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ABSTRACT
Disposable paper cups are widely used for consuming beverages, particularly hot drinks, in daily life. 
However, concerns regarding the migration of hazardous chemicals from these cups into beverages 
have been largely overlooked. This study investigates the presence of phthalates, bisphenols, 
photoinitiators (PIs), and two perfluorinated compounds (PFC) in polyethylene and polystyrene 
based beverage cups from Turkey. Potential migrants were quantified using liquid chromatography–
tandem mass spectrometry (LC–MS/MS) in a total of 40 cup samples. Among the phthalates 
analyzed, di(2-ethylhexyl) phthalate (DEHP) was the most prevalent, with concentrations reaching 
up to 0.95 mg/kg. Bisphenol A (BPA) was the dominant bisphenol, detected at levels between  
0.01 and 0.02 mg/kg. Five photoinitiators—benzophenone, 1-hydroxycyclohexyl phenyl ketone, 
4-methylbenzophenone, 4-hydroxybenzophenone, and ethyl 4-dimethylaminobenzoate—were 
frequently identified, indicating the contribution of printing inks and surface coatings as 
contamination sources. In addition, perfluorooctanoic acid (PFOA) was detected in two samples, 
highlighting the potential presence of PFOA in disposable food-contact materials. The results 
underscore the need for continued surveillance of food-contact materials and the implementation 
of stricter regulatory controls to reduce long-term consumer health risks.

Introduction

Paper and paperboard are extensively used in food packag-
ing, particularly for disposable products that come into 
direct contact with food.[1] Among these, disposable cups are 
one of the most prevalent single-use plastic items, commonly 
composed of polyethylene-coated paper or polymer copoly-
mers, primarily used for serving hot beverages.[2] Typically, 
disposable paper cups consist of 90–95% paper by weight, 
with the remaining 5–10% comprising a hydrophobic plastic 
coating to prevent liquid absorption.[2] The global consump-
tion of disposable paper cups is substantial; for instance, in 
the UK alone, approximately 7 million cups are daily used.[3] 
Owing to their extensive use and direct contact with hot 
liquids, disposable cups have become a growing focus of 
research into chemical migration and consumer exposure.

Disposable beverage cups are far from being simple 
monolayer materials and are, in fact, complex multilayer 
materials. They are typically composed of a fibrous cellulose- 
based paperboard substrate, a low-polarity polymer layer 
(primarily LDPE), and sometimes an additional tie layer to 
improve interlayer adhesion. The fibrous nature of paper 
promotes sorption and diffusion of low molecular weight 
compounds, while the polymer layer controls barrier pro
perties and diffusion resistance. The multilayer structure of 

these materials has a profound effect on migration rates and 
selectivity, especially when exposed to high temperatures, as 
in the case of hot beverages.[4]

Food contact materials (FCMs) may contain both inten-
tionally added substances (IAS), such as plasticizers, stabiliz-
ers, and photoinitiators, and non-intentionally added 
substances (NIAS), including impurities, degradation prod-
ucts, reaction by-products, and contaminants formed during 
processing While IAS are generally regulated under specific 
migration limits, NIAS often remain toxicologically insuffi-
ciently characterized and analytically challenging to identify, 
representing a significant uncertainty in risk assessment. 
Therefore, the selection of phthalates, bisphenols, photoiniti-
ators, and PFCs in the present study was based on their 
widespread industrial use in paper- and polymer-based 
FCMs, documented migration potential, toxicological 
relevance, and increasing regulatory scrutiny.[5,6]

During manufacturing, various additives including plasti-
cizers and photoinitiators (PIs) are incorporated to enhance 
durability, flexibility, color stability, and antimicrobial prop-
erties.[2,7] It is now well established that these additives can 
migrate from food-contact materials into beverages, particu-
larly under elevated temperatures, raising concerns about 
potential health effects.[8] Migration is a diffusion-controlled 
process that is also influenced by temperature and the 
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physicochemical properties of the migrant, including molec-
ular weight and volatility. When temperature increases, 
molecular mobility is enhanced within the polymer matrix, 
thus accelerating migration. The solubility and partitioning 
properties determine how a substance is distributed between 
two media.[6] Consequently, the migration of specific groups 
of contaminants from disposable food-contact materials 
especially phthalates,[9] bisphenols,[10] photoinitiators,[11] and 
microplastics represents a significant concern for human 
health, yet the available scientific evidence remains 
inadequate.[7,12–14]

Phthalate esters are commonly used as plasticizers[15] in 
food packaging materials, and studies have demonstrated 
their migration from paper-based food-contact materials, 
with migration levels depending on simulant composition; 
among the investigated compounds, DEHA exhibited the 
highest migration.[9] In addition, photoinitiators employed in 
UV-curable printing inks have been identified as potential 
migrants from food packaging material.[16] Bisphenols,  
particularly bisphenol A (BPA), are widely used in plastic 
production[17,18] and have been detected in paper-based 
food-contact materials, with studies reporting measurable 
BPA migration into food.[8] In addition, perfluorinated com-
pounds (PFCs) a group of highly persistent environmental 
contaminants, have been identified in food-contact materials, 
raising increasing concern regarding consumer exposure. 
This was the first study presenting the presence of PFOA in 
paper cups produced in Turkey.

This study investigated the migration rates of a broad 
range of contaminants (phthalates, bisphenols, photoinitia-
tors, and PFCs) in beverage cups sold in Turkey using liquid 
chromatography–tandem mass spectrometry (LC–MS/MS). 
To the best of our current knowledge, this is the first study 
in Turkey revealing the migration of various contaminants 
(phthalates, photoinitiators, bisphenols, and PFCs) from 
polyethylene and polystyrene-based beverage cups.

Materials and methods

Samples

All 40 samples used in the study were collected in year 2023 
from local market of Eskişehir Turkey. The samples can fur-
ther be divided into six cup categories; printed paper cup, 
unprinted paper cup, colored paper cup, foam cup, craft 
paper cup and plastic tumbler. The polymer types were 
selected based on materials commonly used in disposable 
beverage cups. Detailed information about cups were given 
in Table S1. Each category was analyzed in triplicate (n = 3). 
The phthalate and photoinitiator concentrations are shown 
in mg/kg simulant of cups.

Chemicals and reagents

All the analytical Bisphenol and Photoinitiator standards 
(Table S2) were obtained from Merck (Darmstadt, Germany). 
The standards of 6 phthalate ester standards (Table S2) were 
purchased from Dr. Ehrenstorfer, ensuring a standard purity 

level of over 98%. The analytical PFOA-PFOS standards 
were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Ultrapure water was prepared using a Milli-Q filter system 
(Millipore, Bedford, MA, USA).

Sample preparation

Two different sample preparation methods were employed to 
accommodate the distinct analytical requirements of bisphe-
nols, photoinitiators, phthalate esters, and PFCs. To avoid 
cross-contamination during sample preparation and analysis, 
all procedures were conducted using pre-clean equipment 
and under controlled laboratory conditions. In addition, 
blank control experiments were performed by analyzing sim-
ulants under the same conditions as the samples.

•	 Bisphenol Analysis: The sample preparation simu-
lated the real-life use of hot beverages. A volume of 
200 mL of hot water (≈95 °C) was poured into bever-
age cups and left uncovered for 15 minutes to mimic 
daily usage conditions. The temperature and exposure 
time were selected to reflect common consumer 
practices. After the contact period, the solutions were 
transferred to dark glass bottles for subsequent 
analysis.

•	 Photoinitiator, phthalate ester, and perfluorinated 
compound Analysis: Sample preparation was con-
ducted in accordance with European Union Regulation 
10/2011.[19] Each sample was placed in a beaker and 
filled with 95% ethanol, which was then covered with 
aluminum foil and transferred to a preheated oven 
for controlled migration testing.

For phthalates, photoinitiators, and PFOA, migration con-
ditions were set at 70 °C (±2 °C) for 2 h and 100 °C (±3 °C) 
for 2 h. Given the boiling point of ethanol (78.37 °C), an 
alternative migration condition was applied for these com-
pounds, using 60 °C (±2 °C) for 3.5 h.

To conduct specific migration analysis of bisohenols, 
potoinitiators, phthalate esters and PFCs, ethanol and water 
simulants were directly injected into the LC-MS/MS 
system.[20]

LC-MS/MS instrumentation

The analyses were carried out using an Agilent 1260 Model 
Liquid Chromatography and 6460 Triple Quadrupole MS/
MS Detector. Chromatographic separation was performed 
using an Infinity Lab Poroshell 120 EC-C18 column 
(2.7 µM;2.1 × 150mm) (Agilent Technologies, USA). The 
injection volume was 5 μl and column oven temperature was 
40 °C. The mobile phases and gradient conditions were listed 
in Table S3.

Analyses of polymer type

A Nicolet 6700 FTIR spectrometer (Thermo Nicolet Corp., 
Madison, WI) in attenuated total reflectance (ATR) mode 
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over the frequency range of 7400–350  cm−1 was used for 
identification of type of polymer type in cups. The spectra 
were obtained at a resolution of 0.5  cm−1. The sample 
spectra were identified by comparing data in such IR 
libraries (Know It All Informatics System, IR edition v. 7.9 
and HaveItAll® IR databases, all from Bio-Rad Laboratories, 
Inc). The ATR–FTIR spectra obtained from the investi-
gated cups confirmed the presence of polyethylene (PE) 
and polystyrene (PS) as the main polymer types. The PE 
spectrum showed characteristic bands at approximately 
2915 and 2848 cm−1 corresponding to C–H stretching 
vibrations and ~1470–1460 cm−1 associated with CH2 
bending vibrations. In contrast, the PS spectrum exhibited  
typical aromatic bands at ~1600 cm−1 (C=C stretching), 
~1490 cm−1, and ~760–700 cm−1 related to aromatic C–H 
out-of-plane bending vibrations. The infrared spectra of 
the polyethylene (PE) and polystyrene (PS) are shown in 
Figures 1 and 2.

Method validation

The method validation data are presented in Table S4. For 
bisphenols, critical parameters such as the limit of detection 
(LOD), limit of quantification (LOQ), linearity, precision, and 
recovery were assessed in line with JRC guidelines.[21] Validation 
was performed at low, medium, and high concentration levels 
using vegetable oil and beverage matrices. Recovery rates 
(0.01–0.1 mg/kg, n = 6) exhibited correlation coefficients ex
ceeding 0.995, with six calibration levels (0.005–0.1 mg/kg). 
Photoinitiator validation[22] encompassed five distinct matrices, 
including fruit juice and butter, achieving correlation coeffi-
cients above 0.99. Calibration standards (0.005–0.1 mg/kg) and 
precision tests confirmed acceptable accuracy (70–120%) and 
reproducibility (RSD ≤20%). For phthalate esters, validation 
involved vegetable oil, 3% acetic acid, and 10% ethanol matri-
ces, yielding recoveries of 85–100%, LODs of 1.4–2.5 μg/kg, 
LOQs of 3.2–5 μg/kg, and RSD values below 10%, demonstrat-
ing robust precision. PFOA-PFOS analyses, adhering to 

Figure 1. I nfrared spectra of the polyethylene (PE).

Figure 2. I nfrared spectra of the polystyrene (PS).
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rigorous validation protocols, employed food simulant D1 
(50% ethanol). Calibration curves achieved correlation coeffi-
cients exceeding 0.995, supported by internal standard calibra-
tion. Recovery rates surpassed 70%, with reproducibility 
metrics (RSD: 3–8%) and inter-laboratory precision meeting 
stringent international standards. Matrix effects were effectively 
mitigated through strategic selection of validation matrices. 
These comprehensive validations confirm the reliability, accu-
racy, and reproducibility of the analytical methods, aligning 
with global regulatory benchmarks and ensuring high-quality 
analytical performance across diverse sample matrices.

Statistical analysis

Statistical analyses were performed using 2025 software 
OriginPro (version 2025 for Windows, OriginLab Corporation, 
Northampton, MA, USA). The mean values phthalate and pho-
toinitiator concentrations were employed to characterize the 
transfer of these mentioned contaminants to cups. Data normal-
ity was first assessed using the Shapiro–Wilk test. Due to the 
presence of non-parametric data for variables including phthal-
ate and photoinitiator, Spearman’s correlation test was chosen to 
evaluate phthalate and photoinitiator present in various cup 
samples, heatmaps were produced using OriginPro (version 
2025 for Windows, OriginLab Corporation, Northampton, MA, 
USA). Significance was assumed when P < 0.05.

Results and discussion

Chemical compounds disruptions according to cup types

Disposable hot drink cups are primarily composed of paper 
(90–95% by weight) and are typically laminated with 

polyethylene (5–10% by weight) to prevent liquid leakage and 
provide thermal insulation.[14] Given their widespread use, the 
potential migration of chemical additives from these materials 
into beverages warrants serious attention. This study system-
atically investigated the migration of phthalates, bisphenols, 
photoinitiators (PIs), and perfluorinated compounds (PFCs) 
from different types of disposable cups (Figures 3 and 4).

The concentrations of detected chemical compounds in 
polyethylene (PE) and polystyrene (PS) based cups (Figures 
1 and 2) are presented in Figure 3. The highest total chem-
ical contamination was observed in kraft paper cups (E1, E2, 
E3), where the cumulative concentrations exceeded 1.4 mg/
kg. Among the detected contaminants, di-(2-ethylhexyl) 
phthalate (DEHP) was the most abundant, followed by  
benzophenone (BP). Additionally, diisobutyl phthalate 
(DIBP), diisodecyl phthalate (DIDP), bisphenol A (BPA), 
bisphenol S (BPS), perfluorooctanoic acid (PFOA), BP, 
1-hydroxycyclohexyl phenyl ketone (HCPK), 4-methyl ben-
zophenone (4-MBP), 4-hydroxybenzophenone (4HBP), and 
ethyl 4-dimethylaminobenzoate (EDMAP) were detected at 
varying concentrations.

The second highest total chemical burden was found in 
printed paper cups (C6, C7, C11, C17, C18, C19, C20), 
where the cumulative concentrations exceeded 0.5 mg/kg. In 
these samples, DBP, DIBP, DEHP, BP, and HCPK were 
detected. The concentration of DEHP ranged from 0.02 to 
0.43 mg/kg, while BP and HCPK ranged from 0.01 to 
0.05 mg/kg. In colored paper cups, multiple phthalates (DBP, 
DIBP, DEHP, BBP, DINP, DIDP), bisphenols (BPA, BPS), 
and photoinitiators (BP) were also detected. In contrast, no 
detectable contaminants were found in unprinted foam and 
plastic cups, suggesting that printing and color additives 
contribute significantly to chemical migration.

Figure 3. C hemical compound concentrations in cup samples.
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Limited studies have reported the occurrence of hazard-
ous contaminants in disposable cups.[9,23] analyzed 14 paper 
cups in Jeddah, Saudi Arabia, for metal ion migration into 
hot beverages. Their findings revealed the presence of vana-
dium, chromium, copper, cobalt, and arsenic at concentra-
tions ranging from 0.04 to 1.80 µg/L, as well as nitrate, 
nitrite, chloride, bromate, fluoride, and sulfate ions at levels 
between 0.003 and 49.21 mg/L. Although these concentra-
tions were below the World Health Organization (WHO) 
permissible limits for drinking water, the presence of vana-
dium (1.24 µg/L) and fluoride ions (1.03 mg/L) raised con-
cerns regarding potential health risks from long-term 
bioaccumulation.

Similarly, seven phthalates DBP, BBP, DEHA, DEHP, 
DNOP, DINP, and DIDP in paper cups using gas chroma-
tography–mass spectrometry (GC-MS) was detected.[9] Their 
study also assessed the migration potential of these phthal-
ates under different conditions. The reported migration lev-
els were 0.07–3.14 mg/kg for DBP, 0.16–42.69 mg/kg for 
DEHA, 0.45–58.56 mg/kg for DEHP, and 0.3–2.4 mg/kg for 
DNOP, demonstrating a significant risk of consumer expo-
sure through daily use.[6]

Paper-based beverage cups typically present a multilayer 
structure, where the paper/board is combined with a poly-
mer coating layer to provide functionality and barrier per-
formance.[4] In multilayer food contact materials, the 
migration of substances is generally governed by diffusion 
and mass transfer through the different layers, meaning that 
substances originating from the paper/board phase may need 
to pass through the polymer coating before reaching the 
beverage. Furthermore, the presence of a functional barrier 

layer can reduce material transfer under normal or foresee-
able conditions of use, although such barrier efficiency 
depends on the system and conditions.[24] In addition, 
stacked storage of cups can lead to set-off migration, where 
compounds from the outer printed surface may transfer to 
the inner food-contact side, potentially bypassing the 
intended multilayer barrier effect.[25]

This study highlight the potential health risks associated 
with the use of disposable beverage cups due to the migra-
tion of hazardous chemicals, particularly phthalates, bisphe-
nols, and photoinitiators. The high concentrations detected 
in craft and printed cups emphasize the need for stricter 
regulations on the manufacturing and printing processes of 
food-contact materials. Considering the widespread con-
sumption of disposable cups, further studies on long-term 
human exposure and risk assessment models are crucial for 
developing effective mitigation strategies.

Although the present study provides important insights 
into the occurrence and migration of selected chemical con-
taminants from beverage cups, several limitations should be 
acknowledged. The investigation focused exclusively on spe-
cific cup types and targeted analytes and therefore did not 
account for the broader spectrum of potential chemical 
migrants or the influence of confounding factors and real- 
world variability. Within these constraints, the measured 
migration levels of six phthalates, two bisphenols, two per-
fluorinated compounds (PFCs), and fourteen photoinitiators 
indicate that certain beverage cups may represent a potential 
source of consumer exposure. However, without comprehen-
sive exposure modeling and risk characterization, the mag-
nitude and public health significance of this potential risk 

Figure 4. T he profile of chemical group proportion of compound concentrations in cup samples.
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cannot be definitively established. Further studies incorpo-
rating realistic usage scenarios and cumulative exposure 
assessment are warranted to more accurately evaluate the 
associated health implications.

Chemical compounds disruptions in cup samples

This study investigated the migration of six phthalates, two 
bisphenols, two perfluorinated compounds (PFCs), and four-
teen photoinitiators from disposable cups into beverages. 
The findings provide critical insights into the potential con-
tamination risks posed by these materials.

Phthalate concentrations in disposable cup samples col-
lected in Turkey were analyzed, and their distribution is pre-
sented in Figure 4. The most dominant phthalate detected 
was di-(2-ethylhexyl) phthalate (DEHP), particularly in col-
ored, printed, and craft cups, with concentrations ranging 
from 0.02 to 0.95 mg/kg (C6 and E1). Diisobutyl phthalate 
(DIBP) was the second most dominant phthalate, with con-
centrations ranging from 0.01 to 0.03 mg/kg (B1, B4, C17, 
E3, C6, and E2). Dibutyl phthalate (DBP) and diisodecyl 
phthalate (DIDP) were detected in four samples, while ben-
zyl butyl phthalate (BBP) was identified only in B3 at 
0.06 mg/kg.

Our findings align with previous studies.[26,27] DEHP and 
DIDP were the most frequently detected phthalates in card-
board food packaging, with pizza boxes showing DEHP  
concentrations up to 10 µg/g was reported.[26] Similarly, 
DEHP levels in paperboard food-contact materials ranging 
from 0.97 mg/kg to 66.3 mg/kg was detected.[27] These find-
ings indicate that disposable paper-based food packaging, 
including cups, represents a significant source of phthalate 
exposure, potentially posing health risks due to their 
endocrine-disrupting properties. Among the phthalates 
detected, seven samples exceeded the SML for diisobutyl 
phthalate (DIBP) (0.01 mg/kg), as stipulated by EU Regulation 
No. 10/2011.[19] Additionally, di(2-ethylhexyl) phthalate 
(DEHP) concentrations in three samples surpassed the EU’s 
SML of 0.6 mg/kg and the German Federal Institute for Risk 
Assessment (BfR) limit of 0.3 mg/kg.[28] Other detected 
phthalates, including dibutyl phthalate (DBP), benzyl butyl 
phthalate (BBP), diisononyl phthalate (DINP), and diiso-
decyl phthalate (DIDP), were within the permissible limits. 
These findings highlight the urgent need for stricter regula-
tory enforcement and alternative material choices in dispos-
able food packaging.

Two bisphenols, bisphenol A (BPA) and bisphenol S 
(BPS) were detected in the samples. Compared to phthalates 
and photoinitiators, bisphenol concentrations were relatively 
lower. BPA was the predominant bisphenol, with concentra-
tions ranging from 0.01 to 0.02 mg/kg (B1, B3, B4, E1, E2, 
and E3). BPS was detected in B1, E1, and E2, at 0.01–
0.02 mg/kg. Despite extensive research on bisphenol contam-
ination in food packaging[10,29–33] few studies have specifically 
focused on bisphenol migration from disposable paper 
cups.[14] This study highlights the need for further inves
tigation into bisphenol leaching from these materials and  
its potential implications for human health. Bisphenols, 

particularly bisphenol A (BPA) and bisphenol S (BPS), were 
detected in this study, but all concentrations were below reg-
ulatory limits. The EU and BfR have set an SML of 0.05 mg/
kg for BPA and BPS in varnishes and coatings.[28,34] However, 
despite compliance, regulatory agencies have imposed bans 
on BPA in certain food-contact applications due to its 
endocrine-disrupting effects and links to metabolic disor-
ders.[34,35] While our findings indicate no immediate regula-
tory violations for bisphenols, the complete ban on BPA in 
some food-contact materials suggests that even low-level 
exposure should be a cause for concern. Future research 
should explore the potential cumulative effects of low-dose 
bisphenol exposure from multiple food-packaging sources.

Perfluorinated compounds (PFCs) are widely used in 
food-contact materials due to their chemical stability, hydro-
phobicity, and resistance to high temperatures.[36] Their pres-
ence in disposable cups raises concerns about long-term 
exposure and environmental persistence. This study detected 
perfluorooctanoic acid (PFOA) in all craft cup samples (E1, 
E2, and E3) at 0.15 mg/kg, <LOQ, and 0.01 mg/kg, respec-
tively. Perfluorooctanesulfonic acid (PFOS) was below the 
limit of quantification (LOQ) in E2 and undetected in all 
other samples. In 13 of 35 food-contact materials from the 
Norwegian market, including paper cups, PFCs was detected 
where ΣPFC concentrations reached 0.021 µg/kg.[37] Given 
the persistence and bioaccumulative nature of PFCs, these 
findings highlight the importance of strict monitoring and 
regulatory control over their use in disposable beverage 
containers.

Photoinitiators, commonly used in UV-cured inks and 
coatings, are known to migrate from printed packaging 
materials into food and beverages. This study analyzed 14 
photoinitiators, identifying benzophenone (BP) as the most 
abundant, making it the second most prevalent chemical 
contaminant overall. BP concentrations ranged from 0.01 to 
0.8 mg/kg (C19 and E2). 1-Hydroxycyclohexyl phenyl ketone 
(HCPK) was detected in six samples, with concentrations of 
0.01–0.05 mg/kg (E2, E1, C11, C18, and C20). 4-Hydroxybenzo 
phenone (4-HBP) was present in E1, E2, and E3 at 0.01–
0.04 mg/kg, while ethyl 4-dimethylaminobenzoate (EDMAP) 
was found in E1 and E3 at 0.01–0.02 mg/kg. Notably, 10 of 
the 14 photoinitiators analyzed were undetected in all cup 
samples. Despite limited research on photoinitiator migra-
tion from paper-based food-contact materials was stud-
ied[38,39] and they confirm that BP and HCPK are common 
contaminants in food packaging. BP and HCPK was detected 
in Belgian straws, boxes, and trays, with BP levels up to 
0.006 mg/kg and HCPK up to 0.021 mg/kg.[38] BP concentra-
tions were identified in packaging materials from Spain.[25] 
Our findings further reinforce the role of paper cups as a 
potential source of photoinitiator exposure, necessitating 
further investigation.

The presence of photoinitiators in excess of regulatory 
limits is particularly concerning because these compounds 
can migrate from packaging materials into food and bever-
ages, posing risks of genotoxicity.[39] Perfluorinated com-
pounds, widely used for their hydrophobic and grease-resistant 
properties, are a growing global health concern due to their 
persistence and bioaccumulative nature.[40] Our study 
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detected perfluorooctanoic acid (PFOA) at levels exceeding 
the EU’s SML of 0.01 mg/kg in two samples, highlighting 
potential regulatory noncompliance. The detection of PFOA 
above regulatory thresholds in paper cups underscores the 
necessity for industry-wide phase-outs and the adoption of 
safer alternatives.

The observed migration behavior can be explained based 
on physicochemical and mass transfer principles. The migra-
tion behavior observed in multilayer paper cups is domi-
nated by the diffusional mechanism in the food contact 
material. Temperature-dependent molecular mobility is a 
critical factor in migration behavior. Compounds with lower 

Figure 5.  Spearman correlation analysis of phthalate concentrations in cups.

Figure 6.  Spearman correlation analysis of photoinitiator concentrations in cups.
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molecular weight and higher volatility are expected to 
migrate more easily due to higher rates of diffusion in the 
polymer material. Additionally, the partitioning effect 
between the polymer material and the simulant is also a fac-
tor in the migration behavior. Compounds with a higher 
affinity for the simulant are expected to be present in higher 
concentrations. The higher contaminant concentrations 
observed in craft and printed cups could be related to the 
presence of additional contaminants such as printing inks 
and coatings, in accordance with the observed diffusion- 
controlled migration behavior in multilayer food contact 
materials.

Ensuring food safety and public health requires stringent 
regulations on food contact materials. Many countries, par-
ticularly developed nations, have implemented comprehen-
sive legal frameworks to limit contaminants that pose health 
risks. Among these, the European Union (EU) and United 
States (US) regulations are the most widely referenced world-
wide.[41] A comparison of the contaminants identified in this 
study with established legal limits is presented in Table S5. 
Our findings reveal that several samples exceeded the spe-
cific migration limits (SMLs) set by international regulations, 
particularly for phthalates, photoinitiators, and perfluori-
nated compounds (PFCs).

Spearman’s correlation analysis was conducted to assess 
the relationships between contaminant levels in the cup 
samples (Figures 5 and 6). Among phthalates, DEHP showed 
the strongest positive correlation with DIBP (r = 0.75, 
P < 0.01), indicating a potential co-occurrence or shared con-
tamination source. Similarly, DINP exhibited a significant 
correlation with BBP (r = 0.72, P < 0.01), suggesting that these 
compounds may originate from similar raw materials or 
processing conditions. For photoinitiators, BP showed the 
highest positive correlation with HCPK (r = 0.73, P < 0.01), 
supporting previous findings that these compounds fre-
quently migrate together from printed coatings. These  
correlations highlight the importance of identifying contam-
ination sources and implementing stricter manufacturing 
controls to mitigate consumer exposure.

Conclusion

In this study, migration levels of phthalates, bisphenols, pho-
toinitiators (PIs), and two perfluorinated compounds (PFCs) 
were determined in beverage cups. Among the detected  
contaminants, di(2-ethylhexyl) phthalate (DEHP) was the 
predominant phthalate. Bisphenol A (BPA) was the most 
abundant bisphenol, while benzophenone (BP), 4-hydroxy 
benzophenone (4HBP), and hydroxycyclohexyl phenyl ketone 
(HCPK) were the most frequently detected photoinitiators. 
Additionally, two perfluorinated compounds (PFCs) was 
identified in two samples. Notably, craft and colored paper 
cups exhibited the highest levels of these contaminants, sug-
gesting that printing, coatings, and material composition sig-
nificantly influence chemical migration. Future research 
should focus on long-term exposure risks, cumulative effects 
of multiple contaminants, and the efficacy of alternative 
food-packaging solutions to mitigate human health risks.
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