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Reaction mechanisms of methylene-blue degradation in
three-dimensionally integrated micro-solution plasma

Tatsuru Shirafuji*!, Yodai Ishida!, Ayano Nomura?, Yui Hayashi?, and Motonobu Goto?

! Department of Physical Electronics and Informatics, Osaka City University, Osaka 558-8585, Japan
2 Department of Chemical Engineering, Nagoya University, Nagoya 464-8603, Japan

We have performed matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrom-
etry (MS) on methylene-blue aqueous solutions treated with three-dimensionally integrated micro-solution
plasma, in which we have acquired the time evolution of mass spectra as a function of treatment time.
The time evolution of mass spectral peak intensities for major detected species has clearly indicated that
the parent methylene-blue molecules are degraded through consecutive reactions. The primary reaction
is the oxidation of the parent molecules. The oxidized species still have two benzene rings in the parent
molecules. The secondary reactions are the separation of the oxidized species and the formation of com-
pounds with one benzene ring. We have also performed the numerical fitting of the time evolution of the
mass spectral peak intensities, the results of which have indicated that we must assume additional primary

reactions before the primary oxidation for better agreement with experimental results.

1. Introduction
Solution plasma, which is low-temperature plasma in or in contact with an aqueous solution,
can be applied to the direct treatment of liquid materials without the vaporization of the
materials to be treated. The pioneering work on solution plasma has been reported between
2006 and 2008 by Baroch and cowork&r8.0ne of the important applications of solution
plasma is water treatment for degrading organic pollutants in water. Since there are many
possible methods of generating plasma in contact with an agueous solution, many researchers
have reported various types of solution plasma sysfeth&mong them, the degradation of
organic dyes such as methylene blue (MB) has frequently been used as a bench mark test for
the original solution plasma system developed by each resedréfer.

The degradation of organic dyes is also important for reducing the environmental impact
of the textile, leather, paper, plastic, food, cosmetic, and other industries. Many techniques
other than those using solution plasma have been investigated to realize ideal degradation

*E-mail: sirafuji@elec.eng.osaka-cu.ac.jp
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processe$>22 In most cases, including plasma degradation processes, OH radicals are be-
lieved to play important roles in the degradation processes. However, there are few reports
on detailed reaction mechanisms based on the analysis of reaction products, especially in the
case of plasma degradation. Shirafuji et al. applied Fourier transform infrared (FTIR) spec-
troscopy to analyze reaction produétsTakenaka and Setsuhara applied X-ray photoelectron
spectroscopy (XPS) together with FT#R.Although FTIR and XPS are powerful tools for
analyzing the overall chemical composition of a material, they do not give us information on
molecules existing in a medium. On the other hand, mass spectrometry is one of the solutions
for distinguishing molecules in a medium. Thus, we applied matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry (MALDI-TOF MS) because it has a unique
feature of suppressed fragmentation of detected species among various mass spectrometric
techniqueg®

In our previous paper, we proposed a possible reaction mechanism for MB degradation
in solution plasma, which was deduced from data of MALDI-TOF MS on MB aqueous solu-
tions treated with our novel solution plasma, which is three-dimensionally integrated micro-
solution plasma (3D IMSPY}26:2")the power &iciency of which for MB degradation was
approximately 16-fold higher than that of the conventional SP generated between two tiny
electrodes in an aqueous solutihThe deduced mechanism is depicted in Fig. 1, in which
groups A, B, and C represent the parent MB, primary products, and secondary products, re-
spectively. Note thatn/z = 312, 192.5, 174, 113, 110, and 94 were not considered in our
previous model, which will be discussed later.

However, the mechanism that we proposed was deduced from a few lines of evidence of
mass spectra for MB aqueous solutions only before and after 30 min treatments. From the
viewpoint of chemical engineering, our previously proposed model should be able to explain
the time evolution of chemical species concentration. Thus, in this work, we have conducted
MALDI-TOF MS as a function of plasma treatment time. We discuss the time evolution of
mass spectral intensities for major detected species and verify the validity of our previously
proposed model for MB degradation by solution plasma.

2. Experimental procedure

Details of our experimental setup for 3D IMSP were reported previddsf) The liquid to

be treated with 3D IMSP was MB aqueous solution with an MB concentration and a volume
of 3.73 mg/L and 150 mL, respectively. The temperature of the liquid was kept@tdtsing

3D IMSP treatments by circulating the liquid through a cooling device. The discharge gas was
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Fig. 1. Consecutive MB degradation mechanism based on our previousSaper.

argon at a flow rate of 1.1/min. The applied voltage for generating plasma was a bipolar
pulse voltage with an amplitude, a frequency, and a pulse width of 5 kV, 20 kHz, asd 2

respectively.
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We prepared six samples, which were MB aqueous solutions treated with 3D IMSP for
0, 10, 20, 30, 40, and 50 min, and aquired their mass spectra. The mass spectrometry of the
samples was conducted with a MALDI-TOF mass spectrometer (Bruker Daltonics Ultraflex
[1I-ND TOF/TOF) equipped with a Nd: YAG laser (wavelength: 355 nm) under the same mea-
surement conditions for all the samples. We performed three measurements for each sample.

The sampling and enclosing of the aqueous solution before and after the treatment were
carried out in a glove box filled with inert argon gas, because we observed the deterioration
of the samples during 1 day air exposure while transferring them from our 3D IMSP reactor
to the MALDI-TOF mass spectrometé&?.

The sample matrix for MALDI was 2,5-dihydroxybenzonic acid (DHB). DHB is known
to produce mass spectral peaks at.337543, 177.3, 199.3, 273.4, 313.5, and 331.5. These
mass spectral peaks may interfere with the peaks for the molecules that we are interested
in.28 In this case, we must appropriately interpret the time evolution of such mass spectral
peaks, which will be discussed later.

In the case of MALDI-TOF MS, all the species can be detected as hydrogenated adducts
owing to protonation, which means that a certain species M with a mass numbefzof
can be detected as mass spectral peaks for hydrogenated ones denotedHgt l:mass
number ofm/z+ n. The most abundant species are those withl andn = 2.2%39 However,
this depends on the condition of MALDI, which is governed by various factors such as the
type of matrix, analytes in the matrix, and laser wavelength and fluenee3 or higher is
possible when the analyte is MB23? Thus, we focused on one or two species with similar
time evolution characteristics.

3. Results and discussion

3.1 MB degradation characteristics

Figure 2(a) shows the spectra of the absorptionfament of the aqueous solution treated
with 3D IMSP. MB molecules have a broad absorption band centered at 66% Wa.can
observe a typical absorption profile for MB in Fig. 2(a), and the absorptiofiicieat grad-
ually decreases with increasing treatment time. The measured absorption coefficients can be
converted to the absolute concentration of MB in the aqueous solution because we know the
initial concentration of MB. Thus, we can calculate the time evolution of the MB concentra-
tion in the aqueous solution treated with 3D IMSP.

Figure 2(b) shows the time evolution of the MB concentration converted from the absorp-
tion spectra, in which we can observe that its decay characteristics can be expressed by a
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Fig. 2. (Color online) (a) Absorption spectra of MB aqueous solutions treated with 3D IMSP. (b) Time
evolution of MB concentration in MB aqueous solutions treated with 3D IMSP.

single exponential function with a time constantrof 0.095 min. This means that the pri-
mary reactions for decomposing MB are first-order react?énSince the decomposition of

MB is believed to be due to the attack of OH radicals on MB molecules, this result indicates
that the 3D IMSP supplies a constant number density of OH radicals during the plasma treat-
ment. We will later compare this characteristic to the time evolution of mass spectral peaks
corresponding to MB.

3.2 Time evolution of parent MB

Figure 3 shows the time evolution of mass spectranige between 265 and 290. We can
see major peaks in the two regions at approximately = 284 and 270. The mass spectral
peaks at approximately/z = 284 are assigned to the parent MB, and thosa/at= 285,

286, and 287 can be assigned to the hydrogenated MB denoted asiMBre mass spectral
peaks at approximateiy/z= 270 are assigned to azure B (AB), the molecular structure of
which is depicted in Fig. 4% The mass spectral peaksmfz = 271, 272, and 273 can be
assigned to hydrogenated AB denoted as AB:nH. The formation of AB will be discussed later
because AB, which is not intentionally mixed in the nontreated agueous solution, is hot what
we expect in the nontreated agueous solution.

Figure 5(a) shows the time evolution of mass spectral intensitiesnfore= 284 and 285
corresponding to MB and MB:H, respectively. The time evolution characteristics of these
intensities are well fitted with a single exponential function as indicated in the figure by solid
lines. The time constant obtained by the fitting becomes 0.090 min forrbgth- 284 and
285, which shows good agreement with the time constant for MB degradation discussed in the
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Fig. 3. (Color online) Mass spectra fon/z = 265-290 of MB aqueous solutions treated with 3D IMSP.

Fig. 4. Molecular structure of AB.

previous subsection. This means that the sensitivity of MALDI-TOF MS was kept constant
for all the measurements conducted in this work.

Figure 5(b) shows the time evolution of mass spectral intensitiesfor= 270 and 271,
which correspond to AB and AB:H, respectively. Although AB was not intentionally incor-
porated to the agueous solution before the treatment, its intensity is maximum in the case of
the nontreated sample. Since the conversion from MB to AB occurs with the weak oxidation
of MB, 39 this result means that part of MB was modified to AB by air exposure even before
the plasma treatment. The formation of AB in the nontreated MB aqueous solution makes
discussion complex because the primary products of plasma treatment can be generated not
only from MB but also from AB. However, the absolute intensity of AB is as small/daé 1
that of MB. Thus, we assume that most of the products generated by the primary reaction
originate from MB.
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(Color online) Mass spectra fon/z = 280—-400 of MB aqueous solutions treated with 3D IMSP.

In this subsection, we focus on mass numbers greaterrhan= 284 of the parent MB.

Figure 6 shows mass spectra foyz between 280 and 400. The mass spectral peaks at

m/z = 304, 312, 332, 346, and 361, which correspond to the species in group B or their

hydrogenated adducts, have their maximum intensities at approximetely 30 min. Figure 7

shows the time evolution of mass spectral peak intensitiemfar= 304 and 332, in which

the peak intensities increase up to 30 min and decrease after that. These peaks are assigned
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Fig. 7. (Color online) Time evolution of mass spectral intensities fomfax= 304 and (bm/z= 332, of
which the convex characteristics indicate that these species are intermediate products in consecutive reactions.

to hydrogenated species of/z = 303 andm/z = 331, which can be formed by modify-

ing C-S"=C or C-N=C between two benzene rings in an MB molecule and by modifying
methyl groups at the edge of an MB molecule. The peaks/at= 312, 346, 360, and 361,
which can be formed by similar modifications, show similar tendencies, although they are not
plotted in this figure.

These characteristics indicate that the species in group B are intermediate species in con-
secutive reactions as predicted in Fig. 1. Namely, the species in group B are not only produced
from MB through primary reactions but also consumed through secondary reactions, which
are presumably caused by the supply of abundant OH radicals.

These mechanisms are similar to those for the photocatalytic degradation &f ¥1E)
in which the middle part of an MB molecule is assumed to be attacked by OH radicals.
However, interestingly, the formation ai/z = 312, which is observed in the present work,
has not been assumed in the photocatalytic degradation. Although it has not yet been clarified,
this reaction path may be peculiar to solution plasma.

Note that the mass peak intensities foyz = 363—-390 increase with treatment time.
Some of the peaks can be assigned to the species formed by converting COH to COOH
or CH on the benzene ring to COH. Such species, however, have not been considered in
the mechanism of photocatalytic degradafiv®’-3® Although such species might also be
peculiar to solution plasma, we cannot make appropriate conclusions because these species
have a complex structure and their stability has not yet been clarified.

8/15



Jpn. J. Appl. Phys.

REGULAR PAPER

T
137 154
L . l lA L

0 min o

i 177 193 ’ I y
[ 10 min 1 - l l_ A " ]
[ 20 min L .L L 1 R u__-

Intensity (arb. unit)
l

100 150 200

mlz

250

300

Fig. 8. (Color online) Mass spectra fon/z = 50-300 of MB aqueous solutions treated with 3D IMSP.
I I I I
NH,
1500 |- @ -
HSC\N/©/ SOgH
Haé 136 158
£ 1000 - «L\;
/1
£ //m/z=
T’ 137
500 - ] Pl -
S}\\\J\___/ w//
X 159
0 N | |
0 10 20 30 40 50
Treatment time (min)
Fig. 9. (Color online) Time evolution of mass spectral intensities fomfgx= 137 and (bjm/z= 159, the

convex characteristics of which indicate that these species are intermediate products in consecutive reactions.

3.4 Time evolution of secondary products

In this subsection, we focus on mass numbers smaller tyan= 284 of the parent MB,

which corresponds to the species in group C in Fig. 1. Figure 8 shows mass speantya for
between 50 and 300. In contrast to the results discussed in the previous subsection, several
mass spectral peaks show a monotonic increase in their intensity up to 50 min. Figure 9
shows the time evolution of mass spectral peak intensitiesifa= 137 and 159. Their peak

intensities do not show marked increases up to 20 min. The peak intensity/ fcf 137 is
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relatively high owing to interference by one of the mass spectral peaks of the matrix DHB, as
mentioned previously. After 20 min, the peak intensities monotonically increase and slightly
decrease at 50 min. The peaksnatz = 96, 112, 114, 177, 193, 215, and 231 were not
discussed in our previous report. However, they can be formed by similar bond breaking,
oxidation, and chlorine attachment processes and show similar tendencies, although they are
not plotted in this figure. Possible species for thegevalues are depicted in group C in Fig.

1, in which the increment im/zdue to protonation is taken into account.

The species in group C have only one benzene ring, which means that they are produced
by breaking the chemical bonds connecting two benzene rings. Such species can be produced
from both the parent MB in group A and the primary products in group B. However, their
intensities do not show marked increases for the first 20 min at which MB markedly decom-
posed, indicating that they are not products of MB decomposition. The formation of these
species in group B starts after a certain delay time, indicating that they are formed after the
formation of a stficient number of primary products in group B. These discussions lead to the
conclusion that the consecutive reactions predicted in Fig. 1 surely occur during the plasma

treatment.

3.5 Numerical investigation of the model

The results and discussion in the above subsections support our previously proposed MB
degradation model composed of consecutive reactions from A to C, which is shown in Fig.
1. If we assume such consecutive reactions, we can make a simple model to describe these

reactions as
A — B, (R1)
B—-C, (R2)

where A, B, and C indicate the species in groups A, B, and C, respectively. We do not dis-
tinguish the species in each group for simplicity because their time evolutions show similar

tendencies. Rate equations for these reactions be¢bme
d[A]

I - kAl @
O~ kil - elml, @
dcl _

A~ m) ©
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(Color online) Time evolution of calculated relative concentrations of (a) species B and (b) species

where [A], [B], and [C] are the concentrations of species A, B, and C kaadhdk, are rate
codficients for the reactions R1 and R2, respectively.

We have used this model to describe the behavior of MRz En285) in group Am/z=
304 in group B, andn/z = 137 in group Ck; is determined as 0.1 by fitting the exponential
decay characteristics of MB, as shown in Fig. &should be selected to match the calculated
behaviors of B and C with experimental results. We have calculated the time evolution of
[B] and [C] using a widek, range, and the obtained results are indicated by dashed lines
in Figs. 11(a) and 11(b). As can be understood from these figures, we cannot reach good
agreement between the calculated and experimental results, especially in the case of group B,
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Fig. 12. (Color online) Time evolution of concentration of hypothetically introduced species A

even though we variek) in a wide range.

The time evolution of the experimental results for group B seems to have some delay time,
suggesting that additional primary reactions occur before producing the species of group B.
Thus, we have supposed the following reactions:

A A, (RT)
A" — B, (R2)
B — C. (R3)

We have fixek; to 0.1 for R1, and adjuste#, andks for R2 and R3, respectively. The solid
lines in Figs. 11(a) and 11(b) show the best-fit results obtained ksirg0.1, k, = 0.04,
andks = 0.05. As can be understood from these figures, solid lines show better agreement
with experimental results, suggesting that additional primary reactions occur. However, the
calculated results still show deviation from experimental results. This might be due to the
fact that our present model is simplified on the basis of the assumption in which OH radicals
as the oxidation agent are constantly supplied from plasma. To obtain a precise model, we
must consider theffects of other possible oxidation agents such g9the concentration
of which is not constant. pH may vary anffects the chemistry in the aqueous solution. We
will make further discussion in the future by measuringOsland pH in the plasma-treated
MB aqgueous solution.

In the modified model, we have the time evolution of the concentration of hypothetically
introduced A, which is shown in Fig. 12. Although we attempted to find the mass spectral
peaks that show a time evolution similar to that df we could not find such peaks. In the

12/15
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presentalculation, we can perform the fitting of the time evolution of the relative concentra-
tion of the species, but information on the absolute concentration is not available except for
the parent MB. The missing information ori & our mass spectra is presumably due to the
fast consumption of A which markedly reduces the steady-state concentratiori.of A

4. Conclusion

We have performed MALDI-TOF MS on MB aqueous solutions treated with 3D IMSP for

0 to 50 min. We have examined the time evolution of the mass spectral intensities for the
detected species, which has indicated that MB degradation can be caused by consecutive
decomposition reactions. The results obtained in this work support our previously proposed
mechanism of MB degradation by solution plasma. Although we have attempted the numer-
ical fitting of the time evolution of the mass spectral peak intensities, the calculated results
have not shown dticient agreement with the experimental results as long as we have assumed
very simple consecutive reactions. By assuming additional primary reactions, the calculated
results have shown better agreement with the experimental results, although the products of
the assumed reactions have not been found in the mass spectra obtained in this work.
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