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In this paper, a pulsed-dc CH3OH/Ar plasma jet generated at atmospheric pressure is studied by laser-induced fluores-
cence (LIF) and optical emission spectroscopy (OES). A gas—liquid bubbler system is proposed to introduce the methanol
vapor into the argon gas, and the CH3OH/Ar volume ratio is kept constant at about 0.1%. Discharge occurs in a 6-mm
needle-to-ring gap in an atmospheric-pressure CH3OH/Ar mixture. The space-resolved distributions of OH LIF inside
and outside the nozzle exhibit distinctly different behaviors. And, different production mechanisms of OH radicals in the
needle-to-ring discharge gap and afterglow of plasma jet are discussed. Besides, the optical emission lines of carbonaceous
species, such as CH, CN, and C, radicals, are identified in the CH3;OH/Ar plasma jet. Finally, the influences of operat-
ing parameters (applied voltage magnitude, pulse frequency, pulsewidth) on the OH radical density are also presented and

analyzed.
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1. Introduction

Low-temperature atmospheric-pressure plasma jets (LT-
APPIJs) excited by pulsed-dc power source have attracted con-
siderable attention and shown significant promise in lots of
practical applications, including plasma medical, environmen-
tal control, and organic synthesis.!'~”] In the listed applica-
tions, molecular gases, such as O,, H,O, and air are usually
admixed into the noble working gas to increase radical species
density. Among them, OH is considered to be one of the
strongest oxidative species produced in humid-air plasma and
a dominant reactive agent in the practical applications. Feed
gas humidity and operating parameters are identified as the key
factors that strongly influence the OH formation mechanism
and absolute density in APPJ. Recently, organic synthesis us-
ing methanol as carbon-based organic molecule by LT-APPJs
has received more and more attention.!”! Further, the physic-
ochemical mechanism of methanol dissociation is crucial to
practical applications. Small fragments, such as OH, CHzs,
CH,OH, and CH3O, are the direct products of methanol disso-
ciation by energetic electrons and long-life metastable atoms.
Therefore, it is of great importance to study the reaction mech-
anism of OH production in atmospheric CH3OH/Ar plasma
jet.

The measurements of OH absolute density and the effect
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of water content in working gas on plasma discharge have al-
ready been addressed by absorption and/or LIF spectroscopy,
and numerical simulation.’®~'*) For instance, Bruggeman et
al.'®1 measured the absolute OH densities by broadband UV
absorption in atmospheric He/H,O RF glow discharges and
found that OH densities and gas temperatures range between
6 x 10" m™3 and 4 x 10°> m™3 and between 345 K and
410 K respectively, for different powers and water content val-
ues. Verreycken et al.l”! reported OH production in a cold
atmospheric-pressure Ar—H>O RF discharge jet by temporally
and spatially resolved LIF. The gas temperature and OH den-
sity in the afterglow of pulsed positive corona discharge were
also measured using LIE.'%1 Lj er a1, 1% studied the effect of
water addition on the OH radical production by LIF in an Ar—
H,0O atmospheric plasma jet. They concluded that the highest
density of 1.15 x 10?° m? is measured in the closest distance to
the plasma core for the case of 0.3% H,O. Besides, the effect
of water content on OH production in an atmospheric helium-
air plasma jet is numerically studied by a two-dimensional
(2D) fluid model."3! Liu et al. ' studied the formation mech-
anism of OH radicals in a pulsed-dc plasma jet by a 2D model
and a one-dimensional (1D) discharge model. In most of these
studies, the plasma jets were often operated in a humid envi-
ronment and/or extra water that was added to the working gas
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flow.

In this paper, an atmospheric-pressure CH;OH/Ar plasma
jet produced between needle-to-ring electrodes is investigated.
The methanol vapor is artificially introduced into the argon
working gas through the liquid-gas bubbler system. The LIF
diagnostic system is adopted to capture the spatially resolved
distribution of OH radicals within a quartz tube and in the
plasma afterglow. Optical emission spectroscopy (OES) is
used to identify various reactive species in the CH3OH/Ar
plasma jet. Besides, the variation of absolute OH density with
operating parameter is also presented and discussed.

2. Experimental setup

A schematic diagram of the experiment set is shown in
Fig. 1(a). The plasma jet device consists of needle-to-ring
electrodes geometry. A 1.0-mm-diameter tungsten needle
electrode is inserted into a 14.5-cm-long quartz tube that has
an inner diameter of 8.0 mm and an outer diameter of 10.0 mm
and is used as a powered electrode. A 4.0-mm-wide aluminum
foil wrapped around the quartz tube surface near the nozzle
serves as a grounded electrode. The distance between needle
point and grounded aluminum foil is fixed at 6.0 mm. Notice

that z = 0 indicates the position of the exit nozzle of the quartz
tube. To control the methanol vapor content in CH3OH/Ar gas
mixture, a gas-methanol (> 99.5%, analytical reagent) bubbler
system is proposed. Dry argon gas is split into two channels
(labeled by numbers 1 and 2 in Fig. 1(a)), i.e., a main gas chan-
nel and a channel which is guided through a methanol reser-
voir. Behind the bubbler, both argon gas streams are mixed
preliminarily in a 50-ml spherical buffer vessel and lead into
the quartz tube. In this work, the argon flow rates passing
through the main channel and methanol bubbler are both kept
constant at 4 slpm and 15 sccm, respectively. The concen-
tration of methanol vapor is directly measured by two small-
range mass flow controllers (identified by the letters b and ¢
in Fig. 1(a)). The flow difference between these two MFCs is
measured to be about 4.5 sccm. Then, the CH3OH/Ar volume
ratio is determined to be about 0.1%. It is worth noting that
the bubbler system is placed in a water bath to adjust the water
temperature. When CH3OH/Ar gas mixture is guided into the
quartz tube and high voltage pulses are applied to the HV elec-
trode, a bright plasma discharge is ignited in the needle-to-ring
region, and meanwhile, a homogenous plasma jet is produced
along the z axis direction and formed in the air opening as
shown in Fig. 1(b).
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Fig. 1. (color online) (a) Schematic diagram of the experimental setup, (b) a photograph of CH3OH-Ar plasma jet excited with 8.0 kV, 8.0 kHz, and 1.0-us
pulses, and CH3OH/Ar ratio of 0.1%. z = 0 indicates the position of quartz tube nozzle exit.
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The LIF diagnostic system has been described in our pre-
vious publications,[4-16] and will be briefly summarized here.
A dye laser (Radiant Dyes, NarrowScan) pumped by a YAG:
Nd laser (Continuum, SURELITE III-10) is used to excite the
OH radicals at 532 nm with 100 pJ per pulse. The laser dye
is Rhodamine 6G. The laser wavelength is chosen to be 282.
6 nm which is the P (2) branch of the OH (A—X) (1—0) band.
The laser beam has a frequency of 10 Hz and a pulse dura-
tion of 7 ns (FWHM). As can be seen in Fig. 1(a), the laser
beam is focused into a 500-pm-diameter spot by using a quartz
lens, and then passes through the plasma along the x axis.
Being perpendicular to the laser beam, the fluorescence light
focused by using a UV lens (Goyo Optical GMUV510540)
passes through a narrow-band filter (49 = 309 nm, FWHM
10 nm), and then captured by an ICCD camera (Princeton
Instruments, PIMAX?2). In this paper, the exposure time of
ICCD is fixed at 50 ns for all imaging measurements. Be-
sides, the OH fluorescence light is an accumulation of 500
pulses. Voltage and current are measured respectively by
a high-voltage probe (P6015) and a Pearson current probe
(model 2877) via a digital wide band oscilloscope (Tektronix
DPO7104). The optical emission spectra are measured by a
halfmeter spectrometer (Princeton Instruments Acton Spec-
traHub 2500i). In this work, the parameters of the power sup-
ply are adopted as follows: applied voltage V, = 8.0 kV, pulse
frequency f, = 8.0 kHz, and pulse width #, = 1.0 ps, and the
temperature of water bath is kept constant at 300 K. Besides,
the distance between the intersection of the laser beam and the
nozzle is adjustable, which monitors the variation of the op-
erating parameters and is fixed at 1 mm (z = 1 mm) unless
otherwise stated.

3. Experimental results and discussion
3.1. Electrical and optical characterization

Figure 2 shows the temporal behaviors of the current-
It should be
pointed out that the discharge current Iy is the actual dis-

voltage waveforms of the plasma discharge.

charge current and is obtained by subtracting the displacement
current I from the total discharge current I,,. As can be
seen, there are two distinct current pulses per voltage pulse.
The peak value of positive discharge current is about 0.42 A,
which is almost twice as large than that of negative discharge
current. It should be pointed out that the negative discharge is
related to the feedback electric field induced by the charges,
which have accumulated on the quartz tube surface during the
positive discharge.

Figures 3(a)-3(a) show OH LIF intensities at five posi-
tions in the afterglow of the plasma jet (z =1, 3, 5, 7, and
13 mm). Meanwhile, OH LIF distribution within the needle-
to-ring discharge gap is also presented in Fig. 3(f). In this case,

the distance from the intersection of plasma and laser beam to
the tungsten needle tip is fixed at about 3 mm. In other words,
z = —20 mm indicates the position of the intersection of the
laser beam and the plasma. Notice that these OH fluorescence
images are all captured at the time of 1 ps after the falling edge
of the voltage pulse. As can be seen in Fig. 3, distinct types of
space-resolved behaviors are observed for the OH LIF emis-
sion while the plasma propagates inside and outside the noz-
zle. First, the OH LIF emission intensities are much stronger
on both edges as shown in Figs. 3(a)-3(e). In other words,
we should observe the ring-shaped emission profiles when we
take photographs from the end view. Besides, when the posi-
tion is farther from the nozzle, the OH LIF emission is weaker
and the ring-shaped profile is more pronounced. However, fig-
ure 3(f) clearly shows that the OH LIF emission is relatively
uniform inside the nozzle. It is worth noting that there is a
little laser energy loss due to refraction on the quartz surface.
Therefore, a precise comparison between the LIF emission in-
tensity in the afterglow plasma jet and the emission intensity
in the needle-to-ring plasma discharge is unreasonable. But,
LIF intensity inside the nozzle is indeed stronger than those
outside the nozzle.
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Fig. 2. (color online) Time-dependent typical applied voltage V,, the total
current I, (plasma on), displacement current /¢ (no plasma), and actual
discharge current /i at CH3OH/Ar ratio of 0.1%.
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Fig. 3. (color online) Nanosecond images of OH LIF intensity at z = (a)
1 mm, (b) 3 mm, (c) 5 mm, (d) 7 mm, (¢) 13 mm, (f) —20 mm (center of
needle-to-ring spacing), the grounded aluminum foil and the tungsten wire
electrode are also marked. The values of the color scale are normalized.
Images are all captured at the time of 1 ps after the falling edge of the
voltage pulse.
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The ring-shaped OH distributions in the afterglow plasma
jets were also reported by previous papers.!'>1%17] The OH
radicals can be produced by a large number of mechanisms,
which depend on plasma properties. Furthermore, in LT-
APPJs discharge with low ionization (10_5—10_4), the main
reaction pathways to generating the OH radicals are the elec-

tron dissociation of HyO!18!
e+H,0 > e+OH+H, ka~10"" em?-s7!, 1)
the dissociation recombination of water ions,
e+H,0" 5 OH+H, k~108——-10""%cm?® s, (2

and the dissociations by radicals and metastables, ']

O('D) +Hy0 — 20H, k~22x10""%cm’.s7!, 3)

Ar™ 4+ HyO — OH+H+Ar, k~4.5x107%cm®.s71, (4)

NI+ H,0 — OH+NoH, k~25x10 0 cm’-s™!, (5
% +H,0 — OH+N»(X) +H,

k~6.0x10*cm?® s, (6)

Howeyver, in our work, there is another channel for the OH
production in our methanol containing an atmospheric argon
plasma jet. The possible pathways in the CH3OH/Ar plasma
are highly complicated, and the primary plasma reactions are
listed in Table 1.1-19-221 The R1-R7 reactions are the seven
initial reaction channels of methanol dissociation. The en-
ergy of C-O bonds (3.53 eV) is much less than those of C—
H (4.10 eV) and O-H bonds (4.37 eV), which indicates that
the selective activation of the C—O bond of methanol will be
preferred in CH3OH/Ar plasma. Thus, additional OH radi-
cals may be produced from the methanol dissociation through
the R1 channel (CH30OH — CH3 + OH), which is demon-
strated by the fact that OH density in CH30OH/Ar (0.1% vol-
ume ratio) plasma is larger than that in pure argon plasma
(data not shown). In our experiment, the trace amount of wa-
ter molecule existing in argon gas is about 4 ppm, and the
methanol vapor content in argon gas is 0.1%. On the other
hand, the water vapor content in the air opening is about 1.3%.
Therefore, the concentration of water vapor in open air is far
more than that inside the nozzle. Actually, the contributions
of water dissociation (reaction 1) and methanol vapor dissoci-
ation (R1 in Table 1) to the OH radicals production in the af-
terglow of plasma jet are relatively small, especially at a large
distance from the nozzle where low-energy electrons are not
sufficient to dissociate methanol molecules (3.53 eV) and wa-
ter molecules (5.1 eV). Therefore, the ring-shaped OH LIF
emission in the afterglow of plasma jet may be ascribed to the
production of radicals due to metastables-neutral reactions (re-
actions 3-6). In other words, it seems possible that OH can be
produced in the outer shell of the afterglow plasma jet, where

a mixing layer of the working gas and diffused air is formed
and water vapor density reaches maximum. However, in the
inter-electrode case, the seven channels of methanol dissoci-
ation (R1-R7 in Table 1) mentioned above are all the possi-
ble pathways. The trace water and methanol vapor molecules
are uniformly distributed in argon gas. Therefore, it is rea-
sonable to observe the relatively uniform distribution of OH
LIF emission as shown in Fig. 3(f). In summary, inside the
nozzle, most of OH radicals come from dissociation of wa-
ter and methanol vapor contained in the flowing argon gas in
the quartz tube, while in the far afterglow of plasma jet, OH
radicals may be produced through the reactions of water dis-
sociation with metastalbes.

Table 1. Possible reaction pathways in atmospheric CH3;OH/Ar plasma dis-
charge

Reactions Calculated energy
Rxn (eV at 300 K) References
R1 CH30H — CHs; + OH 3.53 [71
R2 CH30H — CH,OH +H 4.10 [71
R3 CH30H — CH3O0+H 4.37 [71
R4 CH30H — CH,0 + H, 3.84 [71
R5 CH3OH — cis-HCHO + H, 3.69 [71
R6 CH30H — trans-HCHO + H; 3.66 [71
R7 CH3;OH — !CH,+H,0 3.63 [7]
R8 CH,OH — CH; + OH 4.98 [19]
R9  trans-HCHO — CH,0 1.17 [19]
R10 trans-HCHO —cis-HCHO 0.95 [19]
R11 CH,O — CO +H; 3.5 [19]
R12 c¢is-HCHO — CO + H; 2.05 [19]
R13 CH30H + H — CH,0H + H, 0.46 [19]
R14 CH3O0OH + OH— CH,O0H + H,0 [20]
R15 CH3 +H — CHy [21]
R16 CH3 + CH3 — CH3CH3 [21]
R17 CH,OH + H— H,; + HCHO [21]
R18 CH,;OH + OH— H,O0+ HCHO [21]
R19 CH,OH+CH,OH—HOCH,- CH,OH 2.88 [19]
R20 CHj3+ CH,OH—CH3CH,OH 3.24 [19]
R21 CH3CH2+CH20H~> C3H7OH 3.00 [19]
R22 CH;3CH; + OH—CH3;CH,0H 3.72 [19]

Note: (i) trans-HCHO, cis-HCHO, and CH,O are isomers of each other.
(ii) The dissociation reactions (R1-R7) are initiated by energetic electrons
and/or atomic argon metastables.

OES is used to detect various excited species generated
by the CH3OH/Ar plasma in a wavelength range from 300 nm
to 850 nm as shown in Fig. 4. The spectrum is collected
from the plasma jet at about 1 mm away from the nozzle exit
(z=1 mm). As can be seen in Fig. 4(a), it clearly indicates
that in addition to the carbonaceous species lines, there exist
the hydroxyl line (309 nm), the molecular nitrogen N, the Hy
line, and the atomic argon lines in the plasma plume. Fig-
ure 4(b) shows the detailed spectrum in a range of 300 nm—
600 nm. Three typical carbonaceous species lines, namely
CH A-X system (A’A — X°TI, 431.3 nm), CN B-X system
(B*X — X°¥, 386.2, 387.1, 388.3 nm), and C, swan system
(A’T1 — X3I1, 450 nm—600 nm), are clearly present, which
may indicate the dissociation of methanol and some reactions
of free radicals. For example, the emission of CN radicals in
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CH3;OH/Ar plasma is from the reaction of hydrocarbon radi-
cals with N, molecules from ambient air. The CH band may
come from the methanol dissociation. Furthermore, the CN
emission band and C, Swan band, especially C, Swan band,
may indicate the carbon deposition in the plasma discharge.
Besides, there is almost no evidence of atomic oxygen lines
(777.3 nm and 844.6 nm) in Fig. 4(a) which would come
from the dissociation of oxygen molecule and OH radical self-
recombination, which may demonstrate that the contribution
of water molecule dissociated by O(1D) (reaction 3) to the OH
radical production in a plasma jet is negligibly small.
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Fig. 4. (color online) Optical emission spectra in ranges of (a) 300 nm—
850 nm and (b) 325 nm-600 nm of the CH3OH-Ar plasma jet with
CH3OH/Ar ratio of 0.1%.

3.2. Variations of OH density

An improved OH radical decay model is proposed to ob-
tain the absolute density of OH radicals in APPJ,[14-16] in
which both main OH loss mechanisms produced by chemical
reaction and the effect of gas flow are considered. More de-
tailed descriptions of this OH decay model can be found in our
previous reports. However, in our work, the reaction-rate data

for the OH loss reactions in CH3OH/Ar plasma are unclear in
the literature. For instance, the R14 reaction in Table 1 is con-
sidered as an important OH loss reaction pathway.?>!1 In or-
der to avoid this problem, the possible loss mechanisms of OH
are considered in pure argon. We compare the experimental
OH LIF signal data at a series of delay times after the falling
edge of the voltage pulse and the simulated OH decay curve.
By this way, the absolute OH density in pure argon can be
obtained when a best fit between the two profiles is reached.
Then, the absolute OH density in the CH3OH/Ar plasma jet
can be deduced due to the fact that the integrated OH LIF in-
tensities at different CH3OH/Ar volume ratios are proportional
to the absolute OH densities. In order to better control the
OH density in the CH3OH/Ar plasma jet, the variations of OH
density with operating parameters, including applied voltage,
pulse frequency, and pulsewidth, are simultaneously studied in
the following.

Figure 5 shows the absolute OH density as a function of
applied voltage. As can be seen, the OH density for the case of
applied voltage of 4.0 kV is about 7.8 x 10'2 cm~3. As the ap-
plied voltage is increased to 9.0 kV, the OH density increases
Besides, the OH density in-

creases linearly with the applied voltage ranging from 4.0 kV

to more than 3.7 x 1013 ecm—3.

to 9.0 kV. One can infer that the power absorbed by plasma
may also increase with applied voltage in this range. Thus,
the discharge parameters, such as electron temperature, elec-
tron density, and gas temperature, also increase linearly with
applied voltage, thus causing the linear increase in OH den-
sity. OH radicals produced in the previous discharge pulse
can accumulate, resulting in a strong pulse dependence of OH
density. Therefore, we plot the absolute OH density versus
pulse frequency in Fig. 6. As can be seen, as the pulse fre-
quency increases from 0.5 kHz to 9 kHz, the OH density in-
creases from 8.3 x 102 cm™3 t0 3.6 x 10'3 em™3. It is worth
noting that the OH density increases but not linearly with
pulse frequency, which is ascribed to the decay of OH radicals
from previous multiple voltage pulses.!'>! Finally, the influ-
ence of pulsewidth on OH density is also presented in Fig. 7.
It clearly shows that the absolute OH density is not sensitive
to the variation of pulsewidth. As the pulsewidth is increased
from 0.5 ps to 80 ps, OH density is found to be in a range of
3.2x 1013 em™-3.4 x 10'3 cm™3. According to our previous
experimental results, the OH radicals in pulsed-dc plasma jet
are mainly produced in the pulse rising and falling edges of
applied voltage.'®! In the case of the maximum pulse width
of 80 us in our work, this short time has no obvious effect on
the decay of OH radicals. Therefore, there is no significant

difference of OH density on pulse width.

105205-5



Chin. Phys. B  Vol. 25, No. 10 (2016) 105205

OH density /10" cm™

Applied voltage/kV

Fig. 5. Variation of absolute OH density with applied voltage magnitude.
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Fig. 7. Variation of absolute OH density with pulse width.

4. Conclusions

In this work, we present LIF and OES measurements of
an atmospheric-pressure CH3OH/Ar plasma jet. It is shown

that OH LIF emission is relatively uniform in the needle-to-
ring discharge gap. However, OH LIF signals show the ring-
shaped distribution in the afterglow of plasma jet. Besides, the
OH LIF emission intensity inside the nozzle is stronger than
that in the afterglow of plasma jet. Distinct types of space-
resolved behaviors of OH LIF emission may be attributed to
the different production mechanisms of OH radicals. In detail,
OH radicals in the far afterglow of a plasma jet are mainly pro-
duced from the reactions of water dissociation with metasta-
bles (Ar™ and NE“) However, OH radicals in the needle-to-
ring discharge gap are mostly generated from methanol va-
por and water molecules dissociations. Three characteristic
carbonaceous species, CN, CH, and C, are detected in the
CH;OH/Ar plasma by OES. Furthermore, the OH density in-
creases linearly with applied voltage but nonlinearly with fre-
quency. Pulse width has no significant influence on OH den-
sity.
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