Environmental Science and Pollution Research
https://doi.org/10.1007/s11356-021-12724-0

RESEARCH ARTICLE ;.)

Check for
updates

Phthalates leaching from plastic food and pharmaceutical contact
materials by FTIR and GC-MS

Tatjana Andjelkovi¢' - Danica Bogdanovi¢' - lvana Kosti¢' - Gordana Koci¢? - Goran Nikoli¢? - Radmila Pavlovi¢*

Received: 17 November 2020 / Accepted: 26 January 2021
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Phthalates are often used as plasticizers in the production of plastic food contact materials (FCMs) and pharmaceutical contact
materials (PCMs), and having in mind that they are not bound to plastics, phthalates may easily leach from plastics under certain
conditions. The aim of this research is determination of phthalates leaching potential from different plastic materials and
quantitative determination of 5 phthalates (dimethyl phthalate (DMP), di-n-butyl phthalate (DnBP), benzyl butyl phthalate
(BBP), diethyl hexyl phthalate (DEHP), and di-n-octyl phthalate (DOP)) in 44 different plastic articles of 7 different plastic
polymers used as FCMs and PCMs by FTIR, GC-MS, and gravimetric methods. The FTIR technique is shown to be rapid
method for determination of phthalate content in PVC articles. Comparing of FTIR method with GC-MS and gravimetric showed
that separation and quantitative determination of each phthalate separately favor the GC-MS method, because FTIR method
determines the total amount of phthalate content. However, the FTIR method is less expensive and demanding in terms of sample
preparation, which is suited for use in pre-screening analysis. The results of GC-MS phthalates determination showed that PVC
articles used as PCMs contain DEHP in significant amount, from 5.19 to 28.76% by weight and could be a potential risk to
human health.

Keywords Phthalates determination - Food contact materials - Pharmaceutical contact materials - Leaching potential - GC-MS -
FTIR

Introduction

Plastic is one of the most common used materials for packag-
ing of food and pharmaceuticals due to its excellent properties
like light weight and flexibility. Although packaging is the
major application filed of plastic, providing preservation of
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the packed food and pharmaceuticals, it is also used during
production, processing, preparation of food, and pharmaceu-
ticals, and thus, plastic is considered as common food contact
material (FCM) and pharmaceutical contact material (PCM).

Plastics are made up of polymers (70-99%), macromole-
cules composed of a large number of repeated units, and ad-
ditives which provide functionality to plastics. Additives are
added to the polymers to improve the properties of the plas-
tics, to increase elasticity, softness, flexibility, and thus reduce
their fragility. Phthalates are well known and the most com-
monly used plasticizers.

Phthalates used as plastic additives are diesters of 1,2-
benzenedicarboxylic acid (phthalic acid), whose properties
depend on an aliphatic or aromatic chain that substitutes car-
boxylic groups of phthalic acid. The most used phthalates are
dimethyl phthalate (DMP), di-n-butyl phthalate (DnBP), ben-
zyl butyl phthalate (BBP), diethyl hexyl phthalate (DEHP), di-
n-octyl phthalate (DOP), diisononyl phthalate (DINP), and
diisodecyl phthalate (DIDP). Annual production of all
phthalates amounted to 6 million tons and that DEHP is the
most frequently used plasticizer, with its production of up to
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40% of the total phthalates (Rudel and Perovich 2009). The
literature survey has shown that totally dominating as plasti-
cizer is DEHP in medical devices and pharmaceutical contact
materials. In 2008, DEHP was categorized as CMR 1B (car-
cinogenic, mutagenic, or toxic to reproduction) under the CLP
Regulations (European Union Regulation 2008). This resulted
in restriction of its use in plasticized PVC medical tubing in
neonatology and maternity departments from July 1, 2015
(French law 2012; French law 2015). However, even there
has been significant interest in non-DEHP alternatives for
PVC medical devices, this investigation shows that the usage
of DEHP as plasticizer in medical devices is still significant.

Phthalates as additives are usually added to polyvinyl chlo-
ride (PVC), since PVC is completely hard unless a plasticizer
is added. But besides their occurrence as additives in PVC,
phthalates are used during polymerization process for poly-
propylene (PP), polyethylene (PE), and polystyrene (PS) poly-
mers as part of catalyst (Ziegler-Natta catalyst) (Kissin et al.
2008). Thus, phthalates have been found into PVC and non-
PVC food and pharmaceutical contact materials (Bacha et al.
2012; Kostic et al. 2016).

Phthalates are colorless, viscous, lipophilic liquid, poorly
soluble in water, and dissolvable in non-polar solvents. The
physicochemical properties of 5 commercially significant
phthalates that are the target analytes in this research are given
in Table 1.

As seen in the Table 1, solubility in water is relatively low
and decreases with increasing length of the alcohol chain or
with higher molecular weight (MW) of phthalate. Usage of the
various phthalates mainly depend on their MW; thus, low
MW phthalates such as DMP, DnBP, and BBP are used for
their emulsifying properties, as solvents in personal care prod-
ucts, insecticides, lacquers, and in coatings including those
used to provide timed releases in some pharmaceuticals, while
higher MW phthalates like DEHP, DnOP, DINP, and DIDP
are principally incorporated in polymers (especially PVC) as
plasticizers and are used in food packaging, medical devices,
children’s products, construction materials, and numerous
PVC products including clothing, flooring, and wall cover-
ings. Phthalate esters are not chemically bounded (covalent
bonds) to the polymer and are therefore able to migrate to
the surface of the polymer matrix. Here, they may be lost by

a variety of physical processes and can migrate from plastic
into food or pharmaceuticals, especially by heat or solvents.
This led to their ubiquitous spread in the environment. Their
high hydrophobicity (high value for octanol-water partition
coefficient-LogKow) makes them highly persistent and bio
accumulating (Table 1).

Various studies have shown that phthalates impact human
health because phthalate exposure may induce reproductive
toxicity, liver damage, and carcinogenesis in humans
(Rowdhwal and Chen 2018). Phthalates that show these ef-
fects on human health include DnBP, DEHP, BBP, DIDP, and
DINP. Since phthalates represent endocrine disruptors, it is
particularly important to do constant screening: to monitor
their presence in various food and pharmaceutical staff and
to monitor their leaching from the packaging to the surround-
ing environment (Benjamin et al. 2017). For this reason,
European Food Safety Authority (EFSA) had set the tolerable
daily intakes (TDI) for these phthalates: 0.01, 0.05, and 0.5
mg/kg body weight per day for DnBP, DEHP, and BBP, re-
spectively, and 0.15 mg/kg body weight per day for DINP and
DIDP (Silano et al. 2019). Due to occurrence of metabolites of
DnBP, DEHP, and BBP in significant quantities in human
blood and urine (Anderson et al. 2001), those three phthalates
are investigated in this research together with DMP and
DnOP. Although EFSA has not prohibited the use of DMP
and DnOP, those two phthalates are included in the research
being good representatives of low-MW and high-MW
phthalates providing trend in leaching potential related to their
MW, structure, polarity, and solubility.

The identification and quantification of phthalates require
an analytical technique selective enough to distinguish each
phthalate from other additives and from the plastic matrix.
Depending on the matrix being tested and the physicochemi-
cal properties of the investigated phthalate, different tech-
niques are applied. The most used methods for quantification
are gas chromatography (GC) (Qian et al. 2018; Milojkovic
et al. 2015) and high performance liquid chromatography
(HPLC) (Dural 2020), and for sample preparation, liquid-
liquid extraction (LLE) (Hadjmohammadi and Ranjbari
2012), solid-phase extraction (SPE) (Xin Gao et al. 2014),
solid-phase micro extraction (SPME) (Amanzadeh et al.
2016), microwave extraction (Liang et al. 2010), Soxhlet

Table 1 The physicochemical

properties of commercially Phthalate  Chemical formula ~ Molar mass (g/mol) ~ Density (g/cm®)  Solubility in water ~ LogKo.

significant phthalates at 20 °C (mg/L)
DMP CoH 1004 194.18 1.19 5220 1.61
BBP C1oH2004 312.37 1.10 3.8 4.70
DEHP Co4H3304 390.56 0.99 0.027 7.60
DnOP Co4H330, 390.56 0.98 0.022 8.10
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extraction (Visser 2009), ultrasonic extraction (Zhou et al.
2012; Bogdanovic et al. 2019), and dispersive liquid-liquid
micro extraction (DLLME) (Amin et al. 2018).

Besides those techniques, the Fourier-transform infrared
spectroscopy (FTIR) is a technique that has many advantages
in comparison with traditional analytical methods. This tech-
nique is reliable, rapid, non-destructive, and does not require
special preparation of the samples; reagents are not typically
required, far less costly than the GC-MS method, and there-
fore, it finds significance in the pre-screening for phthalates in
plastic materials. In most cases, the FTIR analysis time is
shorter than GC-MS analysis time, even when sample prepa-
ration time is included, allowing high sample throughput and
quick feedback of analytical information.

In this study, the analysis of phthalate content and their
leaching potential from 44 different plastic articles of 7 differ-
ent plastic polymers used as FCMs and PCMs was performed.
Considering the permitted and prohibited phthalates by EFSA
and the expected high leaching potential the following 3
phthalates with low MW: DMP, DnBP, and BBP, and 2
phthalates with high MW: DEHP and DnOP have been deter-
mined in this study.

The analysis of phthalate content was performed by the
FTIR technique as a rapid method for determination of phthal-
ate content in PVC articles. The method was developed and
compared with GC-MS and gravimetric determination of
phthalates. For obtaining FTIR spectra, the samples were re-
corded by applying two techniques: polymer disk and KBr
pellet. This rapid screening method for phthalates is simple
and can be used as supportive of the regulated GC-MS meth-
od, because GC-MS screening is time-consuming and
expensive.

Leaching potentials of phthalates from plastics were deter-
mined in contact experiments under “worst-case scenario”
using n-hexane as recipient solvent with conditions such as
ultrasound at room temp, prolonged contact time, and mixing,
in order to have higher safety factor in health exposure calcu-
lations. The separation and quantification of leached
phthalates from 44 different plastic articles was performed
by GC-MS.

Experimental part
Reagents and materials

The tetrahydrofuran (THF) and methanol (HPLC grade) were
purchased from Fischer scientific (USA). The n-hexane
(HPLC grade) was purchased from Carlo Erba (France).
DMP, DnBP, BBP, DEHP, and DnOP were purchased, in
the highest available purity, from Sigma—Aldrich (USA).
Dibutyl adipate (DBA) was purchased from Fluka
(Switzerland) and used as an internal standard.

Apparatus and equipment

The Laser Fourier Transform Infrared Spectroscope (BOMEM
Hartman and Braun—Michelson MB series 100) was used to
record FTIR spectra. The manual hydraulic press (Graseby
Specac), designed fundamentally to create pellet samples
which can then be processed using analytical equipment such
as FTIR and provide high optical throughput for precise and
efficient analysis, was used. Amalgamator (Wig-L-Bug) was
used for mixing a variety of materials including PVC precipi-
tates from this analysis.

Gas chromatographic analysis was performed by Gas
Chromatograph 6890 (Hewlett-Packard, USA) equipped with
a mass selective detector (MSD) 5973 (Hewlett-Packard,
USA), Auto sampler 7683 (Agilent, USA), and SGE
25QC2/BPX5 0.25 capillary column (25 m X 0.22 mm X
0.25 pum, non-polar).

The centrifuge Jouan C4I Benchtop (Termo Fisher) was
used for separation and the analytical balance (Kern, CA) with
accuracy of £0.00001 g for gravimetric measurements.

Plastic materials

In this investigation, a total of 44 different plastic articles
made of 7 different plastic polymers from 24 different manu-
facturers used as FCMs and PCMs were analyzed. The de-
scription of tested plastic articles is given in Table 2.

FCMs include products made by polyethylene terephthal-
ate (PET), high-density polyethylene (HDPE), low-density
polyethylene (LDPE), polypropylene (PP), cellophane, poly-
styrene (PS), and polycarbonate (PC), while PCM include
articles made from polyvinyl chloride (PVC) and LDPE.

HDPE and LDPE granulate were purchased at a local fac-
tory to produce plastic packaging (Nis, Serbia). All other com-
mercial plastic articles were purchased at local stores in Ni§
(Serbia). PCM for this analysis was taken from local Clinical
Center NiS$ (Serbia).

Calibration standards

All stock, intermediate, and working solutions for GC-MS
analysis were prepared in n-hexane. The stock solutions of
DMP, DnBP, BBP, DEHP, DnOP, and dibutyl adipate
(DBA) were prepared at a concentration of 1000 pug mL™ of
each. The stock standard was diluted stepwise with n-hexane
to prepare calibration standard series in a concentration range
0.25-2.50 ug mL™" of each phthalate with DBA at a concen-
tration of 1 ug mL™".

Preparation of the calibration standards for FTIR analysis was
done by spiking the PVC sample from which the total phthalate
content was leached by the dissolution-precipitation method.
Non-phthalate plastic precipitate (0.01000 g) was dissolved
and spiked with DEHP so each spiked precipitate contained
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Table 2  Description of investigated 44 plastic articles

Polymer type Article purpose Atrticle name Number of different commercial
plastic articles analyzed
PVC Peritoneal dialysis Tubing, bag 2
Transfusion Tubing, transfer bag, quadrupole blood collection bag, 5
Sag-M blood collection bag
PET Food packaging and food Milk bottle, yogurt bottle, mineral water bottles, 15
handling equipment disposable plastic food container
PP Food packaging and food Milk package bag, yogurt cups, sour milk cup, 12
handling equipment cutting board, freezer bag
PS Food handling equipment Disposable platter, egg box 2
PC Food handling equipment Packaging bag 1
Cellophane Food handling equipment Cellophane film 1
HDPE Food handling equipment Storage bag, granulate raw material 2
LDPE Food handling equipment Storage zip-bag, granulate raw material 2
Infusion Bottle for parenteral nutrition solution 2

0%, 5%, 10%, 20%, 30%, 40%, and 50% DEHP by weight.
These calibration solutions were poured into evaporating dishes,
and after THF evaporation, obtained calibration standards in the
form of polymer disks were recorded on FTIR instrument.

Safety precautions and reduction of sample
contamination by phthalates

Used solvents are volatile and flammable; therefore, care must be
taken. THF is toxic by inhalation and ingestion and the evapora-
tion must be done in the digester. To reduce laboratory phthalate
contamination and since THF dissolves PVC, only glassware
equipment was used. The glassware was cleaned using described
procedure in the reference (Fankhauser-Noti and Grob 2007).

Determination of phthalates in PVC plastic materials
by FTIR technique

The noted 7 PVC plastic articles in Table 2 were weighted
(0.01000 g) and 4 mL of THF was added into vial with mea-
sured plastic. The vials were placed on the hot plate and cov-
ered with glass to prevent evaporation and loss of THF. After
dissolving of plastic articles, THF solutions of plastics were
poured into evaporation dishes. In this way, the polymer disks
were created after evaporation of the THF for 30-40 min. The
obtained polymer disks were mounted on an IR cell holder on
FTIR instrument and FTIR spectrum of phthalates in polymer
disks was obtained. The analysis was repeated three times.
Precipitation of PVC was done by adding 10 mL of »n-
hexane to THF solution of plastic (0.01000 g of PVC material
dissolved in 4 mL THF), in order to obtain PVC precipitate
without phthalates, since phthalates remained in the superna-
tant above the PVC precipitate. The PVC precipitate was sep-
arated from the supernatant by centrifugation (3500 rpm),
dried in the oven at 80 °C, mixed in amalgamator with KBr,
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and pellets were formed by manual hydraulic press. The ob-
tained polymer pellets were mounted on an IR cell holder on
FTIR instrument and FTIR spectrum was obtained. The anal-
ysis was repeated three times.

Determination of phthalates in PVC plastic materials
by gravimetric technique

Precipitated PVC after adding 10 mL of n-hexane to THF
solution of PVC plastic was separated from the supernatant
by centrifugation at 3500 rpm and dried in the oven at 80 °C.
Based on the difference of mass of PVC article and obtained
PVC precipitate after phthalate removal, phthalate content
was determined gravimetrically by the analytical balance with
accuracy of £0.00001 g.

Mass of the phthalates in PVC material was determined in
the supernatant. After evaporation of THF from the superna-
tant, the obtained film with the plasticizers from the PVC
sample was gravimetrically measured. The weight of the film
represented mass of the phthalates in PVC.

Determination of phthalates in PVC plastic materials
by GC-MS technique

The noted 7 PVC articles in Table 2 were weighted (0.01000
g) and dissolved in 4 mL THF. To obtain solutions of phthal-
ate without plastic polymer, after dissolving of PVC articles in
THF, 10 mL of n-hexane was added to the THF solution of
each sample. Obtained turbid solutions were centrifuged at
3500 rpm and after that filtered through the 0.45 um PTFE
filter. A certain amount of THF-n-hexane solutions (10 pL)
were diluted with n-hexane and after adding DBA as internal
standard, samples were analyzed by GC-MS.
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Beside usage of n-hexane as precipitating agent of PVC,
methanol was also used and phthalate concentration in obtain-
ed THF-methanol solutions was also determined by GC-MS.

The gas chromatograph was operated in the split less injec-
tion mode. The oven temperature was programmed from ini-
tial temperature 90 °C (hold time 0 min) to 280 °C at a rate of
20 °C per min with hold time of 4 min, and post run 300 °C (2
min). Helium was the carrier gas (flow rate of 1.0 mL/min).
The operating temperature of the MSD was 280 °C with the
electron impact ionization (EI) voltage of 70 eV. The dwell
time was 100 ms. The MSD was used in the single ion-
monitoring mode (SIM), the quantification ion is m/z 149 for
DnBP, BBP, DEHP, and DnOP, m/z 163 for DMP, and ion m/
z 185 was chosen as representative ion of DBA. Analyte re-
sponse was normalized to DBA as internal standard. The iden-
tification and quantification of target compound was based on
the relative retention time, the presence of target ions, and its
relative abundance. Both data acquisition and processing were
accomplished by Agilent MSD ChemStation® D.02.00.275
software.

Migration testing of phthalates from plastic materials

The phthalate leaching potential from 44 plastic articles made
from 7 plastic types into n-hexane was determined after 6, 15,
and 30 days. This solvent was chosen as a worst-case scenario.
Each of the 44 plastic articles was cut into pieces with area
about 0.5 cm” and weighted on the analytical balance (the
masses of a plastic pieces with indicated surface area were
about 0.02000 g). n-Hexane (5 mL) was added to each plastic
sample in glass vial and leaching of phthalates into this model
solution under different conditions occurred. The following

Fig. 1 The FTIR spectrum of 1.6
transfusion tubing: a with 1.4
identified characteristic bands for 1.2
phthalate, b without characteristic 1.0
bands for phthalate 0-8

0.6
0.4
0.2
0.0

Absorbance

conditions were applied: ultrasound at room temperature,
prolonged contact time, and mixing within an appropriate time
interval. Phthalates leaching was monitored within 6, 15, and
30 days. After the noted days, 900 uL of n-hexane was re-
moved from n-hexane solution and DBA as internal standard
was added (100 ug of DBA) to the removed aliquot.
Concentration of phthalates was determined by GC-MS with
the same method as previously described. The analysis of each
sample was repeated three times.

Results and discussions

Determination of phthalates in PVC plastic materials
by FTIR technique

The FTIR absorption spectrum of the polymer disk obtained
after dissolution in THF of one PVC article (transfusion tub-
ing) is given in Fig. la. It shows qualitative bands which
identifies the phthalates. The useful band for infrared analysis
of phthalates is strong absorbance band at 743 cm™, due to
phthalate ortho-substituted aromatic ring. The doublet bands
at 1579 cm™ and 1599 cm™, appeared because of the aromatic
ring quadrant stretching vibration, also identify the phthalates.
The frequency and intensity of these bands in the infrared
spectrum depend on the aromatic ring substitution. Other use-
ful characteristic FTIR spectra absorption bands for phthalates
are 2960 cm™' (for -C-H bond), 1718 cm™ (for the phthalate
ester), 1450 cm™ (for -CH2- and -CH3), 1278 cm™ (for -
CH2-), and 1073 cm™" (for -CH3).

Two regions of the FTIR spectra of phthalates in PVC
samples at 720760 cm™' and 1560-1600 cm™ given in the

1278 1718 2960 a.

T
0.5 - 500
0.4 -
0.3 -

0.2 S

Absorbance

0.1 5

0.0

T T T T 1
2000 2500 3000 3500 4000

T T T
1000 1500

T
500

T T T T 1
2000 2500 3000 3500 4000

-1
Wavenumber / cm

T d T
1000 1500

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Environ Sci Pollut Res

Fig. 2 show which PVC article contains the highest phthalate
amount. The transfusion tubing contains the highest phthalate
content, followed by tubing for infusion, quadrupole blood
bag, transfer bag, tubing for dialysis bag, dialysis bag, and
Sag-M bag.

This is a technique that does not give result for each phthal-
ate separately but provide information about the total amount
of phthalate in sample. The peak appearing in the spectrum is
due to the absorption of all present phthalates at a given wave-
number. However, since the GC-MS method showed that on-
ly DEHP was present in all investigated PVC articles, the total
phthalate content determined by the FTIR method corre-
sponds to the total DEHP content. Therefore, further discus-
sion will be about the FTIR determination of DEHP.

In order to quantify the DEHP in PVC articles, calibration
standards of spiked polymer disks were recorded on the FTIR
instrument. The calculated peak area in relation to concentra-
tion of DEHP was presented on the calibration graph in Fig. 3.
The calibration curves obtained for DEHP within the concen-
tration range from 0 to 50% are linear with correlation coeffi-
cient 0.997 and 0.996, for wavenumber ranges 720—760 cm’!
and 1560-1600 cm'l, respectively. The data for calibration
equations and determination coefficients are presented in
Table 3. Although both linear relationships between DEHP
concentration and peak area for both regions, 720-760 cm™
and 1560-1600 cm'l, show high value of determination coef-
ficients, 7%, bearing in mind that the relationship for region
720-760 cm™ has higher value of /* and value of slope of
linear curve, this region was used for quantitive determination,
while both regions were used to provide qualitative phthalate
determination.

(1) transfusion tubing

0.8 - 1 (2) tubing for infusion
) (3) quadrupole blood bag
0.7 1 (4) transfer bag
0.6 _. 5 (5) tubing for dialysis bag
- ¢ (0) dialysis bag
0.5 4 (7) sag-M transfer bag
0.4 -
0.3 1
8 i
g 0.2 e e S B A e S p m e e e |
'e O.SOL 5 730 735 740 745 750 755 760
=) ]
B 0.25
< ]
0.20
0.15
0.10
0.05 T T T T T T v T !
1590 1595 1600 1605 1610

1
Wavenumber / cm

Fig.2 The FTIR spectrum of PVC samples: (a) region 720760 cm™ and
(b) region 15601600 cm!
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Fig. 3 Calibration curves for DEHP for different regions on FTIR

spectrum: (a) 720-760 cm™ and (b) 1560—1600 cm’!

Based on the FTIR calibration curves for regions 720—760
cm! and 1560-1600 cm’l, the mass of DEHP (expressed in
mass percentages wt%) in each investigated PVC article was
obtained and given in Table 4.

Obtained KBr pellets from all PVC reprecipitates were re-
corded by FTIR instrument and spectra show absence of char-
acteristic absorbance bands for phthalates 743 cm’l, 1579
em™, and 1599 cm™. FTIR spectrum of transfusion tubing
without phthalates is shown in Fig. 1b, as representative for
all other spectra of PVC reprecipitates. Although both linear
relationships between DEHP concentration and peak area for
both regions, 720-760 cm! and 1560-1600 ¢cm’!, show high
value of determination coefficients, 72, bearing in mind that
the relationship for region 720-760 cm™ has higher value of 7
and value of slope of linear curve, this region was used for
quantitative determination, while both regions were used to
provide qualitative phthalate determination.

Except the absence of specific absorbance bands, the spec-
trum also shows a reduced intensity of the absorbance of the
other absorbance bands. These data indicate that the precipi-
tation method of PVC by n-hexane completely releases
phthalate from PVC samples. Identical FTIR spectra were
obtained by recording a plastic disk obtained by evaporation
of the dissolved precipitates in THF. Identical results were
obtained even when methanol is used as a precipitating agent
for PVC.

Determination of phthalates in PVC plastic materials
by gravimetric technique

Mass of precipitated PVC after adding 10 mL of n-hexane to
THF solution of PVC plastic was measured. Based on the
difference of mass of PVC article and obtained PVC precipitate
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Table 3 Calibration equations

and determination coefficients for Region Calibration equation Coefficients of determination, R*
FTIR determination of phthalates

720-760 cm™ y=(2.80+0.77)+(0.34+0.03)x 0.997

1560-1600 cm’™ y=(2.17£0.65)+(0.24+0.02)x 0.996

after phthalate removal, phthalate content was determined
gravimetrically. The obtained phthalate-free PVC precipitate
was non-flexible and soft confirming the absence of phthalates.

Mass of the phthalates in PVC article was determined in the
supernatant after evaporation of THF/n-hexane from the su-
pernatant. The obtained polymer film was elastic and highly
flexible confirming the presence of phthalates. The obtained
film with the phthalates from the PVC article was gravimetri-
cally measured. The amount of phthalate determined gravi-
metrically is shown in Table 4.

Determination of phthalates in plastic materials by
GC-MS technique

The chromatogram of a standard solution of the investigated
phthalates and DBA, given in Fig. 4, shows good separation
of five phthalates and DBA within a running time of 13.5 min.

For each phthalate, calibration curves were obtained by
linear regression of the peak area against the concentration
injected. The calibration curves were linear in the range from
0.25 to 2.5 ug mL™" with correlation coefficient of calibration
curves higher than 0.990. As an example of a calibration
curve, the curve of DEHP is presented in Fig. 5.

The limit of determination (LOD) and limit of quantifica-
tion (LOQ) were calculated from the signal/noise ratios which
were multiplied with the factors 3 and 10, respectively
(Wisconsin Department of Natural Resources Laboratory
Certification Program 1996; Giupponi et al. 2018). The

retention times, correlation coefficients of calibration curves,
LOD, LOQ, and relative standard deviation (RSD) (n = 3) of
investigated phthalates are given in Table 4.

Based on the performed calibration, the concentration of
phthalate in 37 non-PVC articles was determined, after
leaching for 30 days from in n-hexane. The results show that
non-PVC samples do not contain phthalate. Seven PVC arti-
cles are dissolved in THF and the phthalate was determined in
the supernatant from PVC samples after the precipitation with
n-hexane and methanol, separately. The results are also shown
in Table 5. The results also indicate that the only phthalate that
is in PVC articles was DEHP.

Comparison of FTIR, GC-MS, and gravimetric
determination of phthalates in PVC articles

The analysis of variance (ANOVA) was used to evaluate dif-
ferences in phthalate concentration determination between six
methods used. These differences were found to be statistically
non-significant (p < 0.05) since calculated F value (0.026) was
lower than Ft,, 556 at p < 0.05 (2.45), so the hypothesis that all
means are equal is correct.

Leaching testing of phthalates from plastic articles
and determination of phthalate leaching potential

The obtained chromatograms of n-hexane recipient solutions
after leaching of phthalates from 44 plastic articles show the

Table 4 Comparison of FTIR, GC-MS, and gravimetric determination of phthalates in PVC articles

Plastic article Total phthalates weight % determined

name
By FTIR By GC-MS By gravimetric based on
In supernatant after In supernatant after After 30-day Phthalate mass in Mass reduction before and
precipitation by hexane precipitation by methanol  leaching supernatant after phthalate removal
Tubing for  27.5+0.6 28.8=+0.6 29.8+£0.7 288+0.7 293+03 29.0+£0.4
transfusion
Tubing for  27.0+0.3 26.1+0.1 26.9+0.6 264+02 260+0.5 26.1+0.5
infusion
Quadrupole  24.1+0.2 252+0.1 25.9+0.0 257+£0.1 255+0.1 25.7+0.2
bag
Transfer bag  22.9+02 248+0.0 25.6+04 252+0.1  25.1+0.1 252+0.6
Dialysis 21.8+0.5 21.8+04 224+0.5 206+1.1 21.0+04 21.2+£04
tubing
Dialysis bag  17.9+0.6 20.0+0.6 20.6+£0.3 188+ 1.1 19.2+04 19.3+£0.4
Sag-M 498+0.17 521+0.14 5.38 £0.08 5.19+0.01 5.50+0.09 5.56+0.19
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absence of DMP, DnBP, BBP, and DnOP in all 44 cases and
the presence of DEHP in the 7 recipient solutions in which
PVC articles were immersed and absence of DEHP in the rest
of investigated articles, i.e., in 37 recipient solutions where
non-PVC plastic articles were immersed.

The amounts of leached DEHP from the PVC articles in
relation of leaching time are given in Table 6. DEHP was
found in n-hexane recipient solutions in concentration levels
of 5.19-28.76 wt% of PVC articles.

The leached concentrations of DEHP was compared
using the Tukey’s post hoc test, which determined whether

25 —&— DMP
—&— DnBP
—A— BBP /
20 —v— DEHP
15 4
&H
<
A 10
5
04
M 1 M I ' 1 ' I v 1
0.0 0.5 1.0 1.5 2.0 2.5

Concentration of phthalates / pg ml’

Fig. 5 GC-MS calibration curve for phthalates in the range from 0.25 to
2.5 ug mL™". P, and Pig presents the values for chromatogram peak of
analyte and internal standard
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Retention times / min

there was a significant difference between the results ob-
tained after different leaching times (6, 15, and 30 days). A
significant difference is checked by comparing values of
honest significant difference (HSD) for each pair of results
to a critical value (4.34) (Hampton and Havel 2006). Values
were computed by Origin© program, for p < 0.05. Obtained
results indicate significant difference when leaching of
DEHP lasted 6, 15, or 30 days for transfusion tubing, tubing
for infusion set, quadruple blood bag, or transfer bag. In the
cases of dialysis tubing, dialysis bag and SAG-M transfer
bag results show no significant difference whether leaching
lasted 6 days or 15 days.

In order to compare plastic articles, the DEHP leaching
potential was determined for each article. The leaching poten-
tial is represented by partitioning coefficient plastic/hexane,
Kiyyp. This coefficient presents the ratio of phthalate mass in
plastic material (mass obtained by GC-MS determination of
phthalate in supernatant after precipitation by n-hexane) to
dissolved phthalate mass in recipient solution after 6 and 15
days of phthalate leaching. The higher Kjyp values indicate
better chances that the phthalate will dissolve and the higher
leaching potential. The leaching potentials of phthalates from
plastics depend not only on a few parameters such as their
molecular size, molecular weight, polarity, chemical bonds,
solubility, boiling points, and initial concentration in the plas-
tic polymer but also on properties of plastic material. The
phthalate molecular size and boiling points increase with the
increase of number of carbon atoms in the ester groups. Thus,
small phthalate molecules have high leaching potential due to
their low boiling points and small molecular sizes, which
makes them easier to travel through polymeric plastic materi-
al. Since only DEHP was leached from the plastics samples, a
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Table 5 Parameters for linearity and limits of detection and quantification for analyzed phthalates
Calibration equations Retention times (min) R? LOD (ug mL™) LOQ (ug mL™" RSD (%) (n=3)
DMP y=(=0.75+£0.32)+(6.22+0.23)x 4.64 0.995 0.03 0.10 7.14
DnBP y=(-0.88+£0.21)+(9.75+0.15)x 747 0.999 0.03 0.10 10.0
BBP y=(=0.22+0.04)+(2.04+0.03)x 9.35 0.999 0.03 0.10 6.67
DEHP y=(=0.27+0.06)+(3.42+0.04)x 10.0 0.999 0.03 0.10 6.67
DnOP y=(=0.13+£0.03)+(2.12+0.02)x 112 0.999 0.06 0.20 12.5

comparison of the type of plastic is made by comparing Ky p
values of DEHP. Also, the influence of leaching time is shown
by comparing these values. The Kyjp values of DEHP are
given in Table 7. Dialysis tubing, dialysis bag, and Sag-M
have the strongest attachment of DEHP, in comparison with
other PVC articles, but the differences are small. With the
increase of the leaching time, the binding strength of
phthalates to PVC articles decreases, so they are more easily
released; therefore, Kyyp is lower for leaching after 15 days
compared to Kyp for leaching after 6 days.

The obtained results from GC-MS analysis of n-hexane
receiving solutions for 37 non-PVC articles (PET, LDPE,
HDPE, PP, PS, and PC) showed that migration of DMP,
DnBP, BBP, DEHP, and DnOP did not occur even after 30
days, confirming that these types of polymers do not contain
phthalates.

Conclusions

Since phthalates can pollute the environment by leaching from
the most commonly used plastics (PET, LDPE, PVC, HDPE,

Table 6 Concentration of leached DEHP (mg/g) from PVC articles
determined for different leaching times (6, 15, and 30 days); SD,
standard deviation (n = 3)

PP, PS, and PC) of great importance is testing of phthalate
migration and determination of total amount of phthalates in
plastic articles. The aim of this paper was to find the most
optimal technique for determination of phthalates. Obtained
results by GC-MS, FTIR, and gravimetric methods combined
with dissolution/precipitation method are statistically non-
significant (p < 0.05). In this study, it was found that the
PVC PCMs contained DEHP in significant amount, from
5.19 to 28.75% in relation to mass of PVC article, which
may endanger human health. The developed FTIR method is
rapid and efficient, less expensive, and requires fewer steps in
the preparation in relation to GC-MS analysis. The investiga-
tion also shown that quantitation of total amount of phthalate
can be done using the FTIR method, but the deficiency of this
method in relation to GC-MS is that phthalate separation can-
not be performed as by GC-MS. Thus, FTIR can be used for
pre-screening of phthalate content in PVC articles, and if the
result is positive showing the presence of phthalate, the GC-
MS analysis can be performed. It has been shown that
dissolution/precipitation method (THF/n-hexane) is effective
in the removal of the total amount of phthalate from PVC,
thereby obtaining a stiff and rigid non-plasticized plastic.
GC-MS analysis of leached phthalates from non-PVC plastic
articles shows that these plastics do not contain any of the
investigated phthalates and in view of these results, it can be
concluded that the tested articles used as FCMs are safe.

PVC article Concentration of leached DEHP (mg/g) Table 7  Partitioning coefficient hexane/plastic, Kyy/p

Leaching time (days) PVC article Kup

6 15 30 Leaching time (days)
Transfusion tubing 139.4+13*  177.8+34° 2875+7.7° 6 15 30
Tubing for infusion set  127.3+1.2*  161.4+1.8°  263.6+6.4° ] ]
Quadrupole blood bag 1195+ 1.5 152.6+22° 2572460 Lubing for transfusion 048 0.62 1.00
Transfer bag 1202+0.6°  154.6+74° 2517 +3.8° Tubing for infusion 0.49 0.62 Lot
Dialysis tubing 1015+ 13 109.9+44° 2057+720  Quadrupolebag 047 0.61 1.02
Dialysis bag 91.50+297° 1003+50° 188.1+69>  lransferbag 049 062 101
SAG-M transferbag ~ 23.60£0.71° 26.37+2.16" 51.90+0.14>  Dialysis tubing 047 051 094

Dialysis bag 0.46 0.50 0.94
#¢Values with the same letter within a row are not statistically significant Sag-M 0.45 0.51 1.00
different at the p < 0.05 level (Tukey’s HSD test)
@ Springer
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