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Decomposition of benzene in the RF plasma environment
Part II. Formation of polycyclic aromatic hydrocarbons
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Abstract

This study investigated the characteristics of polycyclic aromatic hydrocarbons (PAHs) formed during the decomposition of benzene (C6H6)
in radio-frequency (RF) plasma environments. The identification and quantification were accomplished by using a GC/MS for PAHs and an
on-line Fourier transform infrared (FT-IR) spectrometer for the reactants and gaseous products. The analytical results show that PAHs were
formed in both C6H6/Ar and C6H6/H2/Ar systems. In terms of individual PAHs, naphthalene (C10H8) was the predominant species found
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mong the 21 PAHs under all operational conditions, phenanthrene and chrysene are the next. High-ring PAHs did not form e
6H6/Ar and C6H6/H2/Ar system, especially at high input power and high C6H6 feed concentration (CC6H6) for the former system. Yield
f PAHs with different ring numbers decreased with increasing ring number. At low input power, increasingCC6H6 would promote yields o
AHs, while adding hydrogen as the auxiliary gas suppressed PAHs formation. Higher input power or addition of oxygen not only e
uppresses PAHs formation but also completely destroys C6H6. Owing to the absence of the principal intermediate species, phenol (C6H5OH),
rom the gas products of C6H6/O2/Ar system, H-abstraction–C2H2-addition (HACA) pathway is proposed as the primary mechanism for P
ormation in the present study. Gas phase distribution of total-PAHs accounts for 20–95.3% at 2% ofCC6H6 among C6H6/Ar, C6H6/H2/Ar
nd C6H6/O2/Ar systems. This study suggests that gas-phase PAHs should not be ignored, particularly in C6H6/Ar systems under high inp
ower and highCC6H6, or in C6H6/O2/Ar systems.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Benzene (C6H6), a popular solvent and additive in gaso-
ine, is frequently found in both evaporative emission and
utomobile exhaust. Earlier works on C6H6 destruction were
ainly on pyrolysis, and were conducted over a wide range of

emperatures and concentrations[1–3]. Bauer and Aten de-
ised a chain mechanism for C6H6 pyrolysis[4], involving

nitiation, chain propagation, companion and termination. Fi-
ally, two-ring PAHs (naphthalene, C10H8) should be created
uring the termination step.

∗ Corresponding author. Tel.: +886 6 275 7575x65829;
ax: +886 6 275 2790.

E-mail address:tachang@mail.ncku.edu.tw (T.-C. Lin).

In 1995, Mimura synthesized PAHs from C6H6 us-
ing shock waves and found that the main products w
naphthalene, biphenyl, phenanthrene and chrysene[5].
Sonication of C6H6 at room temperature is accomp
nied by the formation of dark insoluble matter, which
believed to be associated with PAHs formation[6]. Accord-
ingly, PAHs formation always occurred in pyrolytic con
tions.

C6H6 can be thoroughly decomposed under oxygen
environments, for example oxidation and combustion
cesses[7–13]. However, numerous studies demonstrated
PAHs were the main byproducts of these processes[7,9–10].
Phenol (C6H5OH), a reactive species in the atmospheric
vironment, has always been found in the premixed C6H6
flames and plasma environment[7–8,10]. Naturally, pheno
is considered an important intermediate for PAHs forma
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However, the formation and growth pathway of PAHs is still
poorly understood.

PAHs are classified as semi-volatile organic compounds
(SVOCs) which exist in the atmosphere as gas-phase or are
associated with suspended particulate matter. A better un-
derstanding of the formation of PAHs can provide practical
benefits owing to the apparent environmental health effect of
numerous PAHs.

PAHs are well known for their carcinogenicity and muta-
genicity. PAHs are also considered to be precursors of soot
formation. The formation and growth mechanism of PAHs in
flames has been discussed in many studies[7,9,14–15]. Two
mechanisms have been proposed for the PAHs formation by
additional rings: (1) H-abstraction–C2H2-addition (HACA)
mechanism: including successive loss of ring hydrogen atoms
and acetylene additions to the ring and ring closure reactions
[16]. (2) Phenoxy mechanism: the phenoxy radical (C6H5O)
is produced under oxidative conditions, and then undergoes
ring contraction to create cyclopentadienyl radical (C5H5)
and CO. The self-reaction of cyclopentadienyl can produce
naphthalene[17]. However, some studies have recognized
the problem of overestimating the importance of the phe-
noxy mechanism in flames[7,15]. The H-abstraction–C2H2-
addition mechanism has further been supported by the study
of Wang and Frenklach[16]. H-abstraction activates the
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2.1. Plasma system

Similar experimental apparatus of plasma system have
been described in greater detail elsewhere[19]. By apply-
ing a vacuum, C6H6 can easily be transformed into the vapor
phase. Flow rates of C6H6, H2, O2 and Ar were individually
metered using calibrated mass flow controllers (Brooks-type
5850E). A total flow rate of 100 sccm (cm3 min−1, 1 atm,
273 K) entered the mixing vessel and was then introduced
into a glass reactor. The operational pressure was always ad-
justed near 10 Torr before the application of RF plasma. The
RF plasma reactor, as illustrated inFig. 1, was a two-piece
cylindrical glass vessel, with inner diameter 4.5 cm and total
height 20 cm. The outer copper electrode was 6 cm high, and
was wrapped on the plasma reactor and grounded.

An RF plasma generator (CESAR, Dressler) and a match-
ing network (Dressler, Vario Match) supply 13.56 MHz
power to the reactor. Before each run, the system was exposed
to a vacuum to reduce it to a pressure below 0.01 Torr. An oil
diffusion pump was then used to further lower the pressure
to 0.001 Torr. The gaseous product species out of the reac-
tor are introduced online into a Fourier transform infrared
(FT-IR) spectrometer (Nicolet, Avatar 360) with a 9.6 m path
length gas cell (CIC, Ranger) for species identification and
quantification.

e-
t and

Fig. 1. Plasma reactor.
6H6 molecule and acetylene addition to propagate mo
lar growth, which can accurately describe the mass gr
f PAHs from C6H6 to pyrene, and which has also be
onfirmed using the B3LYP/4-31G approach with low b
iers [14]. Furthermore, HACA mechanism has been
loyed by McEnally and Pfefferle to clarify the results
AHs formation[7]. However, the mechanism of PAH fo
ation in flames can differ significantly from that in plas
nvironments, particularly for reactions without oxyg
articipation.

PAHs formation and growth in plasma was first reporte
sieh et al.[18]. Hsieh et al. found considerable quantitie
AHs in the deposition when methyltert-butyl ether (MTBE)
as added to the radio-frequency (RF) plasma. However
eposition on the internal reactor wall was gathered for P
nalysis, while the PAHs in the gas-phase were ignore

heir study. To comprehensively study total PAHs, PAH
he deposition and gas-phase were all collected for ana

The present study aimed to investigate the contents
AHs species with variousCC6H6 and input powers amon
6H6/Ar, C6H6/H2/Ar and C6H6/O2/Ar plasma system
hase distribution and PAHs yields in rings 2–7 are also
ussed.

. Experimental section

A PAH sampling apparatus and a plasma system
onnected to assess the characteristics of PAHs formed d
he decomposition of C6H6 in the plasma environment. C6H6
ith 99.6% purity was obtained from Merk Co.
From a previous study[20], the most influential param
ers in this RF plasma system are input power wattage
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feed concentration. In this study, the RF plasma system was
operated under two specified feed concentrations of C6H6,
including 1 and 10% for both low input power (40 W) and
high input power (90 W). C6H6/H2/Ar and C6H6/O2/Ar at 2%
feed concentration of C6H6 were also conducted for evaluat-
ing the influence of hydrogen and oxygen on PAHs formation.
During the experiments involving all operational conditions,
a smelly, dark yellow, soot-like materials appeared on the in-
ternal wall of the reactor and the filter. This finding resembles
the findings of Mimura[5] and of Senken and Castaldi[21].

In this study, the total flow rate was set 100 sccm under
all operational conditions. The electron temperature in the
plasma zone could exceed 103 K, depending on the power
input and gas species produced. After the plasma zone, the
gas flow temperature was rapidly quenched to below 400◦C.
This study calculated the electron temperature in the plasma
zone using the computer model; they were 2220, 2280, 2340,
2400, 2450◦C for 5, 10, 20, 40, 60 W, respectively. However,
away from the plasma zone, the temperature at the exit of the
plasma reactor ranged between 200 and 400◦C, depending
on power input. Additionally, the temperatures at the filter
for collecting the particle-phase PAHs were 57 and 115◦C
with the input power of 40 and 90 W, respectively.

2.2. Sample collection
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dichloromethane, v/v = 1:1) for 24 h. The extract was con-
centrated through purging with ultra-pure nitrogen (flow rate
1.0 L min−1) to 2 mL, followed by a cleanup procedure for re-
moving interferences that would co-elute with PAHs during
the gas chromatograph (GC) analyses. The cleanup proce-
dure was performed in a cleanup column (internal diameter
1 cm), which contained roughly 5 g glasswool at the bottom,
filled with 17 g 6% deactivated silica gel (mixed with 60 mL
n-hexane) in the middle section, and topped with 1 cm of
anhydrous sodium sulfate. Before cleanup, 60 mLn-hexane
was added for washing the sodium sulfate and silica gel. Im-
mediately before the sodium sulfate layer was exposed to
the air, the elution ofn-hexane was stopped and the eluant
was discarded. During cleanup, the concentrated sample was
transferred to the cleanup column, and the column wall was
then rinsed twice with 2 mLn-hexane, which was also added
to the column. The eluant collected from the cleanup pro-
cedure was then re-concentrated to 0.50 mL with ultra-pure
nitrogen[22–23].

A gas chromatograph (Hewlett-Packard 5890A) with
a mass selective detector (MSD) (Hewlett-Packard 5972)
was used for the PAH analysis. This GC/MS was
equipped with a Hewlett-Packard capillary column (HP Ul-
tra 2–50 m× 0.32 mm× 0.17�m), and PAHs were qualified
using the chosen ion monitoring (SIM) mode[22–23].
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The glass–fiber thimble (Whatman), with length 10
nd internal diameter 30 mm, was first connected to the

et of the plasma zone for collecting particle-phase PA
fter which the gas-phase PAHs was collected by PUF/X
6. The pore size of the glass filter ranged between
nd 1.0�m, while the glass cartridge packed with 2.5
f XAD-16 resin was sandwiched between two 5-cm P
lugs [22–23]. Silicone glue was used to seal and h

hese two pieces of PUF and prevent resin leakage d
ampling and extraction[22–23]. Depositions on the rea
or wall were extracted with a mixed solvent (n-hexane an
ichloromethane, v/v = 1:1) and then added to the glass–

himble. Following 8 h of adhesion with the silicone gl
ach fresh PUF/resin cartridge was cleaned up by So
xtracted for one day each with distilled water, metha
ichloromethane, and finally,n-hexane for a total of 4 day
ach PUF/resin cartridge was then placed in a vacuum ov
0◦C for 2 h for drying and evaporating the residual solv
efore sampling, each PUF/resin cartridge was individu
rapped in hexane-washed aluminum foil and stored in

rigerator at 4◦C, then transported in a clean screw-cap
ar fitted with a Teflon cap liner. Each glass fiber thim
as stored in a prebaked glass box, which was also wra
ith aluminum foil during transportation. Finally, the gla
artridge and the glass–fiber thimble were carefully wrap
ith aluminium foil to protect the PAHs from light.

.3. PAHs analysis

The glass cartridge and glass–fiber thimble were S
et extracted separately using a mixed solvent (n-hexane an
Twenty-one PAH compounds were quantified, in
ollowing elution order: naphthalene (NaP), acenaphthy
AcPy), acenaphthene (AcP), fluorine (Flu), phen
hrene (PA), anthracene (Ant), fluoranthene (FL), py
Pyr), cyclopenta(c,d)pyrene (CYC), benz(a)anthra
BaA), chrysene (CHR), benzo(b)fluoranthene (B
enzo(k)fluoranthene (BkF), benzo(e)pyrene (B
enzo(a)pyrene (BaP), perylene (PER), indeno(1,
d) pyrene (IND), dibenz(a,h)anthracene (DB
enzo(b)chrysene (BbC), benzo(ghi) perylene (Bgh
oronene (COR).

. Results and discussion

.1. PAHs formation in the C6H6/Ar system

.1.1. Yields and distribution of individual PAH
PAH yield(s) (YPAH) are defined as the ratio of the c

ected PAHs mass (�g) to the corresponding C6H6 feed mas
g).Table 1lists the results ofYPAH with variousCC6H6 and in-
ut power during the decomposition of C6H6 in the C6H6/Ar
ystem. Evidently in this table, Nap is the predominant
mong the 21 PAHs determined under all operational
itions, accounting for 9.03–12.4% (40 W) and 6.60–32
90 W) of total-PAHs, respectively. The fact that naphtha
s the most abundant species among the 21 PAHs can
ributed to two major factors: (1) it has the simplest chem
tructure among all of the PAHs, and (2) it is easily form
y acetylene (C2H2) additions with low energy barrier[14].
lso, C2H2 itself forms easily in the C6H6/Ar system[24].
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Table 1
YPAH with various feed concentration of C6H6 and input power during de-
composition of C6H6 in the C6H6/Ar RF plasma environment (�g/g C6H6)

PAHsa 1% of C6H6 10% of C6H6

40 W 90 W 40 W 90 W

Nap 10.7 3.26 116 6.25

AcPy 1.75 0.50 25.3 0.63
Acp 6.38 4.05 25.6 3.06
Flu 4.90 2.62 135 2.62
PA 4.60 2.97 249 4.09
Ant 0.86 0.51 16.7 0.28

FL 2.50 2.01 103 0.33
Pyr 0.56 7.26 22.8 0.48
CYC 2.85 2.01 2.63 0.12
BaA 6.44 0.90 5.96 0.18
CHR 1.59 7.75 289 0.26

BbF 7.06 1.70 119 0.18
BkF ND 0.01 ND ND
BeP 19.7 4.96 50.0 0.30
BaP 2.30 1.69 64.8 0.05
PER 1.53 ND 32.8 0.02

IND 1.51 1.90 18.8 0.05
DBA 9.63 ND ND ND
BbC ND ND 4.50 ND
BghiP 1.57 2.09 3.31 0.07

COR 0.16 3.52 1.35 0.05

Total 86.6 49.7 1285 19.0

ND: not detected.
a Gas- and particle-phase included.

Since Nap formation is the first step in the process through
which PAH molecules grow, it is important to examine the rel-
evant mechanism. As previously observed, the chain mecha-
nism proposed by Bauer and Aten can explain Nap formation
from C6H6 pyrolysis in a shock tube[4]. By calculating the
free energy of decomposition of C6H6, Cataldo also found
that Nap formation could occur in accordance with the fol-
lowing two reactions[6]:

2Benzene→ naphthalene+ acetylene+ H2

2Benzene→ naphthalene+ 2C(coke)+ 4H2

In flames, two possible pathways exist via which de-
composition of C6H6 can produce Nap. Some studies have
considered Cyclopentadienyl the dominant pathway for Nap
formation[9,25], However, it is not quite certain[13]. Ad-
ditionally, in C6H6-doped methane flames, premixing in-
creased Cyclopentadienyl radical (C5H5) because of C6H6
doping, implying the importance of Cyclopentadienyl path-
way. However, C6H6 doping also caused the decline of pheny-
lacetylene (C8H6) and Nap. C8H6 was the most important
intermediary in the HACA mechanism, and McEnally and
Pfefferle[7] proposed that HACA was the main mechanism
for Nap formation in flames, while the Nap produced through
cyclopentadienyl self-reaction could be ignored.

low-
t

formed during the experiment in the C6H6/Ar system exam-
ined in this study. This study also found abundant C2H2 else-
where[24]. Thus, Nap formation could occur in accordance
with the reaction formulas proposed by Cataldo. Phenol was
absent from the spectrum analyses because no oxygen was
provided. Thus, Nap formation can be interpreted based on
the HACA mechanism, which was well applied in pyrolytic or
oxidative conditions. However, energetic electrons generated
in the C6H6/Ar system could play a similar role to oxygen in
inducing self-reaction of cyclopentadienyl for Nap formation
[7].

2C5H5→ C10H8 + H2

Phenanthrene and chrysene are another two dominant
species. At 40 W of input power, theYPAH of these species
increased from 4.60, 1.59�g/g C6H6 to 249, 289�g/g C6H6,
respectively, asCC6H6 increased from 1 to 10%. Their per-
centage of total-PAHs increased from 5, 2% to 19, 22%. At
90 W of input power,YPAH varied from 2.97, 7.75�g/g C6H6
to 4.09, 0.26�g/g C6H6 asCC6H6 was raised from 1 to 10%.
Their contribution to total-PAHs varied from 6, 16% to 21.5,
1.4%. These analytical results indicate that, highCC6H6 sig-
nificantly increased yields of PA and CHR at low input power.
Meanwhile, at high input power, sufficient energy resulted in
low yields of PA and CHR, and thusCC6H6 insignificantly
a
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As described in the experimental section, a dark yel
o-brown deposition (coke), as described by Cataldo[6], was
ffected yields of PA and CHR.
On the other hand, when the input power was raised

0 to 90 W, theYPAH of PA and CHR varied from 4.60 an
.59�g/g C6H6 to 2.97 and 7.75�g/g C6H6 at 1% ofCC6H6,
hereas their percentages of total-PAHs increased from
% to 6 and 16%. At 10% ofCC6H6, YPAH decreased from
49 and 289�g/g C6H6 to 4.09 and 0.26�g/g C6H6, their
ercentage of total-PAHs changed from 19 and 22% to
nd 1.3%, respectively. These results indicate that the
ower does not significantly affect yields of PA and CHR

ow CC6H6. Whereas, at highCC6H6, high input power signif
cantly reduces their yields. Based on the above, this s
oncluded that PA and CHR form more easily at low in
ower (as 40 W) and highCC6H6 (as 10%), this result displa
ood agreement with the synthesis of PAHs from C6H6 using
hock wave (room temperature: 290 K, liquid C6H6, projec-
ile velocity: 100–1140 m/s)[5], both of which exhibit high
ields of PA and CHR. This finding indicates that simi
ties exist between the reactions of C6H6 in environment
ontaining plasma and shock wave.

From the perspective of toxicity, benzo(a)pyre
ibenz(a,h)anthracene and benzo(b)fluoranthene hav
ighest toxic equivalency factors (TEFs): 1, 1 and 0.1
pectively[26]. Thus, their yields and distributions dese
urther investigation. As displayed inTable 1, at 1% ofCC6H6,
hen input power was raised from 40 to 90 W,YPAH of BaP,
BA and BbF decreased from 2.30, 9.63 and 7.06�g/g C6H6

o 1.69, ND and 1.70�g/g C6H6. At 10% ofCC6H6, YPAH de-
reased from 64.8, ND and 119�g/g C6H6 to 0.05, ND and
.18�g/g C6H6, respectively. The above observation res
eveal thatYPAH of BaP, DBA and BbF were significant
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less at high input power than at low input power, especially
at highCC6H6 (10%).

On the other hand, whenCC6H6 was increased from 1 to
10%, at 40 W of input power,YPAH of BaP and BbF increased
from 2.30, 7.06�g/g C6H6 to 64.8, 119�g/g C6H6, respec-
tively, and DBA decreased from 9.63�g/g C6H6 to ND; re-
garding 90 W of input power,YPAH of BaP, DBA and BbF
decreased from 1.69, ND and 1.70�g/g C6H6 to 0.05, ND
and 0.18�g/g C6H6, respectively. The above results imply
that high input power impedes the formation of BaP, DBA
and BbF. This finding is similar to those for PA and CHR,
which also formed more easily at low input power and high
CC6H6.

For high-ring PAHs, most 5- to 7-ring PAHs did not form
easily at high input power, except for BaP (5-ring), BbF (5-
ring) and DBA (6-ring). Additionally,Table 1shows that the
plasma environment did not favor the formation of high-ring
PAHs such as BaP, particularly at high input power and high
CC6H6. This study concludes that energetic plasma impedes
PAHs formation. On the other hand, at highCC6H6, PAHs
forms only at the low electron density.

3.1.2. Influence of C6H6 concentration on PAHs
formation

For the reactions in this system, higher feed concentration
o ation.
T
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3.1.3. Effects of input power on PAHs formation
Mimura[5] reported that high energy conditions promoted

the formation of PAHs from C6H6 by impact shock. Hsieh et
al. [18] also found that PAHs formation in the deposition was
easier under high input power in the MTBE/Ar RF plasma
environment. Meanwhile, the influence of high temperature
on PAHs has also been found in the diesel engine exhaust,
where higher temperature enhances PAH decomposition and
reduces PAH concentration[27]. The same trend was found
during the decomposition of C6H6 in the RF plasma. Based
on the sameCC6H6, theYPAH of individual PAHs were con-
siderably lower at high input power (90 W) than low input
power (40 W) (seeTable 1).

Generally, the pyrolysis reaction is an endothermic reac-
tion, which requires high temperature levels (800–1200◦C)
[28]. Based on the experimental results of Shih et al.[19],
higher input power can result in higher temperature, and
by extrapolation, the estimated temperature could reach
800–1200◦C at 90 W. Additionally, the temperature of en-
ergetic electrons in the RF plasma can even exceed 8200 K
[29–30]. Higher temperature favors low-ring PAH formation
[31–32]. Furthermore, the low-ring PAHs could decompose
to gaseous products. This scenario is clearly verified by the
experimental results, as shown in a parallel study[24], in
which numerous gaseous products, particularly C2H2, were
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f reactants generally increases the product concentr
able 1shows that at low input power (40 W), asCC6H6 was
aised from 1 to 10%, except for CYC, BaA and DBA, wh
PAH decreased insignificantly, 18 PAHs species increa
long with total-PAHs, from 86.6 to 1285�g/g C6H6. The

ncrease in total-PAHs was approximately 15 fold, whe
t high input power (90 W), asCC6H6 was raised from 1 t
0%, only Nap, AcPy, PA and PER increased, while the
aining PAHs species decreased, as did total-PAHs,
9.7 to 19.0�g/g C6H6.

The above observation results demonstrate that
C6H6 does not increaseYPAH at high input power.Table 1
lso shows that regardless of whetherCC6H6 was 1 or 10%

heYPAH of individual or total-PAHs was very low, implyin
hat input power (90 W) is sufficient for decomposing C6H6
o carbon deposition or gaseous products, but does not
AHs formation. Investigating the trend ofYPAH at such low

evels is unimportant.
In this RF plasma environment, suitable mean free

hould be allowed to accelerate the energetic electrons
ectively collide with the target molecule, ion, or atom.
igh CC6H6 (10%) and 40 W of input power (correspond

o a power density 0.42 W/cm3), a lack of adequate me
ree path and energy led to ineffective collisions among
ctants. Thus, C6H6 could not be completely decompos

nto a gaseous product, and instead reacted to form P
asTable 1). Meanwhile, at 90 W (corresponding to a pow
ensity 0.94 W/cm3), energetic electrons were produced
nhance C6H6 decomposition to massive gaseous produ

or example, H2, CH4, C2H4, and C2H2, and PAHs formatio
nd growth was suppressed.
dentified. Hydrogen, though not detectable by FT-IR,
lso exist in significant amount, as noted below. Such in
ation demonstrates that higher input power was not fa
ble for ring growth, contradicting the findings of Hsieh
l. First, the different reactants (C6H6 versus MTBE, O i
ontained in MTBE) may be the major cause of the ent
ifferent results. The mechanism through which PAHs
roduced from different reactants could be markedly di
nt and complicated, especially in terms of oxygen effe
econd, the input power used in the present study w
uch higher (90 W > 70 W)that the C6H6 ring ruptured an

ormed C1–C2 gaseous products, along with small quan
f low-ring PAHs, for example Nap (2-ring) and AcPy
ing), which closely resemble the observation results fo
mpact wave technique[5].

.1.4. Yields of PAHs with various ring numbers
Fig. 2 showsYPAH for which various ring numbers we

enerated during C6H6 decomposition in the C6H6/Ar RF
lasma environment. Clearly, levels ofYPAH are much lowe
t 90 W (B) than at 40 W (A). This fact reveals that hig

nput power suppressed PAHs formation, mainly becau
nergetic electrons. From the above result, higher input p

s a good choice for reducing the formation of carcinog
r mutagenic PAHs when C6H6 is to be destroyed in an R
lasma environment.

Additionally, the calculations of Wang and Frenklach[33],
hich supported the hypothesis that reactions of multi-
romatic species are in principle similar to those of b
ene and phenyl, PAHs formation is associated with the
ion of rings. From the standpoint of probability, it becom
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Fig. 2. YPAH of various ring number during decomposition of different feed
concentration of C6H6 in the C6H6/Ar RF plasma environment.

increasingly difficult to form larger rings.Fig. 2(A) clearly
shows thatYPAH decreased with increased ring number at low
input power (40 W). Notably, both (A and B),YPAH of naph-
thalene was smaller than that of 3-, 4- or 5-ring. As noted
by Mimura[5], considering the relatively lower boiling point
(218◦C) and tendency to sublime during the analysis, the de-
termined yields for Nap are probably below the actual ones.

3.2. Formation of PAHs in reducing plasma

As previously described, two mechanisms are proposed
for elucidating PAHs formation, and the HACA mechanism
is considered the most likely pathway for the C6H6/Ar sys-
tem. In this mechanism, the H-atom participates in the HACA
mechanism through the H-abstraction reaction, which acti-
vates the C6H6 molecules. The addition of C2H2 then propa-
gates the growth of PAHs molecules. Several studies on C6H6
pyrolysis have demonstrated significant hydrogen production
at different temperatures[1,3,34–35]. Also, C2H2 forms eas-
ily in the C6H6/Ar system[24]. Thus hydrogen and C2H2,
which were involved in the PAHs formation, were thought to
originate from C6H6 decomposition in the C6H6/Ar system.
Converting C6H6 to Nap only requires small energy barriers
[14], and so was not the rate-determining step for additional

Table 2
YPAH of 2% feed concentration of C6H6 and 40 W input power during de-
composition of C6H6 in the C6H6/Ar, C6H6/H2/Ar and C6H6/O2/Ar RF
plasma environment (�g/g C6H6)

PAHsa 40 W

C6H6/Ar C6H6/H2/Ar (18% H2) C6H6/O2/Ar (15% O2)

Nap 185 156 3.12

AcPy 53.8 8.23 0.51
Acp 57.4 32.3 2.42
Flu 193 205 2.99
PA 319 255 3.03
Ant 25.7 14.8 0.22

FL 141 34.0 0.29
Pyr 49.9 8.76 0.33
CYC 10.5 8.49 0.05
BaA 253 1.76 0.09
CHR 18.2 118 0.03

BbF 155 26.7 0.28
BkF ND ND 0.07
BeP 70.0 25.0 0.08
BaP 107 19.8 0.01
PER 65.0 ND ND

IND 13.0 0.16 ND
DBA 96.9 16.1 ND
BbC ND ND ND
BghiP 9.14 ND ND

COR 5.34 0.12 1.27

Total 1827 930 14.8

ND: not detected.
a Gas-phase and particle-phase included.

ring mechanism. Hydrogen amounts are believed to be the
constraining factor for PAHs formation in the C6H6/Ar sys-
tem.

Using 18% of H2 as the auxiliary gas, this study inves-
tigatesYPAH and its distribution at 2% ofCC6H6 and 40 W
of input power in the C6H6/H2/Ar and C6H6/Ar system (as
Table 2). In the C6H6/H2/Ar system, Nap, PA and CHR,
which belong to 2- to 4-ring PAHs, were the predominant
species, and theirYPAH accounted for 16.7, 27.4 and 12.7 %,
respectively, of total-PAHs. Meanwhile, BaP, DBA and BkF,
which were more toxic, accounted for 2.13, 1.73 and 0 %,
respectively. As for the 19 individual PAHs, they were signif-
icantly lower in the C6H6/H2/Ar than in the C6H6/Ar system,
except for Flu and CHR. Regarding the PAHs ring num-
ber,YPAH decreased with increased ring number in both the
C6H6/Ar and the C6H6/H2/Ar systems (as shown inFig. 3).
The above result implies that H2 addition impeded the for-
mation of large PAHs in the RF plasma.

The H/C molar ratio in the feed increased considerably
with the addition of 18% H2. Simultaneously, carbon be-
came deficient, creating a hostile environment for the forma-
tion of PAHs which have low H/C ratios ranging from 0.83
(AcP, C12H10) to 0.5 (COR, C24H12). As a result, small and
hydrogen-rich molecules, for example CH4, C2H6, C2H4 and
C2H2, were formed preferentially. The above result was con-
fi n
rmed via a parallel study[24], which showed that additio
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Fig. 3. YPAH of various ring number during decomposition of 2% of C6H6 at
40 W in the C6H6/Ar, C6H6/H2/Ar, C6H6/O2/Ar RF plasma environments.

of H2 can promote the formation of hydrogen-rich species,
particularly those of higher H/C species, CH4 and C2H6.

3.3. Effect of O2 addition

Phenol (C6H5OH) can be formed either through attack of
hydroxyl radical and oxygen atom on C6H6 or by H-atom ad-
dition to phenoxy[13,15]. Phenol is a major product formed
from combustion or oxidation of C6H6 under both atmo-
spheric pressure and low-pressure conditions[7,10,11,36].
Generally, non-thermal plasma (NTP) is a source of gas-
phase free radical (O(1D), O(3P), OH•) and other active
species[37]. Consequently, this study hypothesized that some
phenol should be formed in the C6H6/O2/Ar system. The fact
that reaction of C6H6 with O2 can produce phenol in the RF
plasma has already been confirmed in the study by Tezuka
and Yajima[36]. However, no phenol was detected in this
C6H6/O2/Ar system.

Fig. 4illustrates the FT-IR spectra of gaseous products in
the C6H6/O2/Ar system. InFig. 4(A), the operational con-
ditions comprised 2%CC6H6, 40 W input power and 15%
O2, and the O2/C6H6 ratio was 7.5. Only trace CH4 (43 ppm)
was observed in the gaseous products and 14.8�g/g-C6H6 of
PAHs was formed (Table 2) in addition to CO2, CO and H2O.
In Fig. 4(B), the operational conditions were 1% ofCC6H6,
2
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a d of
t ntra-

tion decreased significantly in the burned gas region[10].
Phenol is a highly reactive species. Once phenol is produced
in the C6H6/O2/Ar system, it can rapidly react with active
radicals to produce stable compounds. Therefore, the path-
way of the destruction of C6H6 by the gaseous radicals can
be represented as:[37]

C6H6 + O(3P) or OH• → C6H5OH

C6H5OH → CO2 + CO + H2O

Comparing the operational conditions of this study with
those of Tezuka and Yajima reveals no significant differ-
ence in input power, with 30 W of RF input power and
0.8 mmol min−1 of CC6H6 in the study of Tezuka and Yajima
[36], as compared to an RF input power at 40 or 20 W and 2
or 1% (approximately 0.089 or 0.045 mmol min−1) of CC6H6

in this study. However,CC6H6 is much less in this study be-
ing about 5–10%. Additionally, results of Tezuka and Yajima
also demonstrate that phenol yield appeared independent of
oxygen flow rate (mmol min−1), implying the presence of
oxygen did not affect phenol yield[36]. Accordingly, the
main reason why phenol was not found at both O2/C6H6 ra-
tios (7.5 forFig. 4(A) and 5.0 for (B)) in this study could be
the very lowCC6H6. This result indicates that given adequate
input power and at low concentrations, C6H6 could first be
o gen
t
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0 W of input power and 5% of O2, and the O2/C6H6 ratio
as 5. Phenol was not found in this situation either. Th
bservation results show that phenol was not produce
er the operational conditions in this study. Accordingly,
echanism of phenoxy pathway through which PAHs w

ormed is excluded. The above result implies that the rea
f C6H5 (phenyl radical) with O2 was not the main pathwa

or PAHs formation in the C6H6/O2/Ar system. Instead, th
ormation of trace PAHs probably resulted from the HA
athway.

As observed for the combustion of C6H6 by Tregrossi e
l., significant amounts of PAHs were formed at the en

he main oxidation ozone; and subsequently their conce
xidized to phenol, which immediately reacts with oxy
o form other products.

Table 2 clearly shows that when compared with
6H6/Ar system, the addition of 15% of O2 markedly re
uced the yield of PAHs at low input power (40 W). As for
1 individual PAHs, theirYPAH reduced significantly exce

or BkF. Total-PAHs were reduced from 1827 to 14.8�g/g
6H6, representing an approximately 99% reduction.Fig. 3
learly illustrates that comparing yields of PAHs with
ame ring number reveals that those in C6H6/O2/Ar system
ere considerably lower than those in the C6H6/Ar system
hese analytical results imply that the addition of opti
2 helped in decomposing C6H6 and effectively suppress
AHs formation in the RF plasma.

Compared with the C6H6/H2/Ar system, theYPAH of 19
AHs species were markedly reduced except for BkF
OR. Comparing yields of PAHs with the same ring num

eveals significantly lower yields for those in the C6H6/O2/Ar
ystem compared to the C6H6/H2/Ar system. Total-PAHs re
uced from 930 to 14.8�g/g C6H6, representing a reductio
f approximately 98.4%. Adding O2 is clearly superior t
dding H2 in the RF plasma to reduce the yield of PAHs.

During combustion, C6H6 reacts with sufficient oxygen
orm CO2 and H2O.

6H6 + 7.5O2→ 6CO2 + 3H2O

Fig. 4(A) clearly shows that C6H6 was thoroughly
xidized to CO2 (38.3%) and H2O when the O2/C6H6 ratio
as 7.5 (15% of O2 and 2% of C6H6). When the O2/C6H6

atio was reduced to 5.0 (Fig. 4(B)), other compounds we
ot found except for CO2 (23.2%) and H2O. The abov
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Fig. 4. Spectrum of gaseous products in the C6H6/O2/Ar RF plasma environment. (A) 2% of C6H6, 40 W of input power and 15% of O2. (B) 1% of C6H6,
20 W of input power and 5% of O2.

information demonstrates that similarity exists between
RF plasma reaction and the combustion process, owing to
the complete destruction of C6H6 at the O2/C6H6 ratio of
stoichiometry. It also shows that RF plasma is superior to
the combustion process, because C6H6 can be completely
destroyed below the stoichiometric ratio of O2/C6H6 (7.5).

3.4. Phase distribution

PAHs are semi-volatile organic compounds. At room tem-
perature, SVOCs simultaneously exist as gas- and particle-
phase and maintain equilibrium. Temperature is the main in-
fluence on the phase distribution of PAHs. In the atmosphere,
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2- and 3-ring PAHs exist in the gas-phase, but only small
amounts are adsorbed onto particles. This phenomenon is
more notable during the hot summer. Four-ring atmospheric
PAHs also exist primarily in the gas-phase. However, their
concentrations in the particle-phase remain higher than those
of 3-ring. As for 5-, 6- or 7-ring PAHs in the atmosphere,
they all exist primarily in the particle-phase[31–32].

As previously noted, temperature is the primary influence
on PAHs distribution between the gas- and particle-phases.
PAHs are dominant in the gas-phase at high temperature,
and the energetic electrons in RF plasma could result in high
temperatures up to 8200 K[29–30], which indicates the im-
portance of gas-phase distribution in the RF plasma environ-
ments. However, Hsieh et al. ignored the gas phase PAHs
and examined only the PAHs involved in the deposition in
the RF plasma. To achieve a full picture of PAHs formation
in the RF plasma, PAHs in both the gas- and particle-phase
were collected simultaneously and analyzed separately here.
Discussion in the earlier parts of this study was based on the
combination of gas- and particle-phase of PAHs.

The phase distribution of a PAH describes how a certain
PAH is distributed between the gas- and particle- phases.
Thus, the gas-phase distribution (%) of each PAH is de-
fined as: [gas-phaseYPAH/(gas-phaseYPAH + particle-phase
YPAH)] × 100%, and the particle-phase distribution (%) thus
i e

distributions of individual PAHs and total-PAHs with dif-
ferent input power and feed concentration of C6H6 in the
C6H6/Ar system. As was observed in the atmosphere, 2- and
3-ring PAHs, including Nap, AcPy, AcP, Flu, PA and Ant,
existed mainly in the gas-phase under all operational condi-
tions in the C6H6/Ar system. Notably, gas-phase distribution
of Nap was up in 94.1–99.2% range. On the other hand, the
particle-phase distribution of 4-ring PAHs, including FL, Pyr,
BaA and CHR, approached 100%. The particle-phase distri-
butions of 5-, 6- and 7-ring PAHs exceeded those of 4-ring.
Furthermore, these patterns of phase distribution closely re-
sembled those found in the atmosphere.

In terms of total-PAHs, at low input power (40 W), the gas-
phase distribution increased slightly, from 22.8 to 29.8%, as
CC6H6 increased from 1 to 10%. The effect ofCC6H6 on phase
distribution was insignificant at low input power. However, at
high input power (90 W) the gas-phase distribution increased
markedly from 13.3 to 87.2% asCC6H6 increased from 1 to
10%. These observation results further proved the importance
and necessity of measuring PAHs in the gas-phase when high
power is used in the C6H6/Ar system.

Table 4lists the comparisons of phase distribution among
C6H6/Ar, C6H6/H2/Ar and C6H6/O2/Ar systems at 2% of
CC6H6 and 40 W of input power. Regarding individual PAHs,
the gas-phase distribution of 2- and 3-ring PAHs was sig-
n
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s: (100− gas-phase distribution) (%).Table 3lists the phas

able 3
hase distributions (%) of individual PAHs and total-PAHs with differen

AHs 40 W

1% C6H6 10% C6H6

Gas-phase
(%)

Particle-phase
(%)

Gas-phase
(%)

Partic
(%)

ap 94.1 5.9 98.4 1.6

cPy 85.1 14.9 91.9 8.1
cP 85.2 14.8 89.6 10.4
lu 34.9 65.1 69.4 30.6
A 13.3 86.7 29.1 70.9
nt 7.5 92.5 28.9 71.1

L 2.4 97.6 12.3 87.7
yr 20.8 79.2 11.1 88.9
YC 0.0 100.0 5.7 94.3
aA 0.1 99.9 32.7 67.3
HR 0.0 100.0 3.9 96.1

bF 2.8 97.2 5.3 94.7
kF ND ND ND ND
eP 0.0 100.0 9.6 90.4
aP 0.0 100.0 5.4 94.6

ER 0.0 100.0 8.0 92.0
ND 0.0 100.0 7.0 93.0
BA 0.0 100.0 ND ND
bC ND ND 100.0 0.0

ghiP 0.0 100.0 7.2 92.8

OR 0.0 100.0 42.0 58.0

otal-PAHs 22.8 77.2 29.8 70.2

D: not detected.
ificantly dominant in both the C6H6/Ar and C6H6/H2/Ar

power and feed concentrations of C6H6 in the C6H6/Ar RF plasma environme

90 W

1% C6H6 10% C6H6

se Gas-phase
(%)

Particle-phase
(%)

Gas-phase
(%)

Particle-phase
(%)

94.0 6.0 99.2 0.8

91.4 8.6 98.5 1.5
45.4 54.6 94.3 5.7
20.5 79.5 92.8 7.2
9.9 90.1 93.6 6.4
5.7 94.3 85.4 14.6

2.3 97.7 43.3 56.7
2.2 97.8 36.9 63.1
0.3 99.7 5.0 95.0
0.0 100.0 5.4 94.6
0.9 99.1 9.2 90.8

2.4 97.6 7.9 92.1
100.0 0.0 ND ND

0.7 99.3 1.5 98.5
0.5 99.5 2.0 98.0

ND ND 0.0 100.0
0.0 100.0 0.0 100.0

ND ND ND ND
ND ND ND ND
0.8 99.2 0.0 100.0

0.1 99.9 0.0 100.0

13.3 86.7 87.2 12.8
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Table 4
Phase distributions (%) of individual PAH and total-PAHs in the C6H6

a/Ar, C6H6
a/H2/Ar and C6H6

a/O2/Ar RF plasma environments

PAHs 40 W

C6H6/Ar C6H6/H2/Ar C6H6/O2/Ar

Gas-phase (%) Particle-phase (%) Gas-phase (%) Particle-phase (%) Gas-phase (%) Particle-phase (%)

Nap 98.6 1.4 97.1 2.9 96.6 3.4

AcPy 81.5 18.5 82.7 17.3 98.9 1.1
Acp 79.6 20.4 70.6 29.4 99.6 0.4
Flu 39.6 60.4 39.0 61.0 98.9 1.1
PA 4.3 95.7 6.4 93.6 96.9 3.1
Ant 4.7 95.3 6.9 93.1 96.7 3.3

FL 0.1 99.9 1.3 98.7 81.3 18.7
Pyr 0.1 99.9 1.3 98.7 90.7 9.3
CYC 0.0 100.0 0.0 100.0 29.0 71.0
BaA 0.0 100.0 0.3 99.7 32.6 67.4
CHR 0.0 100.0 0.0 100.0 76.5 23.5

BbF 0.0 100.0 0.5 99.5 40.1 59.9
BkF ND ND ND ND 100.0 0.0
BeP 0.1 99.9 0.1 99.9 0.0 100.0
BaP 0.0 100.0 0.0 100.0 0.0 100.0
PER 0.0 100.0 ND ND ND ND

IND 0.0 100.0 0.0 100.0 ND ND
DBA 0.0 100.0 0.0 100.0 ND ND
BbC ND ND ND ND ND ND
BghiP 0.2 99.8 ND ND ND ND

COR 20.2 79.8 100.0 0.0 100.0 0.0

Total-PAHs 20.0 80.0 30.0 70.0 95.3 4.7

ND: not detected.
a C6H6 concentration = 2%.

systems. This phenomenon was even more prominent in the
C6H6/O2/Ar system, where gas-phase distributions of 2- and
3-ring PAHs were no less than 96.6%. The particle-phase
distribution of 4-ring PAHs were significantly dominant in
both C6H6/Ar and C6H6/H2/Ar systems, and were 98.7%
or higher. In the C6H6/O2/Ar system, the gas-phase distri-
bution of FL, Pyr and CHR was between 76.5 and 90.7%,
while that of BaA was 32.6%. Furthermore, the phase distri-
butions for 5-, 6- and 7-ring PAHs among these three systems
were practically all in the particle-phase. Regarding the gas-
phase distributions of total PAHs in these three systems, they
were 20.0, 30.0 and 95.3%, respectively. The above result
again demonstrates the importance of gas-phase PAHs in the
C6H6/O2/Ar system.

As illustrated inTables 3 and 4, at least 13.3% amount of
PAHs was distributed in gas-phase under all operational con-
ditions. At highCC6H6 (10%) and high input power (90 W),
the gas-phase distribution increases to 87.2%, while in the
C6H6/O2/Ar system, the gas-phase distribution increases to
95.3%. The above results indicated that gas-phase PAHs from
C6H6 should not be ignored in the RF plasma, particularly
when a high input power is used in the C6H6/O2/Ar sys-
tem. Practically, these gas-phase PAHs should be removed
using air pollutants control devices, for example, activated
carbons.

4. Conclusions

(1) Regarding individual PAH, in the C6H6/Ar system, naph-
thalene (C10H8) was the predominant species found
among the 21 PAHs produced under all the operational
conditions, and were followed by phenanthrene and chry-
sene. High-ring PAHs, such as BaP, DBA and BbF, did
not form easily under high input power and highCC6H6.

(2) In the C6H6/Ar system, increasingCC6H6 markedly in-
creases theYPAH at low input power, but decreasesYPAH
slightly at high input power. Simultaneously, based on the
sameCC6H6, individual PAHs were significantly fewer
at high input power than at low input power. The above
information indicate that energetic electrons in the RF
plasma were unfavorable for PAH formation.YPAH de-
crease with increasing ring number.

(3) In the C6H6/H2/Ar system, Nap, PA and CHR remained
the predominant species. Moreover,YPAH decreased with
increasing ring number. As compared to the C6H6/Ar
system, individual PAHs decreased significantly. Too nu-
merous H2 molecules would react to form gaseous prod-
ucts, for example C2H2, C2H4, C2H6 and CH4, which
was unfavorable for PAH formation.

(4) In the C6H6/O2/Ar system, C6H5OH were not detected in
the gas products. Phenoxy pathway may not be the main
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mechanism for PAH formation, small quantities of PAHs
should be created by the HACA mechanism. Compared
with the C6H6/Ar and C6H6/H2/Ar systems, PAH yields
decreased substantially. These results demonstrate that
the addition of O2 helped to decompose C6H6 and reduce
PAH formation.

(5) Among C6H6/Ar, C6H6/H2/Ar and C6H6/O2/Ar sys-
tems, the gas-phase distribution of total-PAHs rep-
resented 20–95.3% at 2% ofCC6H6. Additionally, it
increased further to 87.2% at 10% ofCC6H6 and high
input power (90 W). Therefore, this study suggests that
gas-phase PAHs should not be ignored, particularly in
C6H6/O2/Ar systems with high input power.
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