CP loads was also investigated to provide a comprehensive assessment of the CP contamination status 84 

of Belgian foodstuffs. 85 

 86 

2 Materials and methods 87 

2.1 Sampling strategy 88 

A total of 211 food samples were purchased from Belgian retailers in 2020 to represent the consumption 89 

habits of the local population. Food sample priorities were determined according to the probability of CP 90 

contamination based on previous reports (Iino et al., 2005; COT, 2009; Cao et al., 2015; NFA, 2017; Gao et 91 

al., 2018; Huang et al., 2018; Perkons et al., 2019; Krätschmer et al., 2021) and contribution to exposure within 92 

the total diet (Bel et al., 2016; Bel & De  Ridder, 2018). This was further refined by taking into account the 93 

variability of food classification and probability of food coming from international market (import). Products with 94 

the highest mean daily consumption were purchased from each of 13 selected categories based on the EFSA 95 

FoodEx food classification system (EFSA, 2015) including grains and grain-based products (GRA, n=26), 96 

vegetables and vegetable products (VEG, n=18), starchy roots and tubers (STA, n=10), fruit and fruit products 97 

(FRU, n=10), meat and meat products (MEA, n=30), fish and other seafood (FIS, n=27), milk and dairy 98 

products (MIL, n=25), egg and egg products (EGG, n=10), sugar and confectionary (SUG, n=16), animal and 99 

vegetable fats and oils (LIP, n=26), composite dishes (COM, n=5), seasoning, sauces and condiments (SSC, 100 

n=5) and food supplements (OTH, n=3) (Table S4). The water content and lipid-fraction of samples were 101 

determined gravimetrically according to Xu et al. (2015). 102 

 103 

2.2 Sample preparation and extraction 104 

Samples were cut into pieces with a knife, lyophilized in covered aluminium trays and then homogenized 105 

to a fine powder using a Retsch Grindomix GM 200 mixer (Verder Scientific, GmbH & Co., Aartselaar, Belgium). 106 

For 26 samples (including dry cereals, sugars, food supplements and chocolate), freeze drying was not 107 

necessary and for 33 samples (oils, butters, chocolate spread and honey) neither freeze-drying nor motorized 108 

mixing were required. Samples were extracted for GC-MS analysis as described by the recently validated 109 

method published by McGrath et al. (2021a) and extracted separately for LC-HRMS analysis with only the 110 

internal standard (IS), external standard (ES) and final solvent modified. Briefly, 5 g of sample homogenate 111 

(10 g for GRA samples) was spiked with 5 ng of 1,5,5,6,6,10-hexachloro[13C10]decane (13C-HCD) IS for GC-112 

MS analysis or 20 ng of γ-1,2,5,6,9,10-hexabromo[13C12]cyclododecane (13C-γ-HBCD) for LC-HRMS analysis. 113 

Extraction was carried out in 20 mL of a 3:1 mixture of n-hexane:dichloromethane (DCM) by 1 min of vortexing 114 

and 10 min of ultrasonication. The extraction was repeated with fresh solvents and the supernatants combined. 115 



4 
 

Extracts were purified using 6 mL of concentrated sulphuric acid (98%) followed by 6 g of acidified silica (44% 116 

w/w) and then concentrated to 0.5 mL by evaporation under nitrogen stream. The concentrated extracts were 117 

then loaded to Agilent Bond Elut silica cartridges (500 mg) after pre-conditioning with 6 mL of dichloromethane 118 

and 6 mL n-hexane. Silica cartridges were eluted with 6 mL of n-hexane (fraction 1, for disposal) and 12 mL 119 

of DCM (fraction 2, for analysis). The analysis fraction was evaporated to near dryness and reconstituted in 120 

100 µL of iso-octane containing 5 ng each of ESs ε-hexachlorocyclohexane (ε-HCH) and 6-methoxy-121 

2,3,3’,4,4’,5’-hexabromodiphenyl ether (6-MeO-BDE-157) for GC-MS analysis. Samples selected for LC-122 

HRMS analysis were reconstituted in 100 µL acetonitrile (ACN) containing 20 ng of d18-β-1,2,5,6,9,10-123 

hexabromocyclododecane (d-β-HBCD) ES. Chemicals and reagents are described in Section S1 of the 124 

Supplementary Information and quality assurance and quality controls (QAQC) relating to the extraction 125 

procedure are provided in Section S2.1. 126 

 127 

2.3 Instrumental analysis and quantification 128 

2.3.1 GC-MS  129 

The GC-MS instrumental acquisition and quantification procedures underwent full validation as described 130 

by McGrath et al. (2021a). All samples were analysed using an Agilent 7000D GC-MS operated in ECNI mode. 131 

A pulsed splitless injection of 2 µL was delivered to a multimode inlet at a temperature of 92˚C (0.04 min hold), 132 

which then ramped at 700˚C/min to 300˚C. The instrument was equipped with an Agilent DB5-MS capillary 133 

column (15 m, 0.25 mm internal diameter, 0.1 µm film thickness) and the oven temperature programmed to 134 

hold at 90˚C (1.25 min), ramp at 25˚C/min to 180˚C and then 10˚C/min to 325˚C (6 min hold). The helium 135 

carrier gas flow rate was 1 mL/min for 17.85 min and then increased to 2.5 mL for an overall run time of 25.85 136 

min. The temperature of the MS ion source was 150˚C, the transfer line 300˚C and the quadrupoles each set 137 

to 150˚C.  138 

Acquisition was conducted in four separate injections using single ion monitoring (SIM) mode and two m/z 139 

values from characteristic [M-Cl]- or [M-HCl]- monitored for each of 24 SCCPs (C10-13, Cl5-10) and 24 MCCPs 140 

(C14-17, Cl5-10) (Table S1). For each CP congener group the m/z of the theoretically most abundant isotope was 141 

used for quantification and another isotope from the same ion cluster used for qualitative purposes. Integration 142 

of congener groups was performed using Agilent Mass Hunter software by careful comparison of retention 143 

time region and quantifier/qualifier ratios in respective CP standards when signal-to-noise ratio exceeded 10. 144 

Quantification of ∑SCCPs and ∑MCCPs was achieved using a chlorine-content calibration method modified 145 

from Reth et al. (2005). Exponential regression curves were established between total response factor and 146 

calculated chlorine-content in each of five technical standard mixtures of varying chlorine-content, prepared 147 

separately for ∑SCCPs and ∑MCCPs (Section S1). The chlorine-content and relative response measured in 148 

sample extracts was then used to determine the concentrations of ∑SCCPs and ∑MCCPs in samples via the 149 

calibration regression equations. The instrument response of the 6-MeO-BDE-157 ES was used to derive 150 

relative responses for quantification and the responses of 13C-HCD and ε-HCH were used to monitor extraction 151 

efficiency and general method performance, respectively. Full details of the calibration and quantification are 152 

described by McGrath et al. (2021a) and quality assurance and quality control (QA/QC) measures are detailed 153 

in Section S2.2. 154 

 155 
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2.3.2 LC-HRMS 156 

LC-HRMS analysis was conducted using a Vanquish UHPLC+ pumping system coupled to a Q-Exactive 157 

Focus Orbitrap MS with electrospray ionization in negative mode (ESI-) (Thermo Fischer Scientific). 5 μL of 158 

each sample was injected onto a reversed-phase C18 liquid chromatography (LC) column (Hypersil Gold 159 

analytical column, 50 mm x 2.1 mm, 1.9 μm, Thermo Fischer Scientific). The chromatographic separation was 160 

performed at a flow rate of 0.4 mL/min with an elution gradient starting with 70% of ACN in water and linearly 161 

evolving until 100% ACN in 5 min and maintained during 3 min. The column was re-equilibrated for the next 162 

injection during 2 min with 70% of ACN in water. Importantly, a 1:1 mixture of DCM:ACN was added post-163 

column using a T-connection, at a constant flow rate of 0.08 mL/min to ensure the formation of [M+Cl]- ions in 164 

the ESI- source. HRMS data were acquired in full scan mode (m/z 150 to 1900) with a resolution of 70,000 full 165 

width at half maximum (FWHM) at m/z 200. No MS/MS fragmentation was performed, and no lock mass was 166 

used during the analysis. Optimized acquisition parameters are summarized in Table S2. 167 

Raw LC-HRMS data were first converted to the open mzXML format using the open-source software 168 

MSConvert v3.0 (ProteoWizard) and applying the Peak Picking filter. The theoretical centroid m/z values (with 169 

resolution R = 70,000 FWHM at m/z 200) and relative abundance of the two most abundant isotopes of each 170 

CP homologue (CnClm with 8≤n≤36 and 1≤m≤n+2), as well as the selected IS and ES, were obtained from the 171 

enviPat calculation tool, queried using the isopattern, envelope and vdetect functions in R (Loos et al., 2015; 172 

Mézière et al., 2020a). Considered ions included [M+Cl]- ions as adducts of interest, but also possible 173 

interfering ions [M-H]-, [M+NO3]-, [M+HCOO]- and [M+C2H3O2]-. 174 

All further bioinformatic analyses were performed with in-house developed Python (v3.7) scripts, calling R 175 

scripts when needed. For each of the considered theoretical m/z values, extracted ion chromatograms (EIC) 176 

and their corresponding intensities were computed in the open-source R software environment v3.6.1 using 177 

the rawEIC function from the xcms package v3.6.0 (Smith et al., 2006; Tautenhahn et al., 2008; Benton et al., 178 

2010) with the following parameters; peakwidth (10,70), ppm 10, and snthresh 20. Because of the very limited 179 

separation of CPs using LC, only minimal retention time filtering was applied for data retrieved after >500 s. 180 

The ratios of the observed intensities (into value from the xcms results) of the most abundant isotope (the 181 

quantifier) and the second most abundant isotope (the qualifier) were automatically calculated and compared 182 

to their theoretical abundance ratio. To increase the robustness of the calculated intensities, triplicate injections 183 

were performed. The intensities were corrected with the fractional abundance of the considered isotope and 184 

the IS, and the relative standard deviations (RSD) were calculated. Details of the QA/QC measures applied 185 

for LC-HRMS analysis are provided in Section S2.3. 186 

 187 

2.4 Statistical analysis 188 

Statistical analyses were performed in Excel 16 and SPSS 26. Statistics were calculated using a value of 189 

half LOQ for measurements <LOQ and included concentration data for samples with Cl% above the calibration 190 

range as indicated in Table S4 (three ∑SCCP and three ∑MCCP values). One-way ANOVA with a post-hoc 191 

Tukey’s test was used to compare CP concentrations between food categories with >50% of samples >LOQ 192 

and at least 3 measurements >LOQ, which excluded all ∑SCCP data from the tests. ∑MCCP concentrations 193 

in the categories which met these criteria were confirmed to approximate log-normal distribution by Shapiro-194 

Wilks tests and were thus log-transformed prior to ANOVA analysis. The ∑MCCP concentration in sample 195 

GRA-12 exceeded 1.5 times the overall interquartile range and was excluded from the ANOVA as an outlier. 196 

Spearman correlation calculations included all samples, but measurements <LOQ were replaced with zero to 197 
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avoid the influence of inherent correlations between respective SCCP and MCCP LOQs. A level of p<0.05 198 

was considered statistically significant for all applied tests. 199 

 200 

3 Results and discussion 201 

3.1 SCCP concentrations 202 

SCCPs were present above LOQ in 25% of samples with an overall range of <LOQ to 58 ng/g ww (Table 203 

1, Table S4). The highest detection frequency among food categories with more than 3 samples was observed 204 

in GRA samples (58%), followed by SUG (44%), LIP (31%) and FIS (30%). Although low detection rates 205 

precluded statistical assessment of the differences between categories, SCCPs were most prevalent in the 206 

GRA, SUG and LIP categories. The highest ∑SCCP concentration measured, 58 ng/g ww in white, wheat-207 

flour dürüm (sample GRA-12), was approximately an order of magnitude higher than all other measurements 208 

in the GRA category and more than twice the levels seen in the next highest sample overall. The ∑SCCP 209 

concentrations among GRA samples without the GRA-12 outlier, ranging from <LOQ to 24 ng/g ww, were 210 

similar to those reported in grain-based baked goods from Latvia (n=53), ranging from 0.3 to 23 ng/g ww (mean; 211 

6.3 ng/g ww) (Perkons et al., 2019). The Latvian samples comprised similar products to those of the present 212 

study, but included also some items with fillings (meat, cheese, etc). Comparable overall concentrations of 213 

∑SCCPs were also observed in grain-based products from Germany (Krätschmer et al., 2021), Sweden (NFA, 214 

2017), the United Kingdom (UK) (COT, 2009) and Japan (Iino et al., 2005), with a maximum of 14 ng/g ww 215 

reported among the studies.  216 

CP contamination of food items contained within the GRA category may derive from a wide variety sources. 217 

Mechanical mixers have been shown to release CPs from lubricants and internal components during use 218 

(Yuan et al., 2017b) and high levels of CPs measured in fat residues in ovens implies that baking may 219 

contribute to CP contamination. Potentially contaminated oil-based additives could also constitute a proportion 220 

of the CP load in specific samples, such as croissants or waffles (>20% lipids). The combination of these 221 

potential sources may account for the higher SCCP detection frequency among GRA samples than other food 222 

categories in Belgium. Given that no correlations between lipid content and ∑SCCP concentrations were 223 

identified within the GRA category in the present study, it appears likely that the elevated level observed in 224 

sample GRA-12 derives from the specific processing techniques used for this item. Indeed, such findings are 225 

not unprecedented, with concentrations of ∑SCCPs ranging from 52 to 980 ng/g ww in store-bought cereal 226 

products from a wide-ranging study of Chinese foodstuffs indicating that grain-based foods have the capacity 227 

to accumulate high levels of CPs (Wang et al., 2019b). 228 

Some of the highest ∑SCCP levels were determined in samples of the LIP category, with overall 229 

concentrations ranging from <LOQ to 19 ng/g ww. The most contaminated samples were a peanut and palm 230 

oil blend for frying (LIP-16, 19 ng/g ww) and walnut oil (LIP-24, 12 ng/g ww), while SCCPs were not detected 231 

above LOQs in any of the four animal-based fat products. Concentrations of ∑SCCP reported in fats and oils 232 

were similar in the UK (1.23 and 25 ng/g in butter and cod liver oil, respectively) (COT, 2009), but generally 233 

higher in Germany (n=56), where levels ranged from <LOQ to 290 ng/g ww, although SCCPs were only present 234 

above LOQs in approximately 20% of samples (Krätschmer et al., 2021). Substantially higher ∑SCCP 235 

concentrations have been observed in cooking oils and fats from Korea (310 to 1930 ng/g ww, n=28) (Lee et 236 

al., 2020) and China (<9 to 7500 ng/g, n= 49) (Cao et al., 2015), and in palm and marine oil-based dietary 237 

supplements purchased in Germany (<LOD to 61,100 ng/g lipid weight, n=25) (Sprengel et al., 2019). Sprengel 238 
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et al. (2019) suggested that processes employed to enrich the nutrient content of oil-based supplements may 239 

have also concentrated CPs in these products to cause the extremely high levels observed. The lipophilic 240 

characteristics of CPs lead to the assumption that lipid-rich foods have a greater potential to accumulate CPs 241 

from environmental or manufacturing origins, as evidenced by significant, although weak, correlations between 242 

∑SCCP concentrations and lipid content (Spearman coefficient = 0.178, p = 0.010, Figure 1). Most of the 243 

samples in the LIP group of this study have lipid contents close to 100%.  244 

Cao et al. (2015) determined differing SCCP homologue patterns in several cooking oil types and the raw 245 

seeds from which they were processed, indicating that CPs in plant oils are unlikely to derive from the raw 246 

ingredients. Food packaging was also identified as a potential source of CP food contamination by Wang et 247 

al. (2019a), who reported concentrations of ∑SCCPs ranging from 970 to 4700 ng/g in foil-lined polypropylene 248 

commercial food containers purchased in China. Subsequent experiments demonstrated migration of SCCPs 249 

into several food simulants, with the greatest transfer observed in the n-hexane oil substitute (Wang et al., 250 

2019a). Lubricants in mechanical pressing and mixing components or polymeric materials inherent to the 251 

manufacturing of animal and plant oils may also be considered as potential sources of CPs to oil products 252 

(Yuan et al., 2017b). 253 

A number of samples in the SUG category contained elevated ∑SCCPs, including the second highest 254 

measurement among the Belgian samples, in dark chocolate fondant (SUG-6, 28 ng/g ww). Products within 255 

this category may be prone to accumulate CPs due to the same reasons outlined for both the GRA and LIP 256 

groups. Approximately half of the food items in the SUG category are chocolate-based products with high lipid 257 

proportions ranging 27-38% and most could be considered as highly processed foods. ∑SCCPs were reported 258 

as <LOQ in a single analysis of pooled sweets samples (including chocolate, honey and ice cream) from 259 

Sweden (NFA, 2017) but no other data on such products is available for comparison. 260 

Only low levels of SCCPs were observed in samples from the MEA, FIS and MIL categories, with maximum 261 

∑SCCP levels of 2.3, 2.7 and 5.1 ng/g ww determined, respectively. This is somewhat unexpected, as foods 262 

in these categories have been considered higher risk due to generally greater lipid contents and heightened 263 

potential for environmental CP accumulation (Huang et al., 2018; Wang et al., 2018). SCCPs were reported 264 

above LOQs with similarly low frequency in meat and dairy samples purchased in Germany, with ∑SCCP 265 

concentration ranging <LOQ to 72 ng/g ww and <LOQ to 9.9 ng/g ww, respectively, while SCCPs were more 266 

prevalent in fish samples ranging <LOQ to 180 ng/g ww (Krätschmer et al., 2021). ∑SCCP levels in fish from 267 

France were close to those of the present study (n=22, 0.3 to 10.6 ng/g ww) (Labadie et al., 2019), but generally 268 

higher levels were reported in aquatic foods from Spain (n=22, 3.1 to 141 ng/g ww) (Parera et al., 2013) and 269 

another study of salmon purchased in Germany (n=133, 0.97 to 170 ng/g ww) (Krätschmer et al., 2019). A 270 

cause for the discrepancy between ∑SCCP levels in fish purchased in Belgium and other European countries 271 

could not be determined, although differences in the source location of fish could be responsible (this data was 272 

not collected in the present study). ∑SCCP concentrations in samples of meat, fish and dairy purchased in 273 

Korea and China were approximately two- to three- orders of magnitude above those from Belgium (Huang et 274 

al., 2018; Huang et al., 2019; Dong et al., 2020; Lee et al., 2020). The elevated ∑SCCP levels determined in 275 

these regions are likely related to China’s role as the world’s largest producer of CPs (Glüge et al., 2016), and 276 

indeed extreme CP contamination (>1,000 ng/g ww) reported in foods from highly polluted e-waste sites in 277 

China illustrates the link between environmental contamination and CP accumulation into foodstuffs (Chen et 278 

al., 2018; Zeng et al., 2018). 279 

 280 



8 
 

3.2 MCCP Concentrations 281 

MCCPs were present above LOQs in 66% of the food samples with an overall ∑MCCP range of <LOQ to 282 

250 ng/g ww and median level of 6.0 ng/g ww. MCCPs were more prevalent than SCCPs in all food categories, 283 

with the highest detection frequencies observed in EGG (100%), MEA (87%), LIP (85%) and FIS (81%) (Table 284 

1, Table S4, Figure 2). ANOVA tests showed the ∑MCCP levels in LIP and SUG samples to be higher than 285 

each of the GRA, MEA, FIS and MIL categories by a statistically significant margin (p<0.05), while the LIP 286 

samples also contained significantly higher ∑MCCP concentrations than EGG. The remaining categories were 287 

excluded from ANOVA tests due to low detection frequency and no other significant differences were 288 

determined between the categories. As with SCCPs, MCCP concentrations have typically been elevated in 289 

fats and oil samples with respect to other food types in market basket studies (COT, 2009; NFA, 2017; 290 

Krätschmer et al., 2021). Concentrations of ∑MCCPs in fats and oils purchased in Germany ranged from 291 

<LOQ to 1800 ng/g ww with a mean level (120 ng/g ww) approximately an order of magnitude higher than 292 

those of all other food groups (Krätschmer et al., 2021). Fats and oils were, likewise, the most contaminated 293 

food group in the limited market basket studies from Sweden (NFA, 2017) and the UK (COT, 2009). Very high 294 

levels of ∑MCCPs have also been reported in oil-based dietary supplements in Germany (mean 15,200 ng/g 295 

lw, n=25) (Sprengel et al., 2019) and cooking oils from China (median 1420 ng/g lw, n=5) (Chen et al., 2018). 296 

A significant correlation was determined between ∑MCCP concentrations and lipid content across the total 297 

Belgian sample set (Spearman coefficient 0.678, p<0.001, Figure 1), which illustrates the role of lipids in 298 

accumulating CPs within foodstuffs. The extensive degree of processing inherent to most of the LIP samples 299 

also creates a high potential for contamination from manufacturing sources. 300 

Similar factors may have contributed to the high levels of MCCPs observed in SUG samples, as most 301 

confectionary foodstuffs are highly processed and many of the samples in this group have lipid contents of 302 

around 30%. Indeed, MCCP contamination in the SUG samples could be differentiated by lipid content with 303 

most low-lipid (<1%) samples, like refined sugar, honey and syrup having concentrations <LOQ, while 304 

∑MCCPs ranged from 23 to 140 ng/g ww in chocolate-based confectionary (lipid content >25%). CPs in sugar 305 

and chocolate samples have not been widely studied, though a concentration of 6.3 ng/g ww ∑MCCPs was 306 

reported in a pooled sample of sweets from Sweden (NFA, 2017), and CPs have been routinely identified in 307 

dairy and oil products which often form the basis of many confectionary goods (Cao et al., 2015; Dong et al., 308 

2020; Lee et al., 2020; Krätschmer et al., 2021). 309 

MCCP levels were similarly distributed in each of the MEA, FIS and MIL and EGG categories which 310 

represent the major classes of animal-based foods, with median ∑MCCP levels of 7.7, 6.0, 5.1 and 10 ng/g 311 

ww, respectively. ∑MCCP levels were approximately similar in several fish species purchased from markets 312 

in Germany (<LOQ to 48 ng/g ww) (Krätschmer et al., 2021) and the UK (<1.0 to 31.9 ng/g ww) (COT, 2009) 313 

as well as wild fish from France (1.3 to 72.7 ng/g ww) (Labadie et al., 2019). Another study of salmon purchased 314 

in Germany from a range of sources reported slightly higher ∑MCCP concentrations and suggested greater 315 

CP accumulation to occur in farmed conditions than in the wild (Krätschmer et al., 2019). ∑MCCPs in aquatic 316 

foods (mostly fish) from China were about an order of magnitude higher than the European samples in one 317 

study (Wang et al., 2018) and two- to three- orders of magnitude higher from a Chinese e-waste recycling 318 

region (Chen et al., 2018), further illustrating the influence of environmental conditions on CP bioaccumulation. 319 

However, details on source location and farming type were not collected with the present samples for 320 

comparison. The levels of ∑MCCPs in the MEA and MIL categories were also broadly similar to those of other 321 
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European food samples from Germany (Krätschmer et al., 2021) and the UK (COT, 2009), while MCCPs were 322 

below detection limits in pooled Swedish samples of these food groups (NFA, 2017).  323 

∑MCCP concentrations were significantly correlated (p<0.001) with lipid content in each of the MEA, FIS 324 

and MIL sample categories, while the degree of sample processing or specific packaging is also likely to have 325 

affected CP loads. MCCPs measured in whole egg samples, however, could be considered to derive entirely 326 

from bioaccumulation of CPs, as the contents of eggs are minimally influenced by other contamination sources. 327 

Experiments involving oral dosing of chickens via CP-spiked feed demonstrated C-chain-length and Cl% 328 

specific transfer of SCCPs and MCCPs into eggs (Mézière et al., 2021). In this respect, ∑MCCPs detected in 329 

each of the whole egg samples and the lack of SCCPs in the same samples provide a unique insight as to the 330 

respective contamination pathways of animal-based foods. 331 

Among the plant-based food categories, GRA contained ∑MCCP levels similar to those of the animal-332 

based foods (median 7.4 ng/g ww), while low detection frequencies were observed in the VEG, STA and FRU 333 

categories at 39, 20 and 20%, respectively. The elevated MCCP levels in GRA samples are most likely related 334 

to the combined effects of contaminated oil-based additives and accumulation of CPs during processing and 335 

baking processes. In particular, the overall maximum ∑MCCP concentration of 250 ng/g ww was determined 336 

in the same sample which contained the highest SCCP level, the wheat-flour dürüm (GRA-12). The low levels 337 

observed in the other classes of vegetable-based foods is expected due to the low overall lipid contents and 338 

lower degrees of processing. These food groups are rarely studied for these reasons and ∑MCCPs have not 339 

exceeded 1.0 ng/g ww in fruits and vegetables analysed in limited studies from the UK (COT, 2009) and 340 

Sweden (NFA, 2017). In contrast to other samples in the VEG, STA and FRU groups, however, two samples 341 

of lentils (VEG-16 and VEG-17) contained ∑MCCP concentrations of 23 and 20 ng/g ww, respectively, 342 

approximately four to five times higher than the next highest levels in these groups. This may indicate that 343 

lentils have a higher capacity to accumulate CPs from the environment or that particular processing techniques 344 

have contributed to MCCP contamination. Indeed, ∑MCCPs were present at high levels in Chinese legume 345 

samples ranging from 40.1 to 598 ng/g (mean 184 ng/g) purchased from a broad range of regions and sources 346 

(Wang et al., 2019b). 347 

 348 

3.3 Congener group patterns  349 

3.3.1 GC-MS data 350 

Overall, MCCPs were more prevalent in the Belgian food samples than SCCPs. ∑MCCP concentrations 351 

were greater than those of ∑SCCPs in all 48 samples in which both groups were detected with an average 352 

∑MCCP/∑SCCP ratio of 5.8 (ranging from 1.3 to 81). There were another 91 samples (43% of all samples) in 353 

which only MCCPs were present >LOQ, 5 samples (2.4%) in which only SCCPs were present and 67 samples 354 

(32%) in which neither group were identified. MCCPs were likewise dominant over SCCPs in fish samples 355 

from Germany (Krätschmer et al., 2019) and France (Labadie et al., 2019), oil-based supplements from 356 

Germany (Sprengel et al., 2019) and in general in the UK (COT, 2009). SCCPs were determined as dominant, 357 

however, in a comprehensive market basket study from Germany in all food categories except for fats and oils 358 

(Krätschmer et al., 2021), which may in-part reflect differences in the sample types which populate respective 359 

food categories. SCCPs have also been reported at levels one- to two- orders of magnitude above MCCPs in 360 

meat, aquatic foods and raw milk from China (Huang et al., 2018; Wang et al., 2018; Dong et al., 2020), while 361 

proportions of the two groups were similar in a Chinese whole meal assessment (Gao et al., 2018).  362 
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Although GC-MS analysis is unable to provide reliable congener group specific concentration data, 363 

responses recorded for individual congener groups were corrected for fractional isotopic abundance of 364 

monitored m/z species and chlorine number according to Tomy et al. (1997) to gain tentative C and Cl 365 

distribution information in samples. Among the total sample set, C10 congeners accounted for an average of 366 

21% of total ∑SCCPs, while C11, C12 and C13 contributed mean proportions of 23, 29 and 36% of the SCCP 367 

load respectively. C14 congener groups made up an average of 45% of ∑MCCPs, overall, with the C15, C16, 368 

and C17 groups accounting for 28, 22 and 3% on average, respectively. The average distribution of Cl5 to C10 369 

congener groups in samples was approximately Gaussian for both SCCPs and MCCPs, with Cl7 and Cl8 groups 370 

dominating, followed by Cl6 and Cl9, and lesser amounts of Cl5 and Cl10. There was little difference in C or Cl 371 

distribution observed between food categories, while low detection rates in some instances prevented 372 

thorough comparisons.  373 

The distributions of SCCP and MCCP homologues observed in the present study are broadly similar to 374 

those of industrial and technical CP mixtures (Bogdal et al., 2015; Yuan et al., 2017a; Li et al., 2018), though 375 

highly variable CP patterns have been reported in food processing equipment (Yuan et al., 2017b) and general 376 

consumer goods from Belgium (McGrath et al., 2021b). Significant correlations between ∑SCCP and ∑MCCP 377 

concentrations in the Belgian food samples (Spearman coefficient = 0.441, p <0.001, Figure 1) also suggest 378 

that the two homologue groups might share similar sources to food. Complex interactions between the 379 

respective bioaccumulation properties of individual congener groups, environmental contamination load and 380 

uptake by plants and animals during farming may also be important factors effecting CP distribution patterns. 381 

 382 

3.3.2 LC-HRMS data 383 

A subset of 20 food samples with some of the highest concentrations of SCCPs and MCCPs measured by 384 

GC-ECNI/MS were selected for LC-HRMS analysis in order to conduct a more robust homologue profiling and 385 

additionally, to investigate the contribution of LCCPs in Belgian food (indicated in Table S4). Despite the ability 386 

of the HRMS method applied in this study to resolve individual congener groups (R>50,000), true homologue 387 

level quantification remains impossible due to the influence of carbon-chain length and chlorination-degree on 388 

the MS instrumental response (Krätschmer & Schächtele, 2019; Yuan et al., 2019), and a lack of well-389 

characterized single homologue reference standards. For these reasons, congener group patterns are 390 

presented here as heatmaps, where the colour code is applied per row, that is, per homologue (assuming an 391 

underlying fixed response factor for each). Reported signals were corrected for isotopic abundance and IS 392 

response to account for variation between injections.  393 

Results of the relative SCCP and MCCP content by LC-HRMS in the selected samples were very 394 

consistent with the GC-ECNI/MS results (Figure 3 and Figure 4). Both SCCP and MCCP contents in the dürüm 395 

bread sample (GRA-12) exceeded all other samples substantially, with a predominance of C10 and C13 to C15. 396 

Next to this sample, the goat cheese with chives (MIL-24) showed the highest levels in C10 & C11 SCCPs, but 397 

almost no MCCPs. The dark chocolate (SUG-6), wok oil mix (LIP-16) and mayonnaise (SSC-1) also contained 398 

higher levels of SCCPs. Another bread (GRA-15), oil (LIP-17), fish (FIS-9) and lentils (VEG-16) samples also 399 

exhibited measurable SCCP content, but to a lesser extent. MCCPs were also detected in each of these 400 

samples by LC-HRMS and were present in 18 of the 20 samples (Figure 4). High MCCP levels were 401 

widespread among the LIP samples, as three out of the four profiled samples in this category (LIP-16, LIP-17, 402 

LIP-13) exhibited the highest levels in C15 to C17. Some meat and fish samples (ham, MEA-23; filet Américain, 403 

MEA-9; tarama, FIS-25; mackerel fillets in olive oil FIS-9) with almost no SCCPs had however relatively high 404 
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MCCP content. This could be explained because these samples correspond to highly processed and/or oil 405 

mixed products and manufacturers may have switched to longer chain CPs with the SCCP legal restriction.  406 

Finally, the CP congener groups profiling was extended to LCCPs. LCCPs were detected in 35% of the 407 

selected samples (Figure 5). The low-level C18 LCCPs detected in the fondue oil (LIP-13) and dark chocolate 408 

(SUG-6) can be seen as a consequence of their high MCCPs content. Nevertheless, it is interesting to see 409 

that some samples containing almost no SCCPs and only few MCCPs, namely the mackerel fillets in olive oil 410 

(FIS-9) and the egg yolk (EGG-8), showed very high levels of LCCPs, including very long C-chain CPs (C >30) 411 

for FIS-9. Next to these two samples, the oily samples (LIP-17, SSC-1 and to a lesser extent LIP-16) also 412 

contained LCCPs. This confirms the potential market shift towards the use of longer chain CPs resulting in 413 

possible food contamination, as also recently evidenced in Germany (Krätschmer et al., 2021). 414 

Of note, the C8-C9 very short-chain CPs (vSCCPs) were not detected, suggesting that the vSCCPs do not 415 

represent a major contamination in the investigated samples. vSCCPs with C<8, however, could not be 416 

included in the LC-MS screening because of their high volatility.  417 

Regarding chlorination degree profiles, an overall trend was observed towards CPs with chlorination 418 

around 50%. Very low (number Cl <5) and very high (Cl degree >75%, corresponding respectively to maximum 419 

observed number Cl >9 for SCCPs, >10 for MCCPs and >19 for LCCPs) chlorination degrees were not 420 

detected. It had been previously reported that LC-MS with atmospheric pressure source, in opposition to GC-421 

ECNI, enables the detection of lower chlorinated compounds (Krätschmer & Schächtele, 2019; Yuan et al., 422 

2019; Matsukami et al., 2020; Krätschmer et al., 2021). On the other hand, highly chlorinated homologues 423 

might suffer from decreased ionization efficiency, as recently observed with a similar LC-ESI-MS set-up 424 

(Mézière et al., 2020b). The comparison of obtained CP homologue patterns to other European studies on 425 

food contamination with CPs available (Parera et al., 2013; Labadie et al., 2019; Krätschmer et al., 2021) is 426 

currently not advisable. Indeed, reported CP patterns are still strongly dependent on the instrument and 427 

quantification method (Krätschmer & Schächtele, 2019; Mézière et al., 2020b; Krätschmer et al., 2021). Further 428 

harmonization efforts and robust conclusions on the CP congener group profiles contaminating the European 429 

food market will require the availability of adequate (labelled) individual homologue CP reference standards to 430 

validate homologue-level quantification. 431 

 432 

4 Conclusions 433 

This study provides evidence of widespread CP contamination of a wide variety of foodstuffs purchased 434 

in Belgium. MCCPs were detected with greater frequency and in higher concentrations in all food types, 435 

suggesting that recent global restriction of SCCPs has influenced usage towards longer-chained CPs. The 436 

application of LC-HRMS profiling on a selection of samples strengthened the results obtained by GC-MS, as 437 

consistent relative abundances of SCCPs and MCCPs were observed between samples. The LC-HRMS 438 

analysis also revealed LCCPs to be present among Belgian foods to further indicate shifts in CP application 439 

due to the regulation of SCCPs. While this study provides insights on the congener group profiles of CPs in 440 

food, true homologue level quantification will require the further availability of single compound and mass-441 

labelled CP reference standards.  442 

 443 
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Tables 636 

Table 1. Detection frequency and descriptive statistics for concentrations (ng/g wet weight) of ∑SCCPs and 637 
∑MCCPS in food samples. 638 

  ∑SCCPs ∑MCCPs 

Category n Det Freq 
(%) Min Median Max Det Freq 

(%) Min Median Max 

GRA 26 58 <LOQ 1.0 58 69 <LOQ 7.4 250 

VEG 18 22 <LOQ <LOQ 6.9 39 <LOQ <LOQ 23 

STA 10 10 <LOQ <LOQ 0.7 20 <LOQ <LOQ 5.2 

FRU 10 10 <LOQ <LOQ 1.3 20 <LOQ <LOQ 5.2 

MEA 30 20 <LOQ <LOQ 2.3 87 <LOQ 7.7 27 

FIS 27 30 <LOQ <LOQ 2.7 81 <LOQ 6.0 73 

MIL 25 4 <LOQ <LOQ 5.1 52 <LOQ 5.1 22 

EGG 10 0 <LOQ <LOQ <LOQ 100 3.3 10 16 

SUG 16 44 <LOQ <LOQ 28 69 <LOQ 26 140 

LIP 26 31 <LOQ <LOQ 19 85 <LOQ 40 190 

COM 5 0 <LOQ <LOQ <LOQ 40 <LOQ <LOQ 16 

SSC 5 20 <LOQ <LOQ 9.5 40 <LOQ <LOQ 51 

OTH 3 33 <LOQ <LOQ 5.2 67 <LOQ 18 20 

Total 211 25 <LOQ <LOQ 58 66 <LOQ 6.0 250 

GRA= grains and grain-based products, VEG= vegetables and vegetable products, STA= starchy roots and tubers, FRU= 639 
fruit and fruit products, MEA= meat and meat products, FIS= fish and other seafood, MIL= milk and dairy products, EGG= 640 
eggs and egg products, SUG= sugar and confectionary, LIP= animal and vegetable fats and oils, COM= composite dishes, 641 
SSC= seasoning, sauces and condiments and OTH= food supplements. 642 
  643 
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Figures 644 

 645 

 

 

 646 

Figure 1. A) Correlations between concentrations (ng/g ww) and lipid contents (%) for ∑SCCPs (Spearman 647 
coefficient = 0.178, p = 0.010) and ∑MCCPs (Spearman coefficient = 0.678, p < 0.001). B) Correlations 648 
between ∑SCCP and ∑MCCP (ng/g ww) concentrations (Spearman coefficient = 0.441, p < 0.001). Values 649 
<LOQ were replaced with 1/2 * LOQ in figures and with 0 for Spearman correlation analysis. 650 

 651 

 652 

 653 

 654 

 655 
Figure 2. ∑MCCP concentrations in selected food categories. Boxes indicate 25th, 50th and 75th percentiles 656 
and whiskers (error bars) represent minimum and maximum. Only food categories with detection 657 
frequency >50% and with more than 3 samples per category >LOQ are shown. Values <LOQ have been 658 
replaced with 1/2 * LOQ. Statistical outlier GRA-12 (250 ng/g ww) is not shown. GRA= grains and grain-based 659 
products, MEA= meat and meat products, FIS= fish and other seafood, MIL= milk and dairy products, EGG= 660 
eggs and egg products, SUG= sugar and confectionary, LIP= animal and vegetable fats and oils. 661 
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 663 

Figure 3. SCCP congener groups profile in selected samples by LC-HRMS. Full sample details for sample 664 
codes shown on the horizontal access are provided in Table S4. Heatmap colour coding is applied per 665 
row/homologue, using averaged MS signals from triplicates analyses, corrected for isotope abundance and IS 666 
signal. Reported signal values can be found in Figure S1. CS Low, High 1 and 2 are control samples consisting 667 
of procedural blanks spiked (pre-extraction) with 100 µL of a mixed standard containing SCCP 55%Cl, MCCP 668 
52%Cl and LCCP 49%Cl at concentrations of 3 µg/mL each (low spike) or 10 µg/mL each (high spike). The 669 
last line applies the same heatmap colour coding to the total SCCP concentration quantified with the GC-MS 670 
method (not applied to CS).  671 
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 672 
Figure 4. MCCP congener groups profile in selected samples by LC-HRMS. Full sample details for sample 673 
codes shown on the horizontal access are provided in Table S4. Heatmap colour coding is applied per 674 
row/homologue, using averaged MS signals from triplicate analyses, corrected for isotope abundance and IS 675 
signal. Reported signal values can be found in Figure S2. CS Low, High 1 and 2 are control samples consisting 676 
of procedural blanks spiked (pre-extraction) with 100 µL of a mixed standard containing SCCP 55%Cl, MCCP 677 
52%Cl and LCCP 49%Cl at concentrations of 3 µg/mL each (low spike) or 10 µg/mL each (high spike). The 678 
last line applies the same heatmap colour coding to the total MCCP content quantified with the GC-MS method 679 
(not applied to CS).  680 
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Figure 5. LCCP congener groups profile in selected samples by LC-HRMS. Full sample details for sample 683 
codes shown on the horizontal access are provided in Table S4. Heatmap colour coding is applied per 684 
row/homologue, using averaged MS signals from triplicate analyses, corrected for isotope abundance and IS 685 
signal. Reported signal values can be found in Figure S3. CS Low, High 1 and 2 are control samples consisting 686 
of procedural blanks spiked (pre-extraction) with 100 µL of a mixed standard containing SCCP 55%Cl, MCCP 687 
52%Cl and LCCP 49%Cl at concentrations of 3 µg/mL each (low spike) or 10 µg/mL each (high spike).  688 
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