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Abstract

Ion Mobility Spectroscopy (IMS) is commonly used for in-situ rapid online detection of trace substances at atmospheric pressure.
By selecting four types of Phthalic acid Ester (PAE) compounds as the quantitative research objects, studying the effects of the
temperature of the mobility tube, the temperature of the sample desorbed heater and the electric field strength of the mobility
region on the detection, analysing the microscopic process of ion reaction after the addition of reagent molecules using the
Rectilinear Ton Trap Mass Spectrometer (RIT-MS), the paper preliminary studies the product ions of phthalic acid ester, and
establish a method for rapid measurement of phthalic acid ester-like environmental hormones with ion mobility spectrometry.
With the addition of ammonia reagent molecules, the detection limits of dimethyl phthalate, diethyl phthalate, dibutyl phthalate
and butyl benzyl phthalate were 0.08 and 0.1, 0.09, 0.70 ng, respectively, and relative standard deviation RSD of 6 parallel
measurements <6.3%. When used for the detection of phthalates in plastics, this method can quickly and easily screen products

containing trace PAE-like contaminants.
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Introduction

Phthalic acid Esters (PAEs), which are widely used as plasti-
cizers, can contaminate food by migrating and dissolving into
food, thereby threatening human life safety [1-3]. With an
increasing amount of PAEs used, the contamination caused
by PAEs cannot be ignored [4, 5]. Therefore, To better study
the contamination status of PAEs, strengthen the control of
PAEs and ensure the life safety of people, it is urgent to de-
velop a technique for accurate and efficient detection of PAEs.
This technique has certain practical application significance
[6].

According to existing reports, the analytical methods for
PAEs include: liquid chromatography-mass spectrometry
(LC-MS), gas chromatography, gas chromatography-mass
spectrometry (GC-MS), thin-layer chromatography, etc.
[7-9]. At present, it is generally accepted that the gas
chromatography-mass spectrometry technique is widely used
to detect PAEs. For example, the standards of the American
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Materials and Testing Association, EU standards, and the of-
ficial testing methods of the US Consumer Product Safety
Commission consistently adopt GC/MS as the testing method
[10—12], while China establishes corresponding national stan-
dards according to the characteristics of different industries
based on GC-MS [13, 14]. However, GC / MS equipment is
expensive and complicated to operate. A technique capable of
accurately and efficiently detecting PAEs is expected to be
developed to meet the development needs.

The principle of ion mobility spectrometry (IMS) is based
on the differences in gaseous ion mobilities of samples, so as
to complete the detection of different samples. In situ rapid
detection of trace substances often uses the ion mobility spec-
troscopy technique [15, 16]. At present, this technical method
is widely used, and has been reported in fast online monitoring
of biomolecules, environments, hazardous chemicals etc. [17,
18] .It needs to improve the selectivity when analyzing com-
plex samples. The major methods include: combining with the
GC or adding reagent molecules to the system. To achieve
rapid detection, the addition of reagent molecules is undoubt-
edly the best solution. Puton et al. [19] reviewed the effects of
the addition of reagent molecule on the ion mobility spectrom-
etry: adding an appropriate amount of acetone or ammonia as
a reagent molecules in a positive ion mode, and adding a
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halogenated hydrocarbon as reagent molecules in a negative
ion mode can significantly improve the selective detection of
ion mobility spectrometry, thus avoiding interference from
impurities.

The paper intends to examine the effects of instrument
parameters on detection based on independently developed
ion mobility spectrometry and further analyzes the microscop-
ic process of ion reactions after the addition of the ammonia
reagent molecules using a self-made miniaturized rectilinear
ion trap mass spectrometer. The results have shown that using
ammonia as reagent molecules helps improve the recognition
accuracy of various types of PAEs. Under these conditions, a
rapid screening method for PAE-like environmental hor-
mones was established.

Experimental section
Apparatuses

The ion mobility spectrometer used in the paper was indepen-
dently developed by the laboratory, as shown in Fig. 1. It
includes a thermal desorber, 0.5-GBq radioactive %3Ni foil
ion source, a Bradbury—Nielsen (BN) gate, a drift region, a
Faraday plate and an amplifier. The IMS was operated in the
positive ion mode, and the operating parameters are listed in
Table 1. The IMS was equipped with thermal desorption (TD)
inlet assembly in the present study, which is also shown in
Fig. 1. The TD inlet consisted of two parts: the upper part of
the thermal desorption and the lower part of the transmission
mechanism. Once the sample swipe was inserted, the solenoid
valve was closed and sealed. The analyte on the sampling
swipe was rapidly vaporized in the high-temperature thermal
desorption chamber (180 °C), and introduced as neutrals into
the reaction region by carrier gas. The thermal desorption
chamber was temperature-controlled by using a rod heater
and with a thermal resistor.

The reagent molecules vapor was carried into the reaction
region via the carrier gas to form reagent ions. The reagent

Table 1 The IMS parameters used in this work

Parameters Setting

lonization source 3Ni in positive mode

Desorption temperature 180 °C

Drift tube length 62 mm

BN gate opening time 200 ps
Carrier gas Purified Air
Drift gas Purified Air
Carrier gas flow rate 200 mL min "'
Drift gas flow rate 200 mL min "'
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molecular ions produced by the reagent molecules that have
been ionized in the ®*Ni ionization source reacted with the
analytes that entered the IMS reaction region after being ther-
mally decomposed and vaporized by a thermal desorber to
form product ions. Under the action of ion gate pulses, product
ions entered the IMS mobility region and drifted and were
detected by the detector. The air was dried by a molecular
sieve and activated carbon and acted as carrier gas and drift
gas [20], with its flow rate set to 200 mL / min.

A miniaturized rectilinear ion trap mass spectrometer (RIT-
MS) developed by the laboratory [21], combined with a **Ni
ionization source and a thermal desorber, was used for the
identification of PAEs product ions. A mass spectrometer
using a rectilinear ion trap as an analyzer was composed of
two pairs of orthogonal electrodes (on the x and y axes) and a
pair of z-axis electrodes. The gaseous sample molecules that
had been thermally resolved by the sample thermal desorber
were purged with 500 mL / min carrier gas (purified air) and
ionized in a ®*Ni ion source. The ions to be measured entered
the RIT-MS through a stainless-steel capillary tube with an
inner diameter of 0.5 mm. By scanning the amplitude of the
high-frequency voltage, the ions enclosed in the ion trap
exited the trap in order from small to large as per m/z, which
were detected by a converted dynode electron multiplier de-
tector (Model 397, Detector Technology, Inc., Palmer, MA).

Sample preparation and methods

Dimethyl phthalate (DMP), Diethyl Phthalate (DEP), Dibutyl
phthalate (DBP), butyl benzyl phthalate Benzyl butyl phthal-
ate (BBP) were all of the analytical grade and purchased from
Kermel Chemicals CO. Ltd., Tianjin, China; PAE standard
solutions of different concentrations were obtained by step-
wise diluting the 100 ng / pL mother liquor; ammonia and the
solvent used were analytical grade and purchased from
Kermel Chemicals CO. Ltd., Tianjin, China. The actual sam-
ples (plastic packaging materials) involved in the experiment
were purchased from supermarkets.

Concerning the sample pretreatment method of phthalate in
the food plastic packaging materials [14], the simple sample
pretreatment method of solvent extraction was developed. The
plastic products were cleaned and dried and cut into
0.5 cm*0.5 cm fragments. The plastic samples of 0.5 g were
accurately weighed and placed in test tubes. After analytical
pure organic solvent (10 ml ethanol) was added, the test tubes
were ultrasonic extracted with 10 min. Finally, 5 pl extract
could be directly used for detection and analysis.

Sample detection
The analytical process of detecting PAEs using the ion mobil-

ity spectrometer is as follows: first, the sample solution with
injected 5 uL was placed in the middle of the preceding of a
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sampling swipe, which made of PTFE could endure high tem-
perature, and then inserted into the opening of the thermal
desorption chamber after the solvent was vaporized. The most
maximum intensity plot of peak height of interested the (prod-
uct ions peak) PIP was determined as the characteristic inten-
sity. PAE-containing samples were quickly gasified by a built-
in thermal analyzer, and the temperature of the thermal anal-
ysis was controllable. The sample gas obtained by the thermal
analysis was carried by the carrier gas into the ionization re-
gion of the ion mobility spectrometer. The sample was ionized
into positive ions in the ionization region and detected accord-
ing to the difference in mobility. The drift time was found for
the most intense peak at the peak maximum. The IMS spec-
trum was recorded after averaged 20 times.

Reduced mobility calculation method

The calculation of the reduced mobility (K) of the unknown
peak was derived from the reduced mobility of the known
standard substance [22]:

unknown __ grstandard unknown / unknown
Ky el /tq
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Fig. 2 The signal intensity of four typical phthalic acid esters as a
function of the tube temperature

In the above formula, t;"®%; the mobility time of the stan-
dard substance; Ko™ the reduced mobility of the standard
substance; ;""" refers to the mobility time of the ions of the
sample to be analyzed. Dimethyl methylphosphonate (DMMP)
was used as the standard substance with K, of 1.40 cm?V s ' in

positive ion detection mode.

Results and discussion
Effects of instrument parameters on PAE detection
Mobility tube temperature

In the paper, the effects of mobility tube temperatures (60, 80,
100, 120, and 140 °C) on the response strength of four typical
methyl phthalates were examined, as shown in Fig. 2. As the
temperature of the mobility tube increased from 60 °C to
100 °C, the mobility time of the characteristic ion peaks of
the four types of PAEs showed a decreasing trend, that is, the
mobility gradually increased, while the sensitivity improved
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Fig. 3 The respond intensity of four typical phthalic acid esters as a
function of the electric field intensity
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Fig. 4 Ion mobility spectra for four typical phthalic acid esters

correspondingly, presenting as an increase in the product ions
peak (PIP) intensity. However, higher temperatures of the
mobility tube are not necessarily beneficial. Taking into ac-
count the heat resistance, air tightness, and working stability
of the mobility tube materials, we took 120 °C as the optimal
temperature for the mobility tube.

Electric field intensity in the mobility region

The electric field intensity of the mobility tube was optimized
under the conditions of the mobility tube temperature of
120 °C and the sample thermal desorber temperature of

180 °C. In the paper, effects of different electric field intensi-
ties (180, 200, 220, 240 V/cm) on the response intensities of
four typical PAEs were investigated, as shown in Fig. 3. It can
be seen that as the electric field intensity increases, the peak
height of the characteristic ion peak of PAEs increases accord-
ingly. Considering the effects of signal intensity and resolu-
tion, PAE compounds were determined under the electric field
intensity of 240 V/cm.

Dynamic response characteristics of PAE

Figure 4 shows the ion mobility spectra of four types of PAE
compounds under the conditions of 120 °C mobility tube tem-
perature, 240 V / cm electric field intensity, and 180 °C sam-
ple desorber temperature. With 1.20 ppm ammonia as dopant
molecules added in the drift gas, the reduced mobilities K, for
DMP, DEP, DBP, and BBP were 1.60, 1.44, 1.19, and 1.12
em?V ' 57!, respectively. As the molecular weight increased,
the mobility time of PAE compounds also increased. This
method can effectively identify different types of PAE
compounds.

In addition, the paper also analyzed the microscopic pro-
cess of the ion reaction after the addition of ammonia reagent
molecules using mass spectrometry. Figure 5 shows the mass
spectra of six types of PAEs in the ®*Ni ion source formed in
the air where ammonia was added. It can be seen that the
positive ions of the products of DMP, DEP, DBP, BBP are
mainly composed of [M + H]*, and the corresponding mass-

1500

Fig. 5 Mass spectra for detection 163
of typlcal p}(xithahc acid esters in o] DMP
positive mode
= 195
0 e P | A Asa
50 100 150 200 250
20004 1 77 22
DEP
10004
—_
E 0 FOTOW ¥
= 50 100 150 200 250
) 12000 4
~ 3 279
=
i 4000
= N
Ll 0 prov ~ o
50 100 150 200 250 300 350
6000 BBP 313
40004 279
20004
0 e " | oy
50 100 150 200 250 300 350
M/z

@ Springer



Int. J. lon Mobil. Spec. (2020) 23:97-103

101

Table 2 Quantitative results of

four analytes Compound  Linear Function R Linear Range ~ LOD (ng) RSD(%)  Recovery Rate
DMP y=19.52x+81.75  0.995  0.1-15 0.08 2.9 101.3%
DEP y=4728x+1233 0990  0.1-5 0.1 6.3 87.5%
DBP y=11.86x+21.78  0.997  0.1-10 0.09 53 125.6%
BBP y=3.25x+2.38 0.997 1-20 0.7 59 91.5%

to-charge ratios (M/z) are 195, 223, 279, and 313, respective-
ly. Among them, a peak at M/z =163 was also found in DMP,
corresponding to [M —O2]"; DEP had a peak at M / z=177,
corresponding to [M — COOH]". At the same time, a peak at
M/z=279 was found in BBP, which might cause ion colli-
sions and chain scission to produce fragment ions with the
same mass-to-charge ratio as DBP. Compared with the tradi-
tional GC-MS [15] test results, PAE ionization in GC-MS
mostly generated fragment ions. For example, DEP and
DBP both used M/z =149 as the quantitative ions. In the pa-
per, by using ammonia as the reagent molecules, the charac-
teristic ions obtained by detecting PAE in ®*Ni — IMS were all
protonated molecular ion peaks ([M + H]"). This characteristic
helps improve the recognition accuracy of various types of
PAEs, and the addition of reagent molecules also avoids the
interference from impurity peaks.

Quantitative curves

Under the above optimized conditions, Fig. 6 (a) shows the
positive ion mobility spectrum of 0.1-20 ng DMP measured
with ammonia as the reagent molecules. Figure 6 (b) shows
the curve of the relationship between the response intensities
of four types of PAEs (DMP, DEP, DBP, and BBP) and their
mass (ng). The results of the quantitative analysis of the four
types of PAE are summarized in Table 2.

Detection of PAE in plastic packaging

In terms of packaging of foods and daily chemicals, PAEs are
particularly used as plasticizers for soft plastics and various

types of plastic boxes and plastic bags contain PAEs.
Therefore, it is of great significance to quickly and accurately
monitor the dissolution and mobility of PAEs in actual
samples.

Using methanol as the solvent, the method
established above was used for the rapid detection of
PAE in plastic packaging. Figure 7 shows the ion mo-
bility spectra of PAE dissolved in plastic packaging ma-
terials (1 * —7 ). It can be observed from the figure
that with methanol as the extractant, IMS pairs 4 *—6 *
plastic packaging (4 * polyethylene—fresh film, 5 *
polypropylene—disposable spoon, 6 * polystyrene—fast
food box), there were multiple small peaks on the mo-
bility spectrum for detected ions, and the peak shapes of
PAE were not obvious, which indicates that there are
more impurities dissolved in these types of plastic prod-
ucts, which interfered with the detection of PAEs. The
detection methods for these types of plastics need to be
further optimized. In the remaining plastic packaging
samples, we can clearly observe the corresponding prod-
uct ion peaks of PAE.

Using the existing quantitative standard curve, we could
calculate the dissolved DMP concentration of 1 * PET—
mineral water bottle was about 4 mg/kg; 2 ¥ HDPE- the
dissolved DBP concentration of chewing gum bottle was
about 0.4 mg / kg; 3 ¥ PVC— the concentration of DEP
dissolved out in wire sheath was about 2.4 mg / kg, and
the concentration of DBP dissolved out was about
35 mg/kg. The content PAE in these plastic packaging
materials are all lower than the national standard of 0.1%,
and they are initially identified as qualified products.

Fig. 6 (a) IMS spectra of 0.1— 400
20 ng DMP with ammonia as 350
dopant and (b) standard curves of 300
four analytes
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Fig. 7 Ion mobility spectra for detection of phthalic acid esters in plastic
packing materials

Conclusions

The paper establishes a method for rapid screening of PAE sub-
stances based on ion mobility spectrometry. The paper examines
the detection limits, linear ranges, repeatability, and the like of
four typical trace (ng-level) PAE contaminants and use this meth-
od for rapid analysis of cosmetics. The method is simple to op-
erate and responds quickly, which lays a theoretical and experi-
mental basis for the research and development of trace PAE
detection instruments. In future work, it may be combined with
the sample pre-enrichment (solid phase microextraction, etc.)
technique at the same time, and it is expected to play an important
role in environmental analyses and online analyses of food safety.
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