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fractionated petroleum feedstock, resulting in thousands of 
congeners and isomers [3, 6].

CP are usually categorized into three groups according to 
their chain lengths: short-chain CP (SCCP, C10–13), medium-
chain CP (MCCP, C14–17), and long-chain CP (LCCP, C18–30) 
[7–9]. SCCP are listed as persistent organic pollutants 
(POPs) in Annex A of the Stockholm Convention, prohib-
iting their commercialization because of their persistence, 
bioaccumulating, and toxic potential [10]. Although not yet 
regulated, MCCP have raised increasing toxicological con-
cerns and are therefore highly relevant from a food safety 
perspective [11, 12]. LCCP are actually not considered as 
substances of high concern. However, available toxicologi-
cal data suggest that their behavior may be comparable to 
that of SCCP and MCCP, indicating similar adverse effects 
and potential health risks [11].

Krätschmer et al. demonstrated that fats and oils, par-
ticularly vegetable oils, can be a significant source of CP 
intake and that infants and toddlers are especially exposed 
to CP [13]. The investigation of CP in infant formula is very 
important in controlling CP exposure due to infants’ high 
food intake and low body weight [14–16]. In a similar con-
text, products like chocolate or chocolate spread, which also 

Introduction

Chlorinated paraffins (CP) are one of the most important 
industrial chemicals of quantity among the anthropogenic 
ones, characterized by low production costs, chemical sta-
bility, and flame resistance [1–3]. They are used for a wide 
range of applications, such as plasticizers in polyvinylchlo-
ride, flame retardants, and cooling and lubricating agents 
in metalworking fluids [4, 5]. The complexity of CP results 
from the manufacturing process, which involves ther-
mally or UV-induced, non-specific, radical chlorination of 
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A planar solid phase extraction with visual light detection (pSPE–Vis) was developed to screen chlorinated paraffins (CP) 
in chocolate products and infant formula. The analysis of selected persistent organic pollutants, such as polychlorinated 
biphenyls, excluded co-elution with CP. Separation and detection of CP in the target zone were obtained after simple-
to-perform sample preparation, including a sulfuric acid treatment. The validation study for CP showed recoveries near 
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the need for CP monitoring in food. The results are comparable with literature data and were evaluated in an interlabora-
tory test. The pSPE–Vis method is a cost-effective tool for total CP screening. Developed for initial screening, the method 
enables the detection of CP-contaminated samples, supporting their prioritization for more detailed follow-up analysis by 
HRMS.
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contain fats and oils, may represent an additional source of 
CP exposure [17], particularly for young children who con-
sume these products regularly. The accumulation of CP in 
fat-rich matrices is driven by their lipophilic properties and 
low volatility, making them particularly relevant in the con-
text of high-fat food products.

Current methods for sample preparation of infant formula 
[14–16] and chocolate spread [17] include the extraction of 
CP (cold extraction or accelerated solvent extraction) with 
n-hexane or a mixture of dichloromethane (DCM)/n-hexane 
(1:1, V/V), followed by lipid removal with acidic silica gel 
or by treatment with sulfuric acid [18]. POPs are removed 
using a Florisil or sulfuric acidic silica gel column [19].

The instrumental analysis of CP is challenging due to 
its production-related composition and physical-chemical 
properties, and the perfect method to reliably quantify CP 
doesn’t exist [20, 21]. Gas chromatography (GC) with elec-
tron capture negative ionization (ECNI) (high resolution) 
mass spectrometry ((HR)MS) [7, 22–24] evaluating CP as 
a congener group pattern [23] is a widely used method, also 
for analyzing CP in infant formula or chocolate spread [14, 
17]. However, due to volatility, GC analysis is limited to C10 
to C17 congener groups [24]. Liquid chromatography (LC) 
is suitable for analyzing CP with also longer chain lengths 
(C≥18) [25, 26]. Bogdal et al. developed a method based on 
mathematical data deconvolution, which has been broadly 
used [26–29]. All of these methods and strategies require 
expensive equipment and expert operators.

Oellig and Hammel presented a high-performance thin-
layer chromatography (HPTLC) based method to screen 
SCCP and MCCP [30] in vegetable oils and oil-based 
dietary food supplements, using the concept of planar 
solid phase extraction with visual light detection (pSPE–
Vis). This concept offers the advantages of HPTLC, being 
cost-effective, reliable, robust, and fast [31]. Applying this 
method, the CP are focused in a sharp target zone after chro-
matographic matrix separation. Determination as a sum 
parameter directly on the thin-layer plate is performed after 
a UV-induced derivatization product with benzidine deriva-
tives is formed. Several derivatization strategies for CP on 
pSPE were systematically compared in a previous work, 
demonstrating that benzidine derivatives such as o-tolidine 
and tetramethylbenzidine provided the highest sensitivity 
and selectivity while minimizing matrix interferences [30]. 
Our recent study investigated the derivatization reaction, 
including an optimized UV-C irradiation, and the method 
was extended to include LCCP up to C23 [32].

In this present study, we aimed to develop the current 
pSPE methods [30, 32] for cocoa-based sweet food matrices 
such as chocolate spreads and bars and infant formula as 
representatives of fat-containing foods. The main objective 
was to develop and optimize a suitable sample preparation 

method specifically for this study, building on the basic 
previously established pSPE concept [30, 32], by integrat-
ing diverse sample pre-clean-up procedures and optimizing 
sample loading to enhance the method’s sensitivity. A further 
aim was to determine the performance parameter (valida-
tion) and investigate German market samples. Additionally, 
results were compared to those of a reference method and 
investigated which POPs can be excluded or included using 
this method.

Materials and methods

Chemicals and materials

trans-Chlordane (99.6%, 10  µg mL−1 in cyclohexane), 
chlordecone (86.9%, 10 ng µL−1 in isooctane), CP mixture 
C14–C17 52% Cl (CPref, 99.9%, 100 µg mL−1 in cyclohex-
ane, technical reference CP mixture, CPref), 4,4’-dichloro-
diphenyltrichloroethane (DDT, 99.5%, internal standard 
(ISTD)), endosulfane (98%), hexabromocyclododecane 
(HBCD, 93.3%), hexachlorobenzene (HCB, 99%, 10  µg 
mL1 in cyclohexane), β-hexachlorocyclohexane (β-HCH, 
99%, 10  µg mL−1 in cyclohexane), 2,2’,3,3’,4,4’,5-hep-
tachlorobiphenyl (PCB 170, 99%), mirex (98.5%), penta-
bromodiphenylether (PentaBDE, 99%, 10  µg mL−1 in 
cyclohexane), perfluorooctane sulfonic acid (PFOS, 92.9%, 
1000  µg mL−1), and toxaphene (99.1%, 500  µg mL−1 in 
cyclohexane) were purchased from Dr. Ehrenstorfer (Augs-
burg, Germany). Acetone (Rotisolv Pestilyse, ≥ 99.8%), 
acetonitrile (Rotisolv, HPLC Gradient grade), cyclohex-
ane (Rotisolv UV/IR), dichloroethane (Rotisolv HPLC, ≥ 
99.8%), dichloromethane (DCM, Rotisolv HPLC), and 
diethyl ether (Rotisolv Pestilyse, ≥ 99.8%) were obtained 
from Carl Roth (Karlsruhe, Germany). Chloroform (for 
analysis, ≥ 99.8%) and isopropyl acetate (≥ 99.6%) were 
from Merck (Darmstadt, Germany). n-Hexane (Chemso-
lute, for residue analysis, min. 95%), tert-butyl methyl ether 
(tBME, Chemsolute, for HPLC, ≥ 99.8%), and 2-propanol 
(Chemsolute, for HPLC min. 99.8%) were purchased from 
Th. Geyer (Renningen, Germany). Toluene (for pesticide 
residue analysis, ≥ 99.7%) was from Honeywell Riedel-
de Haën (Seelze, Germany). Calcium chloride (CaCl2, ≥ 
98%), hydrochloric acid (HCl, 37% fuming, VLSI grade), 
sodium bicarbonate (NaHCO3, ≥ 99%), sodium hydroxide 
(NaOH, ≥ 99%), and sulfuric acid (H2SO4, 96%, pure) were 
obtained from Carl Roth. Magnesium chloride 6-hydrate 
(pure, pharma grade) was from AppliChem (Darmstadt, 
Germany), sodium chloride (NaCl, > 99.5%) from VWR 
chemicals (Bruchsal, Germany), and 3,3’,5,5’-tetramethyl-
benzidine (TMB, > 98%) from abcr (Karlsruhe, Germany). 
ChloroFiltr (Enviro Clean, bulk sorbents) was obtained 
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from UCT (Bristol, USA). Glass cartridges (3 mL) and glass 
fiber filter circles (9  mm, binder-free, 0.5  μm) were from 
Macherey-Nagel (Düren, Germany). Graphitized carbon 
black (GCB, Supelclean ENVI-Carb) and HPTLC silica gel 
60 glass plates (20 cm × 10 cm) were from Merck (Darm-
stadt, Germany). Primary secondary amine (PSA, Bondesil, 
40 μm) was from Agilent (Santa Clara, USA).

Standard solutions

n-Hexane was used to prepare all stock solutions and dilu-
tions. A stock solution of DDT with a concentration of 400 
ng µL−1 was prepared and diluted to 40 ng µL−1 for the 
working solution. For method optimization, the CPref was 
diluted to a working solution with a concentration of 5.0 ng 
µL−1. The spiking solutions for the validation study were 
prepared by diluting the CPref to 0, 0.175, 0.35, 0.7, 1.4, 
2.8, 4.2, and 7.0 ng µL−1, including the ISTD DDT at 6.0 ng 
µL−1. For the calibration, the CPref was diluted to 0.2, 0.3, 
0.5, 1.0, 2.5, 4.0, 6.0, and 8.0 ng µL−1, including the ISTD 
DDT at 6.0 ng µL−1.

For the analysis of POP, stock solutions of 5.0 ng µL−1 
were prepared for DDT, endosulfane, HBCD, mirex, and 
PCB 170. The solutions of HCB, PFOS, and toxaphene 
were diluted to 5.0 ng µL−1. The solutions of trans-chlor-
dane, chlordecone, β-HCH, and PentaBDE, with concentra-
tions of 10 ng µL−1, were directly used for pSPE–Vis.

Sample preparation

Samples

A total of 25 chocolate spread and chocolate product sam-
ples and 38 infant formula samples from the German mar-
ket, collected between 2019 and 2024, were investigated. 
Among the chocolate products, six cake glaze samples, two 
milk chocolate bar samples, and 17 chocolate and hazel-
nut spread samples were analyzed. Detailed information is 
given in Table S1. In accordance with Regulation (EU) No 
609/2013, 15 samples of the infant formulas were infant for-
mula (from birth), and 23 samples were follow-on formula 
(6 + months). They primarily comprised cow milk, with two 
samples made from goat milk. One sample was hypoaller-
genic (Table S2).

Chocolate spread and solid chocolate products

For sample extraction, 3.5 g chocolate spread or shredded 
chocolate product were weighed into a 50 mL PTFE tube 
with a screw cap, and 15 µL ISTD solution (600 ng DDT) and 
5 mL cyclohexane were added. The sample was completely 
dissolved by vigorous shaking by hand. 20 mL sulfuric acid 

were added, and the solution was shaken for 5 min on a hor-
izontal shaker (KS 125 basic, IKA Labortechnik, Staufen 
im Breisgau, Germany) at 500 rpm. The solution was then 
centrifuged (Multifuge X1R, Thermo Scientific, Waltham, 
USA) at 4000 rpm and room temperature (RT) until phase 
separation (5–10  min), and the organic phase was trans-
ferred with a glass pipette into a 20 mL glass centrifugal 
tube with a screw cap. The sulfuric acid phase was extracted 
a second time with another 5 mL cyclohexane as described 
above. 5 mL 1 M NaOH solution was added to the combined 
organic phases, shaken for 5 min at 1500 rpm on a horizon-
tal shaker, and centrifuged for 5 min. The organic phase was 
transferred with a glass pipette into a 15 mL glass centri-
fuge tube with a screw cap, and the solvent was removed 
by a gentle air stream. Then, 20 mg GCB (prewashed with 
tBME, 5 mL per 100 mg in a glass cartridge with a binder-
free glass fiber filter) and 2 mL tBME were added. After 
shaking for 3 min on a horizontal shaker at 1500 rpm, the 
solution was separated from the GCB using a 3 mL glass 
cartridge equipped with a binder-free glass fiber filter. The 
cartridge was rinsed with tBME, the solvent evaporated, and 
the residue resolved in 200 µL n-hexane. The final sample 
extract contained 17.5 mg sample per µL extract and was 
used for pSPE–Vis analysis according to Sect. "Planar solid 
phase extraction with visual light detection (pSPE–Vis)".

Maximum sample weighing  To determine the maximum 
sample quantity, 3.0, 3.5, 4.0, and 4.5 g of chocolate spread 
were weighted into 50 mL PTFE tubes. ISTD solution (600 
ng DDT), 5 mL cyclohexane, and 20 mL sulfuric acid were 
added, and the samples were extracted as described above, 
including the following NaOH washing step and GCB 
clean-up. Samples with the final sample concentration of 
15.0, 17.5, 20.0, and 22.5 mg µL−1 were analyzed by pSPE–
Vis according to Sect.  "Planar solid phase extraction with 
visual light detection (pSPE–Vis)".

Infant formula

For sample digestion, 3.5  g powder was weighed in a 50 
mL PTFE tube with a screw cap, 20 mL sulfuric acid were 
added, and the mixture was shaken for 20 min on a horizon-
tal shaker at 500 rpm. 15 µL ISTD solution (600 ng DDT) 
and 5 mL cyclohexane were added, and the sample was 
shaken for 5 min at 500 rpm on the horizontal shaker. After 
centrifugation at 4000  rpm and RT until phase separation 
(5–10 min), the organic phase was transferred into a 20 mL 
glass centrifuge tube with a screw cap. The extraction of 
the sulfuric acid was repeated with 5 mL cyclohexane, and 
the combined organic phase was further treated as described 
above for chocolate products (Sect. Samples").
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under white light illumination with the TLC Visualizer and 
scans of the plate were recorded with the TLC Scanner 4 
(CAMAG) in the absorption mode at 645 nm using the tung-
sten lamp (scanning speed of 20 mm s−1 and data resolution 
of 25 μm per step). The control of the HPTLC instruments 
and the data evaluation were performed with the software 
winCATS, version 1.4.6.2002 (CAMAG). Data evaluation 
was done using the ratio of the peak areas of CP and DDT.

Validation study

For the validation study, 3.5 g chocolate spread or infant 
formula sample, which had previously been tested with 
our method and found to contain CP levels below the 
limit of decision, were weighed for each CP level and 
spiked with 100 µL of the prepared standard solutions of 
CPref for the validation study (spiking solutions), includ-
ing the ISTD (Sect. "Standard solutions"). Four spiking 
series were carried out, each at eight CP amounts: 0, 5, 
10, 20, 40, 80, 120, and 200 ng g−1 (ISTD in all sam-
ples 600 ng g−1). The first and the last two series were 
prepared, each with a different matrix and all on differ-
ent days. The extracts were prepared analogously to the 
sample preparation described in Sect.  "Sample prepara-
tion", but without the addition of the ISTD. For infant 
formula, the samples were spiked after sulfuric acid treat-
ment analogous to the addition of the ISTD described in 
Sect.  "Sample preparation". pSPE–Vis was performed 
according to Sect.  "Planar solid phase extraction with 
visual light detection (pSPE–Vis)", including the appli-
cation of 50 µL of each corresponding spiking solution 
mentioned above.

To calculate the performance characteristics (linearity, 
limit of decision, limit of detection (LOD), and recovery 
rate), a weighted least-square model [33–35] was fitted 
to the experimental data set, whereby the weights for the 
CP contents were calculated according to Steliopoulos 
and Stickel [36]. The uncertainty of the measurements 
was determined as part of the validation process (detailed 
information: SI Description 1: Validation).

Analysis of spiked samples with planar solid phase 
extraction with visual light detection (pSPE–Vis) 
and gas chromatography with electron capture 
negative ion high-resolution mass spectrometry 
(GC–ECNI/HRMS)

A chocolate spread sample was spiked at two differ-
ent CPref levels (50 and 150 ng g−1) in our laboratory. 
The unspiked and spiked samples were then prepared in 
duplicate according to Sect. "Samples" and measured 
according to Sect. "Planar solid phase extraction with 

Maximum sample weighing  To determine the maximum 
sample quantity, the sample was prepared with different 
weights (3.0–4.5 g) analog to the chocolate products (choc-
olate spread). The sample preparation method described 
above for infant formula was used for extraction and clean-
up. Samples with the final sample concentration of 15.0, 
17.5, 20.0, and 22.5 mg µL−1 were analyzed by pSPE–Vis 
according to Sect. "Planar solid phase extraction with visual 
light detection (pSPE–Vis)".

Planar solid phase extraction with visual light 
detection (pSPE–Vis)

The analysis was performed based on Oellig’s and Geyer’s 
methods [30, 32] with slight modifications. Standards and 
samples were applied on 20 cm × 10 cm KG 60 HPTLC 
plates prewashed with DCM using the Automatic TLC 
Sampler 4 (ATS4, CAMAG, Muttenz, Switzerland). The 
application started at 8 mm along the x- and y-directions 
with a band length of 6 mm, a bandwidth of 3 mm, and a 
track spacing of 8.7 mm, resulting in 22 tracks. n-Hexane 
was used as the rinsing solvent for all applications (filling 
speed 24 µL min−1, predosage volume 200 nL, retraction 
volume 200 nL, dosage speed 1200 nL s−1, rinsing vacuum 
time 4 s, and filling vacuum time 0 s). Between each appli-
cation step, the syringe was rinsed twice. The application 
volume was 50 µL for all calibration solutions and 100 µL 
for all sample and validation extracts.

The twofold development was performed in the Auto-
mated Developing Chamber 2 (ADC2, CAMAG) equipped 
with a twin-trough chamber (20 cm × 10 cm). Before both 
developments, the plate activity was set to 33% relative 
humidity with a saturated MgCl2 solution (ADC2 humid-
ity control for 5 min). The first development was conducted 
with a mixture of cyclohexane/toluene (95:5, V/V) up to 
80 mm, followed by a drying step (3 min). The second 
development was performed with DCM/n-hexane (75:25, 
V/V) up to 50 mm, followed by 3 min drying. After dry-
ing, plate images were captured with the TLC Visualizer 
(CAMAG) under UV 254 nm, UV 366 nm, and white light 
illumination (for method optimization and matrix evalua-
tion). Before derivatization, the plate activity was adjusted 
in the ADC2 using a saturated MgCl2 solution for 10 min, 
and the plate was derivatized immediately after. The TLC 
Chromatogram Immersion Device III (CAMAG, immer-
sion speed 3, immersion time 1) was used to dip the plate 
into a TMB solution (0.4% in acetone). Thereafter, the plate 
was evenly dried in a stream of cold air for 4 min. To start 
the derivatization reaction, the plate was exposed to UV-C 
radiation in an irradiation chamber, according to Geyer et 
al. [32]. After 5 min irradiation, a plate image was captured 
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standard were diluted and measured again. The data 
evaluation was based on the ratios of the peak areas of 
CP and DDT (ISTD). The confidence intervals about the 
measured sample results were derived from the valida-
tion study.

Results and discussion

Sample preparation

Chocolate spread and chocolate products

The method development was conducted with a CP-free 
chocolate spread (previously determined by the pSPE–Vis 
screening), which was spiked with 250 ng CPref and 600 ng 
ISTD (to evaluate matrix separation/clean-up and analyte 
recovery). In the first studies, the sample weighing and the 
added volume of n-hexane and sulfuric acid described in the 
work of Oellig and Hammel [30] were scaled up to enhance 
sensitivity. An aliquot of 2.5 g sample was mixed with 5 
mL n-hexane as a starting point. For chocolate spread, direct 
weighing and dissolving were possible; other solid choco-
late products had to be shredded before dissolving. The 
mixture was treated with 20 mL sulfuric acid, shaken for 
3 min, and centrifuged until phase separation. After sepa-
rating the organic phase, a second extraction step followed 
with another 5 mL n-hexane to enhance recovery. pSPE–Vis 
of the combined and concentrated extracts (200 µL) showed 
CP and DDT to be well separated, but with a relatively high 
matrix load at lower hRF values (Fig. 1 track 1).

Due to this remaining high matrix load on the tracks, 
additional investigations were conducted to optimize sam-
ple preparation and the clean-up process, aiming to increase 
the application volume and improve the method’s sensi-
tivity. Alternatively to the conc. sulfuric acid treatment, 
decomposing matrix with semi-conc. sulfuric acid and alka-
line saponification were investigated using the same sample 
amount. For the saponification, 7.5 mL aqueous potassium 
hydroxide solution (w = 3.3 g 100 g−1) was applied at 60 °C 
for 30 min, followed by adding 2.5 mL ethanol and 5 mL 
n-hexane and shaking for 30  min. Both approaches were 
ineffective regarding matrix reduction (Fig. S1) and were 
not pursued further. Additionally, it was tested whether 
extraction and separation of the n-hexane phase before add-
ing the sulfuric acid leads to a reduction of matrix load, but 
this was also not the case (Fig. S1).

Further on, clean-up steps after the initial sulfuric acid 
treatment (2.5 g sample with 20 mL) and the extraction of 
CP with n-hexane were investigated to reduce the matrix on 
the planar layer. A loss of CP and DDT during processing 
was evaluated by preparing standards without an additional 

visual light detection (pSPE–Vis)". Quantification was 
done using the applied calibration solutions mentioned 
in Sect. "Standard solutions", and the data evaluation 
was based on the ratios of the peak areas of CP and DDT 
(ISTD). Additionally, the CVUA Freiburg prepared and 
analyzed the samples in triplicate, using a Q Exactive GC 
Orbitrap mass spectrometer coupled to a TRACE 1310 
GC (Thermo Scientific, Waltham, USA) equipped with 
a HP-5MS UI capillary column connected to uncoated 
precolumn (Agilent Technologies, Santa Clara, USA), 
as described by Krätschmer et al. [37] with the follow-
ing adjustments in sample preparation: An aliquot of 
each sample, containing approximately 1.5 g of fat after 
extraction, was mixed with anhydrous silica to receive a 
dry mixture and recovery standards were added. Extrac-
tion was performed three times with DCM/n-hexane (1:1, 
V/V) using an Ultra-Turrax disperser (IKA, Germany).

Analysis of samples from the German market

The samples were prepared in duplicate according to 
Sect.  "Sample preparation" for chocolate spread, solid 
chocolate products, and infant formula. pSPE–Vis was 
performed according to Sect. "Planar solid phase extrac-
tion with visual light detection (pSPE–Vis)", and the 
quantification was done using the applied calibration 
solutions mentioned in Sect. "Standard solutions". Sam-
ples with measured values above the highest calibration 

Fig. 1  Plate image of a chocolate spread sample (1.25  g per zone) 
spiked with CPref (125 ng per zone) and DDT (300 ng per zone) under 
white light illumination after pSPE and derivatization with tetrameth-
ylbenzidine and different sample treatments; (1) after sulfuric acid 
treatment and (2–7) additional treatments or liquid-liquid extraction 
with (2) 10% calcium chloride, (3) 1 M sodium hydroxide, (4) water, 
(5) 1 M hydrochloric acid, (6) 10% sodium bicarbonate, and (7) sul-
furic acid. CP and DDT zones are marked with arrows. CPref: tech-
nical reference chlorinated paraffin mixture C14–C17 52% Cl, DDT: 
4,4’-dichlorodiphenyltrichloroethane
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Infant formula

With the preliminary results gained from the sample prepa-
ration of chocolate products, using sulfuric acid treatment, 
LLE of the organic phase with 1 M NaOH, and dSPE clean-
up with GCB for matrix reduction, infant formula was stud-
ied. All samples for evaluating the sample preparation (2.0 
g) were CP-free and spiked with 250 ng CPref and 600 ng 
DDT to evaluate analyte recovery. First, the dissolving of 
the infant formula powder in water was investigated. In ini-
tial tests, the powder was dissolved in as little as possible 
volume of water (1:5, w/w) and then extracted with 5 mL 
n-hexane. This led to a slimy organic phase, and separat-
ing the n-hexane was impossible. As adding sulfuric acid 
to the water-dissolved powder was not possible due to the 
heat released in this process, the extraction of the total lip-
ids, according to Folch et al. [38], was investigated with a 
mixture of chloroform/methanol/water (10:5:1, V/V), fol-
lowed by solvent evaporation, dissolving in n-hexane, and 
the subsequent already applied preparation with sulfuric 
acid, NaOH, and GCB. For evaluating the extraction, the 
gravimetric recovery of the fat was determined after evap-
orating the extraction solvents, showing suitable recov-
ery of fat with 94–105% (n = 3) based on the nutritional 
information of the powder package. To avoid chloroform, 
extraction with DCM was evaluated, and likewise, good 
gravimetric results (recoveries between 92 and 104%, n = 
3) for the fat content were obtained. Further, the volume of 
extraction solvent was evaluated with 10, 20, and 30 mL 
for a 2.0 g sample. In doing so, a correlation between the 
amount of used extraction solvent and the matrix load was 
found (Fig. S4). The formation of a slimy layer during sub-
sequent preparation steps and a generally high matrix load 
on the planar layer were observed, even when using only 
10 mL extraction solvent. Additionally, due to a process-
ing loss of ~ 50% DDT, the fat extraction method based on 
Folch et al. [38] was not further pursued. As an alternative, 
hydrochloric acid digestion for human milk following Noti 
et al. [39] was adapted to our samples (treatment of 2.0 g 
sample with 10 mL conc. hydrochloric acid for 30 min at 
80 °C) with subsequent extraction of the fat with a mixture 
of n-hexane/2-propanol (3:1, V/V) according to extraction 
of infant formula by Cesa et al. [40], as well as with tBME, 
DCM, and cyclohexane. Extraction with n-hexane/2-propa-
nol showed a little slimy layer but yielded good gravimetric 
results in fat content after three-fold extraction with 10 mL 
for 15 min (recoveries between 95 and 107%, n = 6) and 
relatively low entire matrix load (Fig. S5). tBME extracts 
showed gravimetric recoveries up to 130% (n = 4), which 
indicated extraction besides fat and resulted in a high matrix 
load after pSPE (Fig. S5). DCM extraction was not investi-
gated intensively due to a huge slimy layer. The extraction 

purification step. Liquid-liquid extraction (LLE) or other 
treatments of the organic phase were evaluated. LLE was 
done with 10% CaCl2, 1 M NaOH, water, 1 M HCl, 10% 
NaHCO3 (5 mL each). A second amount of sulfuric acid 
was also tested for further matrix decomposition and sepa-
ration. The LLE with 1 M NaOH showed an effective matrix 
reduction at the application area, while the other procedures 
showed no reduction or, in the case of water, a slight increase 
in matrix load (Fig. 1). Lower or higher concentrated NaOH 
solutions did not further reduce the remaining matrix. How-
ever, for some chocolate product samples, co-elution of the 
matrix with the CP remained, which required further optimi-
zation of the method.

Analyzing lower amounts of CP, an additional zone of 
further matrix became visible shortly below the CP target 
zone (Fig. S2). Dispersive solid phase extraction (dSPE) 
with different adsorption materials was investigated after the 
sulfuric acid treatment and the LLE with NaOH to reduce 
the additional matrix that was hindering reliable integra-
tion. After solvent exchange to tBME, different amounts 
(20–80 mg) of PSA, silica gel, ChloroFiltr, and GCB were 
studied. PSA, silica gel, and ChloroFiltr did not impact the 
matrix load, independent of the amount and solvent used 
(tBME, acetonitrile, and acetone). Conversely, GCB could 
reduce the matrix below the CP target zone, enabling better 
integration (Fig. S2). Increasing the quantity of GCB above 
20  mg did not further reduce the matrix load. Analyzing 
standards without dSPE with GCB ensured no losses of CP 
or DDT.

During extraction with n-hexane, a slimy layer between 
the sulfuric acid and the organic phases was often formed, 
making it hard to transfer the organic phase quantitatively. 
Investigating alternative solvents (DCM, DCM/n-hexane 
(1:1 V/V), and cyclohexane) delivered cyclohexane instead 
of n-hexane, showing no slimy layer and no loss of CP and 
DDT.

Finally, the maximum possible sample quantity was 
determined to provide the highest sensitivity. Matrix load 
along the entire development distance increased above 
a sample quantity of 2.0 g per zone, as shown in Fig. S3. 
An increasing bright background under UV 366 nm (left) 
and increasing blue areas below the CP target zone after 
derivatization (under white light, right) occurred. Therefore, 
the maximum application amount was set at 1.75 g per zone, 
equivalent to a 3.5 g sample weight (Fig. S3).

In conclusion, the sample preparation involved dissolv-
ing the sample in 5 mL cyclohexane, followed by sulfuric 
acid treatment and subsequent extraction with 5 mL cyclo-
hexane. An additional LLE with 5 mL 1 M NaOH solution 
and a dSPE clean-up with 20  mg GCB was necessary to 
ensure the best matrix reduction.
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was investigated. Different mixtures of DCM/n-hexane (9:1 
to 7:3, V/V) and dichloroethane, diethyl ether, isopropyl 
acetate, tBME, and toluene instead of DCM were evaluated. 
Using solvents other than DCM in the mixture also resulted 
in well-focused target zones but did not lead to improved 
matrix separation. Finally, complete separation of this 
matrix component and still well-focused target zones were 
achieved by increasing the n-hexane content in the mixture 
with DCM from 10 to 25% (Fig. S6).

Analysis of selected persistent organic pollutants 
by planar solid phase extraction with visual light 
detection

To evaluate potential co-elution of selected POPs with the 
CP target zone and the ISTD DDT, POPs from the Stock-
holm Convention with different chemical constitutions were 
analyzed by pSPE–Vis according to Sect. "Planar solid 
phase extraction with visual light detection (pSPE–Vis)", 
and results are shown in Fig. 2. A co-elution with the CP 
target zone was detected for β-HCH, HBCD, trans-chlor-
dane, and toxaphene. These compounds have been subject 
to strict regulatory restrictions for decades and are nowa-
days not part of food contaminant monitoring in the EU. 
However, their determination could potentially be ruled out 
by coupling pSPE with HRMS [41], which enables com-
pound-specific verification. In the context of a conservative 
screening approach, such unspecific signals are acceptable, 
as they ensure that no potentially hazardous halogenated 
compounds are overlooked. Mirex and PCB 170 showed an 
hRF distinctly above the CP target zone and DDT. Endo-
sulfane delivered an hRF below the target zone. PFOS was 
visible in the starting zone. Chlordecone, PentaBDE, and 
HCB were not detected with TMB, even at amounts of 350 
ng per g sample, and therefore pose no problem for the CP 
detection/analysis.

Generally, PCBs pose a particular problem when ana-
lyzing CP with GC– or LC–low-resolution MS methods, 
as they have the same nominal mass [24, 42], and HRMS 
is necessary to differentiate between CP and PCB. In our 
pSPE–Vis method, PCBs do not interfere with CP detection/
quantification due to their higher hRF values, omitting the 
need for HRMS in CP analysis.

Method validation study

The suitability of the applied screening method for CP was 
assessed by the performance parameters: linearity, recovery 
rate, limit of decision, and LOD. A validation study was done 
with the investigated matrices chocolate spread and infant 
formula according to Sect. Validation study. As the process-
ing for both sample types is almost identical, the validation 

with cyclohexane showed no slimy layer, a good gravimet-
ric yield of fat (recoveries between 94 and 99%, n = 4), and 
the least matrix load.

Based on these promising results, the original sulfuric 
acid treatment of the dry powder was investigated instead 
of hydrochloric acid digestion, including heat processing 
and cyclohexane as an extraction solvent, to simplify and 
uniform the process. The sulfuric acid treatment was per-
formed with 2.5 g spiked sample and 20 mL sulfuric acid 
for 5–30  min at 80  °C followed by twofold cyclohexane 
extraction and matrix reduction by LLE of the organic 
phase with 1 M NaOH and dSPE clean-up with GCB. DDT 
degraded partly after 5 min and completely after 10 min in 
the heat, which is why the heat treatment was not inves-
tigated further. Repeating the procedure for 10 min at RT 
showed no DDT degradation. Adding cyclohexane as the 
first step before adding sulfuric acid, as applied in the prepa-
ration of chocolate products, was not possible, as it resulted 
in a higher matrix load on the plate. The entire dissolving of 
the powder particles of the infant formula in sulfuric acid 
was achieved after 20  min for various samples, ensuring 
complete release of CP from the sample. To evaluate CP 
and DDT stability during the sulfuric acid treatment, this 
treatment, including the following sample preparation steps 
(extraction and clean-up), was additionally carried out with 
CPref (250 ng) and DDT (600 ng) in pure solvent, and results 
were compared to an approach omitting the 20-min sulfuric 
acid treatment. CP recoveries were between 92 and 96%, 
but there was a loss of ~ 20% DDT (n = 3). Based on this 
finding, DDT was added after the sulfuric acid treatment 
with the extraction solvent cyclohexane.

Experiments with increased sample weighing were done 
as described for chocolate products to finally investigate 
the maximum amount of applied sample. As for chocolate 
products, 3.5  g infant formula sample and a final sample 
amount of 1.75 g per zone was the optimal balance between 
the highest sample amount and the maximal possible matrix 
load.

The final sample preparation consists of adding 20 mL 
sulfuric acid to the sample, treatment for 20 min at RT, and 
twofold extraction of the mixture with 5 mL cyclohexane. 
An additional LLE with 5 mL 1 M NaOH solution and a 
dSPE clean-up using 20 mg GCB was followed to achieve 
the best matrix reduction.

Optimization of pSPE

An intensive matrix zone was present after TMB derivatiza-
tion shortly below the CP target zone, making integration 
impossible (Fig. S6). To effectively separate the matrix from 
the target zone and avoid matrix interferences, the solvent 
composition of the mobile phase for the second development 
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method ranges from 0.79 to 2.5 ng CP g−1 soil or chicken 
sample [46].

Reference measurements

To evaluate our measurement’s method performance and 
quality, reference measurements were performed using GC–
ECNI/HRMS. These measurements served as an indepen-
dent benchmark to evaluate our results in comparison with 
the values of an established method and to ensure the reli-
ability and robustness of our approach. This kind of quality 
assurance step is important to confirm the applicability of 
our method for chocolate spread, chocolate products, and 
infant formula.

A visual impression of the quantification strategy of the 
pSPE approach, including the plate image and the corre-
sponding 3D scan of the samples and calibration standards, 
is shown in Fig. 3. The comparison between our method and 
the reference measurements showed a general matching, 
which underlines the reliability of our analytical approach 
(Table 1). By pSPE–Vis, the CP content of the native sam-
ple was estimated at 7.2 ng g−1, slightly below the limit of 
decision of the method, while GC–ECNI/HRMS delivered 
3.0 ng g−1. These amounts determined for the native sample 
indicate that the discrepancy between the two methods is 
more apparent at low amounts. For the spiked samples, the 
results obtained by pSPE–Vis mainly agreed with those by 
GC–ECNI/HRMS. Generally, the deviations are within the 
expected uncertainties and variations in the field of the chal-
lenging CP analysis.

Overall, the results confirm that our method provides 
comparable results to the reference measurements, which 

was carried out for both samples together. The linearity in 
the range of 0 to 350 ng CP per zone was good, with R2

1 = 
0.998 and R2

2 = 0.932 for chocolate spread and R2
1 = 0.988 

and R2
2 = 0.995 for infant formula. No significant difference 

was observed between repeatability and within-laboratory 
reproducibility (Fig. S7). Since the variance of measured 
values was strongly related to the spiked level, and no sig-
nificant difference was observed between repeatability and 
within-laboratory reproducibility, a weighted least-squares 
regression model was applied to the data (Fig. S8), follow-
ing the IUPAC recommendations [43]. Estimating weights 
and calculating performance characteristics were accom-
plished as described by Steliopoulos and Stickel [36]. The 
performance parameters of the method were determined 
based on the calibration function. For quantities > 25 ng CP 
g−1 sample, the recovery was close to 100% (102–105%). 
For quantities < 25 ng CP g−1 sample, the recovery increased 
up to 120% (Figs. S9 and S10). The limit of decision was 
7.8 ng CP g−1 sample, and the LOD 15.7 ng CP g−1 sample.

A comparison of the performance parameters of com-
monly used GC–MS- or LC–MS-based methods with the 
parameters of the pSPE–Vis is challenging, as they were 
often determined as ng CP µL−1 injection solutions. Tomy et 
al. published a method detection limit (MDL) of 23 ng CP 
g−1 sample for GC–ECNI-HRMS analysis of environmental 
samples, which is in the same order of magnitude as in our 
method [44] published a method detection limit (MDL) of 
23 ng CP g−1 sample for GC–ECNI-HRMS analysis of envi-
ronmental samples, which is in the same order of magnitude 
as in our method. An MDL for the analysis of CP in human 
blood by UPLC–QTOF-MS was determined to < 1 ng CP 
g−1 sample [45], and the MDL of a UPLC–Orbitrap-MS 

Fig. 2  Plate image of persistent 
organic pollutants under white 
light illumination after pSPE 
and derivatization with tetra-
methylbenzidine. (1) reference 
chlorinated paraffin (CP, 125 ng 
per zone), (2) DDT (300 ng per 
zone), (3) β-HCH (125 ng per 
zone), (4) HBCD (125 ng per 
zone), (5) endosulfane (125 ng 
per zone), (6) mirex (40 ng per 
zone), (7) trans-chlordane (125 
ng per zone), (8) chlordecone 
(200 ng per zone), (9) toxa-
phene (125 ng per zone), (10) 
PentaBDE (200 ng per zone), 
(11) HCB (200 ng per zone), 
(12) PFOS (200 ng per zone), 
and (13) PCB 170 (300 ng per 
zone). Abbreviations according to 
Sect. "Standard solutions".
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underpins its suitability for reliable quantification in this 
challenging analytical context.

Screening of CP in samples from the German market

Chocolate spread and chocolate products

In ten of the 25 samples, CP could be detected above the 
LOD. The content of one sample was between the limit of 
decision and LOD; the other nine samples ranged from 25 to 
260 ng g−1 (Table 2). A comparison of the CP content with 
the fat composition of the analyzed samples indicated that 
all samples with detectable CP levels contained palm oil. 
Although no direct quantitative correlation was observed, 
this recurring presence suggests that palm oil might be a 
relevant factor in CP contamination. In contrast, rapeseed 
oil was only found in samples without detectable CP, poten-
tially indicating a lower risk of contamination for this fat 
source. For example, high CP contents were found in sam-
ples containing only palm oil (e.g., sample 6, 170 ng g−1) 
as well as in those with mixed oil compositions, including 
hazelnut and sunflower oil (e.g., samples 11 and 19, 250 and 
258 ng g−1, respectively). However, since palm oil was also 
present in several samples without CP contamination, no 

Table 1  CP contents [ng g−1 sample] ± half-width of the 95% confi-
dence interval u of native and spiked chocolate spread samples ana-
lyzed with GC–ECNI/HRMS (n = 3) and pSPE–Vis (n = 2)

GC–ECNI/HRMS
CP ± u [ng g−1]

pSPE–Vis
CP ± u [ng g]

Native sample < limit of decision < limit of decision
Spiking level 1 28.1 ± 6.3 30.8 ± 7.5
Spiking level 2 70 ± 29 101 ± 13

Table 2  Chocolate spread and chocolate cake glaze samples (each 
sample n = 2) with detected CP content [ng g−1 sample] ± half-width of 
the 95% confidence interval u
Sample no. Product CP ± u

[ng g−1]
6 Cocoa-containing vegetable fat glaze 170 ± 20
7 Chocolate spread 25.2 ± 7.3
8 Cocoa-containing vegetable fat glaze 12.3 ± 7.0
10 Cocoa-containing vegetable fat glaze 71.2 ± 10.0
11 Chocolate spread 250 ± 27
15 Chocolate spread 158 ± 19
18 Chocolate spread 102 ± 13
19 Chocolate spread 258 ± 27
23 Chocolate spread 151 ± 18
25 Chocolate spread 201 ± 23
 Only samples with contents above the limit of detection are listed

Fig. 3  A Plate image after 
derivatization with tetramethyl-
benzidine under white light illu-
mination and (B) corresponding 
3D scan at 645 nm of n-hexane 
(track 1), calibration standards 
(tracks 2–9), reagent blank (track 
10), native sample (tracks 11 and 
12), and spiked samples (each 
level two samples, tracks 13–16)
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Regulation (EU) No. 609/2013, and the other samples were 
representatives of the group of follow-on formula. Similar to 
the findings in chocolate-based products, no correlation was 
observed between CP content and fat composition (see Table 
S2 and discussion above). However, all six positive samples 
contained palm oil, which was the only fat component con-
sistently present in CP-contaminated infant formulas. These 
findings align with the observations in chocolate-based 
products and may suggest a general relevance of palm oil 
for CP entry. Moreover, all positive samples also contained 
sunflower and rapeseed oil, although these oils were equally 
common in negative samples and, therefore, not indicative. 
In three cases, fish oil or other specialized fats such as coco-
nut oil or Mortierella oil were present, but no consistent 
relationship with CP levels could be established. The results 
are consistent with the observations gained for the chocolate 
spread and chocolate products. This supports the assump-
tion that the CP content is independent of these parameters 
and is probably influenced by external (production) factors 
unrelated to the sample matrix. All infant formula powders 
were packaged in multilayer composite materials, presum-
ably including an internal barrier layer based on aluminum 
foil combined with plastic sealing layers such as polypro-
pylene. Since no alternative packaging types were present 
in the dataset, no conclusions can be drawn regarding the 
potential influence of packaging on CP contamination.

Krätschmer et al. determined levels of up to 210 ng g−1 
CP (combined value for SCCP and MCCP analyzed by GC–
HRMS) relative to the fat content for infant formula from 
the German market [14]. Based on an average fat content 
of 23.2%, this corresponds to approx. 46 ng CP g−1 pow-
dered sample. This is nearly equivalent to the CP content in 
the sample with the highest contamination in our study. The 
research group led by Han et al. also confirmed CP contents 
of this magnitude in infant formula from the Chinese market 
[16]. In contrast to our results and those of Krätschmer et al. 
[14] and Han et al. [16], another study examining infant for-
mula from the Chinese market with LC–HRMS found dis-
tinctly higher contents ranging from 9 to 146 ng SCCP g−1, 
13–775 ng MCCP g−1, and 1–48 ng LCCP g−1 sample [15].

Our findings illustrate the value of pSPE–Vis as a cost-
effective, high-throughput method to identify potentially 
contaminated products, which can then be subjected to 
HRMS-based congener-specific analysis if regulatory clari-
fication or detailed profiling is required.

Conclusion

The study demonstrates a simple and reliable method by 
pSPE for screening the total CP in complex food matri-
ces such as chocolate products and infant formula. By 

direct correlation can be established between the presence 
of CP and palm oil. CP are known to accumulate in fat-rich 
food matrices due to their lipophilic nature and low vola-
tility. Within each product group (chocolate products and 
infant formula) investigated, however, the variation in total 
fat content was minimal. Therefore, no conclusion can be 
drawn regarding a potential correlation between fat content 
and CP concentration. All chocolate spread samples were 
packaged in glass, while cake glazes were sold in plastic 
containers. Therefore, no conclusions can be drawn regard-
ing potential CP migration from packaging materials. These 
findings suggest that the occurrence of CP may be influ-
enced not solely by the fat composition but also by external 
factors such as raw material quality, sourcing regions, or 
specific production and processing conditions.

Sprengel et al. [17] investigated hazelnut spread from the 
German market and determined contents between 7.5 and 
270 g CP g−1 sample, with SCCP levels between 7.5 and 50 
ng g−1 sample and MCCP between 17 and 270 ng g−1 sam-
ple. This showed that, in general, the contents of our study 
agree well with the data in the literature. However, it has to 
be noted that our method does not differentiate between the 
prohibited SCCP and the currently still unrestricted MCCP, 
and further investigations should be conducted with posi-
tive samples to enable a legal classification of the samples. 
Although M- and LCCP are currently not regulated, both 
have been associated with toxicological effects compa-
rable to SCCP [11]. This supports the relevance of a total 
CP signal for food safety monitoring, even in the absence 
of congener-specific data. A coupling of pSPE to HRMS, 
currently under development, will enable congener-specific 
differentiation and thus allow more precise risk assessment 
of SCCP, MCCP, and LCCP.

Infant formula

CP was detected in six of the 38 samples above the LOD, 
with the content in two samples being between the limit of 
decision and the LOD. The content of the remaining four 
samples varied from 18 to 54 ng g−1 (Table  3), whereby 
only one sample represented infant formula according to 

Table 3  Infant formula samples (each sample n = 2) with detected CP 
content [ng g−1 sample] ± half-width of the 95% confidence interval u
Sample no. Definition according to Regula-

tion (EU) No 609/2013
CP ± u
[ng g− 1]

15 Follow-on formula 10.5 ± 6.9
16 Follow-on formula 18.6 ± 7.1
17 Follow-on formula 48.3 ± 8.4
19 Infant formula 33.0 ± 7.6
34 Follow-on formula 54.1 ± 8.8
36 Infant formula 12.3 ± 7.0
 Only samples with contents above the limit of detection are listed
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article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.
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systematically optimizing the sample preparation, including 
the extraction and purification, and adjusting pSPE steps, 
the interfering matrix was effectively removed. Co-elution 
of CP with most of the investigated POPs was omitted 
except for β-HCH, HBCD, trans-chlordane, and toxaphene, 
which depicts a minor problem in the EU. The pSPE–Vis 
method showed good performance parameters in terms of 
linearity, recovery (near 100% for CP quantities > 25 ng g−1 
sample, limit of decision (7.8 ng CP g−1 sample), and limit 
of detection (LOD, 15.7 ng CP g1 sample), making it suit-
able for regulatory purposes. A reference measurement with 
GC–ECNI/HRMS yielded comparable results for spiked 
chocolate product samples, confirming the method’s reli-
ability. Although the method does not differentiate between 
CP homologous groups, it is intentionally designed as a cost-
effective, high-throughput screening tool that allows clearly 
uncontaminated samples to be ruled out early, while posi-
tive results can be confirmed by HRMS if detailed conge-
ner information is required. Thus, the developed pSPE–Vis 
approach provides a practical basis for routine and scalable 
monitoring of total CP contamination in food, triggering 
further analytical or regulatory action where necessary.
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