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a b s t r a c t

Atmospheric-pressure dielectric-barrier discharge (DBD) assisted control of benzene(g) oxidation into
different classes of products is presented in this study. The gas-phase products were directly analyzed
online by GC–FID and GC–MS. In addition, a solid yellowish surface deposit also formed, which was dis-
solved in 10 mL ethanol after each 10 min DBD cycle for GC analyses. One of the gas-phase products,
phenol was also separately collected and estimated by Folin–Ciocalteu’s wet-colorimetric method. In the
gas phase only phenol and biphenyl were detected at maximum total conversion of ∼3%, while in the
ethanolic solution furthermore 1,2- and 1,4-dihydroxybenzene, 2,2′-biphenol, 2- and 4-phenylphenol
and 4-phenoxyphenol were estimated at �M to mM level, and reveal ∼30% total conversion. Products’
types hint at the phenyl radical as the primary precursor. However, with the use of mesoporous molecu-
ielectric-barrier discharge
olecular sieve 10X

henol and substituted phenols

lar sieve 10X packing in unison with DBD, while the concentrations of such phenolic products decreased
drastically, a number of open chain and non-aromatic ethers, aldehydes and esters, and also naphtha-
lene and biphenylene were formed. In addition to high DBD process efficiency, the latter results suggest
modification of discharge characteristics, and also strong physicochemical effects of cavity size and sur-
face property on the intermediate reactions therein. Thus, use of such packing highlights a novel and
practical methodology for control of chemical reactions towards useful product types, vis-à-vis pollutant

mitigation.

. Introduction

Efficient and diverse product generation in gas-phase benzene
xidation with dielectric-barrier discharge (DBD, i.e. cold plasma),
n the absence and presence of mesoporous molecular sieve 10X
MS10X) packing is presented in this study. In the past, a variety
f energy sources, e.g. thermal, UV light, ionizing radiation, ultra-
onolysis, cold plasma without or with catalysts have been used
o oxidize various aromatics including benzene [1–10]. But these
tudies in condensed matrices still lack details of the gas-phase
r near-surface free radical reactions, as encountered in pollution.
onversely, the simple but versatile DBD technology has grown
teadily to contribute in free radical mediated gas-phase chemi-
al conversions [11–20]. However, with respect to pollution, these
ave mainly focused on complete oxidation of organics into CO2
nd H2O, which may not only aggravate the non-desirable environ-
ental effects, but also serve little as utility. Therefore, to evaluate
he appropriate tunability and usage of the DBD process, oxidation
f 500–10,000 ppm (1%) benzene (a typical aromatic) in Ar carrier
ith 2–40% O2 was studied. Effective ∼30% conversion of benzene

nto a variety of products was confirmed with gas chromatographic
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(GC) analysis, and plausible reaction mechanisms are presented.
More significantly, while phenol and biphenyl were always pro-
duced, their further conversion to a mixture of substituted phenols
in the absence of MS10X changed to a mixture of open chain and
non-aromatic ethers, aldehydes and esters, etc. in its presence.
Results suggest DBD with such packing may open up new avenues
to contribute in the current efforts of tuning of a pollutant’s alter-
ation towards usable products vis-à-vis its mitigation.

2. Experimental

A 50 Hz DBD setup is shown in Fig. 1, and described before was
employed for these measurements [21]. The annular discharge zone
(gap 3.2 mm, volume 22 mL) is enclosed within electrically charged
concentric pyrex surfaces. The applied voltage was varied from 2
to 10 kV. Carrier Ar:O2 flow ratio was changed, with total flow
rate maintained at 275 ± 45 mL min−1. When needed, the annular
gap was packed with activated MS10X globules (diameter 2–3 mm,
obtained from M/s Union Carbide). Benzene (≥99% purity, from
Spectrochem, India) concentration was altered by diverting a frac-

tion of Ar (or O2) flow through liquid C6H6 at constant temperature,
and subsequently mixing it with the remaining gas flow prior to
DBD. Gas-phase benzene concentration was measured at 254.6 nm
(ε = 210 M−1 cm−1) in a 10 cm path cell [22]. The DBD outlet gas
was sampled and analyzed by GC–FID (gas chromatograph–flame

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tndas@barc.gov.in
dx.doi.org/10.1016/j.jhazmat.2010.01.143
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up with product analysis protocols.

i
t
1
s
a
e
a
m
a
s
e
r
m
r
l
a

3

3

s
v
c
a
s
t
s
t
r
[
[
o

i
b
a
G

Fig. 2. Gas chromatogram of products collected for 25 min DBD at 7.7 kV applied
voltage. Ar flow rate 260 mL min−1, O flow rate through C H at 0◦ C: (a)

decreased with increasing [O2], and its inverse relation to [phenol]
as shown in Table 1. To rationalize the chemistry, a set of plausi-
ble sequential reaction mechanism (1)–(19) is postulated to occur.
(In these studies Ar and O2 were used as the carrier and oxidizer

Table 1
Dependency of phenol and biphenyl generation on oxygen concentration for total
gas flow rate: 240 mL min−1, DBD at 7.4 kV applied voltage, [C6H6] = 1500 ppm.

O2 (%) Phenol generated (ppm) Biphenyl generated (ppb)

2–3 19 –
6.2 22 13
8.6 24 0.7
Fig. 1. DBD experimental set

onization detector) and GC–MS (gas chromatograph–mass spec-
rometer) with BPX50 30 m × 0.25 mm ID capillary column, flow at
.5 mL min−1, temperature programming: 60 ◦C-r(10)-180, and in
ome cases by Folin–Ciocalteu’s (FC) colorimetric analysis [23,24]. In
ddition, after each DBD cycle, a straw yellow colored deposited on
ach electrode surface were washed with 10 mL ethanol, and sep-
rately subjected to GC and GC–MS analyses. These analyses were
ade on Shimadzu 2010 series instrument. In quantitative GC–FID

nalysis, individual calibration plots were first obtained using pure
tandard samples. Subsequently, a comparison of the concerned
xperimental product’s peak area with its standard’s plot at the
espective retention time revealed its prevailing concentration. The
ass spectrometric (MS) fragmentation patterns at matching peak

etention times were also checked and compared with the standard
istings of NIST and Wiley Mass Libraries. The error in colorimetric
nd GC analyses remained within ±5%.

. Results and discussion

.1. Gas-phase studies

Keeping into perspective the report of phenol production in
ome previous condensed phase studies [5,25–32] the same was
erified first. In Fig. 2a typical GC result shows gas-phase products
ollected for 10 min, by cooling in a liquid N2-ethanol slurry bath
t −116 ◦C [33]. In Fig. 2 inset results from FC measurements are
hown, wherein [phenol]aq is presented in ppm taking into account
he prevailing experimental parameters wherein the typical gas
ampling rate was 240 mL min−1 for 10 min through 10 mL FC solu-
ion at 25 ◦C. Measurements under 6 kV applied voltage and flow
ate at 240 mL min−1 revealed an averaged slope ≈2.4 × 10−3 for
C6H5OH]g:[C6H6]g. Under wide-ranging experimental conditions,
phenol] varied from 0.2 to 40 ppm, correlating to the conversion
f 0.1–3% (maximum).
As listed in Table 1 (and compared in Fig. 2), with increas-
ng [O2] up to ≤10%, phenol production increased continuously
ut decreased at higher [O2], possibly due to further oxidation of
fraction of phenol generated within the reaction zone. Herein
C analysis also revealed that [biphenyl] at low (2%) [O2] rapidly
2 6 6

28 mL min−1 (black curve) and (b) 65 mL min−1 (red curve). Inset: Gas-phase phe-
nol concentration estimated using the wet-chemical method vs. applied voltage.
Total gas flow rate: 265 mL min−1, O2 flow rate 7.5%, Ar flow rate through C6H6 at
0 ◦C: 24 mL min−1.
10 25.5 0.3
11.5 25 BDL
24 12 BDL
40 7 BDL

BDL = below detection limit
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espectively to avoid any complication arising out of N-atom and
arious NxOy radicals and subsequent products reported in 78-21
ixture of N2 + O2 (mimicking air) under DBD.)
Energy absorption:

(1)

(2)

Primary reactions:

r ∗ + O2 → O2∗ + Ar (3)

2∗ → 2O (4)

r ∗ + C6H6 → C6H6∗ + Ar (5)

rn
•+ + C6H6 → C6H6

•+ + nAr (6)

Secondary reactions:

6H6∗ → C6H5
• + H• (7)

2 + O(+Ar) → O3(+Ar) (8)

+ C6H6 → C6H5
• + •OH (9)

Further reactions:

6H5
• + C6H5

• →C6H5–H5C6(biphenyl) (10)

6H5
• + O2 → C6H5O2

•(phenylperoxylradical)

→C6H5OH(phenol) (11)

(12)

• + O2 → HO2
• (13)

6H6
•+ + mC6H6 → (C6H6)m+1

•+ →polymericproducts (14)

6H5
• + mC6H6 → (C6H6)mH5C6• →polymericproducts (15)

Minor reactions:

6H5
• + •OH →C6H5OH (16)

OH + •OH →H2O2 (17)

O2
• + HO2

• →H2O2+O2 (18)

Additional reaction in the presence of excess oxygen:

2∗ + C6H6 → C6H6∗ + O2 (19)

Composition of the flowing reaction mixtures would allow ini-
ial DBD energy partition mainly between Ar and O2 as in reactions
1) and (2) (a negligible fraction may be absorbed by the C6H6
resent). As a result, in addition to Ar* + Arn

•+, other chemically
eactive species formed include the O-atom, and subsequently O3,
6H5

• and C6H6
•+ radicals, each following its separate chemistry.

The O-atom reactions fall in three categories, reaction (8) to
enerate ozone, reaction (9) to generate the C6H5

• and •OH rad-
cals, and its radical recombination (not shown) to regenerate

2. Gas-phase reactions of O3 and C6H6 are discussed elsewhere
n the literature [34,35]. The C6H5

• radical reaction propensities
ould have minor, intermediate, and major contributions in the
bove scheme. In the minor category, the reaction (not shown
bove) deals with its internal rearrangement, leading to open-chain
roducts, which may however gain importance under restricted
eaction environment, discussed later. Following the major chan-
els, the reactions are initiated as shown above in (10), (11) and
Materials 178 (2010) 693–698 695

(15). The bimolecular rate constant of radical dimerization reaction
(10) in the gas phase is reported to be 1.15 × 1013 mL3 mol−1 s−1

[36]. Therefore, its overall contribution in defining the various
product ratios depends on the absence of other majority reactants
that also scavenge the C6H5

• radical. Herein such scavengers are
O2 and the parent C6H6. The propensity of the scavenging reac-
tions (11) and (15) remain high due to prevailing extremely high
ratios of the [O2]:[C6H5

•] and [C6H6]:[C6H5
•]. The bimolecular rate

constant of initiation of reaction (15) at 298 K is reported to be
high, k = 1.81 × 109 mL3 mol−1 s−1 [37]. Although a similar initia-
tion by C6H6

•+ in reaction (14) has not yet been quantified, its
consequences under DBD may be of similar magnitude due to high
[C6H6]:[C6H6

•+] ratio arising out of reactions (1) and (6). Thus, in
the presence of ppm level C6H6 in the gas stream, the combined
contribution of reactions (14) and (15) would remain significant,
as observed in this study. It may be noted that at 298 K the reaction
rate constant value of C6H5

• + C6H6 → H• + C6H5–H5C6 is reported
to be 4.65 × 108 mL3 mol−1 s−1 [38]. Thus yield of biphenyl reac-
tions (13) and (18) propensities would increase following it.

In the condensed phase some substituted phenylperoxyl rad-
icals (sub-C6H4O2

•) are reported to generate the corresponding
phenoxyl radical (sub-C6H4O•) via the diphenyltetroxide (sub-
C6H4OOOOH4(sub-)C6) intermediate in respective dimerization
reactions [39]. Even in the gas-phase reactions near room tem-
perature a similar reaction is reported to occur [40]. On the
other hand, at higher temperatures, a similar direct reaction,
C6H5

• + O2 —(Ar) → C6H5O• + O has been reported, without the
intermediacy of its tetroxide (C6H5OOOOH5C6) [41]. Thus, under
DBD conditions, in reaction (11) the phenylperoxyl radical,
C6H5O2

• may generate the C6H5O• radical via the tetroxide, i.e.
2C6H5–O2

• → [C6H5O2–O2H5C6] → 2C6H5O• + O2. A similar reac-
tion scheme has been proposed recently [8]. The latter is expected
to get reduced to phenol by abstracting an H-atom from a
suitably abundant source like C6H6 in the present case [42],
C6H5O• + C6H6 → C6H5OH + C6H5

•, and starting the reaction cycle
all over again. Formation of a stronger O–H bond in lieu of a weaker
C–H bond would favor such an H-atom abstraction reaction in this
case.

While the radical–radical addition reaction (16) possibly falls
in the minor category (due to prevailing low concentration of the
either species, thus may arise only from a geminate recombination
of reaction (9) products), oxygenation of the •OH adduct in reac-
tion (12) would be an important channel for phenol generation.
Similar reaction mechanism in condensed phase is reported in the
literature [43]. The sequential steps in it are (a) formation of the
5-hydroxy-(1,3)-cyclohexadienyl radical, C6H6

•OH; (b) addition of
O2 at C6 generating the corresponding peroxyl radical, HOC6H6O2

•;
and (c) elimination of the hydroperoxy radical, HO2

• (O2 from C6
with H from C5) generating phenol, C6H5OH.

Some additional reactions, e.g. of H• from reaction (7) with O2
and C6H6 may also produce the HO2

• (reaction (13)) and C6H7
• (not

shown) radicals respectively, and further chemistry may occur. As
discussed later, within restricted environments (and if H• is not
allowed to be scavenged by O2) the latter reaction may gain sig-
nificance and thereby lead to ring opening and further addition of
oxygen to produce open-chain products. Additionally, within the
discharge zone, reaction (17) may become reversible, at least par-
tially to maintain a steady concentration of the •OH radical. Thus,
along with the presence of some minor reactions, generation of
majority phenol and biphenyl in the gas stream is rationalized,
including their inverse relation vis-à-vis presence of O2. For an

experimental residence time of ∼5 s in the reaction zone, com-
parable lower concentration levels of either product would also
ensure their minimal degradation under DBD. Thus, the measured
gas-phase concentrations of these species are assumed to remain
unaffected.
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Fig. 3. Gas chromatogram of surface washed ethanolic solution from 10 min DBD
at 7.7 kV applied voltage, Ar flow rate: 217 mL min−1, Ar flow rate through C6H6 at
0 ◦C: 40 mL min−1, with 8% O2. Inset: Gas chromatogram of ethanolic solution of �M
to mM of various standards employed.

Table 2
Typical products estimated (in �mol) in 10 mL of ethanolic solutions under 10 min
DBD at 8.4 kV applied voltage. Ar flow rate: 240 mL min−1; [C6H6] = 1150 ppm and
[O2] = 20%.

Product Without MS10X With MS10X

Phenol 1.65 0.48
Biphenyl 0.047 0.12
2- and 4-phenylphenols 0.18 0.024
Catechol 0.22 Nil
2,2′-Biphenol 0.026 Nil
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Table 3
Comparison of various products (with retention time) identified in the ethanol
washed solutions of MS10X globules during DBD modification of C6H6 in the pres-
ence of low and high concentrations of O2 (common products are shown in bold).

2% O2 14% O2

(1-Methylethenyl)benzene (8.87) 5-Hydroxymethyl-2-furanone
(6.22)

(Methylphenylacetyl)-benzene (10.55) 2-Cyclohexene-1-ol (7.72)
3-Phenyl-2-propanal (11.27) (1-Methylethenyl)benzene (8.90)
Aceticacid phenyl ester (11.73) 2-Cyclopentene-1,4-dione (9.28)
3-Phenyl-2-propenal (12.29) Diethyl ethanedionic acid (10.04)
Naphthalene (13.50) 3,4-Dihydropyran (10.40)
(2,5-Cyclohexadienyl)benzene (14.91) (Methylphenylacetyl)-benene

(10.55)
(1,4-Cyclohexadienyl)benzene (15.33) Phenylpentanoic acid (11.28)
Diphenylether (16.76) Ethyl-trans-2-pentenoate (11.76)
Biphenylene (17.60) 2-Methylene-1-propionyl

cyclopropane (12.51)
2-Phenoxyphenol 3,4-Dimethyl-2-cyclohexene-1-

one
4-Phenoxyphenol 0.045 Nil
Hydroquinone 1.5 Nil

GC analysis of an ethanolic wash in Fig. 3 reveals major phe-
ol and biphenyl (with significantly higher yields as compared to
as phase) peaks, and also hydroquinone, catechol, 2,2′-biphenol,
-phenoxyphenol, 2- and 4-phenylphenols, etc. and a few minor
nidentified species. Detailed analyses also revealed that herein
oo [biphenyl] were inversely related to [O2] (0.048 �M to nil
or 4% to 10% O2 respectively), and [phenol] as found earlier.

typical estimate of the product yields is listed in Table 2
under without MS10X). FC measurements additionally revealed
hat deposited [phenolic]total was ≥10 × [phenol]gas. The deposited
roducts suggest the following: (a) significant (near-electrode) sur-

ace chemistry during DBD, wherein not only the reactions (1)–(18)
ut additional chemistry as discussed in Scheme 1 and beyond
such as the mechanism discussed by Gai [44]) may take place
ontinuously; (b) polymeric products from reactions (14) and (15)
ay continue to get deposited on the dielectric surfaces due to

Scheme 1.
(14.23)

low vapor pressure. Various chemicals and the discharge close to
the surface further modify such deposits. Thus, some of the phe-
nolic compounds may be formed as later reaction products, from
the polymer breakdown, followed by oxygenation of its daughter
fragments. Such reaction mechanisms are discussed below.

Presence of various 2- and 4-substituted phenolic products may
be rationalized by assuming their formation to occur from phenol
that is first generated on or near the surfaces, and subsequently
gets deposited. Taking the example of 4-phenoxyphenol genera-
tion, the plausible sequential reactions are shown in Scheme 1. (It
may be noted that a similar C6H5O• attack occurring at C2 would
generate 2-phenoxyphenol, especially under a restrictive environ-
ment as discussed later and shown in Table 3, while replacing the
C6H5O• with C6H5

• would produce the respective phenylphenol
in either case.) Preferential 2- and 4-(electrophilic) substitutions
of either C6H5O• or C6H5

• radicals occur at the centers of highest
electron density, i.e. C2 and C4 in phenol. The reaction mechanism
in Scheme 1 is similar to the oxidation of aqueous solution of C6H6
in the presence of •OH radical and dissolved O2 [4].

On the other hand, 2,2′-biphenol could be generated from (a)
surface deposited biphenyl by sequential •OH radical addition, fol-
lowed by O2 addition, and HO2

• radical elimination twice over
on either ring; or (b) from phenylphenols by appropriate sequen-
tial •OH radical addition, O2 addition, HO2

• radical elimination.
In either case electron density distribution in the intermediate
species would determine the course of such reactions, thus pre-
venting formation of other isomers. Even generation of catechol
and hydroquinone from phenol would follow similar chemistry
or mechanism starting with phenol and/or C6H6. Thus, although
the presence of O2 is crucial for C6H6 oxidation, under DBD, its
prevailing high concentration plausibly allows continuous gener-
ation of the •OH radical via the reactions (3), (4) and (9), leading
to production of above secondary and tertiary reaction products.
Additionally, O3 present may also play a crucial role in such
chemistry. To verify this hypothesis the experimental design was
modified to allow (a) production of only O3 under DBD (employing
O2 in carrier argon), and later mixing it with C6H6 in Ar; and (b) by
treating the polymeric deposit formed first (employing benzene in
carrier argon in the absence of O2) with O3 generated separately.
However, under these conditions formation of such coating in the
first case, and formation of any substituted phenol in the second
case was found to be negligible. Thus, in our studies role of O3 in

this direction possibly remained low, supporting the above reaction
sequence.
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Fig. 4. Gas chromatogram of products ethanol washed from MS10X for 20 min DBD
at 9 kV applied voltage. For 2% O2: total gas flow rate 300 mL min−1 and Ar flow
rate through C6H6 in ice-water bath: 50 mL min−1. For 14% O2: total gas flow rate:
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65 mL min−1; Ar flow rate through C6H6 in ice-water bath: 43 mL min−1. Inset: Gas
hromatogram of gas-phase products obtained from 10 min DBD under 9 kV applied
oltage, with MS10X packing at different O2 concentrations. In either case total gas
ow rate: 300 mL min−1; Ar flow rate through C6H6 at 0 ◦C: 50 mL min−1.

.2. Reactions in the presence of MS10X packing

The GC–MS analysis of gas-phase products in Fig. 4 inset again
onfirmed that phenol and biphenyl were produced in the presence
f low [O2], but production of nonanal C8H17CHO (and absence of
iphenyl) at high [O2] clearly showed a significant deviation from
he previous oxidation route (with ring opening, addition of a C3

oiety, partial hydrogenation, and an oxygenation step).
In GC analyses of the ethanolic wash of MS10X globules, various

ydrocarbons and oxygenated species were identified as products.
n Table 3 a partial list products formed in the presence of 2% and
4% [O2] is presented. (A complete list of products appears in the
upporting information Table S1.) The chromatogram in Fig. 4 for
% [O2] show products biphenyl, naphthalene, cyclohexadienyl and
ther substituted benzenes, biphenylene, and some oxygenated
pecies like phenol, diphenyl ether, and a number of single ring or
pen-chain species. At higher [O2] most of the hydrocarbon prod-
cts (and the various phenolic species found without MS10X) were
bsent. Instead various new non-aromatic species with higher oxy-
en content were formed. Diverse nature of such products resulted
rom the combination of DBD and MS10X packing, which signifi-
antly modified the oxidative process as a result of changes in the
icro-discharge properties. Instead of a volume discharge (absence

f MS10X), a multitude of surface discharges occurred on/near
he pellets, with micro-plasmas in the interstices between pellets,
hich strongly influenced the discharge physics and the chemical

eactions within the discharge gap.
The mesoporous calcium aluminosilicate network in MS10X has

7.8 Å apertures and ∼13 Å cavity diameters, and thus would allow
ntry and retention of appropriate size molecules within it for
ifferent lengths of times. These categories of materials are well
ecognized for catalytic and adsorption properties [45]. The large
rea of granular surface would help some skimming molecules to
nter into the crevices within, remain entrapped and get chem-
cally affected disparately. Depending on their size and shape,
he absorbed/adsorbed molecules, or even some reaction prod-
cts may also traverse dissimilar paths, get segregated, and remain

ntrapped for different lengths of time, and get repeatedly affected
y DBD energy. Thus, continuous but dissimilar transformations
nsue; opposite of the case when the packing is absent, and res-
dence time too short for such secondary effects, suggesting an
verall complex chemical process in the presence of MS10X.
Materials 178 (2010) 693–698 697

The molecular size of C6H6 (∼5 Å para H-atoms’ distance)
would allow its facile entry into the MS10X channels and cavi-
ties. The cavity size would even permit simultaneous entry and
residence of (maximum) two C6H6 molecules within it. Therefore
under DBD, various reactions would ensue. For example, when
two C6H6 molecules get entrapped together in the same cavity,
these may loose one or even more H-atoms in reactions similar
to 7. Radical centers resulting from these initial H-atom losses
would be the subsequent sites for ring-attachments or other bond-
ing(s) via radical-radical and/or radical–non-radical chemistry. As
a result, products like biphenyl (either C6H6 molecule looses one
H-atom followed by radical dimerization), diphenyl ether (with
an intervening O-atom generated following reaction (4) generated
elsewhere or within the same cavity), or even biphenylene (when
either C6H6 molecule looses two H-atoms, especially in the absence
of O2) would form. If one C6H6 molecule gets fragmented (cleavage
of C C bond when excess energy is absorbed), naphthalene would
be generated after appropriate attachments (one C6H6 molecule
looses two H-atoms, the other is fragmented into a C4 moiety).
The H-atoms generated therein [42] are either expected to des-
orb as H2 or relocate or participate in hydrogenation reactions,
thereby partially saturating a few C H bonds in subsequent prod-
ucts formed. Variety of oxygenation reactions are also expected
to gain importance in the presence of increasing amounts of O2,
in addition to partial removal of some H-atom fragments gener-
ated. Some of the reaction products forming in the presence of low
[O2] would therefore get masked. Additionally, a variety of cleaved
moieties with one to six C-atoms are also expected to react with
O2 to form open-chain, aliphatic oxidized products like alcohols,
acids, esters, or even closed ring ethers. Interestingly, during long-
time DBD (1 h or more) in the absence of MS10X, naphthalene,
biphenylene, diphenyl ether, etc. were also observed, suggesting
their formation in later reactions within/on the organic deposits.

To further narrow down the product range to any specific type
vis-à-vis the wide range of primary reactions species observed
above, detailed and systematic studies on different aspects of the
physicochemical effects (i.e. change in physical parameters like cell
geometry, cell length, packing cavity size, discharge characteris-
tics including its frequency, and duration, etc.) are mandatory, and
are underway. However, the relevance and utility of MS10X pack-
ing in unison with DBD may be judged from the fact that phenolic
compounds are known to be stronger health hazards as compared
to some of the other open-chain products listed above. Interest-
ingly, irrespective of the physical conditions employed, phenol was
always identified as the major product (∼70%) in C6H6 oxidation.
Correlation with the input electrical energy parameters reveals that
a maximum of ∼30% oxidation/degradation of C6H6 was achievable
in these measurements.

4. Conclusion

Gas-phase DBD assisted benzene(g) oxidation produces phenol
and substituted phenols in addition to biphenyl, both in the gas
phase and as surface deposited products, suggesting the inter-
mediacy of the phenyl radical as the primary precursor. While
a maximum gas-phase conversion of ∼3% was achieved, ∼30%
total conversion was measured including the surface conver-
sions. However, with MS10X packing within the reaction zone,
various open-chain and multi-oxygenated compounds or polynu-
clear aromatics were formed in lieu of the above products.

These measurements suggest possible user control and tuning of
discharge characteristics and application of packing cavity size
and surface property on the intermediate reactions therein, for
potential management of products’ type, vis-à-vis pollutant mit-
igation.
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