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Introduction

Identification of plasticizers using thermal
desorption dielectric barrier discharge ionization
mass spectrometry

+2P Xiaokang Guan,t® Xue Yout® and Renato Zenobi () *°€

Qiao Lu,
Plasticizers, which are extensively utilized in the manufacturing of plastic products, have garnered signifi-
cant attention due to their potential toxicity and the consequent health and environmental risks they
pose. Traditional methods for detecting plasticizers, such as gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography-mass spectrometry (LC-MS), are often time-consuming and require
complex sample preparation. In response to these challenges, this study introduces an innovative
approach for the rapid and sensitive identification of seven common plasticizers using thermal desorption
dielectric barrier discharge ionization mass spectrometry (TD-DBDI-MS). The proposed technique signifi-
cantly reduces background interference by employing nitrogen as the discharge gas, thereby enabling the
detection of characteristic quasi-molecular ions (M + HI*) and their fragments, which are crucial for
structural elucidation. The method exhibits remarkable sensitivity, with a limit of detection as low as
0.1 ppm for diethyl phthalate and a linear dynamic range of orders of magnitude. Furthermore, it allows
for expedited screening of various plastic products, including cling wrap, packaging bags, and centrifuge
tubes, with each sample analyzed in less than 30 seconds. This study underscores the efficacy of
TD-DBDI-MS as a rapid, sensitive, and user-friendly methodology for the preliminary screening of plastici-
zers in a wide range of materials.

plastic products is important.> Currently, several extraction
techniques are employed for isolating plasticizers from matrix

Plasticizers are widely used as additives in plastic manufactur-
ing to enhance flexibility and durability, and they are also fre-
quently incorporated into industrial and household products
because of their distinct physicochemical characteristics.'
Plasticizers are prevalent in diverse environmental contexts
and are frequently detected in various biological samples and
materials.”> However, they can potentially migrate from plastic
products into the environment® and can enter the human
body through multiple routes, including ingestion and dermal
contact, posing diverse health risks.*

Consequently, the development of rapid, sensitive, and
reliable methods for identifying and detecting plasticizers in
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materials prior to detection, including solid-phase extraction,®
ultrasound-assisted extraction,” and solid-phase microextrac-
tion.® While these methods are capable of extracting trace
amounts of plasticizers from matrix materials, they are inevita-
bly susceptible to contamination from ambient air and experi-
mental equipment during various stages of sample processing,
including sampling, extraction, purification, concentration,
and sample injection. Traditional analytical techniques, such
as gas chromatography-mass spectrometry (GC-MS) and liquid
chromatography-mass spectrometry (LC-MS), offer high sensi-
tivity and accuracy but are often time-consuming, labor-inten-
sive, and require complex sample preparation.” These limit-
ations hinder their application in rapid screening and on-site
detection scenarios.

To address these challenges, two main approaches have
been developed. First, a semi-closed/closed sample chamber
and clean gas were used to reduce the exposure time of
samples to air.'® Second, employing atmospheric pressure
ionization mass spectrometry (API-MS) enabled the direct
introduction of solid or liquid samples into the ion source
without the need for extensive sample preparation or chroma-
tographic separation.' In this fashion, we are able to circum-
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vent traditional sample pretreatment processes such as extrac-
tion and purification, which creates significant advantages in
terms of simplicity and speed. For example, Krieger et al
adopted a direct inlet probe-atmospheric pressure chemical
ionization-MS technology for non-destructive analysis of
plastic products and were able to directly detect plasticizers
from plastic products.’” Rothenbacher et al. used direct ana-
lysis in real time-MS (DART-MS) to directly analyze phthalic
acid esters in polyvinyl chloride (PVC) toys.'> The complete
analysis of a single sample takes only about 8 minutes. The
helium temperature was set at 130 °C, and most samples were
not damaged, enabling rapid non-destructive analysis of chil-
dren’s plastic toys. Sisco et al. used thermal desorption-
DART-MS to analyze trace pollutants. They changed the tra-
ditional DART design and ran the sample desorption process
in a closed tube, which reduced interference from the labora-
tory environment.'* Driffield and colleagues developed an
innovative analytical approach utilizing a dual-purpose solid
probe that functioned simultaneously as a sampling interface
and a corona ionization source coupled with quadrupole time-
of-flight mass spectrometry (Q-TOF MS). This integrated
system was effectively employed for the rapid screening and
identification of plasticizer compounds migrating from food-
contact gasket materials."” Jecklin et al. used a floating atmos-
pheric pressure afterglow discharge-MS technology to identify
di-(2-ethylhexyl) phthalate (DEHP) and dibutyl phthalate (DBP)
in PVC food packaging, and each sample takes less than 30
seconds.'® There is basically no requirement for the type of
sample material, and both liquid and solid (soluble or in-
soluble) polymers and particles can be handled.

In recent years, dielectric barrier discharge ionization
(DBDI) has garnered significant attention since its introduc-
tion as an ambient ionization source for MS in 2007."7 This
interest has stemmed from its notable advantages, including
high ionization efficiency, relatively soft ionization character-
istics, low energy consumption, and the potential for miniatur-
ization, as well as its compatibility with various ambient inlet
MS instruments.'® Owing to these features, DBDI has found
extensive applications across diverse fields, such as biochemi-
cal analysis, environmental monitoring, food safety, forensic
authentication, real-time monitoring of reaction intermedi-
ates, and mass spectrometry imaging (MSI)."*?° Its widespread
utilization underscores its versatility and adaptability in scien-
tific research and analytical practice.

This study introduces a novel approach based on thermal
desorption-DBDI-MS (TD-DBDI-MS) to analyze seven common
plasticizers, all of which are commonly used in industrial
manufacturing.>® The TD-DBDI-MS system integrates a
custom-built DBDI source with a Q-TOF MS, enabling rapid
and sensitive detection of plasticizers. The DBDI source, con-
figured in an in-line geometry, utilizes nitrogen as both the
carrier and discharge gas, and it is coupled to a closed sample
cell, which effectively reduces background interference from
ambient air and plastic tubing. This design enhances mole-
cule/ion transmission efficiency and provides characteristic
fragmentation patterns, facilitating both molecular weight
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determination and structural identification. The system
demonstrated excellent sensitivity, with a limit of detection
(LOD) of 0.1 ppm for DEP. The combination of a tungsten
needle direct sampling approach and TD-DBDI-MS allowed for
rapid screening, with analyses completed in under 30 seconds
per sample. Cling wrap, packaging bags, and centrifuge tubes
could be analyzed. This study highlights the potential of
TD-DBDI-MS as a fast, sensitive, and user-friendly method for
the preliminary screening of plasticizers in plastic products
and holds substantial promise for applications in real-time on-
site detection, contributing to improved safety and regulatory
compliance in the use of plastic products.

Experimental

Materials

Seven kinds of plasticizers — dimethyl phthalate (DMP), diethyl
phthalate (DEP), dibutyl phthalate (DBP), butyl benzyl phtha-
late (BBP), dibutoxyethyl phthalate (DBEP), di-(2-ethylhexyl)
phthalate (DEHP) and diisononyl phthalate (DINP) - were pur-
chased from Aladdin Reagent Company (Shanghai, China).
Acetonitrile (CAN, C,H3N, HPLC) was purchased from China
Pharmaceutical Group Chemical Reagent Co., Ltd. Nitrogen
(N3, 99.999%) was purchased from Xinhang Gas Company
(Xiamen, China). The tungsten needles used in this study were
sourced from Shenzhen Ji Chen Electronics Co., Ltd
(Shenzhen, China) and featured a tip diameter of 1 pm. All
aqueous solutions were prepared using ultrapure water (18.2
MQ cm) from a Milli-Q ultrapure water system (Millipore, MA,
USA). The solvent was an ACN/H,0 (50/50 v/v) mixture.

Sample introduction system and ionization source

A syringe pump (XMSP-3C, Nanjing Ximai Nano Co., Nanjing,
China) was employed to deliver the samples to the thermal de-
sorption cell (constructed from stainless steel) at a pre-
determined flow rate. The liquid sample was subsequently
vaporized using heated nitrogen gas (N,) at 250 °C, which was
supplied through a stainless steel pipe at a fixed flow rate of
0.7 L min~'. In this closed system, N, served as both the
carrier gas and the discharge gas, effectively preventing the
introduction of ambient gases and minimizing interference
from plasticizers present in the plastic tubing. The thermal de-
sorption cell was directly connected to the DBDI source.

For the ion source, we employed a laboratory-built DBDI
source configured in an “in-line geometry”, as detailed in our
previous publication.>””** This design is compatible with any
MS system equipped with an atmospheric pressure (AP) inter-
face. In brief, the setup consists of a quartz glass capillary
(inner diameter [i.d.] = 1.1 mm, outer diameter [o.d.] =
1.5 mm, and length [I] = 30.0 mm) acting as the dielectric
barrier between two electrodes. The capillary is coupled to the
MS system via a custom-built Teflon inlet. A copper ring (i.d. =
1.6 mm, o.d. = 3.0 mm, and [/ = 8 mm) tightly wrapped around
the quartz capillary serves as the high-voltage electrode, while
a stainless-steel capillary (i.d. = 0.6 mm and o.d. = 1.0 mm)
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Thermal desorption cell

MS inlet DBDI source

N2 (250 °C)

3.5kV, 40 kHZ™ Sample

Fig. 1 Schematic of the TD-DBDI-MS setup.

connected to a thermal desorption cell is inserted into the
quartz capillary, functioning as both the ground electrode and
the sampling capillary. An alternating high voltage of approxi-
mately 3.5 kV at a frequency of 40 kHz is applied to the electro-
des to generate a DBD plasma within the capillary. This
plasma ionizes gaseous sample molecules carried by the nitro-
gen (N,) gas. The design significantly enhances molecule/ion
transmission efficiency while effectively isolating air-related
interferences. It is important to note that safety precautions,
such as warning signs and proper insulation of cables and
connectors, are strongly recommended. A schematic of the
experimental setup, including all relevant parameters, is
shown in Fig. 1.

Mass spectrometry

The analysis was performed using a Q-TOF MS system
(API-TOF, TOFWERK AG, Thun, Switzerland). The MS was
operated in positive ion mode with a mass-to-charge (m/z)
range of 7-560. The instrument parameters were set as follows:
capillary voltage at 0 V, capillary temperature at 200 °C, and
TOF extraction rate at 16 kHz. Raw data were initially processed
using Tofware 3.2.1 (TOFWERK AG, Thun,
Switzerland), and the resulting mass spectra were sub-
sequently exported and analyzed using OriginPro 16
(OriginLab, Northampton, MA, USA).

version

Results and discussion

To evaluate the feasibility of the instrumental setup, we first
analyzed the background MS signal. In Fig. 2, the blue curve
represents the background MS signal obtained using DBDI-MS
with air as the discharge gas, while the red curve corresponds
to the background signal when nitrogen (N,) was used as the
discharge gas. As evident from the results, background signals
from air pollutants were significantly reduced, by about 90%
for DBP, when employing the TD-DBDI-MS system with N, as
the discharge gas.

In this experiment, seven typical plasticizer standards
(DMP, DEP, DBP, BBP, DBEP, DEHP, and DINP) were analyzed
and identified by TD-DBDI-MS. A 5 pL aliquot of each standard
solution, with a concentration of 100 ppm, was introduced
into the thermal desorption cell using a micro-sampler. The
plasticizer solution was volatilized by heated N, gas, ionized by
the DBD plasma, and subsequently detected using a Q-TOF
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Fig. 2 Mass spectra of the background obtained by TD-DBDI-MS when
lab air was used as the discharge gas (blue curve) and when N, was used
as the discharge gas (red curve).
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Fig. 3 Mass spectra of plasticizers in positive ion mode. (a) DMP, (b)
DEP, (c) DBP, (d) BBP, (e¢) DBEP, (f) DEHP, and (g) DINP. The above data
are from standard solutions in ACN/H,O (50/50, v/v) at a concentration
of 100 ppm.
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mass spectrometer. Fig. 3 shows the mass spectra of these
seven plasticizers obtained through TD-DBDI-MS.

As shown in Fig. 3(a), the mass spectrum of DMP displays
characteristic peaks at m/z = 195 and m/z = 163. In agreement
with the literature,* the peak at m/z = 195 is attributed to the
quasi-molecular ion [M + H]" of DMP, whereas the peak at
m/z = 163 corresponds to the fragment ion formed through the
loss of a methoxy radical (-OCH;") from the ionized DMP
molecule. The mass spectrum of DEP in Fig. 3(b) shows three
significant peaks: the quasi-molecular ion [M + H]" at m/z =
223, the fragment ion [M — C,H,O]" at m/z = 177 resulting
from ethoxy radical elimination, and the protonated phthalic
anhydride ion [M — C,HzOH]" at m/z = 149 following complete
alkyl group loss. This fragmentation pattern is consistent
across the analyzed plasticizers. In Fig. 3(c), DBP shows its
quasi-molecular ion [M + H]" at m/z = 279 and the character-
istic protonated phthalic anhydride ion at m/z = 149 [M —

View Article Online
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CsH,c0H]". Similarly, BBP in Fig. 3(d) exhibits its quasi-mole-
cular ion [M + H]" at m/z = 313 and the protonated phthalic
anhydride ion at m/z = 149 [M — C;;H;50]". Fig. 3(e-g) reveal
the quasi-molecular ions [M + H]" of DBEP, DEHP, and DINP
at m/z equal to 367, 391, and 419, respectively. Notably, the
protonated phthalic anhydride ion peak at m/z = 149 appears
consistently in all spectra, serving as a characteristic fragment
for the presence of phthalate plasticizers. Additional fragment
peaks specific to each plasticizer molecule were also
identified.

It should be noted that we attempted to turn off the hot
source during detection of standards, yet fragmentation still
occurred. This indicates that the fragmentation originates
from the source itself rather than from thermal decomposition
prior to ionization. Previous studies suggest that humidified
nitrogen may help achieve softer ionization.*® Due to the
absence of tandem mass spectrometry capabilities in our

Table 1 Names, molecular formulae, molecular structures, molecular weights, quasi-molecular ions and fragment ions (m/z) of the seven kinds of

plasticizers investigated

Chemical Molecular formula Molecular structure Molecular weight M +H] Fragment ions (m/z)
DMP C10H1004 o 194.18 195 163
oCHs
O*c:Ha
0
DEP C1,H140, o 222.24 223 149,177
0" CHj,
O._CHjg
e}
DBP C16H2,0, o 278.34 279 149
0"™"CH,
O._~_CHs
e}
BBP C1oH,00, @ 312.36 313 149
o)
o
o\/\/CHB
o)
DBEP Cy0H3006 o 366.45 367 45,57,101, 149
o0 ™~O~CHs
O\/\O/\/\CH3
o)
DEHP C,4H;350, CHs 390.56 391 57,71, 113, 149, 167
HsC
o)
o CHs
O\/]/\/\/CH:s
o)
DINP C6H420, HyC CHs 418.61 419 57,71, 85,127, 149

HsC. o
o
HsC o}
o

This journal is © The Royal Society of Chemistry 2025
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experimental setup, fragment ion peak assignments were veri-
fied using mass spectral data from the NIST Chemistry
WebBook (https:/webbook.nist.gov/chemistry/). Table 1 lists a
comprehensive summary of the seven plasticizers analysed,
including their names, molecular formulae, molecular struc-
tures, molecular weights, quasi-molecular ions, and character-
istic fragment ions (m/z).

Based on our experimental data and comparison with
literature,””*® we propose a plausible fragmentation mecha-
nism for plasticizer molecules. The ionization process initiates
when DEP molecules enter the plasma region of the DBDI
source. Subsequent proton exchange reactions occur with
[(H,0)n+1 + H]" generated in the plasma, forming the quasi-
molecular ion [M + H]'". This ion undergoes sequential frag-
mentation, initially losing two alkyl branches to yield the pro-
tonated phthalate ion [M — C4H,]", followed by dehydration to
generate the characteristic protonated phthalic anhydride ion
at m/z = 149. Alternative fragmentation pathways involve direct
interaction of DEP molecules with plasma-generated reactive
species, including He’, N;*, N,™*, 0,”", NO™, etc., forming
radical cations M™". These radical cations can subsequently
lose ethoxy radicals to produce [M — OR]" ions, which undergo
structural rearrangement and alkyl side chain elimination to
ultimately form phthalic anhydride ions. A similar fragmenta-
tion pattern was observed for the plasticizer molecules of
phthalate esters. Therefore, the plasma-based DBDI source can
not only ionize the excimer ions of the plasticizer molecules
but also obtain a certain degree of fragment ions. This charac-
teristic proves particularly valuable for rapid substance identi-
fication, as it provides both molecular weight information and
structural insights through characteristic
patterns.

To evaluate the potential of this method for real sample
detection, we first selected disposable droppers as experi-
mental samples. Plastic droppers from the laboratory were cut
into 1 cm? square pieces and immersed in 5 mL of acetonitrile
(ACN) for 0.5, 1, 2 and 4 hours, respectively. The extracts were

fragmentation
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Fig. 4 Mass spectra of acetonitrile extract obtained from a disposable
plastic tip dropper in the laboratory. & Protonated phthalic anhydride
ions (m/z = 149), & DBP (m/z = 279), ¥ BBP (m/z = 313), and & DINP (m/
z =419).
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injected at a flow rate of 200 uL. min™" using a syringe pump
and subsequently analyzed by TD-DBDI-MS to identify the
plasticizers present in the droppers and evaluate the influence
of extraction time on efficiency. In this experiment, plasticizers
were identified using the fingerprint spectra of the standards
provided in Table 1. As shown in Fig. 4, three distinct quasi-
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Fig. 5 Mass spectra of (a) cling wrap, (b) packaging bags, and (c) centri-
fuge tubes using tungsten needle direct sampling combined with the
TD-DBDI-MS method.
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molecular ion peaks of different plasticizer molecules were
detected: a peak at m/z = 279 corresponding to the [M + H]" of
DBP, a peak at m/z = 313 corresponding to the [M + H]" of BBP,
and a peak at m/z = 419 corresponding to the [M + H]" of
DINP. Additionally, the primary fragment ion peak of the plas-
ticizers at m/z = 149 was observed. Furthermore, as the extrac-
tion time increased from 0.5 hours to 4 hours, the mass spec-
trometric signals of the detected plasticizer molecules gradu-
ally intensified. This indicates that the plasticizers progress-
ively migrated from the disposable droppers into the aceto-
nitrile solution. We further assessed the sensitivity of our
method for detecting plasticizer molecules. A series of DEP
standard solutions with concentrations ranging from 1 ppm to
100 ppm were prepared, and 5 pL aliquots of each solution
were introduced into the thermal desorption cell. MS data
were subsequently acquired to construct a calibration curve for
DEP. The linear regression equation was y = 0.57x + 0.28,
where x represents the concentration of DEP and y corres-
ponds to the MS peak intensity. The regression coefficient (R?)
was determined to be 0.9978, indicating excellent linearity.
The LOD was calculated to be 0.1 ppm (S/N = 3). The noise
level was determined by averaging a 100-data-point baseline
segment adjacent to the m/z = 223 peak in the mass spectrum.

Subsequently, we utilized the tungsten needle direct
sampling technique®®*® coupled with the TD-DBDI-MS
method to conduct a rapid screening and analysis of plastici-
zers in three commonly used laboratory plastic products: cling
wrap, package bags, and centrifuge tubes. Surface sampling
was conducted by making a 1 cm linear scratch on the sample
using a tungsten needle, which was then directly inserted into
the thermal desorption cell for thermal evaporation. The
resulting vapors were transported by the carrier gas into the
DBDI source for ionization, followed by analysis in the MS. As
depicted in Fig. 5(a), the mass spectra of cling wrap revealed
the presence of [M + H]" peaks corresponding to DMP, DBP,
DBEP, DEHP, and DINP, along with their respective fragment
ions. Similarly, Fig. 5(b) illustrates that the same suite of plas-
ticizer molecules was identified in the package bags. In con-
trast, Fig. 5(c) demonstrates that the centrifuge tubes con-
tained a more limited range of plasticizers, with only the [M +
H]" peaks of DBP, BBP, DBEP, and DEHP, as well as their
associated fragment ions, being detected. The unidentified
peaks observed in the mass spectra could potentially corres-
pond to molecular ions or fragmentation products derived
from either additives or macromolecular components present
in the materials.

Conclusions

In this paper, we demonstrate the effectiveness of
TD-DBDI-MS as a rapid, sensitive, and user-friendly method
for the identification and screening of plasticizers in various
plastic products. By utilizing nitrogen as the discharge gas,
this closed device significantly reduces background inter-
ference, enabling the detection of characteristic quasi-mole-

This journal is © The Royal Society of Chemistry 2025
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cular ions and their fragments, which are useful for structural
elucidation. The method exhibited remarkable sensitivity, with
an LOD as low as 0.1 ppm for standard DEP and a linear
regression coefficient of 0.9978. The TD-DBDI-MS system
allows for the expedited analysis of plastic products, including
cling wrap, packaging bags, and centrifuge tubes, with each
sample analysed in less than 30 seconds. This rapid screening
capability, along with the ability to detect multiple plasticizers
simultaneously and a simple or no sample preparation pro-
cedure, makes the method particularly well-suited for real-
time on-site detection applications and underscores the
method’s potential for environmental monitoring, food safety,
and public health protection.
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