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Abstract Phenol is toxic to human and persistent in the
environment. Traditional treatment methods have the
disadvantages of long treatment time, large amount of
agents, and secondary pollution. In this study, a novel
gas-liquid two-phase dielectric barrier discharge reactor
was designed to remove phenol in aqueous solution.
The effects of operating conditions (applied voltage,
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discharge spacing, pH, and conductivity), different wa-
ter matrix (deionized water, groundwater, surface water,
tap water), and inorganic ions were investigated. More-
over, the reaction mechanisms and the possible degra-
dation pathway were proposed. The removal efficiency
of phenol achieved 95.5% under the optimal operating
conditions (discharge voltage of 17.6 kV, discharge gap
of 1 mm, air flow rate of 60 mL min ') coupling with
H,0, at 10 mM. The presence of different concentra-
tions of inorganic ions (0.1, 1, 10, and 20 mM) could
inhibit the phenol removal efficiencies. Specially, C1-
had different effects on phenol removal efficiency. The
inhibition of CI" on phenol removal was weakened
when Cl concentration was greater than 1 mM, which
allows the technology that has certain advantages in
treating high-salt wastewater containing high chloride
concentration. In addition, ‘OH was verified as the main
active species in phenol removal. The possible degrada-
tion pathway was proposed according to theoretical
calculation and GC-MS measurement.

Keywords Phenol - Gas-liquid two-phase dielectric
barrier discharge plasma - Radicals -
Degradation pathway

1 Introduction

Phenol and its derivatives are a large group of aromatic
hydrocarbons existing in groundwater and surface water
(Zhu et al. 2007). Their primary sources are the activities
of industrial factories, such as refinery, petrochemical
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processing, pulp and paper, plastic, paint, textile, pesti-
cide, and chemical factories (Krugly et al. 2015). Phe-
nols are listed as the priority pollutant due to its high
toxicity and persistence in the environment (Narengerile
et al. 2011). The discharge of phenol has been strictly
regulated by the Integrated Wastewater Discharge Stan-
dard, and it is classified as the second type of pollutant
with a maximum emission concentration of 0.5 mg/L.
Therefore, its removal from wastewater is a practical
and important problem.

Methods commonly used in phenol removal include
extraction (Xu et al. 2006), adsorption (Lin and Juang
2009), membrane filtration (Lopez-Muiioz et al. 2009),
biological degradation (Vidya Shetty et al. 2007), elec-
trochemical oxidation (Li et al. 2005), photocatalytic
degradation (Busca et al. 2008; Wang et al. 2005), and
ozonation (Chedeville et al. 2007). However, most of
these treatment techniques have their own disadvantages.
For example, physical adsorption has the disadvantages
of blockage of adsorbent and poor regeneration. The
biological degradation of phenol needs a long treatment
time and is greatly influenced by environmental factors
(pH value, temperature, oxygen, etc.). Some advanced
oxidation processes require chemical agents, and most of
these chemicals are harmful to the environment, or cause
the secondary pollution. Therefore, the development of
environmentally friendly and efficient methods to remove
phenol from water receives great attention.

In the past few years, non-thermal plasma treatment
has attracted more attention as a green and effective
technology for the removal of hazardous organic con-
taminants because of its resulting processes simple,
effective, and easy for further technological transfer
and do not require other chemical agents. During the
discharge plasma process, a large number of chemically
active species are formed, such as O3, H,O,, radicals
('OH, HO,", H', and O', etc.) and ions (O, , O,", O3").
Simultaneously, physical effects can be induced in the
pollutant removal process, such as strong electric field,
ultraviolet light, shock waves, and high-temperature
pyrolysis (Krugly et al. 2015; Wang et al. 2014,
2015a, b). As one of the non-thermal plasma technolo-
gies, dielectric barrier discharge (DBD) can also pro-
duce a variety of active species by the cooperative
effects of ozone oxidation, high-energy electron radia-
tion, and UV photolysis. Furthermore, compared to
other plasma technologies, DBD is considered to be an
effective discharge technology because of its easy to
scale-up to large dimensions and the stable and micro-
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discharge over the entire discharge area (Jiang et al.
2014; Wu et al. 2015; Xue et al. 2008). Hybrid gas-
liquid discharge is an effective discharge mode for re-
moving pollutants in aqueous solution. In this discharge
mode, discharge happens at the interface between gas
and liquid phases and then forms hybrid gas-liquid two
phases fluid, which increases the contact areas of plasma
and pollutant molecules.

In this study, the degradation of phenol with a self-
designed DBD reactor was investigated. Several dis-
charge parameters affecting the phenol degradation,
such as applied voltage, discharge spacing, pH, and
conductivity, were discussed in detail. Specifically, the
effects of different water matrix and the presence of
different ions (CO5%", SO4>~, NO;, and CI") on phenol
removal were also investigated. The main active species
during the process were clarified. Moreover, the possi-
ble degradation pathway of phenol by DBD treatment
was also studied.

2 Materials and Methods
2.1 Materials

All of the reagents, including phenol (CAS: 108-95-2),
sodium chloride (NaCl), anhydrous sodium carbonate
(Na,CO3), sodium sulfate (Na,SO,), sodium nitrate
(NaNO3;), hydrogen peroxide (H,0,), and tertiary butyl
alcohol (TBA) were of analytical grade and purchased
from Sinopharm Chemical Reagent Co., Ltd. Phenol
solution was prepared with deionized water to
1.06 mM (direct preparation when used). The initial
pH of the solution was adjusted by adding hydrochloric
acid (HCI) and sodium hydroxide (NaOH) solution, and
the solution conductivities were adjusted by sodium
chloride (NaCl). Other solutions used in the experiment
were also prepared with deionized water.

2.2 Experimental Apparatus

A schematic diagram of the experimental apparatus is
shown in Fig. 1. The experimental system mainly
consisted of four parts: a high-voltage alternating cur-
rent power source, a DBD reactor, a contact voltage
regulator, and a gas delivery system.

The discharge was generated in a DBD reactor with
cylindrical geometry. The reactor was made of two
coaxial cylindrical quartz glass tubes, with the solution



Water Air Soil Pollut (2018) 229: 314

Page3 of 12 314

Power supply ’.\

Quartz dielectric

|
|

elunm:lunn
ooooog

%6 6 g
2918 HV probe
|

© ooooo
Doooe

Fig. 1 Schematic diagram of the experimental system

placed in the gaps between the two tubes. The copper
foil wrapped on the two tubes acted as high-voltage
electrode and ground electrode. The DBD reactor we
used was a single dielectric barrier reactor, and the
copper foil was pasted on the outer side of the two
cylinders. The inner diameters of the outer tubes were
17 mm, and the outside diameter of the inner tube was
15 mm. The air was pumped into the reactor by an air
pump. A gas flow meter was used to control the air flow
rate of the reaction, which was connected with the pump
and reactor through a rubber tube. In each reaction,
phenol with an initial concentration of 1.06 mM was
placed into the reactor, gas flow rate was 60 mL min ',
and samples were taken after treatment for 2, 6, 12, 20,
and 30 min, respectively.

2.3 Methods and Analyses

The voltage and capacitance voltage were measured by
a Tektronix TDS2012B digital oscilloscope with a
Tektronix P6015A high voltage probe and a Tektronix
TPP0101 voltage probe. A pH meter (PHS-3E, Shang-
hai Green Electronics Co., Ltd.) was used to measure the
pH variation during the plasma treatment. A conductiv-
ity meter (3020M, JENCO Instrument Co., Ltd) was
used to measure the conductivities of solution during
the plasma treatment.

Phenol was determined with a UV-Vis spectropho-
tometry with 4-aminoatipyrine as an indicator. After
adding potassium ferricyanide to the samples in alkaline
medium, red-orange antipyrine dye was formed. The

k}as inlet

T T
Voltage probe

A 4

Gas Pump

absorbance measured at the wavelength of 510 nm,
and the concentration of phenol could be calculated
based on the standard curve (Fig. S1). Most of the
experiments were performed in duplicate or triplicate,
and average data are reported.

The identification of phenol and its by-products were
determined using a gas chromatography—mass spec-
trometry (GC-MS, QP-2010Ultra) with a 20-m long
fused-silica capillary column (DB-5, J&W Scientific,
USA). The internal diameter and film thickness of the
fused-silica capillary column were 0.25 and 0.25 pm,
respectively. The temperature program began at 40 °C
for 2 min and increased at a rate of 15 °C min~" up to
280 °C, with a holding time of 10 min. Helium
(99.999% pure) served as the carrier gas at a constant
flow rate of 1.0 mL min '. The samples were extracted
by solid phase micro extraction.

3 Results and Discussion
3.1 Effects of Applied Voltage and Discharge Spacing

In order to optimize the efficiency of DBD reactor in
phenol removal, different peak voltages and discharge
spacing were investigated with results shown in Fig. 2.

As shown in Fig. 2a, the removal efficiency of phenol
increased with the increase of peak voltage from 15.2 to
17.6 kV. 11.5% of phenol was removed after 30 min of
DBD treatment with applied peak voltage of 15.2 kV,
while 63.9% was removed with peak voltage of 17.6 kV
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Fig. 2 Influences of input powers (a) (pH unadjusted, initial
phenol concentration = 1.06 mM) and treatment distance (b) (pH
unadjusted, initial phenol concentration = 1.06 mM) on the effect
of phenol removal efficiency

under the same experimental conditions. The degrada-
tion curve follows a first-order kinetic model (the inset
figure in Fig. 2a). As presented, with the peak voltage
increased from 15.2 to 17.6 kV, the reaction rate con-
stant increased from 0.0037 to 0.0321. The results
showed that higher removal rate of phenol could be
obtained at higher peak voltage, and all of R*> 0.9 also
indicated that the results were credible. The increase of
phenol removal efficiency can be explained by the pos-
itive correlation between input energy and number of
active species produced during discharge (Jiang et al.
2014; Tang et al. 2016; Wang et al. 2015a). When
increasing the discharge voltage, the input energy and
electric field intensity will be increased, resulting in
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more energetic electrons producing and accelerating
the formation of active species. Meanwhile, the physical
effects during the discharge process would also become
stronger at higher applied voltages (Tang et al. 2013).

Figure 2b shows the removal of phenol at various
discharge spacing. The discharge spacing of 1, 1.5, and
2 mm were tested. As can be seen, phenol removal
increased from 39.3% with a discharge gap distance of
2 mm to 63.9% with that of 1 mm. On the one hand, the
effect of eddies and water circulation caused by convec-
tion currents will change in different discharge spacing;
on the other hand, the charged particles can easily reach
the surface of the barriers when the discharge gap is
smaller, so that the electric field intensity will increase as
the surface charges increases(El-Tayeb et al. 2016; Liu
et al. 2017), which leading to an enhancement of the
number of active species in the discharge zone. There-
fore, the removal efficiency of phenol was increased by
decreasing discharge spacing.

3.2 Effects of Initial pH and Conductivity

Solution condition is one of the most important factors
that influence the removal efficiency of pollutants dur-
ing AOPs. Since pH and conductivity are important
solution conditions for organic compounds degradation
in DBD plasma system (Wang and Chen 2011), the
effects of different initial pH and conductivity on phenol
removal were studied in this section.

The effect of initial solution pH on phenol removal
efficiency was shown in Fig. 3a. The initial pH of
phenol solution was 6.8 without pH adjustment. In order
to understand the effect of pH on phenol removal, the
initial pH of the solution was adjusted to 3.1, 8.0, and
11.0, respectively. When solution pH increased from 3.1
to 6.8, phenol removal efficiency improved from 32.9 to
63.9%. However, the removal efficiency decreased
gradually when solution pH continues rising to 11.0.
Compared with the pH value of 6.8, the removal effi-
ciency decreased to 56.0 and 22.9% for the solution pH
of 8.0 and 11.0, respectively. The highest removal effi-
ciency was achieved at pH 6.8. This result is similar to
the result of Duan et al. (2013).

The pH value is an important factor for hydroxyl
radical production and ozone decomposition in solution.
Under acidic conditions, the generation of 'H consumes a
large number of electrons, reducing the formation of
activated species such as "OH and O; (Eq. (1)) (Wu
et al. 2015; Singh et al. 2016). In addition, there are two
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Fig. 3 Influences of initial pH (a) (initial solution pH=3.1,
6.8, 8.0, and 11.0) and conductivity (b) (initial conductivity =
5.7, 100.4, 246.6 and 1067.0 uS cm_l) on the effect of phenol
removal efficiency

different reaction routes to degrade pollutants through
ozone oxidation under different pH values: oxidized di-
rectly by ozone and oxidized by active species with high-
reactivity, which are formed through ozone decomposi-
tion (Duan et al. 2013; Wang et al. 2007). Ozone is
relatively stable under acidic medium, but it can be
decomposed under alkaline conditions to accelerate the
formation of "OH (Khuntia et al. 2015; Xue et al. 2008).
Therefore, the direct ozonation pathway would dominate
under acidic condition. Meanwhile, the oxidation poten-
tial of ozone under acid conditions (1.25 V) is lower than
that of ‘OH (2.8 V) (Xue et al. 2008; Li et al. 2015;
Khuntia et al. 2016). Hence, the removal efficiency of

phenol in acidic conditions is lower. In alkaline condi-
tions, ozone and hydrogen peroxide are easily
decomposed to form 'OH, thus improving the removal
efficiency of phenol (Egs. (2)—(3)) (Vanraes et al. 2017,
Duan et al. 2013). However, it is easy to form CO327 or
HCOs5" in solution when "OH radicals decompose phenol
into inorganic carbon (Egs. (4)—(5)) (Wu et al. 2015).
Furthermore, the excess hydrogen peroxide can also react
with the -OH to form -HO,, which is also a *OH scaven-
ger (Bobkova et al. 2016; Gai 2007).

e, +H = H +H,0 (1)
03 + OH —HO, + 0, (2)
HO, + 03— OH + 05 + O, (3)
CO3™ +-OH— COj;- + OH~ (4)
HCOj + -OH— H,0 + CO;3- (5)

Initial conductivity is another important factor that
affects the removal efficiency of phenol with the DBD
system. To some extent, conductivity indicates the con-
centration of electrolytes in aqueous solution (Chen
et al. 2004). The initial conductivity of phenol solution
was 5.7 uS cm” ! without conductivity adjustment. Oth-
er solution conductivities in the experiment were adjust-
ed to 100.4, 246.6, and 1067.0 uS cm respectively.
Figure 3b shows the change of removal efficiency of
phenol under different conductivities. As the initial con-
ductivity of solution increases, the removal efficiency of
phenol decreases gradually. The reasons for this result
can be analyzed from two aspects. On the one hand, the
length of plasma channel determines the plasma-water
contact area, which has an important role in the gener-
ation of reactive species. At the same time, the length of
the plasma channel is negatively correlated with the
conductivity, and the high conductivity shortened plas-
ma channel lengths, thus affecting the removal of phenol
(Liu et al. 2018). On the other hand, NaCl, which is used
to regulate the conductivity, is known as a *OH scaven-
ger, which can rapidly react with hydroxyl radical to
produce non-active species, thus reducing the removal
efficiency of phenol.

@ Springer
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3.3 Effects of the Water Matrix and Inorganic Ions

Water quality is one of the most important factors
influencing the formation of active species during dis-
charge. In order to study the effects of water quality on
phenol degradation by DBD, four different actual water
matrix were texted. As can be seen from Fig. 4a, the
removal efficiency of phenol in actual water matrix
decreased obviously compared with deionized water.
After a reaction time of 30 min, the phenol removal
efficiencies were 63.9% in deionized water, 48.7% in
groundwater, 29.4% in surface water, and 18.6% in tap
water. The above phenomena may be explained by the
amounts of ions in actual water body, which have a great
influence on phenol removal (water quality indexes of
different water matrix are shown in Table S2).

Therefore, in order to investigate the influence of ions
on phenol degradation with DBD, four different inorgan-
ic salts (Na,COs3, NaCl, NaNOs, and Na,SO,) were
tested. As can be seen from Fig. 4b, when different
concentrations of Na,COj5 (0.1, 1, 10, and 20 mM) were
added into the solution, the removal efficiencies of phenol
dropped dramatically from 63.9 to 15%. CO5* /HCO;~
are considered to be effective ‘OH scavengers (Lopez
Penalver et al. 2013). In this case, the active species used
to degrade phenol are reduced, resulting in a decrease on
phenol removal efficiency (Vanraes et al. 2017).

HCO; «>CO3 +H' (6)
CO? +-0H—OH +-CO; (7)
HCO; + -‘OH— -CO; + H,0 (8)

Although secondary radical CO5; (E°=1.59 V)
could be formed, its oxidation potential is much lower
than that of "OH (E°=2.8 V) (Santiago et al. 2014;
Zhang et al. 2017). In addition, the reaction rate constant
of CO; " (1.6 x 10’ M ' s~ ") with phenol is much lower
than that of "OH (1.4x 10" M ! s, resulting in a
negative effect on phenol removal (Marotta et al. 2012).

The effect of SO, on phenol removal was similar to
that of CO5>". The phenol removal efficiency after 30-
min treatment decreased from 63.9 to 55.2, 29.8, 27.3,
and 19.8% with SO42_ concentration of 0, 0.1, 1, 10, and
20 mM, respectively. SO, is a scavenger of "OH as
shown in Egs. (9)—(11). The 'SO4 produced by Eq. (9)
could also react with electrons to consume electrons
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generated by plasma (Eq. (12)) (Santiago et al. 2014).
Moreover, although ‘SO, (E0 =2.6 V) almost have the
similar oxidation capacity as ‘OH(E® = 2.8 V), the reac-
tivity of ‘OH is less selective than that of ‘SO,
(Dojcinovic et al. 2012)

SO;” + -OH—- SO, + OH~ (9)
SO} +H' < HSO, (10)
HSO, + -OH— SO, + H,0 (11)
‘SO, + e— SO;” (12)

Figure 4d shows the influence of NO; on phenol
removal by DBD reactor. The addition of NO; exhib-
ited obvious inhibiting effects on the removal of phenol.
About 63.9% of phenol was degraded after 30-min
discharge without NaNOj3 addition, while the removal
rate was reduced to 18.9% with 20-mM NaNO; addi-
tion. This might be attributed to the reactivity of NO3~
with e, . NO;3 can react rapidly with e,q , while the
formation of active species might be dependent on e,y
to a certain extent (Wang et al. 2015a) (Egs. (13)—(15)).
Moreover, NO5 ™ has strong absorption in the UV region,
which will prevent the light through the solution and is
used as the inert filter (Sorensen and Frimmel 1997).
The inhibition effect of inert filter is stronger than "OH
produced by NO; , which leads to the inhibition of
phenol removal; at the same time, NO; could react
with "OH with a reaction rate constant of 1.4 x
10°M ' s'(Eq. (16)).

NOj3 + ¢,,— NO3~ (13)
NO3™ + H,0— NO, + OH" (14)
NO, + ¢,,— NO; (15)
NOj; + H"— HNO; (16)
HNO; + -OH— H,0 + NO;- (17)
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CI extensively existed in natural water, because it is
an essential disinfectant in the chlorination process of
drinking water (Zhang et al. 2017). Figure 4e shows the
influence of CI" at different concentrations on phenol
removal and its effect on phenol is different from that of
the other three ions. When the concentration of chloride
ions increased from 0 to 1 mM, the removal efficiency
of phenol decreased from 63.9 to 20.9%. However, the
inhibition of CI was weakened with the increase of C1
amount from 1 to 20 mM. It can be explained by the
following reactions:

Cl +h*—-Cl (18)
CI” + -OH— HOCI-~ (19)
Cl + CI'—Cly~ (20)
HOCI~ + CI'— Cl,” + OH™ (21)
HOCI~ + H*— CI + H,0 (22)

As a scavenger of ‘OH and h*, CI” could reduce the
phenol removal at low concentration (Eqs. (18)—(19))
(Santiago et al. 2014). Whereas, Liao et al. (2001) found
that "OH did not decrease with the increase of the
concentration of CI" when CI™ concentration increased
to a certain extent due to the release of "OH from HOCI'".
Meanwhile, the hydrophobicity of phenol increased
with the increase of Cl™ concentration, causing the
movement of phenol molecules from the solution to
the gas-liquid interface, thus increasing the interface
phenol concentration (Guo et al. 2008; Mahamuni and
Pandit 2006). This increased the possibility of "OH
reacting with phenol, thus increasing the removal effi-
ciency of phenol. At the same time, ‘Cl and "Cl, also
have certain oxidative ability, which can further react
with phenol.

3.4 Probable Degradation Mechanism of Phenol

As is shown in Fig. 5a, the percentage removal of
phenol increased significantly by increasing the concen-
tration of H,O, from 0 to 10 mM. After 30 min of
discharge, the removal efficiency of phenol increased
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Fig.5 Influences of H,O, (a) and TBA (b) on the effect of phenol
removal efficiency

to 95.5% with H,O, concentration of 10 mM. However,
when the concentration of H,O, increased to 20 mM,
the removal efficiency showed no difference compared
with that of 10 mM.

H,0, is known to be able to be decomposed by the
active species and ultraviolet radiation generated by
DBD, forming hydroxyl radicals and oxygen (Egs.
(23)~27)) (Sun et al. 2000; Wu et al. 2015; Gai 2007,
Mercado-Cabrera et al. 2017; Feng et al. 2008). However,
excessive hydrogen peroxide would consume hydroxyl
radicals, producing less effective active species, thus
inhibiting the degradation of phenol (Egs. (28)—+(29)).

H,0, + hv— 2-0OH (23)

H,0; +HO,— -OH + O, + H,0 (24)
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H,0, + -0,— -OH + OH™ + 0, (25)
H0; + e,;— ‘OH + OH (26)
H,0, + ‘H— -OH + H,0 (27)
H,0, + -OH— H,0 + HO,* (28)
HO," + ‘OH— H,0 + O, (29)

In view of the results of Fig. 5a and the high
reaction rate constant (10° M 's™") (An et al. 2011)
between phenol and "OH, we investigated the role of
"OH in phenol degradation in this study. TBA is a
stable "OH scavenger and it is difficult to be oxi-
dized or dehydrogenated. Its bimolecular reaction
rate constant with "OH is 4.56 x 10’ M™" min™".
When adding TBA to phenol solution, it can react
with 'OH to form inert intermediates and terminates
the chain decomposition reaction of ozone, thus
hindering the reaction of "OH with phenol (Arslan-
Alaton and Caglayan 2005; Li et al. 2016). As
shown in Fig. 5b, the removal efficiency decreased
obviously with the presence of TBA. This result

clearly certified that "OH is the main active species
in phenol degradation with DBD.

The degradation intermediates of phenol by the DBD
plasma were analyzed with GC-MS. GC-MS spectrums
of the solution after 12 min of DBD and 30 min of
plasma treatment are shown in Figs. S2-S3. As shown
in Table S1, the main products produced after 12 min of
DBD treatment were oxalic acid and malonic acid, while
after 30 min of treatment, only one by-product (malonic
acid) was detected.

As the frontier orbital theory (FOT) states, in electro-
philic reactions, the most vulnerable position is the atom
of the highest charge density in the highest occupied
molecular orbital (HOMO) of the aromatic molecules.
The spatial configuration and electron cloud density
distribution of phenol molecules could be obtained by
molecular orbital calculations, which could help in the
prediction of the degradation behavior of phenol. There-
fore, Gaussian software was employed with the density
function theory method.

Figure 6 and Table 1 show the total charge density,
the lengths, angles, and atomic charges of the main
structure in phenol molecule, respectively. Due to the
stronger electron cloud and the relatively large rate
constants of the para-position and ortho-position of
phenol, "OH attacked them first and generated hy-
droquinone and catechol. Moreover, they could be
further oxidized and formed 1,2-benzoquinone and
benzoquinone due to the different electronegativity

Fig. 6 Structure and total charge density of phenol
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Table 1 Main bond lengths, bond angles and atomic charges of Phenol

Bond atoms Length Angle atoms Angle Atom Atomic charges
C(1)==C(2) 1.395 C(3)mmC(2)==C(1) 120.404 C) —0.195
C(2)==C(3) 1.396 C(4)y=C(3)==C(2) 120.172 CQ) —0.185
CB)==C(4) 1.398 C(5)==C(4)==C(3) 119.502 C@3) -0.219
C4)=—=C(5) 1.400 C(6)=C(5)=—=C(4) 120.099 C4) 0.285
C(5)==C(6) 1.392 C2)==C(1)y==H(7) 120.341 C(5) -0.186
C(1)==C(6) 1.395 C(1)==C(2)==H(8) 120.135 C(6) -0.187
C(1)m=H(7) 1.083 C(2)mmC (3 ymmeH(9) 119.854 H(7) 0.183
C(2)==H(8) 1.084 C(4)==C(5)y==H(10) 118.241 H(®) 0.1838
C(3)==H(©9) 1.086 C(5)==C(6)==H(11) 119.421 H(©) 0.174
C(5)==H(10) 1.082 C(3)m=C(4)==0O(12) 123.446 H(10) 0.201
C(6)==H(11) 1.084 C(4)==O(12)==H(13) 109.904 H(1) 0.1838
C4)=—=0(12) 1.388 0(12) —-0.600
0O(12)==H(13) 0.992 H(13) 0.353

of O and H atom. Then, the benzene ring was opened
due to the different bond length and bond energy
between C=C bonds and generated small molecules
(Dai et al. 2008). Eventually, these small molecules
were further mineralized to CO, and H,O. The oxi-
dation pathway for phenol was assumed on the basis
of the GC-MS results and structure information. The
possible reaction pathways are shown in Fig. 7.

OH

H,0+CO,
Fig. 7 Proposed reaction pathways for phenol degradation

@ Springer

4 Conclusions

In this paper, the degradation efficiency and mech-
anism of phenol solution were investigated using a
self-designed gas-liquid two-phase DBD plasma re-
actor. The influence of discharge voltage, treatment
time, discharge spacing, initial pH, electric conduc-
tivity, different water matrix, addition of hydrogen
peroxide, and inorganic anions on phenol removal
was studied. Under the optimal operating conditions,
phenol removal (as high as 95.5% in 30 min com-
bined with 10-mM H,O,) reached a stable state.
Hydroxyl radical was verified to be the dominant
active species. While different kinds of natural water
matrix had negative effects on phenol removal, the
presence of different concentrations of inorganic
ions could inhibit the removal efficiencies. Different
from other ions, CI" has two effects on phenol
removal: a maximum inhibition at 1 mM, which
weakens as concentration rises beyond 1 mM. The
possible oxidation pathways of phenol were pro-
posed based on the by-products analysis with GC-
MS and DFT calculations.
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