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bstract

The decomposition of trichloroethylene (TCE) with a wire-in-tube pulsed corona reactor was experimentally investigated. It was found that the
ecomposition of TCE was higher in N2 gas, compared to the decomposition in the gas stream containing H2 or O2 gas. The main gaseous products
ere HCl and Cl2 for TCE decomposition in N2 gas. With the existence of 2% H2 in gas stream, the yield of HCl was three times higher than that

n N2 gas. When O2 gas was added into N2 gas stream, the main decomposition products were COCl2, CO2 and DCAC. In order to prevent the
roduction of unwanted byproducts from TCE decomposition, a combination of plasma decomposition and in situ absorption was proposed by

oating a layer of Ca(OH)2 on the surface of the grounding electrode. It was demonstrated that the Ca(OH)2 sorbent in the plasma reactor played
n effective role as a scavenger participating in the TCE decomposition by in situ capturing of the unwanted products like HCl, therefore resulting
n the increase of TCE decomposition.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Trichloroethylene (TCE) is widely used in industrial pro-
esses as an effective detergent and solvent for metals degreasing
nd dry cleaning. Since it has been recognized as a carcino-
enic compound, strict regulations have been issued for TCE
ischarges [1]. Most of TCE is discharged as a gaseous com-
ound into air. But, due to its heavy density compared to water,
nce dissolved in water, it will accumulate under the water and
herefore contaminating soils and underground water by perme-
tion [2].

However, to control the emission of large volume and low
oncentration of TCE in an economical and effective manner is
till a challenging work. Fortunately, many novel technologies
ave been developed in recent years, and among them nonther-

al plasma is regarded as a prospective means for removing
ultifarious air pollutants [3,4].
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omposition

A variety of nonthermal plasma techniques, such as electron
eam [5,6], pulsed corona [7–9], dielectric packed bed/silence
ischarge [10–13], and hybrid plasma-catalyst methods [14]
ave been employed for the treatment of volatile organic com-
ounds (VOCs). The decompositions of VOCs by nonthermal
lasmas undergo the steps of initiation, propagation, and ter-
ination of the concerned reactions. The dissociation and/or

xcitation of the targeted VOC molecules by direct electron
mpacts, and the production of active reaction radicals and
ons by electron dissociation and ionization of background gas

olecules represent the initial step. The subsequent chain reac-
ions between the produced radicals and VOC molecules prop-
gate until stable products are formed.

Nevertheless, a problem associated with this technology
s that unwanted byproducts and some toxic compounds are
nevitably produced by the decomposition of some VOCs, espe-
ially for halogenated VOCs, as reported in the above-cited
tudies. In other words, the plasma-induced chemical reaction

eems inherently difficult to control in terms of the generation
f unfavorable products. Therefore, it is essential to prevent the
roduction of secondary pollutants for this technology to be used
n practical applications.

mailto:hliwei@mail.hz.zj.cn
dx.doi.org/10.1016/j.cej.2006.07.008
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Fig. 1. Schematic diagr

In this study, we investigated the decomposition of
richloroethylene (C2HCl3) by a wire-in-tube pulsed corona
eactor, as a successive study to work on pulsed corona plasma
or halogenated VOCs decomposition [9]. We investigated
he effects of H2 and O2 on the decomposition behaviors
f trichloroethylene. With the aim of preventing the produc-
ion of harmful byproducts from the plasma decomposition of
richloroethylene, a technique of plasma decomposition com-
ined with in situ gas absorption by an alkaline sorbent of
a(OH)2 was examined to capture the undesirable species from

he plasma decomposition reaction.

. Experimental

A schematic diagram of the experimental system is shown
n Fig. 1. The system consists of a sample gas feeding sys-
em, a corona reactor, a high pulse voltage generator, and a gas
ampling and analysis system. The sample gases were prepared
y mixing cylindered N2 and H2 or O2 gas at a predetermined
roportion. The concentration of C2HCl3 in sample gas was
djusted to a constant concentration of 200 ± 2 ppm by inject-
ng liquid TCE with a micro-syringe system before feeding into
he reactor. In order to stabilize the TCE concentration in the
ample gas, a buffer tank of 0.1 m3 was installed in the sample
as flowing line. The total flow rate of gas was fixed at a constant
alue of 500 cm3/min for all experiments.

A wire–tube combination was adopted as the corona reac-
or for the experiment. It consists of a Pyrex glass tube with
n aluminum film (0.3 mm thick) attached to the inner wall as
he grounding electrode and a coaxial stainless steel wire of
.5 mm in diameter as the positive electrode connected to high
ulse voltage. The inner diameter of the tube is 28 mm, and the

ffective height of corona discharge is 300 mm. For the corona
eactor combined with in situ absorption, a Ca(OH)2 layer of
bout 1.5 mm thickness was coated on the grounding electrode,
he surface of the aluminum film. To make the Ca(OH)2 coated

y
T
s
3

f experimental system.

lectrode, a Ca(OH)2 slurry, prepared by mixing 60% water and
0% Ca(OH)2 powder, was evenly painted on the aluminum film
f the grounding electrode. After the Ca(OH)2 layer was natu-
ally dried in air for about 1 h, the whole reactor was placed in
n electric stove for heating at 110 ◦C in air for 3 h to form the
lectrode. The mass of Ca(OH)2 layer was about 40 g (corre-
ponding to 0.15 g/cm2).

A typical pulse-forming circuit, using a rotating spark gap
RSG) system, was adopted to produce the pulsed voltage [15].
t was measured that the width of the voltage pulse was less
han 300 ns, and that the rising time was within 50 ns. The pulse
epetition rate was set at 50 pulses/s. The power input into the
eactor was adjusted by changing the voltage of power source.
he onset voltage is about 18–20 kV and the voltage applied

o reactor changing from 20 to 26 kV. The energy injected into
he reactor was calculated by measuring the voltage and cur-
ent waveforms by a high voltage probe. The influences of the
a(OH)2 layer on the discharge characteristics were also mea-

ured. We did not find obvious changes in current and voltage
aveform with the coating except that the onset discharge volt-

ge increased a little.
Analyses of the sample gas, before and after reaction, were

arried out by both an on-line FT-IR spectrometer (Shimadzu,
TIR-8900) and a gas chromatograph (Shimadzu, GC-14B). The
ecomposition of C2HCl3 is defined as

= cin − cout

cin
× 100% (1)

here cin and cout are the inlet and outlet concentrations of
2HCl3, respectively. All experiments were implemented at
tmospheric pressure and ambient temperature of about 20 ◦C.

In this study, only the concentrations of C2HCl3 and HCl

ielded from TCE decomposition were quantitatively analyzed.
he calibration of the FT-IR instrument was performed by a
eries of certified concentrations of C2HCl3 between 0 and
00 ppm. The same method was also used to get the calibration
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(10)–(13) are the possible reactions to the yield of HCl. Fig. 5
shows the FT-IR pattern of the products from C2HCl3 decom-
position in gas mixture of H2 and N2. There might be some
hydrocarbons produced as byproducts with the presence of H2
L. Huang et al. / Chemical Eng

urve for HCl measurement. The accuracy of the measured
oncentration can be estimated to be within 2% of the true value.
o ensure reproducibility, the concentration of C2HCl3 under
ertain operation conditions was measured several times until
he difference between the nearest three times was within 2 ppm.

. Results and discussion

.1. TCE decomposition in N2 gas

As the first step, the experiment was implemented by the
eactor without Ca(OH)2 coated on the inner wall of the reac-
or. Fig. 2 shows the decomposition of C2HCl3 in pure N2 gas
s a function of the input power into the reactor. The initial
oncentration of C2HCl3 is 200 ppm and the mass flow rate is
00 cm3/min. It was found that the decomposition of C2HCl3
ncreased from 35% removal to 99.5% with the increase of input
ower from about 6.5–27 W. Meanwhile, the production of HCl
lso increased with the increase of energy injected into the reac-
or as shown in Fig. 2.

In N2 gas, the plasma decomposition of C2HCl3 is most likely
nitialized by a dissociative electron attachment reaction (2) to
he generation of Cl radicals [3], and then followed by a chain
f radical reactions to form the final products. Some reactions
oncerned are given below [5,12,16,17]:

− + C2HCl3 → Cl− + C2HCl2,

= 2.0 × 10−9 cm3 s−1 (2)

l− + M+ → M + Cl (3)

l + C2HCl3 → C2Cl3 + HCl (4)

l + C2HCl2 → C2Cl2 + HCl (5)

2Cl3 + M → C2Cl2 + Cl + M (6)

l + Cl + M → Cl2 + M (7)
It was calculated by material balance that over 90% hydro-
en derived from C2HCl3 molecule in sample gas finally existed
n the form of HCl after reaction. The Cl atoms produced will

ig. 2. Decomposition of TCE and HCl yield as a function of input power
in N2).

F
(

ing Journal 124 (2006) 81–87 83

nally recombine together to form molecular Cl2 by reaction
7) (symbol M in equations represents neutral molecule, such as

2) [10]. On the other hand, the compound of C2Cl2 might be
he main intermediate product according to C2HCl3 decompo-
ition path. But, we did not detect the production of any organic
ompound to a significant degree by infrared spectroscopy as
hown in Fig. 3. It was indicated that the intermediate of C2Cl2
ight participate in reactions further, such as

2Cl2 → C2Cl + Cl (8)

2Cl2 + Cl2 → C2Cl4 (9)

ecause there are no additional reactants like O2 in gas stream,
he carbon atom derived from C2HCl3 molecule might be exist
n the form of solid product (such as Cn) [18]. In fact, some
ar-like product was found depositing on the electrodes in the
eactor after the reaction.

.2. TCE decomposition in gas mixture of H2 and N2

With the adding of 2% H2 into N2 gas, the decomposition
f C2HCl3 exhibited some difference with that in pure N2 gas.
ompared with C2HCl3 decomposition in N2 gas (Fig. 3), the
ecomposition of C2HCl3 in 2% H2/98% N2 gas mixture (Fig. 4)
as a little lower. But, the yield of HCl was almost three times of

hat produced in N2 gas. It was quantified that the production of
Cl in 2% H2/98% N2 gas mixture accounts for the most liber-

ted chlorine from C2HCl3 decomposition, which indicated that
he hydrogen in gas stream participated in the C2HCl3 decom-
osition reaction to form the final product of HCl. Reactions
ig. 3. FT-IR pattern of the products from TCE decomposition in nitrogen gas.
a) Without power injection; (b) with power injection of 20 W.
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ig. 4. Decomposition of TCE and HCl yield as a function of input power (in
% H2/98% N2).

n gas stream [19]:

− + H2 → H + H + e− (10)

2HCl3 + H → C2HCl2 + HCl (11)

l + H2 → HCl + H (12)

+ Cl2 → HCl + Cl (13)

.3. TCE decomposition in gas mixture of O2 and N2

In most practical cases, TCE should be removed from gas
tream containing oxygen. Therefore, the influence of O2 con-

entration in gas stream on TCE decomposition was investigated
n present experiment. Fig. 6 shows the decompositions of TCE
ith 2%, 10% and 20% O2 in N2 gas.

ig. 5. FT-IR pattern of the products from TCE decomposition (in 2% H2/98%

2) (a) without power injection; (b) with power injection of 20 W.

T
d
I
b

F
N

ig. 6. Decomposition of TCE as a function of input power (in gas mixture of

2 and N2).

With the presence of O2 in sample gas, the ideal products
rom C2HCl3 destruction are expected to be HCl, CO2 and H2O.
rom the FT-IR spectra of the sample gas after reactions (Fig. 7),
e detected an amount of CO2 produced. But, only a limited

mount of HCl was detected when O2 was contained in the
ample gas. Moreover, the HCl yield largely decreased with the
ncrease of O2 concentration in the gas stream, as shown in Fig. 8.
lso, we did not detect a distinct H2O production, which means

hat H2O was not the main final product of the H atom derived
rom C2HCl3 molecular after reaction. As shown in Fig. 7, the
dentified products were COCl2, CO2 and C2HCl3O (DCAC).

he existence of DCAC as an intermediate product from TCE
ecomposition was also confirmed by previous researchers [20].
t is thought that with the presence of O2 in the gas stream,
oth Cl chain reaction and O chain reaction contributed to the

ig. 7. FT-IR pattern of the products from TCE decomposition (in 10% O2/90%

2) (a) without power injection; (b) with power injection of 20 W.
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ig. 8. HCl yield as a function of input power from TCE decomposition in gas
ixture of O2 and N2.

ecomposition of C2HCl3. The O atom in reaction (15) is most
ossibly produced by electron-impact dissociation of molecu-
ar oxygen (14). Reactions (15)–(24) are the main reactions for
he decomposition of C2HCl3 with the presence of O2 [5,6,20].
he intermediate product of C2HCl3O might finally convert to
OCl2 after experiencing a complex chain reaction:

− + O2 → e− + O + O (14)

2HCl3 + O → CHOCl + CCl2,

= 1.0 × 10−13 cm3 s−1 (15)

l + C2HCl3 → C2HCl4 (16)

2HCl4 + O2 → C2HCl4O2 (17)

C2HCl4O2 → 2C2HCl4O + O2 (18)

2HCl4O → C2HCl3O + Cl (19)

2Cl3 + O2 → COCl + COCl2 (20)

Cl2 + O2 → ClO + COCl (21)

2HCl2 + O2 → CHOCl + COCl (22)

OCl + O2 → ClO + CO2 (23)

HOCl + Cl → HCl + COCl (24)

As shown in Fig. 6, the decomposition of C2HCl3 decreased
ith the increase of O2 concentration. This deterioration of
2HCl3 decomposition by O2 coexisted in the gas was consid-
red that excitement and dissociation of O2 molecules consumed
certain amount of energy that might contribute to the destruc-

ion of C2HCl3. The initiation step of C2HCl3 decomposition,
irect dissociation or excitation of C2HCl3 and production of
ctive Cl radicals by electron attachment reaction might be
estrained to some degree. Furthermore, O2 is easy to dissociate
nder corona discharge to produce active O atoms and O ions
ue to its low dissociation energy, but the rate coefficient of O

tom with C2HCl3 is much lower, compared with the rate coef-
cient of C2HCl3 dissociative electron attachment reaction (2).
ith the increase of O2 concentration up to 10% in the sample

as, we detected the higher concentration of ozone production

a
l
t
v

ing Journal 124 (2006) 81–87 85

ia reaction (19) in the off-gas, which was regarded to have slow
ate coefficients with VOCs [10,20,21]:

+ O2 + M → O3 + M (25)

.4. TCE decomposition by nonthermal plasma combined
ith in situ absorption

The prevention of production of unwanted species can be
chieved by removing the reaction intermediates such as dis-
ociated chlorine from C2HCl3 decomposition. We employed
a(OH)2 as the sorbent of reaction intermediates, which was

ntroduced into the corona reactor as described in Section 2. It
as observed that the onset corona voltage increased a little with

he layer of Ca(OH)2 coated on the electrode. The Ca(OH)2 layer
unctioned as a dielectric barrier between the two electrodes,
hich caused the increase of the onset voltage. However, it was
ot observed the obvious change in the aspect of current and
oltage waveform of the pulsed power injected into the corona
eactor.

The experimental results from TCE decomposition with this
odified reactor are presented in Fig. 9, representing the FT-IR

atterns of C2HCl3 decompositions in N2 (a), in 2% H2/98%
2 (b), and 10% O2/10% N2 (c), respectively. By a comparison
f Fig. 9(a) and Fig. 3, it was observed that the decomposition
roduct of HCl almost disappeared in the FT-IR pattern with the
ew reactor combined with Ca(OH)2 absorption. Instead, we
etected the products of CO2 as shown in Fig. 9(a). The sim-
lar result was also obtained when the C2HCl3 was processed
n 2% H2/98% N2 gas mixture as shown in Fig. 9(b). It was
ound that TCE decomposition in 2% H2/98% N2 increased
rom 87% to almost 100% with an input power of 20 W when
a(OH)2 sorbent was coated on the inner wall of the reactor.

t is considered that the Ca(OH)2 layer on the electrode partic-
pated in the C2HCl3 decomposition reaction by removing the
eaction intermediates and products like HCl via reactions (26),
hereby promoting the decomposition reaction. The O atom in
he product of CO2 was provided by H2O molecular produced
rom reaction (26). Reactions (27)–(30) might be the possible
eactions for CO2 formation [3,17]:

a(OH)2 + 2HCl → CaCl2 + 2H2O (26)

− + H2O → e− + H + OH (27)

l + OH → HCl + O (28)

2Cl2 + O → CO + CCl2 (29)

O + OH → CO2 + H (30)

The most interesting result was observed when TCE was pro-
essed in the gas mixture composed of 10% O2 and 90% N2 with
he reactor combined with in situ Ca(OH)2 absorption. Compar-
ng Fig. 9(c) with Fig. 7, it was found that only CO2 and O3
as detected in the FT-IR pattern of decomposition products,
nd all unwanted products such as COCl2 and intermediates
ike DCAC disappeared. Furthermore, the C2HCl3 decomposi-
ion was greatly increased as shown in Fig. 10, which represents
aluable results for practical applications.
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Fig. 9. FT-IR pattern of the products from TCE decomposition with the corona
reactor combined with in situ Ca(OH)2 absorption (with power injection 20 W)
(a) in N2; (b) in 2% H2/98% N2; (c) in 10% O2/90% N2.

Fig. 10. A comparison of TCE decompositions with and without Ca(OH)2

absorption (in 10% O2/90% N2).
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To confirm the solid products of Ca(OH)2 participated in
he C2HCl3 decomposition, an ion chromatograph was used to
nalyze the water solution of the surface layer after the decom-
osition experiment. As the result, we detected the existence of
l− ion in the water solution. It was found that the total amount
f dissolved chlorine ion in water was almost equal to all the
erived chlorine from C2HCl3 decomposition, which means that
he chlorine derived from C2HCl3 decomposition was finally
aptured by the surface layer of Ca(OH)2 in the reactor.

. Conclusions

Experimental results show that the plasma decomposition of
CE was higher in N2 gas, compared to the decomposition in the
as stream containing H2 or O2 gas. The main gaseous products
ere Cl2 and HCl for TCE decomposition in N2 gas. With the

dding of 2% H2 into N2 gas stream, the yield of HCl was three
imes higher than that in N2 gas atmosphere. With the existence
f O2 in N2 gas stream, the main decomposition products were
OCl2, CO2 and DCAC. It was demonstrated that nonthermal
lasma combined with in situ Ca(OH)2 absorption is an effec-
ive way to prevent the production of unwanted byproducts such
s COCl2 and HCl from TCE decomposition, and meanwhile
ignificantly promotes the decomposition of TCE. TCE decom-
osition of 100% was achieved by the reactor combined with in
itu Ca(OH)2 absorption for 200 ppm TCE in a gas mixture of
0% O2 and 90% N2 with an input power of 20 W.
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