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The rapid degradation of organic pollutants, process monitoring and online controlling to obtain advanced
products and decreased by-products are great and challenging tasks in environmental treatments. Herein,
an accelerated plasma degradation in milliseconds was achieved by combining electrospray-based accel-
eration and plasma-based degradation. Taking the degradation of chloroaniline as an example, 97% of the
degradation can be achieved in milliseconds. The velocity distribution of droplets was determined to be
40-50 m/s after being degraded for 0.30 ms, which exhibited different degradation behaviors in differ-
ent milliseconds. Simultaneously, by virtue of the real-time and on-line detection ability of ambient mass
spectrometry, intermediates, by-products and advanced products were monitored. Therefore, degradation
mechanisms for different degradation times were proposed, which would provide theoretical guidance
on obtaining efficient and green degradation. The fabrication, examining and understanding of acceler-
ated plasma degradation not only enlarged application of accelerated reactions, but also promoted green
and efficient degradation for environmental treatments.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the continuous development of society and industry,
degradation of various organic pollutants comes to be great and
challenging tasks for the diversity of pollutants including volatile
organic compounds, aromatic compounds, phenols or their deriva-
tives [1-4]. Among efforts on pollutant degradation, plasma degra-
dation contributes to faster, simpler, more efficient and green
degradation than traditional methods [5-7]. As the “fourth matter”
after solid, liquid and gas, plasma contains high-energy electrons,
excited atomic molecules and other active particles [8-10]. There-
fore, the organic pollutants in the plasma field would be endowed
with powerful activities for oxygenolysis such as efficient dehalo-
genation or C=C bond fission. Nevertheless, the plasma degrada-
tion is still at preliminary development stage, whose process could
not be well examined for great difficulties on online monitoring
and controlling in millisecond time-scale [11]. Therefore, the on-
line examining, monitoring and controlling of the plasma degrada-
tion are major determinants for the fast and efficient degradation
with low toxic intermediates or products.
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The traditional monitoring or characterizations on pollutant
degradations are normally employed by optical techniques, such
as ultraviolet absorption [12-14], fluorescence [15,16] and nuclear
magnetic resonance spectroscopy methods [17]. In comparison,
ambient mass spectrometry (AMS) is a powerful technique to di-
rectly and rapidly obtain molecular information without sample
pre-treatment [18-20]. Recently, AMS has been successfully applied
to observe reaction intermediates for mechanism studies [21-23].
Interestingly, the acceleration by electrospray (ESI) has become a
new focus on organic reactions in confined-volume of solutions,
which was evaluated by following on-line mass spectrometry [23-
25]. Therefore, ESI-based AMS techniques have exhibited great po-
tentials on both degradation acceleration and intermediate exami-
nations for mechanism studies [26].

Herein, an accelerated plasma degradation (APD) system was
constructed by the combination of ESI-based acceleration and
plasma-based degradation. Chloroaniline was selected as a mode
to study the degradation performance in milliseconds. By virtue
of the real-time examination of AMS, an in-situ detection system
of AMS was fabricated to observe and monitor important species
during the APD. The instantaneous changes in milliseconds were
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Fig. 1. Schematic diagram of plasma degradation and AMS systems.

firstly recorded, which provided significant information to propose
APD mechanisms.

As shown in Fig. 1, the APD system is a three-layer of mul-
tiphase flow: the innermost pollutant solution, the interlayer N,
nebulizing stream and the external gaseous plasma. The external
plasma is generated by dielectric barrier discharge, whose config-
uration is designed based on our previous works [21,27]. The con-
figuration consists of two high-voltage connected to copper elec-
trodes, which were attached to the external surface of a quartz
tube (i.d. 3.0 mm, o.d. 6.0 mm). With high voltage applied on, the
electron avalanche is created between electrodes, while charged
particles accumulate on the dielectric barrier to form wall charges.
The electric field of wall charges always opposes the applied field,
which triggered quenching of electron avalanches. While the high
voltage is an alternating volage, which makes the applied electric
field reversable to initiate the subsequent electron avalanche and
quenching [28]. Therefore, the plasma is nonequilibrium with nu-
merous microdischarges to generate high energy electrons, radi-
cals, ions and metastable species. In our experiment, in the air
flow, the plasma is generated between two electrodes under an
alternating high-voltage powered with an 8 W-power supply. The
generated plasma would be subsequently delivered down-flow and
out of the quartz tube. It should be noted, although the average
temperature of high-energy electrons in plasma is very high, the
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actual plasma gas temperature is close to the environment temper-
ature [29]. Therefore, in the present sprayed system, the capillary
would not be affected by plasma.

As illustrated, the organic pollutant solution is extracted and ul-
trasonically sprayed by an interlayer nebulizing stream of N, gas
(5 L/min). This N, gas flows through a quartz tube (i.d. 1.0 mm, o.d.
0.7 mm), which covers an innermost quartz capillary (i.d. 0.52 mm,
0.d. 0.69 mm). The innermost capillary is inserted directly into the
organic pollutant solution, which is connected to a 3 kV high volt-
age for accelerated degradations. Simultaneously, bursts of charged
droplets are generated to accelerate reactions. Thereafter, out of
the quartz tube, the sprayed pollutants entered the plasma field for
the accelerated plasma degradation. Meanwhile, the electromag-
netic induction from dielectric barrier discharge would generate
high electric fields between two electrodes and in downstream of
discharge area out of quartz tube [30-32]. Then, bursts of charged
droplets from the ESI would enter this field for the plasma degra-
dation and accelerated by ESI. More significantly, high densities of
charges in the small droplets would endow organic molecules with
high reactivity [33], which accelerates the degradation by plasma.
Significantly, the important species during the degradation would
be ionized under the combination of ESI and plasma for MS detec-
tions. Fortunately, this type of on-line ionization can be considered
as an AMS technique for detection of molecules with different po-
larities [21,34].

To examine the role of APD in degradation organic pollutants,
4-Cl-oPD was selected as the mode for examinations. As demon-
strated in Fig. 2A, traditional ESI-based mass spectrometry only
exhibits simple detection role to show positive molecular ions of
[4-Cl-oPD + H]* at m/z 143. Fig. 2B shows that via the home-built
ESI-based extraction under ultrasonic spray, 4-Cl-oPD in solution
can be well extracted and detected. Moreover, with high-voltage
of ESI applied on (Fig. 2C), the ionization efficiency is further in-
creased. Although the accelerated reactions have been reported by
ESI [35], there is still no significant degradation species of 4-Cl-oPD
observed in this system. Therefore, without plasma, the ESI shows
no obvious degradation ability.
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Fig. 2. The role of accelerated plasma degradation for the pollutant solution of 4-Cl-oPD. 1: The dimer of 4-Cl-oPD. 4-Cl-oPD concentration: 50 pmol/L. Plasma flow: 50 L/h.
NL: Normalization level. (A) The detection of 4-Cl-oPD by traditional ESI-MS. (B) The extraction of samples from degradation system. (C) The extraction of samples from
degradation system with high DC voltage applied on. (D) The degradation of 4-Cl-oPD in plasma field without high DC voltage applied on. (E) The degradation of 4-Cl-oPD

in plasma field with high DC voltage applied on.
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Fig. 3. Real-time monitoring of the accelerated plasma degradation of 4-Cl-oPD (50
pmol/L). (A) The ion of [4-Cl-oPD + H]* (m/z 143). (B) The ion of [oPD]* at m/z 108.
(C) The ion of [3]*at m/z 74. (D) The ion of [2]* at m/z 55.

However, by introducing bursts of charged pollutant species
into plasma field, the degradation of pollutants was initiated, no
matter whether the high-voltage of ESI was applied on or not. As
shown in Fig. 2D, without high-voltage of ESI, the sprayed species
of extracted pollutants can be degraded in plasma field, show-
ing the dramatically decreased pollutant molecular ion of [4-Cl-
oPD + HJ* (m/z 143). Simultaneously, significantly increased ions
of degradation species were observed, including the dechlorinated
ion of [oPD]'* at m/z 108 and the dimer ion of [6 + H]* at m/z
281. It should be noted, with the high-voltage of ESI applied on,
the reactivity of plasma degradation can be enhanced to acceler-
ate the reaction, which results more degradation species. As shown
in Fig. 2E, except for [oPD]*, more degradation species includ-
ing ions of [1]'* at m/z 102, [2]'" at m/z 55, [3]'t at m/z 74 and
by-product dimer ion of [6 + H]* at m/z 281 were well detected.
The structural information of these ions were further confirmed by
collision induced dissociation (CID) experiments (Fig. S1 in Sup-
porting information). Therefore, the organic pollutant can be de-
graded in the plasma field, which can be further accelerated by the
ESI.

To examine dynamic changes of aforementioned species, the
real-time and on-line monitoring of APD have been employed by
AMS. During this process, the reactant ions of [4-Cl-oPD + H]*
(m/z 143), and the degradation species of [oPD]|'* at m/z 108, [2]"*
at m/z 55 and [3]'* at m/z 74 were monitored. As shown in Fig. 3A,
the simple extraction of pollutant via N, nebulizing flow can result
the ionized reactant of [4-Cl-oPD + H|* at m/z 143. While with
the high-voltage of ESI applied on (at 4.8 s), the signal of [4-Cl-
oPD + HJ* increased dramatically, due to the increased ionization
efficiency by ESI. Subsequently, with the plasma applied (11.4 s),
the ion of [4-Cl-oPD + H]* decreased dramatically to the lowest
values in 11 s (from 0.175 min to 0.35 min). Therefore, it can be
demonstrated that the pollutants can be degraded rapidly by the
present accelerated plasma degradation.
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Interestingly, with ESI high voltage and plasma applied on
(Fig. 3B), the dechlorinated ions of [oPD]* (m/z 108) showed sim-
ilar changes to [4-Cl-oPD + H|*™ (m/z 143) at the beginning. How-
ever, when both the reactant ion (m/z 143) and the dechlorinated
ions of [oPD]* (m/z 108) decreased to the lowest value at about
19.2 s, the ions of [oPD]'* increased slightly. This could be gen-
erated from the fast accumulation of [oPD]** by dechlorination of
4-Cl-0PD. Subsequently, the advanced degradation after dechlorina-
tion was further conducted to obtain smaller degradation species.
This is further confirmed by the increased signals of [2]* at m/z
55 and [3]+ at m/z 74 (Figs. 3C and D).

During APD, except for the advanced degradation products of
small molecules, some by-products were also observed. For exam-
ple, Fig. 2E recorded the dimer ion of [6 + H]* at m/z 281. As mon-
itored (Fig. S2A in Supporting information), with the ESI high volt-
age (4.8 s) and plasma applied on (114 s), the dimer ion (m/z 281)
shows similar changes to [4-Cl-oPD + H]™ (m/z 143). Differently,
the signal intensity of the dimer at m/z 281 came to be stable
thereafter. This might be due to the kinetic equilibrium between
dimer formation and subsequently reversible reactions. The dimer
structure was confirmed by CID experiments (Figs. S2B-D in Sup-
porting information). Thus, although the signal of original pollutant
decreased dramatically, it could not be a real efficient degrada-
tion due to the possibility on generating pollutants of by-products.
Therefore, the control of accelerated plasma degradation is crucial
to obtain real advanced degradation of pollutants.

Considering the important role of plasma for the present degra-
dation, the plasma flow was firstly examined. Here, different flows
of the plasma were obtained by changing the flow rates of air dur-
ing dielectric barrier discharge. As shown in Fig. 4A, both [4-Cl-
oPD + HJ]* at m/z 143 and by-product ion at m/z 281 decreased
with increasing the plasma flow. As demonstrated, ion signal in-
tensities of pollutant and dimer decreased with increasing plasma
flow (Fig. 4B), which obtained 97% of degradation efficiency at
80 L/h of plasma (the inset of Fig. 4B). Therefore, the degradation
can be controlled by changing plasma flow, which not only affects
the degradation efficiency of the reactant, but also suppresses the
by-product generation.

Furthermore, we found the configuration of quartz tubes also
affected the accelerated plasma degradation. Fig. 5 shows the
degradation of 4-Cl-oPD by different configuration of quartz tubes.
Compared to the degradation with the inner quartz tube extended
outside (Fig. 5A), we obtained advanced degradation with quartz
tubes cut evenly (Fig. 5B). Obviously, no pollutant ion of 4-Cl-oPD
(m/z 143) was observed with the inner tube cut evenly. In addition,
more degradation products with increased signals, including ions
of [2]"" at m/z 55 and [3]'" at m/z 74, were recorded. Furthermore,
as the dechlorinated ion of [oPD]|'* at m/z 108 decreased, more ad-
vanced degradation product of [5 + H|* at m/z 91 was observed
and came to be the main ion peak in the spectrum. This could be
generated from different linear velocities of N, when contacting
with droplets out of the internal capillary. Thus, different sizes of
droplets could be obtained to exhibit different behaviours of ac-
celerated degradations with different surface tension, conductivity
and relative permittivity [36]. Therefore, the design of the configu-
rations can also affect the accelerated plasma degradation.

Considering the great changes could occur instantly during the
pollutant spray, time dependent profiles of the accelerated plasma
degradation were collected. The degradation time was calculated
based on the linear velocity and travelling distance of droplets.
Measured by a PIV system, the linear velocity was measured
to obtain a velocity distribution. Video S1 (Supporting informa-
tion) showed the magnified spray in a slow motion, which was
recorded by PIV under a microscope equipped with an illuminat-
ing laser. As shown in Fig. 6A, the sprayed droplets showed dif-
ferent velocity distribution out of the tip of the quartz tube. In
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cut. (A) The mass spectrum with the inner tube even cut. (B) The mass spectrum
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X-axis direction, the velocity of the droplets first increased af-
ter sprayed out of the quartz tube and then decreased. In Y-axis
direction, the velocity decreased dramatically and symmetrically
away from the sprayed tip. In the experiment, the reaction time
can be calculated according to the sprayed distance and the accu-
rate speed measured by PIV. Therefore, the relative high velocity
of 40-50 m/s is obtained after being degraded for approximately
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0.30 ms. The highest velocity emerges at about 20 mm away
from the sprayed tip in X-direction (Fig. 6A-b). Therefore, differ-
ent degradation times were obtained at different locations, which
would have great effects on the performance of accelerated plasma
degradation.

To examine the performance of degradation for different times,
mass spectra of 4-Cl-oPD degraded for 0.15 ms, 0.30 ms, 1.60 ms
were collected, respectively. While as the degradation carried
on, the signal intensities of observed products changed distinc-
tively (Fig. S3 in Supporting information). Furthermore, we also
recorded new degradation ion of [4]* at m/z 88 (Fig. 6B-b), whose
structure was confirmed by CID experiments (Fig. S4A in Sup-
porting information). In addition, the dimer ion at m/z 281 in-
creased by further prolonging the degradation time (Fig. 6B-c).
Therefore, although we obtained efficient degradation with no
obvious reactant observed, the degradation degrees at different
times were still different. More degradation products including
some by-products would be obtained after the relative longer
degradation.

In this system, large amounts of active species such as ozone
and high energy electrons exhibited important roles [37]. The pos-
sible mechanism for the accelerated plasma degradation was pro-
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posed based on the molecular information obtained by the online
detection of AMS. Herein, to obtain more structural information,
the degradation products were also monitored by AMS in the neg-
ative ion mode. As demonstrated in Fig. S4B (Supporting informa-
tion), we recorded product ions of [CO3]'~ at m/z 60, [NO3]~ at
m/z 62, [CO3-HNO3]~ at m/z 123 and [HNO5-NO3]~ at m/z 125.
The structural of these anions have been confirmed by both CID
experiments and some reports [8,38-40]. Furthermore, the final ad-
vanced degradation product of CO, was confirmed by the precip-
itation experiment with exhaust gas introduced into Ca(OH), so-
lution (Fig. S5 in Supporting information). The recorded ions con-
firmed the obtaining of advanced degradation products including
carbonate and nitrate. Therefore, based on structural information
of degradation products at different degradation degree, different
routes including Route Dechlorination and Route Cyclization were
proposed.

As shown in Fig. 7, in route dechlorination, the direct dechlori-
nation product of oPD radical is first obtained (at m/z 108). Subse-
quently, in the presence of Os from the plasma, oPD radicals are
oxidized into o-nitrobenzene (MW 168), in accordance with the
reports [8]. Thereafter, three routes of ring cleavages occur in the
plasma field full of Os. In detail, in ring cleavage I, homolytic cleav-
age of o-nitrobenzene (into two parts) occurs to obtain Product 1
(shows the ion at m/z 102). Then, the more advanced products of 2
and 3 at m/z 74 and m/z 55 are generated, which result the prod-
uct ions of NO3~ and CO3°~ or CO,. Similarly, in ring cleavage Il
and 111, 4 and 5 are generated under the oxidation of Os, both of
which result final products of CO,, H,0 and NO5*~. In addition, the
reversible cyclization reaction is also a side reaction of the degra-
dation to form the dimer of 6, which has been confirmed by the
observed ions at m/z 281.
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In conclusion, the APD in milliseconds is constructed and ex-
amined by ambient mass spectrometry. The pollutants can be ef-
ficiently degraded in milliseconds, whose products are controlled
and monitored on different conditions of APD. Furthermore, based
on fast changes on pollutant structures recorded by on-line MS de-
tection, important species and the advanced products are well ex-
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amined. Therefore, possible routes have been proposed to demon-
strate degradation behaviors in milliseconds, which is favorable
for product controls. The present fabrication and examination on
the accelerated plasma degradation would provide potentials for
rapid, efficient, green and controllable degradation for environmen-
tal treatments.
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