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MS Abstract. Extractive atmospheric pressure photoionization (EAPPI) mass spectrom-
etry was designed for rapid qualitative and quantitative analysis of chemicals in
complex matrices. In this method, an ultrasonic nebulization system was applied to
(\, sample extraction, nebulization, and vaporization. Mixed with a gaseous dopant,

vaporized analytes were ionized through ambient photon-induced ion—-molecule

[/ reactions, and were mass-analyzed by a high resolution time-of-flight mass spec-

ultrasonic nebulizer

trometer (TOF-MS). After careful optimization and testing with pure sample solution,
EAPPI was successfully applied to the fast screening of capsules, soil, natural
products, and viscous compounds. Analysis was completed within a few seconds

without the need for preseparation. Moreover, the quantification capability of EAPPI
for matrices was evaluated by analyzing six polycyclic aromatic hydrocarbons (PAHSs) in soil. The correlation
coefficients (R®) for standard curves of all six PAHs were above 0.99, and the detection limits were in the range of
0.16-0.34 ng/mg. In addition, EAPPI could also be used to monitor organic chemical reactions in real time.
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Introduction

In recent years, the development of ambient ionization tech-
niques for mass spectrometry has been driven by the urgent
need for techniques for rapid detection of trace components in
complex matrices [1-3]. Since the introduction of desorption
electrospray ionization (DESI) [4] and direct analysis in real
time (DART) [5] in 2004 and 2005, respectively, over 30
ambient ionization techniques have been developed. In most
cases of ambient mass spectrometry, analytes are desorbed
from surfaces and ionized by a variety of existing atmospheric
pressure ionization methods, such as electrospray ionization
(ESI), atmospheric pressure chemical ionization (APCI),
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atmospheric pressure photoionization (APPI) [6], and plasma
based methods [7, 8]. Among these ionization methods, APPI
has attracted increasing attention because of its favorable
characteristics of soft ionization, no polarity discrimination,
and reduced ion suppression compared with ESI [9].

There are currently three well-established ambient methods
that have been derived from APPIL, namely desorption APPI
(DAPPI) [10], laser ablation APPI (LA APPI)[11], and solvent
jet desorption capillary photoionization (DCPI) [12]. In DAPPI
and solvent jet DCPI, a confined solvent vapor jet formed with
the assistance of a relatively strong sheath gas flow is applied to
desorb compounds from the surfaces of bulk substrates. Pow-
dered samples should be compressed into a pellet or sprinkled
on a double-sided tape for analysis [13]. In LA APPIL, an
expensive infrared laser [11] is used to ablate analytes from
water-rich surfaces, and the ablated neutral compounds are
intercepted and ionized by an orthogonal hot solvent vapor
jet (e.g., toluene or anisole). These methods allow for fast
qualitative characterization of the surfaces of tablets [10],
biological tissues [11, 12], and environmental samples [14].
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However, quantification of compounds within matrices is not
possible because these techniques provide surface analysis
only.

Ultrasonic nebulization has been applied as a sampling
method for solutions in organic mass spectrometry [15].
Ultrasonic nebulization extraction (UNE) uses ultrasound to
extract samples from matrices [16]. Recently, we applied UNE
combined with low pressure photoionization (LPPI) to the
analysis of compounds in solution and matrices [17]. LPPI
can produce molecular ions and solvent adducts, which are
complementary to the protonated ions of APPI. However, the
operation of vacuum ultraviolet (VUV) lamp in the vacuum
chamber is inconvenient, and the gas density in the ionization
region is relatively low compared with that of APPI [18].

The aim of the present study was to combine UNE with
APPI for direct analysis of real samples without chromatogra-
phy separation. This method is called extractive atmospheric
pressure photoionization (EAPPI), and is simpler, more con-
venient, and has better sensitivity than UNE-LPPI. In addition,
it has the following three advantages over other existing
photoionization-based techniques: (1) EAPPI can enable fast
screening of components in matrices rather than just surface
analysis; (2) EAPPI can realize rapid quantitative analysis in
matrices with good correlation coefficients and detection
limits; and (3) EAPPI can be used to monitor organic reactions
in real time.

Experimental
Chemicals and Sample Preparation

Hydroxylamine hydrochloride, methyltestosterone, choleste-
rol, and 9,10-phenanthrenequinone were purchased from
Sigma-Aldrich (St. Louis, MO USA). Fluorene, phenanthrene,
acenaphthylene, acenaphthene, pyrene, and chrysene were ob-
tained from TCI (Tokyo, Japan). All these chemicals (>99%
purity) were used without further purification. High perfor-
mance liquid chromatography grade toluene, anisole, metha-
nol, acetonitrile, and water were obtained from Sinopharm
Chemical Reagent Co. (Shanghai, China). Nitrogen (99.9%)
for use as a carrier gas and refrigerated industrial grade liquid
nitrogen (99.8%) for use as a drying gas were purchased from
Nanjing Special Gas Factory Co., Ltd. (Nanjing, China).
Unless stated otherwise, all the experiments were conducted
with toluene as dopant.

A stock solution of 9,10-phenanthrenequinone (1 pg/mL)
prepared in methanol/water (v:v = 3:1) was used for the pa-
rameter optimization of EAPPI. A stock solution of cholesterol
(10 pg/mL) was also prepared in methanol/water (v:v = 3:1).
Compound amino acid capsules were purchased from
Shenzhen Wanhe Pharmaceutical Co. Ltd.d (Shenzhen, Chi-
na). For analysis, a pellet weighing approximately 0.05 mg was
taken from a capsule and placed in 4 mL of methanol/water
(viv = 3:1) in the nebulization cell. A sample of aromatic
petroleum residue after hydrotreating was obtained from China
University of Petroleum (Qingdao, China). The sample of
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aromatics was prepared from Lungu atmospheric residue after
hydrotreating through classic saturates/aromatics/resins/
asphaltenes fractionation. The details for hydrotreating are
described in an earlier report [19]. Before analysis, a little
viscous aromatic residue was added in acetonitrile in the
nebulization cell. Tangerine (Citrus reticulata) and grapefruit
(Citrus paradisi) fruits were obtained from a local supermarket.
For analysis, a piece of tangerine peel (5 mg) or grapefruit peel
(5 mg) cut from fresh fruit was added to the nebulization cell
separately without any pretreatment.

A soil sample was collected from the University of Science
and Technology of China West Campus (Hefei, China). The
spiked soil samples were prepared as follows (Supplementary
Figure S1). First, the soil sample was pulverized with a grind-
ing rod and sieved through an 80-mesh sieve to obtain fine
powder. The powder was freeze-dried, and then 40 mg of the
freeze-dried powder was mixed with a series of stock solutions
of six polycyclic aromatic hydrocarbons (PAHs) dissolved in
acetonitrile. After the solvent volatilized at room temperature
completely, the soil powder was put in 4 mL of methanol/water
(viv = 1:1) in the nebulization cell for subsequent mass analy-
sis. When detecting PAHs in soil, toluene/anisole (v:v = 1:1)
was used as the dopant because of its high ionization efficiency
[20]. The soil samples were treated with UNE for 0.5 min
before analysis. Each experiment was repeated three times.

Stock solutions of hydroxylamine hydrochloride (6 mg/mL)
and methyltestosterone (1.6 pg/mL) were prepared in
methanol/water (v:v = 3:1). For the oximation reaction, first 3
mL of hydroxylamine hydrochloride and then 3 mL of
methyltestosterone were added to the nebulization cell. Mass
spectra were acquired continually throughout this process. The
flow rate of carrier gas 1 was 40 mL/min.

EAPPI Mass Spectrometer

A schematic view of the EAPPI MS is shown in Fig. 1. The
ultrasonic nebulization system contained an ultrasonic nebuliz-
er (model 402AI; Yuwell Medical Equipment and Supply
Corp., Suzhou, China), a glass nebulization cell, a dopant
bubbler, and a heated transfer tube. The working frequency
for the transducer of the ultrasonic nebulizer was 1.7 MHz +
10%. The upper part (height 35 mm) of the glass nebulization
cell had an i.d. of 16 mm and lower part (height 10 mm) had an
i.d. of 8 mm. The bottom of the cell was covered with a thin
polyethylene membrane that was transparent to ultrasonic
waves, which was held in place by an O-ring. When the
ultrasonic nebulizer was turned on, the sample solution in the
nebulization cell could be transformed into aerosols by ultra-
sonic waves propagated from the transducer. The formed aero-
sol would be driven by carrier gas 1 through the heated transfer
tube (i.d. 6 mm, o.d. 9 mm, length 60 mm) and mixed with the
gaseous dopant, which was introduced from the bubbler
through another tube (i.d. 6 mm, o.d. 9 mm, length 180 mm)
by carrier gas 2. The outlet of the tube was only 1.5 mm (i.d.),
and the confined gaseous sample was introduced to the ioniza-
tion region. The entire transfer tube was kept at a constant
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Figure 1. (a) Schematic of the EAPPI mass spectrometer(not to scale) with the following parts: 1, ultrasonic nebulizer; 2, water; 3,
transducer; 4, O-ring; 5, membrane; 6, nebulization cell; 7, sample solution; 8, dopant; 9, heated transfer tube; and 10, VUV lamp. (b)
Relationship between signal intensity and the flow rates of carrier gases 1 and 2. (c) Relationship between signal intensity and the
drying gas flow rate. (d) Relationship between signal intensity and the distance between the lamp and MS inlet. (e) Relationship
between signal intensity and the capillary voltage. (f) Mass spectrum of 10 ug/mL cholesterol (MW = 386.35) obtained by EAPPI with
the VUV lamp off. (g) Mass spectrum of 10 pg/mL cholesterol obtained by EAPPI with the VUV lamp on

temperature of 320 °C. Generally, for the analysis of compo-
nents in complex matrices (e.g., soil and peel), a solid—liquid
mixture should be treated by UNE for 0.5 min.

An Agilent 6224 Accurate-Mass TOF MS (Agilent,
Santa Clara, CA, USA) was used to acquire high resolution
mass spectra. Dopant-assisted APPI was performed using a
krypton DC discharge VUV lamp (model PKS 106;
Heraeus, Cambridge, UK), which was mounted on a mo-
ving stage beside the MS inlet and positioned orthogonally
to the sample plume. Another gas (N,, 250 mL/min) was
used to purge the surface of the VUV lamp to protect the
MgF, window and prolong its operational life (not shown).
The drying gas originally used for desolvation of the ESI
source was heated to 325 °C. Generally, 15 consecutive
full scans from m/z 20 to 1000 at 1 spectrum/s were
acquired and averaged. The calibration, acquisition, and
analysis were completed using Mass Hunter Workstation
software.

Results and Discussion
Parameter Optimization of EAPPI

To improve the signal sensitivity, parameters that affect the
overall performance of EAPPI were optimized using a 1 pg/mL
9,10-phenanthrenequinone solution. According to the results of
our previous study [17], the volume of sample solution, the
distance between the membrane and transducer, and the tem-
perature of the water were kept at 4 mL, 13 mm, and 30 °C,
respectively, during the optimization procedures.

Figure 1b shows the dependence of the signal intensity at
m/z 209 on the flow rates of carrier gases 1 and 2. The optimal
flow rates of carrier gases 1 and 2 were 80 and 60 mL/min,
respectively. Higher flow rate of carrier gas 1 will slightly
reduce ion formation because of increased absorption of
VUV light by excess solvent [21, 22]. The heated drying gas
is crucial to the sensitivity, and taking both the sensitivity and
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stability into account, the optimal flow rate of the drying gas
was 5 L/min.

Another parameter affecting APPI and APPI-related
experiments is the distance between the VUV lamp surface
and the MS inlet axis. As shown in Fig. 1d, this distance (c in
Fig. 1a) was carefully tuned to 6.5 mm. The signal intensity
was significantly reduced at shorter distances (by ~60% when ¢
was 5 mm). At longer distances, the ion intensity would also
decrease by virtue of the adsorption of VUV light by air. The
optimum distance between the lamp axis and MS inlet surface
was 12 mm (a in Fig. 1a). To minimize potential contamina-
tion, the spray tip was directed off-axis to the MS inlet [23], and
the horizontal and perpendicular distances between them were
22 and 3 mm (b and d in Fig. 1a), respectively.

The capillary voltage applied on the MS inlet that can affect
the ions transmission efficiency [24] was also studied. As
shown in Fig. le, the optimum voltage range for 9,10-
phenanthrenequinone solution was found from 1000 to 3500
V, which is similar to that reported for dopant-assisted APPI
[25]. No ions were detected at voltages below 1000 V.

After optimization of the EAPPI experimental
parameters, the contribution of the VUV lamp to the
production of ions was further examined with cholesterol
(10 pg/mL), which has low polarity. No ion signal was
detected (Fig. 1f) unless the VUV lamp was turned on
(Fig. 1g), indicating that cholesterol was ionized through
photon-induced reactions rather than thermospray ioniza-
tion, which is one of the primary ionization mechanisms
in APPI [26]. Here, the limit of detection (LOD) of pure
cholesterol was 0.1 pg/mL (m/z = 385.35, S/N = 53),
which is better than that obtained by reactive DESI for
cholesterol derivatives (1 pg/mL) [27].

v
3 S S
) (=] )
o 2 O o
N B ~ w
Ny =
—
300 ~
~~ hl
‘9 ~
[
o o o
) < I%) ©
Q S - ©
EL =
=
w e/
< 150 S j
3 0|
= -

100 150

170.08

C. Liu et al.: Extractive APPI (EAPPI)

Direct Analysis of Chemicals in Complex Matrices

As demonstrated above, the application of EAPPI for the
analysis of solvent sample can be well implemented. UNE
could quickly extract chemicals from a matrix and supply the
desolvated aerosols for mass analysis. The feasibility of EAPPI
for rapid screening of chemicals in various matrices was then
investigated.

A commercially available compound amino acid capsule
containing eight standard amino acids and several soluble
vitamins was tested using EAPPI. A background subtracted
mass spectrum was obtained of the components in the pellet
(Fig. 2), and this shows [M + H — H,O]" for L-threonine and
[M + HJ" ions for the other seven amino acids. The vitamins,
B1, B3, BS, B6, and C, were also detected, but isomers like
leucine and isoleucine were indistinguishable. Detailed assign-
ments of the observed ions (mass error < 5 ppm) in Fig. 2 are
listed in Supplementary Table S1. No pretreatment was
conducted. Thus, EAPPI is more favorable than gas chroma-
tography (GC)-MS for the qualitative analysis of amino acids.
According to the results of previous publications [28, 29],
derivatization is mandatory for GC-based analysis of amino
acids and a relatively longer time (>8 min) was needed than
EAPPI analysis (within 1 min).

Figure 3 shows the EAPPI mass spectra of tangerine (Citrus
reticulata) and grapefruit (Citrus paradise) peels after UNE
treatment. Below m/z 200, the peels showed very similar sig-
nals, which could be assigned to volatile terpenes. For example,
the ion at m/z 136.12 was tentatively identified as monoterpene
hydrocarbons. Flavonoids that are biologically active [30] and
show great potential as anticarcinogens [3 1] were found in both
peels, with peaks detected at m/z=343.12,373.13,403.14, and
433.15. Detailed assignments (mass error <5 ppm) are given in

188.07
205.09

220.11

257.10

200 250
m/z

Figure 2. Background subtracted EAPPI mass spectrum of a pellet from a compound amino acid capsule dissolved in methanol/

water (v:v = 3:1)
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Figure 3. Background subtracted mass spectra of (a) tangerine (Citrus reticulata) peel and (b) grapefruit (Citrus paradisi) peel

obtained by EAPPI after treatment of UNE for 0.5 min

Supplementary Table S2. The peak at m/z = 465.14 (Fig. 3b)
was assigned as hesperetin 7-O-glucoside based on previously
reported flavonoid profiles for Citrus grandis [32]. This is the
first time that hesperetin 7-O-glucoside has been detected as a
major constituent in grapefruit peel. Other striking signals at
m/z 581.18 and 611.19 (Fig. 3b) were assigned to narirutin/
naringin and hesperidin/neohesperidin, respectively. These
assignments agree with a previous report of high-performance
liquid chromatography diode array detection ESI MS [33].

EAPPI was also applied to the analysis of a viscous matrix.
The spectrum of heavy oil after hydrotreating (Fig. 4) shows
that components in heavy oil with low polarity and volatility
were fully nebulized via UNE and photoionized. Relatively
low molecular weight components of 200450 Da with a center
around 320 Da and high molecular weight components located
around 520 Da were observed, which was also observed with
laser-induced acoustic desorption/tunable synchrotron vacuum
ultraviolet photoionization mass spectrometry [19, 34]. Eluci-
dation of the structures and identification of the compounds
present in the highly complex fractions derived from the petro-
leum residue was not possible because of the resolution of our
mass spectrometer. The mean molecular weight (A),) can be
estimated using the following equation:

Y > NiMi

"SoNi

where N; and M; are the signal intensity and molecular weight,
respectively. The mean molecular weight was calculated to be
548 Da, which was comparable to that obtained by laser-
induced acoustic desorption/tunable synchrotron vacuum
ultraviolet photoionization mass spectrometry [19].

(1)

Assessment of EAPPI-MS for Quantification

Quantitative analysis of chemicals in complex matrices is still
challenging with ambient mass spectrometry. According to the
literature [35-37], methods such as DESI and DAPPI, which
use a high pressure sheath gas, are not suitable for direct
quantitative analysis of compounds in samples in powder form.
To date, only several ambient ionization methods, such as
desorption APCI [37] and low temperature plasma (LTP) [38]
were applied to the quantification of compounds in powder
matrices (powdered milk), and LTP is reported to have a
dynamic range of more than two orders of magnitude [38].
The quantitative performance of EAPPI for matrices was
demonstrated by determining the LOD, linearity, and
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Figure 4. Background subtracted mass spectrum of aro-

matics separated from petroleum residues after hydrotreating

dissolved in acetonitrile obtained by EAPPI with toluene/anisole
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Table 1. Detection of Six PAHs Using Toluene/Anisole (v:v = 1:1) as Dopant in Positive lon Mode

Analytes Monitored ions, “m/z LOD (signal-noise ratio) RSD® (N=3)
Acenaphthylene 152 0.32 ng/mg (S/N = 16) 7%
Acenaphthene 154 0.32 ng/mg (S/N = 19) 12%

Fluorene 166 0.34 ng/mg (S/N = 8) 11%
Phenanthrene 178 0.64 ng/mg (S/N = 55) 11%

Pyrene 202 0.3 ng/mg (S/N = 43) 12%
Chrysene 228 0.34 ng/mg (S/N = 28) 10%

2All of the measured ions are the M " ions of the analyte
®The RSD was obtained at the corresponding LOD

repeatability for six PAHs in soil. Owing to their mutagenic
and carcinogenic properties, these PAHs have been classified
as priority pollutants by the United States Environmental Pro-
tection Agency [39] and the European Union [40]. Existing
GC-MS methods for the PAHs in matrices such as soils,
sediments, and air particulates are well established [41, 42].
However, time-consuming pretreatment and separation steps
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are usually needed. By comparison, EAPPI-MS of PAHs in
various matrices is rapid (within 1 min).

Table 1 lists the LODs of six PAHs in soil with toluene/
anisole (v:v = 1:1) as dopant. The detection limits (range 0.16—
0.34 ng/mg) were much lower than PAH levels in areas with
anthropogenic pollution [43, 44]. The results were an obvious
improvement over those obtained with photoionization-based
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Figure 5. Standard curves obtained for quantitative analysis of (a) acenaphthylene, (b) acenaphthene, (c) fluorene, (d) phenan-
threne, (e) pyrene, and (e) chrysene using toluene/anisole (v:v = 1:1) as dopant
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Scheme 1.

DAPPI (10 ng/mg) [14] and UNE-LPPI (10 ng/mg) [17].
Relative standard deviation (RSD) values of each substance
in soil were in the range 7—12%.

Standard curves (Fig. 5) were constructed for the six PAHs
in soil by analyzing samples with different concentrations
without adding internal standards. The correlation coefficients
(R?) were all above 0.99, indicating good linearity of the
method for compounds in complex matrices. Complete bias
and imprecision (<20%) data for all six PAHs spiked in soil are
shown in Supplementary Table S3. All these results suggest
that EAPPI offers a robust alternative to existing methods for
rapid quantitative assay of chemicals in matrices, without the
need for sophisticated sample pretreatment.

Monitoring of Chemical Reactions in Real Time

Reaction monitoring is important in the chemical and pharma-
ceutical industries. Numerous mass spectrometry-based
methods, including ESI [45, 46], DESI [47], DART [48],
extractive ESI [49], LTP [50], electrospray-assisted laser
desorption/ionization [51], and ultrasonic-assisted spray
ionization [52], have been used for online monitoring of chem-
ical reactions in real time.

The application of EAPPI to organic reaction monitoring
was investigated for oximation accelerated by ultrasound irra-
diation [52]. Oximation is widely used to synthesize oximes,
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which are valuable chemical intermediates [53]. Here,
methyltestosterone and hydroxylamine hydrochloride were se-
lected as the reactants with the presence of acid as catalyst, and
the corresponding reaction mechanism is shown in Scheme 1.

The EAPPI mass spectra of methyltestosterone/
hydroxylamine hydrochloride in methanol/water (viv = 3:1)
at different reaction time are displayed in Fig. 6a. Each mass
spectrum was an average of 15 consecutive scans. Initially, [M
+ H]" ions of methyltestosterone at m/z 303 and its dehydrated
product at m/z 285 dominated the mass spectrum. As the
reaction time increased, the intensities of these peaks decreased
gradually and the signals of the protonated product at m/z 318
and its dehydrated product at m/z 300 increased. The integrated
peak areas were plotted as a function of reaction time (Fig. 6b).
The time-evolved profiles of reactant and product can be clear-
ly found.

Approximately 1.6 mL of solution was consumed over the
12 min reaction. To ensure that the decrease in solution volume
and sample amount did not affect the signal intensity, spectra of
6 mL of pure methyltestosterone solution were collected con-
tinually for 12 min (Fig. 6b). The profile of pure
methyltestosterone over this time was nearly constant, and
changing the solution volume from 4 to 6 mL did not affect
the signal intensity remarkably (Supplementary Figure S2).
The signal intensity of methyltestosterone in the presence of
hydroxylamine hydrochloride at the beginning of the reaction

(b)
O
280 4 00('0000 5 &OGQSISD OQ)OOO(DOO(;? O%Qm

Q ion intensity of protonated methy ltestosterone in methanol/water
O ion intensity of protonated methyltestosterone during reaction
O ion intensity of protanated product during reaction

140
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Figure 6. (a) Mass spectra obtained by EAPPI at different times during the reaction. (b) Traces of protonated methyltestosterone
(m/z 303, circles) and protonated product (m/z 318, squares) detected by monitoring the individual averaged signal intensities (15
consecutive analyses) on addition of 3 mL of hydroxylamine hydrochloride solution (6 mg/mL) to 3 mL of methyltestosterone solution
(1.6 ug/mL) in the nebulization cell. The hexagons in (b) represent the recorded signal traces of protonated methyltestosterone for
continuous analysis of 6 mL of methyltestosterone solution (0.8 pg/mL) for 12 min (each point represents the averaged ion intensity
over 15 s, RSD = 6%)
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was lower than that of pure methyltestosterone, which may be
due to the presence of hydroxylamine hydrochloride leading to
ion suppression.

Conclusions

The ambient ionization method EAPPI, which combines UNE
and APPI, was applied to rapid qualitative and quantitative
analysis of chemicals in various matrices and online monito-
ring of organic reactions. Pretreatment and chromatographic
separation steps are not required with this method, and the
extraction and ionization process can be completed within 1
min. Semi/non-volatile chemicals with different polarities in
capsules and plant tissues were effectively extracted, nebulized,
and successfully analyzed by EAPPI. Viscous aromatics sepa-
rated from petroleum residue obtained after hydrotreating were
analyzed and its mean molecular weight was obtained. The
robust quantification performance of EAPPI for chemicals in
matrices was shown by the good linear relationship obtained
for the detection of six priority PAHs spiked in soil powder.
Moreover, the feasibility of EAPPI for online, real time
monitoring of organic reactions was demonstrated by monitor-
ing oximation reactions.

EAPPI is a promising method for rapid qualification and
quantification of chemicals in complex matrices, and is an
alternative method for online monitoring of organic reactions.
EAPPI could be applied in food, drugs, herbs, forensics,
environmental analyses, and other areas.
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