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Abstract. Fast eruption desorption ionization
(FEDI) technique was developed for simple, rap-
id, and sensitive analysis of various compounds.
The FEDI allows three analytical modes each
with the unique characteristic. The results dem-
onstrated that non-assisted eruption was suitable
for stable and volatile compounds, energetic ma-
terial (EM)-assisted for nonvolatile molecules es-
pecially metal compounds, and solvent-assisted
eruption for fragile molecules. High-quality mass

spectra with intact ions of analytes were obtained in positive and negative ion modes.
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Introduction

M ass spectrometry (MS) is a powerful analytical tech-
nique for reasons of high speed, high sensitivity, and

the capacity of structure information. The innovation of ion source
has been promoting the rapid development ofMS [1–3]. Ionization
techniques requiring no high voltage or laser have aroused increas-
ing concernwith varying degrees of success, such as inlet ionization
[4, 5], zero volt paper spray ionization (zvPSI) [6], ambient flame
ionization (AFI) [7], atmospheric-pressure thermal desorption ion-
ization (APTDI) [8], etc. These ionization techniques offer great
flexibility in MS analysis, which avoids discharge and unwanted
redox reactions from the high voltage as well as low mass interfer-
ence from the matrix. Inlet ionization allows analysis of various
compounds, such as carbohydrates, proteins, lipids, synthetic poly-
mers, etc., where the initial ionization happens in the MS inlet.
Although this method avoids ion losses from atmospheric pressure
to vacuum, the subatmosphere operation condition is astricted

relative to sample introduction and may cause contamination to
the mass spectrometer. APTDI generates ions by rapidly heating
analytes with the assistance of nitrogen at atmospheric pressure,
which is generally used to analyze solid compounds, especially
organic salts. Therefore, further investigation is required to develop
simple and rapid ionization methods with good compatibility to
various samples for growing applications.

It is known that charged droplets and solid particles are
pervasive in natural phenomena such as thunderstorm, volca-
noes, and waterfall [9–11]. These charged species are mainly
generated in the process of high-velocity and violent motion,
which inspired us to explore innovative ionization technique
given that the charge formation of the analyte is the prerequisite
for the MS detection. Here, a fast eruption desorption ioniza-
tion (FEDI) technique was reported, which was a reflection of
macroscopic natural phenomena and generated ions in the
process of violent and high-speed eruption in a small space.

Material and Methods
FEDI-MS Conditions

The FEDI device consists of the sample tube and heating source.
The sample tube is the glass tube originating from the method of
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direct insertion probe of electron ionization (EI). The disposable
glass tube avoids the problems of cross contamination and
memory effects. The photograph of FEDI-MS apparatus was
shown in Fig. 1. The sample was introduced into the bottom of
the sample tube. Then the sample tube held in place by alligator
clip was placed in front of the MS inlet. The heating source
yielded sufficient energy at the bottom of the sample tube, which
rendered the volume of sample rapidly expand. Then the desorp-
tion and ionization occurred when the sample in the narrow
space was erupted to the atmosphere, accompanied by strong
friction and collision. Three different working modes of FEDI-
MS analysis were applied including non-assisted eruption, ener-
getic material (EM)-assisted eruption, and solvent-assisted erup-
tion. The details of various experimental parameters were pre-
sented in the Supporting Information.

The FEDI-MS and MS/MS experiments were performed on
TSQ triple-quadrupole mass spectrometer (Thermo-Fisher Sci-
entific, Waltham, MA, USA). The exact mass measurements
were carried out by using a linear ion trap-Fourier transform ion
cyclotron resonance mass spectrometer (LTQ-FTICR MS,
Thermo-Fisher Scientific, Bremen, Germany).

Detailed information about the chemicals and instruments
was listed in the Supporting Information.

Results and Discussion
The experiments were performed to demonstrate the capacity
and scope of application of FEDI-MS by analyzing various
compounds with different polarities (e.g., PAHs, glycosides,
organometallic compounds, etc.). First, analytes were directly
introduced into the sample tube, namely non-assisted eruption
mode. Then the flame was exposed to the bottom of the sample
tube. The analyte rapidly erupted from the sample tube,

analogous to the volcanic eruption. The strong convective
and triboelectrification emerged in the eruption process, which
gave rise to charge separation and initiated the ionization of
analytes. Fig. 2a–b and Figure S4 showed the spectra obtained
from the direct analysis of liquid compounds like
dibenzosuberone and benzoxazole as well as solid compounds
like 3,3′,4′,5,7-pentahydroxyflavone and phthalide. The intact
protonated, sodiated, and potassiated signals were obtained
with high-quality FEDI-MS spectra. The formation of Na and
K adduction seems not to eliminate sample tube surface as a
possible contributor for generating these adduction ions, there-
fore the frictional electrification [12–14] may be responsible for
initiating ionization.

Solvent-free sample preparation of non-assisted eruption
mode provides a simple and rapid analytical method. By ex-
tensive analysis of various organic compounds, experimental
results show that non-assisted eruption mode could analyze
stable and volatile compounds but no signal was observed for
nonvolatile and fragile compounds, such as organometallic
compounds, glycosides, etc. The possible reason is that fragile
molecules have been decomposed before desorption and non-
volatile compounds remain no desorption in non-assisted erup-
tion mode.

In order to achieve ionization of nonvolatile compounds,
especially organometallic compounds, a substance was
attempted to introduce, which not only produced abundant
energy to assist the desorption but generated a large number
of gases to assist analytes into the mass spectrometer. It was
found that the energetic material (EM) [15, 16] was a suitable
substance, which simultaneously generates abundant energy
and gases by the oxidation reaction and was applied to the next
experiment, namely EM-assisted eruption mode. Here, ammo-
nium perchlorate [17, 18], a widely used oxidizer in various
propellants and pyrotechnics, was used as an energetic material
for EM-assisted eruption experiments. The ammonium per-
chlorate was first introduced to the sample tube, approximately
one fifth of the sample tube, over which solid sample (roughly
nanogram scope) was applied. Ammonium perchlorate in
excess of the analyte permitted energy to transfer fast from
energetic material to the uppermost molecules of analytes.
The abundant energy and gases were generated in a small
space of sample tube, once exposure of sample tube bottom
to the heating source. The high-velocity gases entraining
analytes were erupted from the sample tube, which was
accompanied by violent collision and friction. The generat-
ed energy was high enough to desorb and ionize analytes,
especially for nonvolatile compounds. The high-speed gas-
es could assist nonvolatile compounds rapidly into MS for
detection. More importantly, there is no signal interference
of ammonium perchlorate to the sample because it was
eventually decomposed into gases.

Here, several examples of the EM-assisted eruption were
presented for direct analysis of the nonvolatile sample (Fig. 2c–
d and Figure S5). The intact cation ions were obtained at m/z
772 and m/z 189 for analysis of Piers-Grubbs 2nd and
cobaltocene hexafluorophosphate. For analysis of ruthenium

Figure 1. The photograph of fast eruption desorption ioniza-
tion mass spectrometry (FEDI-MS) apparatus for analysis of the
sample. (1) Sample tube. (2) Heating source
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acetylacetonate and 4-ethoxycarbonylphenyl boronic acid. The
intact protonated, sodiated, and potassiated signals were ob-
tained. These results suggest that EM-assisted eruption mode is
a beneficial means of direct analysis of nonvolatile compounds,
especially for organometallics. However, EM-assisted eruption
is still not suitable for analysis of fragile compounds that is
liable to fragment in EM-assisted eruption mode.

Consequently, the matrix that could effectively prevent the
thermal degradation during the heating process is necessary for
analysis of fragile compounds. The solvent was an appropriate
matrix for analysis of fragile molecules (Figure S6) since the
solvent enables to transfer heating energy from heating
source to the analyte, which has the role of mediator. The
experiments for direct analysis of various samples in the
solvent were performed, which is called solvent-assisted
eruption mode. The sample dissolved in the solvent was

introduced into the sample tube. When the heating source
touched the bottom of the sample tube, the solvent would
rapidly expand thousands of times in a small space and was
erupted from the sample tube. In the process of fast erup-
tion, the solvent was ionized firstly and the analytes were
ionized by proton transfer reaction, cation transfer reaction,
etc. The ionization mechanism is similar to matrix-assisted
laser desorption ionization (MALDI) [19], where the sol-
vent was analogous to the matrix in MALDI [20].

The intact ion signals without fragments were presented in
Fig. 2e–f and Figure S7 by solvent-assisted eruption for anal-
ysis of 2′-Deoxyadenosine, glucose, GLY-LEU, and GLY-
LEU. The reason may be that fast eruption renders heated time
of sample fairly short and the sample is rapidly desorbed and
ionized. Therefore, the evaporation rate of analytes is faster
than decomposition rate in the condition of solvent protection.

Figure 2. FEDI-MS direct analysis of (a) dibenzosuberone, (b) 3,3′,4′,5,7-pentahydroxyflavone, (c) Piers-Grubbs 2nd (C+A−), (d)
ruthenium acetylacetonate, (e) 2′-deoxyadenosine, (f) glucose
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Moreover, collisional cooling of nascent ions at atmosphere
may be conducive to suppress thermal decomposition. These
results demonstrate that the solvent-assisted eruption is suited
to analyze fragile molecules, which is a softer ionization ap-
proach taking into account the solvent protection compared to
non-assisted eruption and EM-assisted eruption.

In addition, the limit of detection (LOD) was investigated
using solvent-assisted eruption through analysis of 18-crown-
6. The LOD was as low as 200 fg (Figure S8), demonstrating
the high sensitivity of the FEDI-MS. Therefore the FEDI-MS
has the potential to detect trace sample. Then, the real-world
samples were analyzed by FEDI without any pretreatment in an
open environment. The prewetted tip of sample tube first gently
touched the metronidazole tablets or celecoxib capsules, which
then was analyzed by using solvent-assisted eruption mode.
High-quality spectra were acquired, confirmed by MS/MS
mass spectra (Figure S9 and Figure S10). Both above-
mentioned experimental results were achieved within several
seconds, demonstrating the wonderful applicability of the
FEDI for direct analysis of real-world samples. Moreover, the
contamination or sample carryover effect was not obvious
because the sample was applied in small amounts for FEDI-
MS analysis with high sensitivity. In addition, FEDI-MS could
also analyze the sample in the negative ion mode (Figure S11).
Therefore, the FEDI permits for smooth, fast, and nondisrup-
tive conversion between positive and negative ion modes.

Conclusions
In summary, a simple, rapid, and low-cost ionization technique
has been developed. According to compound properties, three
analytical modes of the FEDI could be chosen for rapid anal-
ysis of various samples without the assistance of the laser and
high voltage. Moreover, the FEDI was demonstrated to be
applicable to directly analyze complex matrixes without sam-
ple pretreatment. All of the above characteristics allow FEDI as
an attractive candidate to couple portable mass spectrometers
for wide applicability in laboratory and in-field analysis.

Funding Information

The authors are grateful for the financial supports from the
National Key Research and Development Program of China
(No. 2016YFC0800704) and the National Science Foundation
of China (21532005, 21772227, and 21472228).

References

1. Yan, X., Li, X., Zhang, C., Xu, Y., Cooks, R.G.: Ambient ionizationmass
spectrometry measurement of aminotransferase activity. J. Am. Soc.
Mass Spectrom. 28, 1175–1181 (2017)

2. Gong, X., Shi, S., Gamez, G.: Real-time quantitative analysis of valproic
acid in exhaled breath by low temperature plasma ionization mass spec-
trometry. J. Am. Soc. Mass Spectrom. 28, 678–687 (2017)

3. Wu, M.-X., Wang, H.-Y., Zhang, J.-T., Guo, Y.-L.: Multifunctional
carbon fiber ionization mass spectrometry. Anal. Chem. 88, 9547–9553
(2016)

4. McEwen, C.N., Pagnotti, V.S., Inutan, E.D., Trimpin, S.: New paradigm
in ionization: multiply charged ion formation from a solid matrix without
a laser or voltage. Anal. Chem. 82, 9164–9168 (2010)

5. Pagnotti, V.S., Chubatyi, N.D., McEwen, C.N.: Solvent assisted inlet
ionization: an ultrasensitive new liquid introduction ionization method
for mass spectrometry. Anal. Chem. 83, 3981–3985 (2011)

6. Wleklinski, M., Li, Y., Bag, S., Sarkar, D., Narayanan, R., Pradeep, T.,
et al.: Zero volt paper spray ionization and its mechanism. Anal. Chem.
87, 6786–6793 (2015)

7. Liu, X.-P., Wang, H.-Y., Zhang, J.-T., Wu, M.-X., Qi, W.-S., Zhu, H.,
et al.: Direct and convenient mass spectrometry sampling with ambient
flame ionization. Sci. Rep. 5, 16893–16901 (2015)

8. Chen, H., Ouyang, Z., Cooks, R.G.: Thermal production and reactions of
organic ions at atmospheric pressure. Angew. Chem. Int. Ed. 45, 3656–
3660 (2006)

9. Stolzenburg, M., Marshall, T.C.: Charge structure and dynamics in thun-
derstorms. Space Sci. Rev. 137, 355–372 (2008)

10. Thomas, R.J., Krehbiel, P.R., Rison, W., Edens, H.E., Aulich, G.D.,
Winn, W.P., et al.: Electrical activity during the 2006 Mount St. Augus-
tine volcanic eruptions. Science. 315, 1097 (2007)

11. Luts, A., Parts, T.-E., Laakso, L., Hirsikko, A., Gronholm, T., Kulmala,
M.: Some air electricity phenomena caused by waterfalls: correlative
study of the spectra. Atmos. Res. 91, 229–237 (2009)

12. McCarty, L.S.,Whitesides, G.M.: Electrostatic charging due to separation
of ions at interfaces: contact electrification of ionic electrets. Angew.
Chem. Int. Ed. 47, 2188–2207 (2008)

13. Li, A., Zi, Y., Guo, H., Wang, Z.L., Fernandez, F.M.: Triboelectric
nanogenerators for sensitive nano-coulombmolecular mass spectrometry.
Nat. Nanotechnol. 12, 481–487 (2017)

14. Baytekin, H.T., Patashinski, A.Z., Branicki, M., Baytekin, B., Soh, S.,
Grzybowski, B.A.: Themosaic of surface charge in contact electrification.
Science. 333, 308–312 (2011)

15. Zeman, S., Jungova, M.: Sensitivity and performance of energetic mate-
rials. Propell. Explos. Pyr. 41, 426–451 (2016)

16. Rice, B.M., Byrd, E.F.C.: Theoretical chemical characterization of ener-
getic materials. J. Mater. Res. 21, 2444–2452 (2006)

17. Brill, T.B., Brush, P.J., Patil, D.G.: Thermal decomposition of energetic
materials 60. Major reaction stages of a simulated burning surface of NH4

ClO4.? Combust. Flame. 94, 70–76 (1993)
18. Jacobs, P.W.M., Whitehea, H.M.: Decomposition and combustion of

ammonium perchlorate. Chem. Rev. 69, 551–590 (1969)
19. Zenobi, R., Knochenmuss, R.: Ion formation in MALDI mass spectrom-

etry. Mass Spectrom. Rev. 17, 337–366 (1998)
20. Wei, J., Buriak, J.M., Siuzdak, G.: Desorption-ionization mass spectrom-

etry on porous silicon. Nature. 399, 243–246 (1999)

1322 X.-P. Liu et al.: FEDI-MS


	Spectrometric Analysis
	Abstract
	Section12
	Section13
	Section24

	Section15
	Section16
	References


