
IAEA-SM-350/4

DECOMPOSITION OF TETRACHLOROETHYLENE
BY IONIZING RADIATION ^ 9 8 4 7 7 0 0 '

T. HAKODA, K. HIROTA, S. HASHIMOTO
Takasaki Radiation Chemistry Research Establishment,
Japan Atomic Energy Research Institute,
Takasaki, Japan

Abstract

Decomposition of tetrachloroethylene and other chloroethenes by ionizing radiation were
examined to get information on treatment of industrial off-gas. Model gases, airs containing
chloroethenes,' were confined in batch reactors and irradiated with electron beam and gamma ray. The
G-values of decomposition were larger in the order of tetrachloro- > trichloro- > trans-dichloro- >
cis-dichloro- > monochloroethylene in electron beam irradiation and tetrachloro-, trichloro-, trans-
dichloro- > cis-dichloro- > monochloroethylene in gamma ray irradiation. For tetrachloro-, trichloro-
and trans-dichloroethylene, G-values of decomposition in EB irradiation increased with increase of
chlorine atom in a molecule, while those in gamma ray irradiation were almost kept constant. The G-
value of decomposition for tetrachloroethylene in EB irradiation was the largest of those for all
chloroethenes. In order to examine the effect of the initial concentration on G-value of decomposition,
airs containing 300 to 1,800 ppm of tetrachloroethylene were irradiated with electron beam and
gamma ray. The G-values of decomposition in both irradiation increased with the initial concentration.
Those in electron beam irradiation were two times larger than those in gamma ray irradiation.

1. Introduction

Volatile organic compounds(VOCs) released in the atmosphere from various industrial

processes cause a serious and large scale environmental contamination. Several kinds of VOCs are

very harmful to human health because of carcinogenic effects and also produce toxic substances by

photo-chemical oxidation in the atmosphere. Recently, the Environmental Agency of Japan has

evaluated toxicity of various air pollutants including VOCs in order to set up a new emission

regulation[l]. Among VOCs, tetrachloroethylene and trichloroethylene belong to the most toxic

group.

Off-gas containing VOCs has been cleaned by conventional methods such as thermal

decomposition and active carbon treatment. The VOCs absorbed on the active carbon are also treated

by heating for regeneration. Such treatment methods using heat usually have a production of NOX. In

addition to this, thermal treatment of air and regeneration of the active carbon contaminated with

chloroethenes would produce dioxin, because chloroethenes are usually released with aromatic

VOCs.

Electrical discharge treatment[2] and electron beam(EB) treatment[3] seem to be an alternative

technology for the reduction of chloroethenes contained in air. These treatments have an advantage of

operating at ambient temperature as compared with thermal treatments and would not produce dioxin.

Moreover these treatments are more economical for low concentration of chloroethenes. In electrical

discharge and EB treatments, the energetic electrons induce dissociation and ionization of air
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components, N2 and O2, to produce free radicals and ions which oxidize and decompose

chloroethenes. Penetrante et al. compared the efficiency of decomposition of methanol and

trichloroethylene in electrical discharge and EB treatment and concluded that EB treatment needs less

energy than electrical discharge treatment[4].

In this work, the model gases, airs containing tetrachloroethylene and other chloroethenes,

were confined in batch reactors and irradiated with EB and gamma ray to evaluate decomposition

efficiency by ionizing radiation. Moreover, for tetrachloroethylene, the relationship between

decomposition efficiency and initial concentration was examined.

2 Experimental

2.1 Materials

Carbon dioxide free air(less than 1 ppm) was used as a base gas. Chloroethenes used in this

experiment were tetrachloroethylene(PCE) trichloroethylene(TCE), trans-dichloroethylene(trans-

DCE) and cis-dichloroethylene(cis-DCE), which were used without further purification. For

monochloroethylene(MCE), a commercial standard gas with 51 ppm in carbon dioxide free air was

used as the model gas.

2.2 Preparation of model gas

The Pyrex glass reactors were used for irradiation. The reactor is 50 mm wide, 200 mm long

and 50 mm high and has a stop cock at both sides. The thickness of the reactor wall is 1 mm at the top

and 2 mm at other sides. The layout of equipment for preparation of the model gas is shown in Fig. 1.

The model gas containing each chloroethene was prepared by bubbling the base gas through the liquid

chloroethene. The bubbled gas was diluted with the same base gas in a gas mixer and introduced into

the five reactors connected in series. The concentration of each chloroethene in the model gas was

adjusted by changing the flow rates of bubbling gas and dilution gas as well as the temperature of

liquid chloroethene. After the concentration of chloroethenes in the last reactor became constant, the

reactors were sealed by the stop cocks. The concentrations of chloroethenes except MCE in EB and

gamma ray irradiation were adjusted to be about 300 ppm. For PCE, various concentrations ranged

from 300 to 1,800 ppm were also prepared for irradiation. The moisture content in the model gas was

measured to be about 300 ppm by a moisture analyzer(MAH-50D, Shimadzu Seisakusho Ltd.).

2.3 Irradiation and analysis

An electron accelerator(3 MeV max., 25 mA max., Cockcroft-Walton type, Nisshin High-

Voltage Co. Ltd.) was used for EB irradiation. An average dose rate in the reactor at 1 mA of beam

current was measured by CTA film dosimeter(FTR-125, Fuji Photo Film Co.) and evaluated to be 7.5

X 103 kGy/h. The reactors were put on a conveyor and passed through under the scan horn of the

electron accelerator with a speed of 9.08 m/min. Irradiation time of the model gas per 1 pass was 2.9

X 10"4 hour so that the dose per 1 pass was estimated to be 2.2 kGy/pass. Total dose was adjusted by

changing the number of pass of the conveyor under the scan horn.

A plate type Co-60 with the capacity of 12,000 Ci was used for gamma ray irradiation. The

distance of the reactor from the Co-60 source was 70 cm. The dose rate in the reactor measured by
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Fig. 2. Concentrations of chloroethenes vs. dose in EB irradiation

O PCE(322 ppm), A TCE(316 ppm), • trans-DCE(321 ppm),

O cis-DCE(321 ppm) and V MCE(51 ppm)

CTA film dosimeter was evaluated to be 2.8 kGy/h. Total dose was adjusted by changing the time of

irradiation.

The concentration of each chloroethene in the irradiated gas was measured by a gas

chromatograph(GC-8A, Shimadzu Seisakusho Ltd.) with a packed column(1001-51033, Shimadzu

Seisakusho Ltd.) and a flame ionizing detector(FID). The temperatures of injection port, column and

detector were kept constant at 120 °C. The concentrations of total carbon(TC) and inorganic

carbon(IC) were measured by a TOC-analyzer with an infrared detector(TOC-10B, Shimadzu

Seisakusho Ltd.). The temperatures of the columns for the measurement of TC and IC were kept

constant at 850 and 160 X), respectively.
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3 Results

Figure 2 shows the concentrations of chloroethenes vs. dose in EB irradiation. It can be seen

from the slope of each curve in this figure that chloroethenes are more easily decomposed in the order

of PCE > TCE > trans-DCE > cis-DCE > MCE. The doses necessary to decompose more than 90 %

of PCE, TCE, trans-DCE, cis-DCE and MCE are 2.2, 3.5, 5.7, 8.0 and 4.0 kGy.

Figure 3 shows the concentrations of chloroethenes vs. dose in gamma ray irradiation. The

curves for PCE, TCE and trans-DCE are almost same. The cis-DCE and MCE are less decomposed

than these chloroethenes. The doses necessary to decompose 90 % of PCE, TCE, trans-DCE, cis-

DCE and MCE are 5.0, 4.8, 5.0, 6.8 and 3.2 kGy.

In order to examine the relationship between decomposition efficiency and initial concentration,

the model gases containing 300 to 1,800 ppm of PCE were irradiated with EB. Gamma ray irradiation
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Fig. 3. Concentrations of chloroethenes vs. dose in gamma ray irradiation

O PCE(322 ppm), A TCE(316 ppm), • trans-DCE(321 ppm),

O cis-DCE(299 ppm) and V MCE(51 ppm)
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Fig. 4. Concentrations vs. dose for 300 to 1,800 ppm of PCE

O EB irradiation, A Gamma ray irradiation

was also carried out as a reference experiment. Figure 4 shows the concentrations vs. dose in both

irradiation. It can be seen from this figure that EB irradiation is more effective than gamma ray

irradiation. The doses necessary to decompose 90 % of the initial concentration in both irradiation are

summarized in Table 1. The ratio of necessary doses for EB irradiation to that for gamma ray

irradiation gradually increases from 44 to 68 % with increase of the initial concentration.

In order to get information on the balance of carbon in the irradiated gas, the changes of

relative carbon concentration as total carbon(TC) and inorganic carbon(IC) were examined. Figure 5

shows the changes of relative carbon concentration vs. dose at a concentration of 722 ppm in EB

irradiation. The relative concentration of PCE is also shown in this figure. The carbon concentration

as TC was constant during the irradiation. After EB irradiation, organic and inorganic gaseous

products are formed.
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Table 1. Doses neccesary to decompose 90 % of PCE

Initial cone, (ppm)

300

600

900

1,800

EB

2.1

3.2

3.9

5.4

Dose (kGy)
r

4.8

6.2

5.7

8.0

EB : Electron beam irradiation, 7 : Gamma ray irradiation

The relative carbon concentration as organic gaseous product, shown in Fig. 5, can be obtained

from the difference between TC and IC. The relative concentration of organic gaseous product

increases with dose from 0 to 6 kGy and gradually decreases in the range from 6 to 13 kGy. This

indicates that organic gaseous product formed by low dose irradiation is decomposed to IC with

further irradiation. The relative carbon concentration as IC such as carbon dioxide is 22 % at 13 kGy.

4. Discussion

4.1 G-values of decomposition

In order to evaluate decomposition efficiency of chloroethenes, G-values of decomposition

were calculated from the initial slope of decomposition curve of chloroethenes shown in Fig. 2 and 3.

These values are summarized in Table 2.

The G-value of decomposition for PCE in EB irradiation is the largest of those for all

chloroethenes and two times larger than that in gamma ray irradiation. For trans-DCE and cis-DCE,

G-values of decomposition in EB irradiation are the same as those in gamma ray irradiation. The

values of trans-DCE in both irradiation are two times larger than those of cis-DCE. For MCE, G-

value of decomposition in EB irradiation is 70 % of that in gamma ray irradiation.

4.2 Difference between EB and gamma ray irradiation

It is well known that there is no difference in the chemical effects on materials between EB and

gamma ray irradiation. When the air containing vaporized water is irradiated with ionizing radiation,

OH, HO2, O, N and H radicals and O3 are produced as the active species[5]. Among these active

species, OH radical has a larger reaction rate constant with chloroethenes than other active species.

For example, the reaction rate constants with PCE are 1.67 X 1O13 cm3molcule"'s' for OH radical[6]

and < 2 x 10"23 cm3molecule'V for O3[7]. Therefore, the reaction of OH radical with chloroethene

seems to be the first step of the reaction in the decomposition process. The G-values of

decomposition for PCE, TCE, trans-DCE and cis-DCE in both EB and gamma ray irradiation are

much larger than that of formation for OH radical which is 4.2[8]. The large values can be accounted
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Fig. 5. Changes of relative carbon concentration as TC and IC

vs. dose in EB irradiation for 722 ppm tetrachloroethylene

O PCE, A TC, • IC and O Organic gaseous products

for by the decomposition mechanism with a chain reaction. According to the research of Prager et

al.[3], OH radical formed in EB irradiation attaches to chloroethene double bond to produce Cl

radical. In the presence of O2, this Cl radical reacts with chloroethene to induce a chain reaction. The

mechanism for PCE decomposition can be described as follows.

The OH radical reacts with PCE to form Cl radical via reaction(l) and (2)

OH +

OHCC12 -

cci 2 -

-CC12

CC12 => OHCC12-

OHCC1-CC12

-CCI2

+ Cl

(1)

(2)
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The Cl radical can attach to the double bond of PCE. The resulting radical reacts with oxygen and

forms the peroxyl radical[9].

Cl + CC12 = CC12

CCI3 - CC12 + 0 2

- » CC13-CC12

CC13-CC12(O2)

2CC13-CC12(O2)

CC13-CC12(O)

2CC13-CC12(O) + O2

CC13-COC1 + Cl

CC13 + COC12

(3)

(4)

(5)

(6)

(7)

The peroxyl radical, CC13 - CC12(O2), produces alkoxyl radical, CC13 - CC12(O), and oxygen via

reaction(5). The alkoxyl radical produces trichloroacethylchloride and Cl radical which can proceed

the chain reaction via reaction(6) or CC13 radical and phosgene via reaction(7). Phosgene is oxidized

with OH radical and produce carbon dioxide, hydrogen chloride and Cl radical.

COC12 + OH -*- CO2 + HC1 + Cl

The termination reaction of the chain reaction seems to be bimolecular reactions of Cl radicals and/or

CC13 radicals.

Table 2. G-values of decomposition for chloroethenes

Chloroethene

PCE

TCE

trans-DCE

cis-DCE

MCE

G-value

EB

45

36

25

14

5.4

of decomposition

7

22

26

26

14

7.4

EB : Electron beam irradiation, 7 : Gamma ray irradiation
The concentrations were adjusted to be about 300 ppm, except MCE(51 ppm).

Tetrachloroethylene is decomposed with ionizing radiation to form CC13 — COC1, COC12, CO2,

HC1, Cl2 and CCL, as the irradiated products. Instead of CC13-COC1 and CCL,, CHC12-COC1 and

CHC13 for TCE, CH2C1-COC1 and CH2C12 for trans- and cis-DCE are expected to be produced.
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For PCE, TCE and trans-DCE, G-values of decomposition in EB irradiation increase with

increase of chlorine atom in a molecule, while those are almost kept constant in gamma ray irradiation.

In decomposition process of chloroethenes, a chain reaction is induced by OH radical and proceeds

by Cl radical and O2. Therefore the reaction rate constant of OH radical with chloroethene and the

chain length would have a profound effect on G-value of decomposition. Sanhueza et al.[9] reported

for oxidation of chloroethenes initiated by Cl radical formed in photochemical reaction that the chain

lengths, at sufficiently high oxygen pressure, are 300 for PCE, 200 for TCE and 21.5 for trans-DCE.

In EB irradiation, the difference in G-value of decomposition for PCE, TCE and trans-DCE

corresponds to the difference of the chain length. On the other hands, the chain lengths in gamma ray

irradiation would be short compared with those in EB irradiation.

4.3 Effects of the initial concentration

For 300 to 1,800 ppm of PCE, G-values of decomposition in EB and gamma ray irradiation can

be calculated from the initial slope of the corresponding decomposition curve in Fig. 4. Figure 6

c
•4—>

• T-H

CZ3
O
OH

Boo

>

400 800 1200 1600
Initial Cone, (ppm)

Fig. 6. G-values of decomposition vs. initial concentration for PCE

O EB irradiation, A Gamma ray irradiation
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shows G-values of decomposition vs. initial concentration of PCE. It can be seen from this figure that

G-values of decomposition in both irradiation increase with the initial concentration. For example, the

values at 900 and 1,800 ppm are 91 and 139 in EB irradiation and 44 and 76 in gamma ray irradiation.

The increase in G-value of decomposition with the initial concentration can be accounted for by the

chain length in the chain reaction. As mentioned in section 4.2, the OH radical reacts with PCE and

form Cl radical via reaction(l) and (2). The Cl radical can attach to the double bond of PCE and

finally forms the irradiated products and Cl radical. Moreover this Cl radical can proceed the chain

reaction and decompose PCE until the bimolecular termination reactions of Cl radicals and/or CC13

radicals would occur. The large concentration of PCE would increase the possibility of the reaction of

Cl radical and PCE.

At the same concentration, G-values of decomposition in EB irradiation are about two times

larger than those in gamma ray irradiation. Since the dose rates of EB and gamma ray irradiation are

7.5 X 103 and 2.8 kGy/h in this experiment, production of the active species formed per unit time

should be 2 X io3 times larger in EB irradiation than those in gamma ray irradiation. The G-values of

decomposition of aromatic VOCs is generally smaller in EB irradiation than in gamma ray irradiation

because of large recombination rate of the active species formed from air components. In case of o-

xylene, one of aromatic VOCs, G-value of decomposition in EB irradiation is 1.5 times smaller than

that in gamma ray irradiation[10]. In case of PCE, TCE and trans-DCE, G-values of decomposition in

EB irradiation have same or larger value compared with that in gamma ray irradiation because of very

complicated chain reaction mechanism. But this reason should be discussed by further research.

6. Conclusion

The main results of this study can be summarized as follows.

1) Vaporized chloroethenes in air were irradiated with ionizing radiation to evaluate

decomposition efficiency. In EB irradiation, G-values of decomposition were larger in the order of

PCE > TCE > trans-DCE > cis-DCE > MCE for EB irradiation and PCE, TCE, trans-DCE > cis-

DCE > MCE for gamma ray irradiation. The values for trans-DCE and cis-DCE in EB irradiation

were almost equal to those in gamma ray irradiation. The G-values of decomposition in EB

irradiation increased with increase of chlorine atom in a molecule, while those in gamma ray

irradiation were almost kept constant. The G-value of decomposition for PCE in EB irradiation was

the largest of those for all chloroethenes.

2) The G-value of decomposition of PCE in EB and gamma ray irradiation increased with the

initial concentration ranged from 300 to 1,800 ppm. The G-values of decomposition in EB irradiation

were about two times larger than those in gamma ray irradiation.
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