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1 | INTRODUCTION

In this work, gas chromatography tandem with electron ionization and full-scan
high-resolution mass spectrometry with a time-of-flight mass analyzer was evaluated
for analyzing pesticide residues in teas. The relevant aspects for mass spectrome-
try analysis, including the resolution and mass accuracy, acquisition rate, tempera-
ture of ion source, were investigated. Under acquisition condition in 2-GHz extended
dynamic range mode, accurate mass spectral library including 184 gas chromatog-
raphy detectable pesticides was established and retrieval parameters were optimized.
The mass spectra were consistent over a wide concentration range (three orders) with
good match values to those of NIST (EI-quadrupole). The methodology was veri-
fied by the validation of 184 pesticides in four tea matrices. A wide linear range (1—
1000 pg/kg) was obtained for most compounds in four matrices. Limit of detection,
limit of quantification, and limit of identification values acquired in this study could
satisfy the requirements for maximum residue levels prescribed by the European Com-
munity. Recovery studies were performed at three concentrations (10, 50, and 100
pg/kg). Most of the analytes were recovered at an acceptable range of 70-120% with
relative standard deviations < 20% in four matrices. The potential extension of qualita-
tive screening scope makes gas chromatography tandem with electron ionization and
mass spectrometry with a time-of-flight mass analyzer a more powerful tool compared

with gas chromatography with tandem mass spectrometry.
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cultivation of tea, the usage of various pesticides and related
chemicals plays a significant role in killing pest, weeding con-

Among three major nonalcoholic drinks (tea, coffee, and
cocoa) worldwide, tea is the most widely consumed beverage
for both pleasure and therapeutic purposes [1-3]. During the

Article Related Abbreviations: d-SPE, dispersive solid-phase extraction;
EDR, extended dynamic range; EIC, extracted ion chromatogram; GCB,
graphitized carbon black; HRMS, high resolution mass spectrometry; LOI,
limit of identification; ME, matrix effect; MRL, the maximum residue limit;
MRM, multiple reaction monitoring; MWCNT, multiwalled carbon
nanotube; n-MEW, narrow mass extraction window; PSA, primary
secondary amine.

trol, and improving yield. However, pesticides applied during
the growing stages or postharvest treatment may remain in
the plant and expose potential risks to consumers’ health [4,
5]. Thus, strict regulations on the maximum residue limits
(MRLs) for pesticides in tea have been established by sev-
eral countries and international organizations, e.g. EU, USA,
and Japan. The EU Pesticides database [6], which is based on
the European Community Regulation No. 396/2005, contains
a list of 474 pesticide residues with their respective MRLs
at various levels in tea [7]. The analytical methods for pes-
ticide residues have been continually improved due to the
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introduction of innovative technologies. One of the urgent
goals for supervisory authority and private laboratories is to
develop fast and effective methods that could achieve reliable
results for a wide scope of pesticides and matrices and have
excellent robustness for routine test with low detection limit,
easy operation, and environmental friendly.

In analysis of pesticide residues, major progress in recent
years was the introduction of GC-MS/MS and LC-MS/MS.
They can significantly increase the analyzing speed and iden-
tify more than one hundred of pesticides compared to previ-
ous GC or LC methods, and have been widely used to ana-
lyze multiple pesticide residues in various matrices, such as
water [8,9], animal tissues [10-12], plants and plant oils [13—
16], and teas [17,18]. When operated in multiple reaction
monitoring (MRM) mode, improved sensitivity and excel-
lent selectivity can be achieved. However, the major limi-
tation of the MRM method is that the acquisition time of
each transition restricts the number of target analytes [19]. In
MRM mode, nontargeted compounds even at high concentra-
tion will be ignored [20]. Moreover, reference standards have
to be purchased for analyte qualification, which are crucial to
identifying the suspected findings in routine target analysis.
The present of high resolution mass spectrometry (HRMS),
i.e. GC or LC coupled with TOF/MS, could be a powerful
screening tool for chemical contaminant residues to overcome
the major limitation of triple quadrupole mass spectrometer
analysis.

GC-EI-TOF/MS is suitable for volatile compounds. This
technique offers higher sensitivity in full spectrum acquisi-
tion scan mode than conventional GC-EI-MS due to its high
mass analyzer efficiency [21]. Theoretically, GC-EI-TOF/MS
can simultaneously screen unlimited number of compounds,
without the need for preselection of analytes or reference stan-
dards, at high sensitivity with only single injection [22]. The
high mass resolving capability and exact mass measurement
provided by GC-EI-TOF/MS is suitable for the use of narrow
mass extraction window (n-MEW) at selected m/z ions [23].
Thus, a large amount of isobaric background interferences
will be filtered out, so it could remarkably improve the S/N
and enhance the identification ability. Moreover, it is an attrac-
tive option to facilitate the identification process to build a
wide range home-made library based on GC-EI-TOF/MS. To
date, GC-EI-TOF/MS has been applied for screening pesti-
cide residues in fruits and vegetables [24-26], dairy prod-
ucts [27], honey products [28-30], and environmental sam-
ples [31,32]. Nevertheless, reports on screening of multiple
pesticide residues in tea are relatively rare.

An efficient and useful screening method should detect
multiclasses pesticides in various kinds of matrices with high
sensitivity. The screening method should be validated, which
process is laborious and necessary to provide evidence of
the applicability and robustness of the method, especially for
complex matrices, such as teas. Until now few works have

been reported on qualitative screening validation on pesticides
in tea.

This work developed and validated a method for rapid
simultaneous screening and identification of 184 pesticides in
multiclasses in four kinds of teas using dispersive solid-phase
extraction (d-SPE), followed by GC-EI-TOF/MS based on a
home-made mass spectral library. TOF/MS acquisition condi-
tions were optimized to improve the sensitivity and accuracy
of pesticides detection. A mass spectral library was built and
evaluated in terms of consistency and stability. The retrieval
parameters were also optimized to increase the accuracy of
pesticide residues identification. The performance of the pro-
posed method was evaluated on linearity, LOD, LOQ, lim-
its of identification (LOI), recoveries, precision, and matrix
effect (ME). Moreover, this method was employed to screen-
ing of pesticide residues in 54 commercial available tea sam-
ples to demonstrate its applicability.

2 | MATERIALS AND METHODS

2.1 | Materials

Pesticide standards (> 95% purity) were obtained from Dr.
Ehrenstorfer (Augsburg, Germany). Individual stock solu-
tion (1 mg/mL) of each pesticide standard was prepared in
methanol, acetone, or toluene according to their solubility, and
stored at 4°C in the dark. Mixtures (10 pg/mL) were prepared
in methanol by mixing the appropriate quantities of individ-
ual stock solutions in a volumetric flask. Pesticide residue
grade acetonitrile, acetone, methanol, and toluene were pur-
chased from Fisher Scientific (Fair Lawn, NJ). d-SPE sor-
bents, including multiwalled carbon nanotubes (MWCNTs,
10-20 nm), primary secondary amine (PSA, 50 pm), and
graphitized carbon black (GCB, 40 pm) were purchased from
Tianjin Agela (Tianjin, China).

Various tea samples (16 green teas, 10 black teas, 13 oolong
teas, and 15 dark teas) were bought from local supermar-
kets and stored at room temperature for a maximum of three
months before analysis.

2.2 | Sample preparation

The tea matrix extract was prepared using a modified d-SPE
method [33], and the specific steps are as follows: (1) 5 g sam-
ple was put in 10 mL of acetonitrile with 1% acetic acid v/v
and homogenized at 15 000 rpm for 1 min, and centrifuged for
5 min at 4200 rpm; (2) 5 mL of supernatants was then trans-
ferred to a tube containing 45 mg of MWCNTs, 75 mg of PSA,
and 25 mg of GCB; (3) the tube was vortexed for 1 min and
centrifuged at 10 000 rpm for 5 min; (4) 4 mL of acetonitrile
extract was evaporated to approximately 0.5 mL by rotor; (5)
the extract were concentrated to dryness with nitrogen flow
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and reconstituted with 0.5 mL of hexane; (6) and then filtered
through a 0.22-pm Nylon membrane. The mixture (1 pL) was
injected into a chromatograph with an autosampler.

2.3 | GC-EI-TOF/MS analysis

The GC-EI-QTOF/MS system consists of a 7890A gas chro-
matograph connected to a 7200 hybrid QTOF mass analyzer
with an EI source (Agilent Technologies, Wilmington, DE,
USA). A VF-1701 MS capillary column (30 m, 0.25 mm id,
and 0.25 pm film thickness; J&W Scientific, Folsom, CA,
USA) was employed as the analytical column. The oven tem-
perature was held at 40°C for 1 min, then ramped at 30°C/min
to 130°C, followed by a 5°C/min ramp to 250°C, and a
10°C/min ramp to 300°C (held for 5 min). The chromatogra-
phy conditions were as follows: He (99.999%) flow rate was
adjusted according to the retention time of heptachlor epoxide
(22.153 min) before each batch, with an injection port temper-
ature of 250°C, an injection volume of 1 pL (splitless), and a
GC interface temperature of 280°C.

The hybrid QTOF mass analyzer was operated in the sin-
gle MS mode, and scan spectra were recorded in the m/z range
from 50 to 600 units, with an acquisition rate of 2 spectra/s.
The TOF mass analyzer was optimized as the 2-GHz extended
dynamic range (EDR) mode. Mass detector condition was per-
formed with an ion source temperature of 270°C and ionized
by electron impact at 70 eV. Automated recalibration of the
mass shaft was carried out every three injections, by infusion
of PFTBA in the EI source.

2.4 | Screening strategy

Identification of pesticides was based on the presence of
three diagnostic ions (the base peak of mass spectra (used
as quantitative ion) and other two next more abundant ions
(used as qualitative ions)), the ion ratios (respect to the quan-
titative ion), and the retention time. The spectra for peaks
in the extracted ion chromatograms (EICs) were compared
with those in the mass spectral library, and the retrieval
parameters set for identification were as follows: a reten-
tion time window of + 0.15 min, a mass error tolerance of
10 ppm for the three diagnostic ions, and two qualitative ions
should be consistent with the ion ratios of standards (variation
< 30%). Supporting Information Table S1 summarizes the
information of 184 pesticide compounds, including the reten-
tion times, quantitative ions, two qualitative ions, and ion
ratios. From the data, there is no case that two pesticide com-
pounds share the same retention times and masses of three
most abundant diagnosed ions. Therefore, the retention time,
the three most abundant diagnosed ions and ion ratios are use-
ful combination in achieving separate identification of each
compound.

3 | RESULTS AND DISCUSSIONS

3.1 | TOF mass acquisition parameters for
residue analysis

The key TOF mass parameters for pesticide residues analy-
sis include mass range, resolution, mass accuracy, acquisition
rate, and temperature of ion source. The mass range was set at
m/z 50-600, since there is no pesticide that is suitable for GC
test, its molecular weight is beyond 600.

3.1.1 | Resolution and mass accuracy

High selective and sensitive determination technique is nec-
essary to accurately detect the trace level of pesticides in
tea samples. In TOF/MS system, selectivity depends on the
mass resolution and accuracy of mass values assigned to
fragment ions [34]. In 2-GHz EDR mode, the mass spec-
trometer could switch between low- and high-performance
modes during acquisition and the resolution of TOF analyzer
changed from 4000 to 10 000 along with the mass values var-
ied from 100 to 500. The mass resolution values can be signif-
icantly improved when 4-GHz mode was adopted. The advan-
tage of 2-GHz EDR mode are shown in Figure 1A and B.
When the concentration of tolcofos-methyl (quantitative ion
m/z 264.9850) and fenazaquin (quantitative ion m/z 145.1012)
in black tea matrix are relatively high (300 pg/kg) in 4-GHz
acquisition mode, their EIC peaks are splitted, the quantita-
tive ions of tolcofos-methyl and fenazaquin are oversaturated,
and the concentration is beyond the detector linear range. In
addition, the response usually falls outside the extracted mass
chromatogram window (10 ppm), which easily leads to false
negative results. The saturated ions were flagged with aster-
isk mark (*), and the mass errors for quantitative ions of
tolcofos-methyl and fenazaquin were of 12.4 and 13.8 ppm,
respectively.

In 2-GHz EDR mode, the mass accuracy of the fragment
ions was controlled by performing an internal mass calibra-
tion, which was investigated by injecting six times standards
of 79 representative pesticides (100 pg/L): (1) a mass cali-
bration of the TOF analyzer before each injection; (2) a mass
calibration of the TOF analyzer for every three injections; and
(3) the injections were performed one-by-one injection for
every 4 h without mass recalibration. The results are shown
in Supporting Information Table S2; average mass errors are
1.8, 2.2, and 4.0 ppm, respectively. In addition, a real-time
calibration mode was also conducted by using an internal ref-
erence mass (IRM), where the introduction of IRM reduced
the target compounds into the detector, which has an obvi-
ous negative impact in the achieved LODs, especially in low
concentrations; hence, the data are not shown in Supporting
Information Table S2. Considering the short stability of the
mass shaft, mass calibration was conducted between every
three injections.
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FIGURE 1 The spectra of (A) tolcofos-methyl (EIC for m/z 264.9850 embedded) and (B) fenazaquin (EIC for m/z 145.1012 embedded) with
2 GHz EDR mode and 4 GHz mode, in a black tea matrix spiked standard at 300 pg/kg
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acquisition rate (n = 5) for chlorpyrifos (m/z 196.9197) and alpha-HCH (m/z 180.9373) in solvent standard (100 pg/L)

3.1.2 | Acquisition rate

The number of mass spectra was obtained from a chromato-
graphic peak based on (1) the number of fragment ions with
overlapped chromatographic windows and (2) the acquisi-
tion rate of the TOF analyzer. In most situations, 3—8 mass
spectra were recorded per peak using an acquisition rate of
1 spectrum/s. To assess the effect of this change in the perfor-
mance of the GC-EI-TOF/MS instrument, the chromatograms
of chlorpyrifos and alpha-HCH in different acquisition rates at
100 pg/L were investigated, as shown in Figure 2A. At higher
acquisition rates, more mass spectra per peak could be col-
lected at an expense of reducing the number of transients per
mass spectra, which led to the decrease in intensity of detector
response and S/N ratio. For detection, the high S/N is indis-
pensable for acquiring low LOD. The low acquisition rate sig-
nificantly led to poor peak shapes, which obviously cannot
follow the Gaussian curve. The plot of RSDs for peak area
versus acquisition rate for chlorpyrifos and alpha-HCH (Fig-
ure 2B) shows that low RSDs, which were shown acceptable
precision in peak area measurements, are acquired when an
acquisition rate of 2 spectra/s was adopted. No difference was

found in the accuracy of mass assignation to MS fragments
under different acquisition rates. As compromise, 2 spectra/s
was selected as the TOF mass acquisition rate.

3.1.3 | Temperature of ion source

The effect of temperature of the ion source (210-290°C)
on quantitative ion signal responses was also investigated.
Figure 3 shows the plots for bifenthrin (m/z 181.1012),
chlorothalonil (m/z 263.8811), and chlordane (m/z 372.8250)
peak area versus ion source temperature. The responses
of quantitative ion changed with the variation of temper-
ature, although no regularity was found, and the changes
depended on the analytes. The quantitative ion of bifenthrin
(m/z 180.1012) showed an increase in response with the
increase of ion source temperature, while chlorothalonil
(m/7263.8811) and chlordane (m/z 372.8250) exhibited slight
change, and the ion of m/z 372.8250 exhibited the highest
response when the ion source temperature was set at 250°C.
Overall, the ion source temperature was set relatively higher
not only for the enhancement of the most ions response, but
was also for the ion source cleaning. However, excessively
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FIGURE 3 Peak area of 1 puL injection volume (100 pg/L) for bifenthrin (m/z 181.1012), chlorothalonil (m/z 263.8811), and chlordane (m/z

372.8250) in GC-TOF/MS at different ion source temperature setting

high temperature setting for a long time would damage the
ion source. For these reasons, the ion source temperature was
set at 270°C as the overall compromise in the final method.

3.2 | Home-made mass spectral library

3.2.1 | Setting up of the mass spectral library

To evaluate of the GC-EI-TOF/MS analysis system, 184 pes-
ticides suitable for GC detection, which are typically found
in teas with MRLs established by Japan and EU legislation,
were selected to create the mass spectral library. Each pesti-
cide standard at concentration of 1 pg/mL was injected into
the instrument system to obtain the corresponding full-scan
mass spectrum. As a kind of hard ionization technique, there
are numerous fragment ions generated at EI source, among
which the molecular ion might not be present or display low
response in most cases. Therefore, each spectrum was care-
fully checked to verify that the molecular theoretical exact
mass and the measured exact mass are matched. To guarantee
accurate mass assignment of each diagnostic ion, the tool was
applied, which is buttoned as “generate formula from spec-
trum peak” embedded in the MassHunter® Qualitative Anal-
ysis software. We selected three ions with relative abundance
higher than 10% of the base peak as diagnostic ions. Infor-
mation containing the name, retention time, and the theoret-
ical exact mass of diagnostic ions were sent to PCDL man-
ager® software to create the .cdb format mass spectral library
and linked to the instrument software to conduct an automatic
search of the pesticides from tea matrices extraction. The cre-
ated library can be easily extended to include more pesticide
compounds using the above procedure.

3.2.2 | Spectra consistency and mass accuracy
VS pesticide standard concentration

Spectra consistency and mass accuracy are necessary in a
wide concentration range in the pesticide residue analysis of
actual samples. In EU, the MRLs for pesticide residues in
teas range from 10 pg/kg to 50 mg/kg. For some pesticides

in the spectral library, the detector signal of GC-EI-TOF/MS
is prone to be saturated at high concentration level, leading to
inaccurate results, as discussed in Section 3.1.1. In this study,
standard solutions of 2’4-DDE in hexane (from 1 pg/L to
5 mg/L) were investigated. Consistent spectra were obtained
in a wide concentration range, 1 pg/L and 5 mg/L spectra are
shown in Figure 4. Mass deviations for all ions were within
5 ppm over the entire range at high and low concentrations.
Thus, mass accuracy of diagnosed ions is not affected by con-
centration of pesticide in this range.

The data can also be used to evaluate the linear range of
detection and the consistency of ion ratios. The linear range of
detection was assessed through a parameter named “response
factors (RF),” which is calculated by dividing the peak area
over the pesticide concentration. The concentration levels and
relative abundance of qualitative ions to the quantitative ion
(m/z 245.9998) are supplied in Supporting Information Table
S3. The data showed that the system was linear from 1 pg/L
to 5 mg/L, and ion ratios remain consistently. Spectra library
can be applied for pesticides retrieval in the above concentra-
tion range. At 10 mg/L, diagnostic ions ratio keeps consistent,
however, depressed RF and larger ion mass deviation were
observed due to saturation of detector, and in this case, dilu-
tion is needed for precise mass spectra library screening and
pesticides quantitation.

3.2.3 | Comparability to NIST spectra

An advantage of using EI source in GC-MS is the availabil-
ity of mass spectra in the NIST library with nominal mass for
more than 240 000 compounds. In practice, until now there is
no commercial mass spectral library for EI-TOF/MS, in which
case the nominal mass NIST library is an alternative to verify
comparability with other EI spectra. In this study, we obtained
the HRMS spectra of pesticides by injecting pesticide stan-
dards and subtracting their background. The HRMS spectra
were automatically searched in the NIST library, and the lat-
ter subsequently converted the HRMS spectra into nominal
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FIGURE 4 GC-EI-TOF accurate mass spectra for standards of 2'4-DDE in hexane with two concentrations. (A) 5 mg/L, (B) 1 pg/L

mass spectra. Generally, the spectra of GC-EI-TOF/MS were
very similar to that of the NIST, as shown in Figure 5.

For some special pesticides, a more detailed comparison
was conducted to determine some differences, such as the
abundance of some ions compared with that of the NIST spec-
tra (e.g., ethoprophos in Figure 6). The most abundant ion of
the NIST spectrum was m/z 158, followed by m/z 97 and 200,
whereas m/z 97 is the most abundant ion in the EI-TOF/MS
spectra, followed by m/z 158. Similar phenomenon was found
for methabenzthiazuron, as shown in Supporting Information
Figure S1. It may be the reason that transmitting path of the
ions in TOF is different with that of low-resolution mass spec-
trometry (LRMS). The ion abundance ratio was not affected
by acquisition parameter settings and matrix types. Although
difference between EI-TOF/MS spectra and El-quadrupole
spectra was observed for these two pesticides, there is no sig-
nificant impact found on the automated search results. Thus,
the EI-TOF/MS spectral library can also work for LRMS.

3.3 | Retrieval parameters of TOF spectral
library

3.3.1 | MEW setting

In residue analysis based on accurate mass measurement,
analyte ions are extracted from the full-scan data with a
given MEW in MassHunter® Qualitative Analysis Software.
The demand for applying MEW is that the analyte ions
are separated from the background chemical noise of vari-
ous sources, such as matrix coextracts, contaminants from
chromatographic column, and ion source. A narrower MEW
results in higher selectivity. The enhancement in selectivity
contributed to the S/N increase, thereby improving LODs.
Supporting Information Figure S2 shows the changes of S/N
for quantitative ions of dichlorvos (mm/z 109.0049) and bupir-
imate (m/z 208.1444) at four MEWs (5, 10, 20, and 50 ppm)
in green tea, oolong tea, black tea, and puer tea matched
standards at 10 pg/kg. For example, bupirimate in green tea
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(Supporting Information Figure S2B), the S/N increased from
47.5 to 306.1 when the mass window was set from 50 ppm to
10 ppm, whereas the S/N is decreased to 49.9 as the mass win-
dow continued to narrow to 5 ppm. The phenomenon of peak
split may be caused by the large effect of coelution interfer-
ences on the ion m/z 208.1444 or the drifting of the quality
shaft of time-of-flight tube, which resulted in mass deviation
of some acquisition points by greater than 5 ppm. In other
word, too narrow MEW setting (5 ppm) had negative effect
on accurate quantitative purpose. For dichlorvos in green tea
(Supporting Information Figure S2A), the S/N is 70.1 with a
mass window of 50 ppm, the S/N increased to 192.1 for all
MEWs of 20, 10, and 5 ppm. The selectivity of these two pes-
ticides in green tea, as well as in oolong tea, black tea, and
puer tea, was improved by narrowing the MEW from 50 to
10 ppm.

Then, the mass accuracy for each ion of the 184 analytes
was investigated for the four matrices spiked at 100 pg/kg,
and 10 ppm was set as the MEW. The results showed that 92.4,
92.9,94.6, and 95.7% of the investigated pesticides were iden-
tified in green tea, oolong tea, black tea, and puer tea, respec-
tively. In other word, the false-negative rate of pesticide detec-
tion is reduced to less than 8%. In the final analysis, a MEW
of + 10 ppm was used for data processing.

3.3.2 | Retention time windows setting

In complex matrices, numerous matrix interferences are apt to
cause false-positive results, especially in retention time, which
is very close to the target compound. Thus, setting a suit-
able retention time window is necessary to exclude the inter-
ferences. To set a reasonable retention time window, experi-
ments were conducted under the appointed chromatographic
and MS conditions, and four analyses were made on the four
different tea samples spiked with 184 pesticides (100 pg/kg).
The deviations of retention time of EICs for 184 quantita-
tive ions are shown in Supporting Information Table S4, in
which the retention time deviation of over 85% of the pesti-
cides was less than 0.1 min in different tea matrices. More-
over, the maximum retention time deviation was 0.136 min,
which observed for ethofumesate in black tea. No other com-
pound whose retention time deviation exceeded 0.13 min for
all the four kinds of teas. The stable retention time of pesti-
cide compounds is mainly attributed to the robust electronic
pressure controller as an important part of the gas chromato-
graphic system and the retention time locking function by
using heptachlor epoxide before each batch. Therefore, we
finally set the optimal retention time window at + 0.15 min,
and the interferences can be excluded maximum.

3.4 | Performance of the analytical procedure

The performance of this method was evaluated in terms of
linear range, LODs, LOQs, LOIs, accuracy, precise, and ME.

3.4.1 | Linear range, LODs, LOQs, and LOIs

The linear range was studied from 1-1000 pg/kg in all four tea
matrices. The linear equation was acceptable when the coef-
ficient of determination (R?) > 0.995. The results are shown
in Supporting Information Table S5. Most of the pesticides
showed good linearity in their individual linear range, with
R? meeting the established criterion, except for chlorfenapyr
and deltamethrin in green tea and oolong tea. Narrow linear
range (500-1000 pg/kg, data not shown) was acquired for only
two compounds because of their high LOQs (500 pg/kg).

In this study, the LOD, LOQ, and LOI were determined
by analyzing spiked extracts (1, 2, 5, 10, 20, 50, 100, and
500 pg/kg) of four matrices. LOD was defined as the level that
corresponded to three times S/N in the EIC of the quantitative
ion. The LODs acquired from the 184 investigated pesticides
in four matrices are listed in Supporting Information Table S5
and summarized in Table 1. For more than 95% of the pesti-
cides in different tea matrices, the LOD was < 50 pg/kg.

TABLE 1 The LOD, LOQ, and LOI for 184 pesticides spiking in
four kinds of tea matrices

Green tea Oolong tea Black tea Puer tea
LOD
pe/kg Number of pesticides
<1 32 20 31 29
2 19 13 29 14
5 44 43 35 49
10 47 53 53 42
50 40 47 34 46
100
500 0 0
LOQ
pe/kg Number of pesticides
<1 9 5 13 12
2 18 13 28 17
5 38 31 46 34
10 63 61 37 56
50 49 57 53 57
100 5 15
500 2 2 0
LOI
pe/kg Number of pesticides
<1 17 14 12 15
2 21 14 23 17
5 35 33 37 39
10 52 57 51 54
50 46 50 51 48
100 11 14 10 11
500 2 2 0 0
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LOQ was defined as the lowest point in linear range with
RF deviation < 20%. The LOQs obtained were < 10 pg/kg
for 69.5, 59.8, 67.4, and 64.7% of 184 pesticides for green
tea, oolong tea, black tea, and puer tea, respectively. Most
of the pesticides can excellently meet the MRLs, but a few
exceptions were observed: endrin and oxadixyl in green tea,
azinphos-ethyl, endrin, flucythrinate, oxadixyl, phosphami-
don, pyridalyl, spirodiclofen, and tolylfluanid in oolong tea,
endrin, and oxadixyl in black tea, and endrin, iprovalicarb,
oxadixyl, phosphamidon, and triazophos in puer tea (Support-
ing Information Table S5). The response is relatively low on
the detector for these compounds, and the matrix interference
is different in different tea type.

In SANTE/11945/2015, LOIs was required that the devi-
ation of ion ratio of the qualitative and quantitative ion of
analytes should be less than 30% comparing to the reference
ion ratio. Except for the ion ratio criterion, the guidance doc-
ument also sets regulations refer to retention time deviation
(< 0.1 min from reference retention time) and mass deviation
(£ 5 ppm). In our study, slightly broad condition was set due
to the complexity of the tea matrices and to reduce the false
negative possibility. Retention time deviation of 0.15 min and
mass deviation of 10 ppm were selected as the optimized con-
ditions. The default reference ion ratio was the standard com-
pound in solvent at 1000 pg/kg, which is used for mass spec-
tral library establishment. Solvent standards were adopted to
minimize the risk of contribution of matrix ions to the signal
of the quantitative or qualitative ions. No obvious difference
was found between LOIs and LOQs for the number of pes-
ticides in different teas (Table 1), which indicated that reli-
able ion ratio was easily obtained at the concentration equal
to LOQ. Overall, the GC-EI-TOF/MS can serve as a reliable
and powerful tool for identification and quantification of pes-
ticide residues in tea matrices.

3.4.2 | Accuracy and precision

Accuracy and precision were evaluated using green tea,
oolong tea, black tea, and puer tea spiked at three different
concentration levels: 10, 50, and 100 pg/kg. The spiked tea
samples were processed in five parallel runs, and the pesti-
cides in tea sample extracts were determined by external cal-
ibration. The method performance results are shown in Sup-
porting Information Table S6. At 10 pg/kg, 92.2, 96.3, 92.7,
and 95.1% of the detectable pesticides in green tea, oolong
tea, black tea, and dark tea had recovery within the EU guide-
lines for pesticide residue analysis [35], that is, between 70
and 120% with precision < 20%. At 50 and 100 pg/kg, the
values were also more than 90% for different tea matrices. For
some pesticides, such as 1-naphthyl acetamide, acibenzolar-
s-methyl, chlorothalonil, pyrimethanil, and chlorbenside, the
recovery was below 70% due to the loss in the pretreatment
process and adsorption by purification materials. Although in

these cases, the good repeatability could still be achieved, they
could be quantified accurately by the correction of recovery.

3.4.3 | MEs

ME is classified as signal enhancement or suppression of an
analyte, and this phenomenon is due to the coelution of matrix
components and it exerts an important influence on quan-
titative analysis of pesticides [36]. In this study, MEs were
assessed based on the instrumental response of the pesticide
(100 pg/kg) obtained in matrix extracts and solvents for green,
oolong, black, and puer teas. The ME of each pesticide was
calculated by the following equation: ME = [(A1-A2)/A2]
X 100%, where Al and A2 are the peak areas measured for
spiked extracts and solvent standard with the same concen-
tration of the same tea sample. Moreover, the analytes were
classified into three groups: matrix suppression effect (ME
lowers than —20%), weak matrix effect (ME between —20%
and 20%), and matrix enhancement effect (ME higher than
20%). Results are shown in Figure 7. Fewer pesticides showed
matrix enhancement effect in black tea and puer tea than in
green tea and oolong tea. The 74.5 and 79.9% of the pesticides
exhibited weak matrix effect in black tea and puer tea, respec-
tively, but 62.0 and 59.2% of the pesticides descend into the
same range in green tea and oolong tea, respectively. No pes-
ticides were subjected to matrix suppression effect in the four
tea matrices. It should be paid attention to that the strongest
matrix enhancement effect (approximately 80%) that occurred
in EPTC and phosmet in green tea. Base on the above reasons,
matrix-matched standard calibration curves were applied to
compensate for matrix effect and to get the accurate quantita-
tive result.

3.4.4 | Screening of samples

The proposed method was applied to 54 tea samples (16 green
teas, 10 oolong teas, 13 black teas, and 15 puer teas) purchased
from local supermarkets. Concentrations measured for the
analytes are summarized in Supporting Information Table S7.
A total of 16 pesticides were present in 46 samples, with the
maximum individual concentration of 632.7 pg/kg for bifen-
thrin in puer tea (sample 9). Importantly, 70.4% of the sam-
ples showed at least one pesticide with concentration above
10 pg/kg and 25.9% stayed above 100 pg/kg. Bifenthrin was
the most widely detected pesticide in various categories of
tea samples, and acrinathrin and chlorpyrifos were also fre-
quently detected in green and oolong teas. In completely fer-
mented teas (black tea and puer tea), most pesticide residues
might be decomposed during fermentation under relative high
temperature and humidity. More attention should be given to
individual residues that exceeded the MRL prescribed by EU;
for instance, acrinathrin and cypermethrin in green tea (sam-
ple 9) and oolong tea (sample 5), and bifenthrin in puer tea
(sample 9). Thus, monitoring the level of pesticide residues
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FIGURE 7 GC-TOF MS matrix effect. The 184 pesticides were prepared in sample extracts (four different tea matrices) and solvent at a
concentration of 100 pg/kg (chlorfenapyr and deltamethrin were preparedat a concentration of 500 pg/kg) equivalent in sample

in tea is necessary to ensure consumers’ health and to guide
tea farmers to use pesticides scientifically and rationally. The
results confirmed the feasibility of the proposed method for
multiple pesticide residues screening and quantitation in tea
samples.

4 | CONCLUDING REMARKS

This study is the first time to adopt a new qualitative screen-
ing strategy for pesticides in teas using GC-EI-TOF/MS tech-
nique combined with a home-made mass spectral library.
Under the optimized acquisition condition, the home-made
spectral library has been built and validated in different tea
matrices. The developed technique was used for simultane-
ous determination of 184 pesticides in tea matrices. The accu-
racy of pesticide detection result is satisfactory when the opti-
mized retrieval parameters of the TOF mass spectral library
are applied.

The LODs, LOQs, and LOIs of this method were investi-
gated and discussed. Results showed that it was an accurate,

reliable, and low-cost method, and could be used for routine
screening of pesticide residues in tea samples. This method
was employed on commercial samples; the result showed
that several pesticides included in mass spectral library were
detected in the tea samples, wherein 16 out of the 184 pesti-
cides were found.

In addition, the characterization of TOF analyzer is the
application of full-scan acquisition with high sensitivity and
mass accuracy. This feature facilitates an easier and more
accurate qualitative analysis because the monitoring of diag-
nosed ions of analytes need not be predefined before data
acquisition.

This developed method is very useful in the detection of
the trace targeted chemical residues in complex matrices.
Further, it could be easily extended to include more ana-
lytes. It can improve not only the ability of multiple pesti-
cide residues screening, but also the performance of detection
method. It has the advantage of cost-, labor-, and time- sav-
ing, high speed and high efficiency. Meanwhile, it can help to
solve food safety problems in pesticide residues to make early
detection, early warning, and early management. It also can
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facilitate food safety supervision and make food safety from
passive rectification to prevention.
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