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Abstract The experimental study of the degradation of gaseous dielectrics after pro-

cessing in the dielectric barrier discharge (DBD) is presented. Two pure gases trans-

CF3CH=CHF (HFO-1234ze(E)), perfluoroketone CF3C(O)CF(CF3)2 (C5K), and also the

following mixtures 75 %HFO-1234ze(E):25 %N2, 12 %C5K:88 %N2, 18.5 %C5K:

81.5 %dry air, 9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2, 9 %C5K:56 %HFO-1234ze

(E):35 %CO2 have been used as test-gases. A content of the decomposition products of the

gases before and after a 5-h workout in the barrier discharge has been determined by means

of the chromatography-mass spectrometry and gas chromatography methods. Dilution of

C5K with dry air greatly increases the degree of conversion of the source gas in the barrier

discharge. Dilution of HFO-1234ze(E) and C5K with nitrogen, and the use of ternary

mixtures 9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2 and 9 %C5K:56 %HFO-1234ze(E):

35 %CO2 significantly reduces the degree of conversion of the mixture compared with the

source gases in the barrier discharge. After the DBD processing of two test-gases a large

quantity of toxic C3F6 was found in pure C5K, and also a large number of highly toxic

CF3CCH was found in pure HFO-1234ze(E). The least amount of toxic products after the

DBD processing was detected in mixtures HFO-1234ze(E):N2 and C5K:HFO-1234ze(E):N2.

The mixture C5K:HFO-1234ze(E):N2 has the best features among studied mixtures.
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Introduction

Currently industrial companies in all types of electrical equipment working under high and

very high voltage (circuit breakers, transformers, substations, transmission lines, etc.) most

frequently use sulfur hexafluoride (SF6) owing to its very good properties of insulation and

cutoff. SF6 has unique characteristics such as relatively low toxicity, extreme inertness and

high dielectrics [1]. However, the partial discharges (PD) may appear during the work

process of high voltage electrical devices. The partial discharge can be treated as some

kind of the corona discharge [2]. The presence of partial discharges tends to occur due to

increased stressing in an inhomogeneous electric field region around a faulty component or

an abnormality in the insulation material [3]. The PD can be the symptom of a fault or a

degradation mechanism in itself [4]. The appearance of PD is accompanied by a large

number of physico-chemical processes leading to gradual degradation of SF6 and the

formation of decomposition products, most of which are toxic (e.g. S2F10, SF4, and HF)

[1]. It should be noted, that decomposition products, produced by electrical and thermal

decomposition of SF6 in the presence of other molecules (e.g. H2O, N2, O2, air, Ar, silicon)

are all toxic and even corrosive [5–14]. In addition sulfur hexafluoride is one of the most

potent greenhouse gases that cause significantly global warming, and has been blanketed

into the Kyoto Protocol.

Therefore, there is a need for a gaseous candidate, i.e. gas or mixture of gases, that can

replace SF6 in high voltage electrical equipment. The gas mixtures must have acceptable

combination of low temperature boiling point, chemical stability, low global warming

potential (GWP), non-flammability and high dielectric strength. In addition the gas mix-

tures must have relatively low toxicity. All these characteristics should be comparable or

better than those of SF6.

Luly et al. [15] have found that mixtures SF6 and certain hydrofluoroolefins, such as

tetrafluoropropene and pentafluoropropene, produce a synergetic effect with respect to the

composition’s dielectric strength, are essentially non-flammable, have relatively low GWP,

have good chemical stability and have normal boiling points comparable to common

refrigerants. This should take into account that some classes of chemicals, such as chlo-

rofluorocarbons, hydrochlorocarbons, hydrochlorofluorocarbons, hydrofluorocarbons, per-

fluorocarbons destroy the ozone layer of the stratosphere of the Earth, and their use is also

regulated by international agreements [16]. Thus, when choosing a perspective gaseous

dielectric, one should pay attention to its dielectric properties, chemical toxicity of the

source gas and its decomposition products, environmental properties (low values of

GWP100 and of ozone depletion potential).

In this work we study recently appeared gases hydrofluoroolefin 1,3,3,3-tetrafluoro-

propene HFO-1234ze(E) and perfluoro-(3-methylbutan-2-on) CF3C(O)CF(CF3)2 [15, 17,

18], its mixtures with N2, and also mixtures of perfluoro-(3-methylbutan-2-on) with dry air,

HFO-1234ze(E):C5K:N2 and HFO-1234ze(E):C5K:CO2 as possible compositions, which

are capable to replace SF6 in high voltage electrical equipment. Now HFO-1234ze(E) and

C5K are commercially available. However, pure HFO-1234ze(E) and C5K have a high

boiling point: -19 and ?24 �C, respectively. This is at low ambient temperatures may

result in undesirable formation of condensate in the high voltage electrical equipment

during its exploitation. The addition of nitrogen, dry air or carbon dioxide to HFO-

1234ze(E) and C5K reduces the boiling points of the appropriate mixtures. In addition, we

use hypothesis that nitrogen, dry air or CO2 in diluted C5K or HFO-1234ze(E) can inhibit

the formation of some decomposition products.
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To accelerate tests we use the dielectric barrier discharge instead of the corona dis-

charge. Barrier discharges as well as corona discharges, belongs to streamer discharges

[19–25]. Chemical processes accompanying propagation of a streamer through the gas are

the same for the corona and barrier discharges [26–29]. The number of streamers incident

on the unit area of the electrode surface grows with increase of a voltage [22], so the

voltage applied to the electrodes has been varied during the tests. At atmospheric pressure

the DBDs in test-gases have filamentary form. Current filaments represent the individual

microdischarges chaotically occurring over all volume of the gas gap only during certain

phases of a voltage period. The breakdown of a gas gap in microdischarges is carried out

due to the streamer mechanism. A typical streamer has a lateral spatial extension of about

0.1 mm and duration of the order of nanoseconds depending on the device configuration

and type of gas [19–22]. The charge transported by a single streamer is of the order of

0.1 nC for a 1 mm air gap, increasing with gap spacing and specific capacitance of the

dielectric barrier and, does not seem to depend on the applied voltage. Increase in power

leads to generation of greater number of microdischarges per unit of a time and/or per unit

of an electrode surface area. The minute energy dissipation limits the rise of the gas

temperature due to a single microdischarge to a few Kelvin, while the electrons in the

microdischarge channel have mean energies of a few eV. In the microdischarge channel,

electron densities of 1014 cm-3 and current densities of j = 1000 A cm-2 are reached

[19–22]. Plasma properties in a head of streamer result in formation a large number of

active species: ions, radicals, excited atoms and molecules, which have high chemical

reactivity. So, the dielectric barrier discharges are used for various chemical processes such

as decomposition of gaseous pollutants, water treatment, ozone production, surface

treatment, plasma-assisted ignition and combustion, biological application and medicine

[37, 38].

In this work we determined a relative conversion degree of tested gases and mixtures.

We discovered also some toxic compounds among the decomposition products. Among

decomposition products of the HFO-1234ze(E) and C5K the carbon and fluorine con-

taining gases can be formed, which may lead to deposition of films at the internal surfaces

of the high voltage equipment. A CHNS analysis on the content of films deposited at the

inner surface of the discharge tube during test has been carried out.

Fig. 1 The electrical circuit of
the experimental setup. The DBD
chamber consists of the inner
cylindrical electrode, glas tube
and outer cylindrical electrode
made of fine brass mesh
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Experimental Technique

The working chamber for ignition and maintenance of the barrier discharge is arranged

as follows. A solid cylindrical electrode made of stainless steel with a diameter of

Del = 13.5 mm and length L = 350 mm is placed inside a cylindrical glass tube with

an inner diameter dg = 15.9 mm and an external diameter Dg = 19 mm. The outer

electrode is made of fine brass mesh. The thickness of the discharge gap between the

inner electrode and the walls of the glass tube was 1.2 mm. There were special pipe-

bends, mounted at the ends of the glass tube, which connected to the pump, gas inlet

and pressure sensor.

Connection of the DBD chamber to the electrical circuit is shown in Fig. 1. The dis-

charge tube is connected in series with a measuring capacity CI. Capacity CI (180 nF) is

chosen much larger than the full capacity of the electrode system of the discharge chamber

(96 pF), so the voltage UI on the capacitor CI is negligibly small compared with the voltage

drop across the discharge tube [30]. The high voltage electrode is switched to a high

voltage winding of the power transformer during the whole processing of the test-gas. The

voltage on the capacitor CI is proportional to the electric charge and is recorded on the

input 1 of the oscilloscope GW Instek GDS-71102. The DBD voltage is measured using a

capacitive voltage divider C1–C2 (33 nF–33 pF). The signal is taken from the midpoint of

the divider and fed to the input 2 of the oscilloscope. The area enclosed by the charge–

voltage Lissajous figure obtained in each of the tests is proportional to the energy dissi-

pated in the DBD-reactor per cycle of the AC-voltage applied [30, 31]. The product of

energy per cycle with the frequency of AC-voltage results in the active power supplied to

the DBD-reactor.

Processing each of the tested gases was carried out for 5 h at three input voltages: 2, 6

and 10 kV. The frequency of the applied voltage was 50 Hz. During the tests the DBD set-

up was at room temperature, no heating of the working chamber was observed in the

process.

The volume between the inner electrode and the walls of the glass tube was pumped out

to a pressure of *10-3 bar and then filled with the test gas up to the atmospheric pressure.

DBD processing of the test gas was carried out in a closed volume. The volume of gas in

the discharge chamber was *20 cm3. A sampling of the processed gas was taken from the

working chamber after each DBD processing. Before taking a sample of a test gas the

working chamber was filled with helium up to 1 bar of excess pressure. The mixture was

left for 10 min and then sampled through the membrane into a special package for sam-

pling or in the syringe. Tedlar bags and gas-tight cyringes Hamilton have been used in this

procedure.

Two pure gases HFO-1234ze(E), perfluoroketone C5K, and the mixtures 75 %HFO-

1234ze(E):25 %N2, 12 %C5K:88 %N2, 18.5 %C5K:81.5 %dry air, 9 %C5K:57.5 %HFO-

1234ze(E):33.5 %N2 and 9 %C5K:56 %HFO-1234ze(E):35 %CO2 have been used as test-

gases. The gas mixture composition is specified in volume percents. The relative shares of

all components in each of the gas mixtures were chosen experimentally so that the boiling

point of the mixture was obviously lower than -25 �C at a pressure of mixture of 1 bar.

The average values of the power absorbed in the barrier discharge in the studied gases

and gas mixtures are shown in Table 1. The power absorbed in DBD increases propor-

tionally to the amplitude of the applied voltage.
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Chemical Analysis Methods

Thegas chromatographic (GC) analysis hasbeencarried out bymeans of thegas chromatograph

Chrompack CP9000 (Chrompack B.V., Middelburg, The Netherlands), equipped by flame-

ionizing detector (FID), and thermal conductivity detector (TCD). Separation of gas mixtures

was made by means of bonded PLOT column PoraBONDQ 25 m 9 0.53 mm 9 10lm (with

FID detector) and packed column HayeSep Q 80/100 3 m 9 2 mm (with TCD detector).

Volumes of the inserted sample were 5 ll for the PLOT column PoraBOND Q and 500 ll for
packed columnHayeSepQ.Component content of a source gases andmixtures have beenmade

using the columnHayeSepQwith TCDdetector. For COdetection the columnCarboSieve S-II

80/100 3 m 9 2 mm was used instead of the HayeSep Q column.

The identification of the gas components has been carried out by the chromatography-mass

spectrometry by means of multi-dimensional GC/GC/MS system (Shimadzu QP2010 Ultra

Shimadzu, Tokyo, Japan). The GC/GC/MS system contains two thermostats with analytical

columns of different polarities. The systememploys a pressure switching heart-cut device (Multi-

Deans Switch) to direct the effluent of the first column on to a second column. In the first

thermostat there were the column PoraPLOTQ 30 m 9 0.32 mm (or non-polar columnWCOT

SBP-1, 60 m 9 0.25 mm 9 0.25 lmfor the separation sourcemixtures) and FID; in the second

one there was an analytical polar column Supercowax-10 30 m 9 0.25 mm 9 0.5lm with

access to mass spectrometric detector with a quadrupole mass filter. The sample is sequentially

divided in columns PoraPLOTQ and Supercowax-10 and detected by the mass spectrometer. In

themass spectrometer a beamof electronswith energies e = 70 eVwasused for ionization of the

sample. In determining the composition of the source samples before the DBD processing the

volume of injected sample was 5 ll, split mode 1:60. In determining the composition of the gas

samples after the DBD processing the volume of injected sample was 10 ll, split mode 1:6. In

identification of products of the analyzed samples by means of the mass spectra we used the

spectra comparison with the NIST 08, NIST 08s and Wiley 9 libraries.

The sample is injected into chromatograph using a Hamilton syringe immediately after

sampling from the working chamber.

The spectral measurements have been performed by means of vacuum FT-IR spec-

trometer Vertex 70v with InSb detector and spectral resolution 0.5 cm-1. The spectral

interval was 2000–10,000 cm-1. For absorption lines of HF the HITRAN free database has

been used (http://hitran.iao.ru/molecule).

Results

Before processing in the barrier discharge each of the source gases was studied by means

of gas chromatography-mass spectrometry (GC/MS) analysis. The source trans-CF3CH=

CHF had a small portion (*0.04 wt%) of its isomer cis-CF3CH=CHF (HFO-1234ze(Z)),

Table 1 Power absorbed in DBD at various applied voltages for different test-gases (W)

U0

(kV)
C5K HFO-

1234ze(E)
C5K:N2 C5K:dry

air
C5K:HFO-
1234ze(E):N2

C5K:HFO-
1234ze(E):CO2

HFO-
1234ze(E):N2

2 0.02 0.03 0.01 0.03 0.01 0.01 0.01

6 0.5 0.7 0.4 0.6 0.09 0.3 0.06

10 3 2 0.7 2 0.3 0.5 0.3
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other gases less than 0.002 wt%. The source perfluoroketone CF3C(O)CF(CF3)2
(*98.65 wt%) had a portion of ester CF3COOCH3 (*1.3 wt%) and a small amount of the

water vapor H2O (*0.05 wt%).

On the Conversion Degree

Figure 2 shows the concentration of the source gases/mixtures in the mixture of their

decomposition products after the DBD processing (in percentage to their initial concen-

tration in the source gases/mixtures, excluding the gas diluent).

It is seen from the figure that after the DBD processing of pure HFO-1234ze(E), C5K

and of the mixture 18.5 %C5K:81.5 %dry air with values of the applied voltage of 6 and

10 kV the percentages of the source gases in their mixtures of products are markedly

reduced in comparison with 2 kV. Fall of the percentage of source gases in decomposition

products of mixtures 12 %C5K:88 %N2 and 9 %C5K:56 %HFO-1234ze(E):35 %CO2 is

less. The minimal decrease of the percentage of the source products is observed in mixtures

75 %HFO-1234ze(E):25 %N2 and 9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2. As can be

seen, the dilution of HFO-1234ze(E) and C5K by nitrogen, as well as the use of the ternary

mixtures 9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2 and 9 %C5K:56 %HFO-1234ze(E):

35 %CO2 significantly reduces the degree of conversion of the source gas in the barrier

discharge (during propagation of streamers in the gas). Pure gases HFO-1234ze(E) and

C5K show relatively low resistance to the electrical discharge. On the contrary, dilution of

C5K by the dry air significantly increases the degree of conversion of the source gas.

Note that the number of microdischarges per half cycle of the applied voltage grows

with the increase of the discharge power, i.e. the power absorbed in DBD. It seems

reasonable to assume a correlation between the discharge power and the dielectric strength

Fig. 2 The concentration of the source gases in their decomposition products after the 5 h of the DBD
processing depending on the applied voltage (in percentage to their initial concentration prior to the DBD
processing). 1 C5K in mixture in decomposition products of 18.5 % C5K:81.5 % dry air; 2 HFO-
1234ze(E) in decomposition products of pure HFO-1234ze(E); 3 C5K in decomposition products of pure
C5K; 4 C5K in decomposition products of mixture 12 %C5K:88 %N2; 5 total concentration of C5K, HFO-
1234ze(E) and CO2 in decomposition products of mixture 9 %C5K:56 %HFO-1234ze(E):35 %CO2; 6 total
concentration of C5K and HFO-1234ze(E) in decomposition products of mixture 9 %C5K:57.5 %HFO-
1234ze(E):33.5 %N2; 7 HFO-1234ze(E) in decomposition products of mixture 75 %HFO-1234ze(E):
25 %N2. All concentrations are given in volume percents
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of the gas: the higher dielectric strength of the gas, the less power would be absorbed in the

gas at a given applied voltage. One would also assume that the degree of conversion

increases with increasing the discharge power. For each gas it really is. However, com-

paring the discharge power in different gases and gas mixtures (Table 1) and the degree of

their conversion at given applied voltages (Fig. 2), no clear correlation between the dis-

charge power and the degree of conversion of gas has been found.

Decomposition Products of HFO-1234ze(E) and Mixture 75 %HFO-
1234ze(E):25 %N2 After the DBD Processing

After the DBD training of HFO-1234ze(E) we found the following degradation products:

H2, CO, CO2, CF4, C2F6, C2F4, CF2=CH2, C2HF3, CF3CH2CF3, C3F8, CF3CH3, C2HF5,

CF3CH2F, CHF2CHF2, hexafluoropropene C3F6, CF3C:CH, CF3CF=CH2, cis-CF3CH=

CHF. Main gas decomposition products of HFO-1234ze(E) are the isomer of the source

olefin cis-CF3CH=CHF, trifluoromethylacetylene CF3C:CH, as well as perfluoroalkanes

CF4 and C2F6. The concentration of the majority of decomposition products of HFO-

1234ze(E) in the barrier discharge increases with growth of the applied voltage. H2, CO

and CO2 in the products of decomposition appear only at a voltage of 10 kV. The highest

share in the products represents cis-CF3CH=CHF (HFO-1234ze(Z)), its concentration after

the DBD processing of HFO-1234ze(E) with a voltage of 10 kV is 2.85 wt%. Concen-

trations of other products are in the range 0.04–0.90 wt%.

As an example Fig. 3 demonstrates chromatograms of decomposition products of HFO-

1234ze(E) and mixture 75 %HFO-1234ze(E):25 %N2 trained in DBD at 6 kV with Por-

aBOND Q/FID detection.

The figure shows that trained mixture of 75 % of HFO-1234ze(E):25 %N2 contains

fewer decomposition products than pure HFO-1234ze(E) trained in DBD. Dilution of

HFO-1234ze(E) by nitrogen leads to the decrease of the degradation of HFO-

1234ze(E) (see Fig. 2), reduction of the number hydrogen-containing products and the

appearance of small quantities of new products: C5F12, C6F14.

The GC/TCD analysis has shown that the main gas-phase decomposition products of the

mixture 75 %HFO-1234ze(E):25 %N2 were CO and CO2. Among the decomposition

products of mixture 75 %HFO-1234ze(E):25 %N2 we also found cis-CHF=CH-CF3 (HFO-

1234ze(Z)), CF4, C3F8, CF3CHFCF3, CF3C:CH, CH2=CF–CF3 (HFO-1234yf), CF2=CF–

CHF2.

Main channels of the pure HFO-1234ze(E) conversion in DBD are the isomerization

into cis-CF3CH=CHF and 1,2-dehydrofluorination with formation of 3,3,3-trifluo-

romethylacetylene and HF:

trans-CF3CH¼CHF ! cis-CF3CH¼CHF ð1Þ

trans-CF3CH¼CHF ! CF3C�CHþ HF: ð2Þ

In reaction (2) both 3,3,3-trifluoropropyne CF3C:CH and HF molecules are generated.

But the IR spectrometry has found no traces of HF in the products of decomposition of

HFO-1234ze(E) and mixture 75 %HFO-1234ze(E):25 %N2. Most likely HF reacted with

the glass walls of the discharge tube in the process of the DBD processing. Direct chro-

matographic analysis of HF is a difficult task due to the high reactivity of HF.
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Decomposition Products of Perfluoro-(3-Methylbutan-2-on) (C5K)
and Mixtures C5K:N2, C5K:Dry Air After the DBD Processing

Concentrations of the decomposition products of pure C5K and mixtures

12 %C5K:88 %N2, 18.5 %C5K:81.5 % dry air after the DBD processing at U0 = 10 kV

are shown in Table 2. According to results of the analysis the main decomposition products

of pure C5K in the barrier discharge are hexafluoropropene C3F6, 1,1,2,3,3-pentafluoro-

propene-1 CF2=CF–CHF2, perfluorobutane C4F10 and perfluoromethylacetate CF3
COOCF3. We identified also perfluoro compounds C1–C6, the yield of which grows

considerably with changing of the applied voltage from 6 to 10 kV. At a voltage of 10 kV,

the number of products grows substantially, the destruction processes lead to the formation

of perfluoroalkanes CF4, C2F6, C3F8, heptofluoropropane CF3CHFCF3, perfluoropentane

C5F12 and perfluorohexane C6F14.

As can be seen from Table 2, dilution of C5K both by nitrogen and dry air leads to a

drastic reduction in the number of decomposition products of the source gas trained in the

barrier discharge. However, great amounts of CO2 (11.48 wt%) and CF2=CF–CHF2
(9.08 wt%) are produced in a mixture C5K:dry air. As a result, the dilution of C5K by dry

Fig. 3 Chromatograms of HFO-1234ze(E) and mixture 75 %HFO-1234ze(E):25 %N2 trained in DBD at
6 kV with PoraBOND Q/FID detection: a HFO-1234ze(E); b 75 %HFO-1234ze(E):25 %N2
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air strongly rises the conversion degree of the source gas. When C5K diluted by nitrogen,

the conversion degree of the source gas is significantly reduced. Products hexafluoro-

propene C3F6 and perfluorobutane C4F10 are more likely formed in the trained mixture of

C5K with dry air, though perfluoropentane C5F12 and perfluorohexane C6F14 are formed in

the trained mixture of C5K with N2.

Figure 4 shows the effect of voltage on the concentration of decomposition products of

a mixture 12 %C5K:88 %N2 after the DBD processing. One sees that concentrations of

CO, CO2, C5F12, C6F14, CF2=CF–CHF2 grow, concentrations of C2F4, C4F10 fall with

increasing voltage and concentrations of C3F6, CH2=CF–CF3, trans-CHF=CH-CF3 (HFO-

1234ze(E)) first grow and then fall to almost zero.

Decomposition Products of Mixtures C5K:HFO-1234ze(E):N2

and C5K:HFO-1234ze(E):CO2 After the DBD Processing

After the DBD processing of mixtures 9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2 and

9 %C5K:56 %HFO-1234ze(E):35 %CO2 it was found a large number of the same prod-

ucts: CO, CO2, CF4, C2F6, C3F8, C3F6, C5F12, C6F14, CF3CCH, CF3CHFCF3, CH2=CF–

CF3 (HFO-1234yf), cis-CHF=CH-CF3 (HFO-1234ze(Z)). Among the decomposition

products of trained mixture 9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2 we also found

C2F4, which was not detected in the decomposition products of trained mixture

9 %C5K:56 %HFO-1234ze(E):35 %CO2. The concentration CO after the DBD processing

of the mixture with CO2 is an order of magnitude higher than in the mixture with N2 after

similar processing. The degree of conversion in the barrier discharge of mixture

C5K:HFO-1234ze(E):CO2 is higher than in mixture C5K:HFO-1234ze(E):N2 (see Fig. 2).

The increase of the applied voltage in the barrier discharge leads to growth of concen-

trations of some decomposition products and reduction of the concentrations of the others.

Table 2 Concentrations of the
decomposition products of pure
C5K and mixtures C5K:N

2
,

C5K:dry air after DBD process-
ing at U

0
= 10 kV

No. Species Products in wt%

C5K C5K:N2 C5K:dry air

1 CO 0.69 1.85 1.44

2 CO2 0.50 2.13 11.48

3 CF4 0.21

4 C2F6 0.09

5 C3F8 0.21

6 CF3CHFCF3 0.01

7 C3F6 0.67 0.17

8 CF3COOCF3 0.36

9 C4F10 3.16 3.03

10 C4F10 0.51

11 CF2=CF–CHF2 0.09 0.50 9.08

12 C5K 90.76 98.83 74.80

13 CF3COOCH3 0.39

14 C5F12 0.14 0.41

15 C6F14 2.12 0.31

16 Other products 0.21 0.09
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Figure 5 illustrates the effect of the applied voltage (contributed power) on the con-

centration of decomposition products of mixture 9 %C5K:57.5 %HFO-1234ze(E):

33.5 %N2 after the DBD processing.

Toxic Products

Different quantities of the toxic products have been found in decomposition products of all

tested gases and gas mixtures. CF4 as well as fluoro-olefins: tetrafluoretylene C2F4 and

hexafluoropropylene C3F6 can be regarded as moderate or slightly toxic decomposition

products of studied gases and gas mixtures trained in the barrier discharge [33, 34]. These

compounds are irritating to the respiratory tract and lungs in lethal concentrations as

judged by animal exposures, but in addition they also can cause kidney injury. Carbon

monoxide CO relates to highly toxic decomposition products [35].

Figures 6 and 7 show the concentrations of these toxic decomposition products of the

tested gases and gas mixtures after the DBD processing depending on the voltage applied

to the electrodes of the reactor. Figure 7 also shows the concentration of CO2.

C3F6 is detected in the decomposition products of all the test gases except for mixture

75 %HFO-1234ze(E):25 %N2. Its concentration grows with the voltage increase in the

decomposition products of C5K, HFO-1234ze(E), C5K:dry air, weakly depends on the

Fig. 4 The main decomposition
products of a mixture
12 %C5K:88 %N2 after the DBD
processing as function of the
applied voltage. a 1 C6F14; 2
C5F12; 3 CF2=CF–CHF2; 4 CO; 5
CO2. b 1 C3F6; 2 C4F10; 3
CH2=CF–CF3; 4 trans-
CHF=CH–CF3 (ze(E)); 5 C2F4
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voltage in the decomposition products of mixtures C5K:N2, C5K:HFO-1234ze(E):CO2 and

drops with increasing voltage in the decomposition products of mixture C5K:HFO-

1234ze(E):N2. In decomposition products of pure C5K and mixture C5K:dry air, trained in

DBD at 10 kV, the concentration of C3F6 reaches a tenth of a percent.

C2F4 is detected in the decomposition products of pure gases C5K, HFO-1234ze(E) and

mixtures containing C5K. The most quantity of C2F4 is detected in the decomposition

products of pure HFO-1234ze(E). CF4 is detected in the decomposition products of all the

test-gases except the mixture 12 %C5K:88 %N2. CF3CCH is found in the decomposition

products of the pure HFO-1234ze(E) and mixtures 9 %C5K:57.5 %HFO-1234ze(E):

33.5 %N2, 9 %C5K:56 %HFO-1234ze(E):35 %CO2.

CO is found in varying amounts in decomposition products of all tested gases and gas

mixtures. A significant amount of CO and CO2 ([1 %) appear in the decomposition

products of mixtures C5K:dry air and C5K:N2 after the DBD processing. These two

compounds are contained in smaller amounts in the decomposition products of pure C5K

trained in DBD. Even less content of CO and CO2 has been revealed in the mixture of

decomposition products of C5K:HFO-1234ze(E):N2. Significantly less CO and CO2 has

been detected in the decomposition products of pure HFO-1234ze(E) and its mixtures with

nitrogen than in the decomposition products of C5K and C5K:N2.

Fig. 5 The main decomposition
products of a mixture
9 %C5K:57.5 %HFO-
1234ze(E):33.5 %N2 after the
DBD processing as function of
the applied voltage. a 1 CO; 2
cis-CHF=CH–CF3; 3 C5F12; 4
C2F4; 5 CO2; 6 C6F14. b 1
CF2CHFCF3; 2 C3F8; 3
CH2=CF–CF3; 4 C2F6; 5
CF3C:CH; 6 C3F6; 7 CF4
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In the DBD tests with pure HFO-1234ze(E) and its mixtures with other gases the

probability of formation of highly toxic HF is quite high [36]. Although HF was not

detected in the decomposition products of these test gases trained in the barrier discharge

(see Decomposition Products of HFO-1234ze(E) and Mixture 75 %HFO-1234ze(E):

25 %N2 After the DBD Processing section), we can assume the initial formation of HF

because of presence of 3,3,3-trifluoromethylacetylene, which accompanies HF in the

reaction of 1,2-dehydrofluorination (2).

Film Deposition

After the DBD tests with some of the gas mixtures we have discovered segments of films,

deposited at the inner surfaces of the glass tube. The film, found at the inner surfaces of the

reactor after the DBD tests with a mixture 9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2, was

analyzed by the gas chromatography with advanced combustion of a sample film in the

dynamic flash (CHNS analysis). The film contained *9.0 % of nitrogen, *21 % of

carbon and *2.2 % of hydrogen. After the DBD processing of pure HFO-1234ze(E) the

composition of the film contained *39 % of carbon and *1.6 % of hydrogen. It is likely

that fluorine is also a constituent of the films. A film deposition in the work process of the

Fig. 6 Concentrations of toxic products CF4 (a), C2F4 (b), C3F6 (c), CF3C:CH (d) found in decomposition
products of studied gases and gas mixtures (1–7) after the DBD processing as functions of the applied
voltage. 1 HFO-1234ze(E); 2 75 %HFO-1234ze(E):25 %N2; 3 C5K; 4 C5K:88 %N2; 5 18.5 %C5K:
81.5 %dry air; 6 9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2; 7 9 %C5K:56 %HFO-1234ze(E):35 %CO2
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high voltage electrical equipment is undesirable, since films can change the characteristics

of the device.

Monitoring the pressure in the working chamber during the DBD processing of the pure

gases and gas mixtures showed that in some cases the pressure in the reactor is gradually

reduced. As an example Fig. 8 shows a pressure change in the reactor during processing a

mixture 75 %HFO-1234ze(E):25 %N2 in the barrier discharge.

The pressure drop in the reactor in the process of the DBD processing is an indirect

indication of the film deposition. Since the DBD processing took place in an isolated

volume, without forced gas circulation, then at low degree of the gas conversion and in the

absence of film deposition the gas pressure should not drop. Over the course of time, with

increasing the concentration of decomposition products which contain fewer atoms than

the molecules of the source test gas (as shown by GC analysis), the pressure in the reactor

should gradually grow. However, if the deposition of films occurs in the discharge at the

walls of the reactor, the pressure will gradually decrease due to the transition of a part of

the test gas from the gas phase to the solid phase.

The summary data of changes in gas pressure inside the reactor after 5 h of the DBD

processing for studied gases and gas mixtures are shown in Table 3. It is clear from the

table that the largest pressure drop in the reactor has been observed in pure HFO-

1234ze(E), C5K and in mixture HFO-1234ze(E):N2. The smallest change in pressure

during the processing is observed in mixtures C5K:N2 and C5K:dry air. No change or a

Fig. 7 Concentrations of CO2

(a) and CO (b) in decomposition
products of studied gases and gas
mixtures (1–7) after the DBD
processing as functions of the
applied voltage. Gases and gas
mixtures 1–7 are the same, as in
Fig. 6
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small change of pressure in the reactor during the DBD processing of mixtures C5K:N2

and C5K:dry air confirms that the degree of conversion and the rate of film deposition of

these gases are very low.

Discussion

The experimental study of the degradation of gaseous dielectrics after processing in the

barrier discharge is presented.

Qualitative and quantitative analysis of decomposition products of the test gases in the

barrier discharge showed that pure gases HFO-1234ze(E) and C5K display relatively low

resistance to the electrical discharge. After 5 h of the processing in the barrier discharge at

10 kV of the applied voltage approximately 9–12 % of the source gas has been converted

into different products.

Dilution of C5K by the dry air increases the conversion degree of the source gas in the

barrier discharge. After 5 h of the DBD processing of the mixture C5K:dry air at 10 kV

approximately 25 % of C5K has degraded. Addition gases such as O2 molecules (dry air)

increase the chemical reaction in the plasma and on the dielectric surface. The effects of

oxygen additives on the fluorocarbon decomposition was evaluated by Ogata et al. [39],

who found that the enhancement of the decomposition by the additives was due to the fact

that they could scavenge the decomposition fragments, preventing the reproduction of

stable fluorocarbons. The increase in the decomposition efficiency with amount of oxygen

Table 3 Changes in gas pressure [Torr] inside the reactor after 5 h DBD processing of different gases and
gas mixtures

U
(kV)

C5K HFO-
1234ze(E)

C5K:N2 C5K:dry
air

C5K:HFO-
1234ze(E):N2

C5K:HFO-
1234ze(E):CO2

HFO-
1234ze(E):N2

2 -70 0 0 0 0 0 0

6 ?8 -120 0 -5 -7 -18 -48

10 ?8 -180 ?2 -6 -22 -8 -64

Fig. 8 The pressure drop in the
reactor in the process of the DBD
processing of mixture 75 %HFO-
1234ze(E):25 %N2 at different
applied voltages: 1 6 kV; 2
10 kV
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is probably because the gas decomposition products can be rapidly scavenged by oxygen

species such as O*, O2, and O3. O atoms are easy to associate with fluorocarbon radicals,

and to decrease the density of fluorocarbon radicals in the plasma [40]. The additives also

affected the distribution of the decomposition products. A large amount of CO2 and CO has

been found in the decomposition products of the mixture C5K:dry air. Earlier such increase

in CO2 production was observed by Spiess et al. [41] through the breakdown of clorflu-

orocarbons with additives of oxygen and water vapor.

Dilution of HFO-1234ze(E) and C5K by nitrogen, as well as the use of ternary mixtures

9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2 and 9 %C5K:56 %HFO-1234ze(E):35 %CO2

significantly reduces the degree of conversion of the source gas in the barrier discharge.

After 5 h of the DBD processing of these mixtures at 10 kV 1–5 % of the source gases

have degraded. The formation of the byproducts strongly depends on plasma chemistry.

The plasma provides radicals, ions, and electrons in the discharge. However, behaviors of

fluorocarbon radicals in plasma with N2 or CO2 additives have not been understood

enough.

It should be noted that SF6 has a great electric strength and at U = 2 kV of applied

voltage the barrier discharge does not exist. On the other hand at higher voltages

(U[ 3.7 kV) the resistance of SF6 to decomposition in the barrier discharge is lower than

resistance of mixtures studied in this work. The total mass concentration of SF6 ? SO2F2
in the decomposition products of pure SF6 trained in DBD at 10 kV was found equal to

66.2 % [32].

Toxic products in different quantities have been detected in all tested gases and gas

mixtures after the DBD processing. In pure C5K, trained in the barrier discharge, a large

quantity of moderately toxic C3F6 have been found. After the DBD processing of pure

HFO-1234ze(E) there was a large quantity of highly toxic CF3C:CH. Large quantities of

moderately toxic C3F6 and highly toxic CO have been detected in trained mixture C5K:dry

air. Large quantity of CO has been detected after the DBD processing of mixtures C5K:N2,

C5K:HFO-1234ze(E):CO2. The least amounts of toxic products after processing in the

barrier discharge have been found in mixtures HFO-1234ze(E):N2 and C5K:HFO-

1234ze(E):N2.

Interestingly, that in conditions of absence of oxygen atoms, CO and CO2 were detected

in pure HFO-1234ze(E) as well as in the HFO-1234ze(E):N2 mixture, suggesting that

oxygen can be released from the glass tube (it contains SiO2 and Al2O3). In a previous

study Mok et al. [42] detected N2O and CO in dielectric-packed plasma reactor for

hydrofluorocarbons decomposition even when oxygen was not used. Also, Ogata et al. [39]

show that lattice oxygen atoms can be released from the surface of TiO2 or Al2O3 pellets in

the plasma discharge, which agrees with our results. Obviously, the formation of CO and

CO2 results from consecutive reactions of the decomposition products.

On the other hand, there were no traces of NO or NO2 or any others nitrogen-containing

radicals detected by the FTIR spectrometry in the decomposition products of mixture

HFO-1234ze(E):N2 after the DBD test. That indicates that the density of reactive N*

radicals as well as the dissociation degree of the N2 molecules are very small in the

discharge.

It should be noted that CF4 and C2F6 detected in decomposition products of test-gases

are mostly inert and noncorrosive gases that intensely absorb infrared radiation and,

therefore, are capable of influencing of greenhouse effect [43].

The film deposition on the inner surface of a discharge tube has been revealed during

the DBD tests. If one takes a gradual reduction of pressure inside the working chamber

during the processing as a criterion of film deposition, the worst characteristics belong to
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pure HFO-1234ze(E), C5K gases and the mixture of HFO-1234ze(E):N2. The mixture

C5K:N2 has better performance, the pressure in the reactor during the DBD processing

weakly varies only at 10 kV of the applied voltage (increased by 2 Torr).

Conclusions

The experimental study of the degradation of gaseous dielectrics HFO-1234ze(E), C5K and

their mixtures 75 %HFO-1234ze(E):25 %N2, 12 %C5K:88 %N2, 18.5 %C5K:81.5 %dry air,

9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2 and 9 %C5K:56 %HFO-1234ze(E):35 %CO2 has

been carried out after the DBD processing at the atmospheric pressure. It is shown that pure

HFO-1234ze(E) and C5K show relatively low resistance to influence of the barrier discharge.

Dilution of C5K by the dry air greatly increases the conversion degree of the source gas in the

barrier discharge. Dilution of HFO-1234ze(E) and C5K by nitrogen, as well as the use of

ternary mixtures 9 %C5K:57.5 %HFO-1234ze(E):33.5 %N2 and 9 %C5K:56 %HFO-

1234ze(E):35 %CO2 significantly reduces the conversion degree of the source gas in the DBD.

The highest degree of conversion of the test gases after their processing in the barrier

discharge relates to pure C5K, HFO-1234ze(E) gases and the mixture C5K:dry air. The

worst toxic product yield is revealed in mixtures C5K:N2 and C5K:HFO-1234ze(E):CO2,

since large quantities of toxic CO are generated in these mixtures after processing in the

DBD. The mixture HFO-1234ze(E):N2 has a sufficiently large pressure drop (up to 8.5 %)

during the process of the DBD processing, indicating the film deposition. The mixture

C5K:HFO-1234ze(E):N2 can be considered as the best gaseous dielectric among studied

mixtures. The degree of conversion of this mixture after a 5-h processing in the barrier

discharge at a voltage of 2–10 kV does not exceed 1–2 %. Small quantities of weakly toxic

CF4 (\0.07 %), C3F6 (\0.02 %) and a certain amount of CO (\0.3 %) have been found in

the decomposition products of this mixture. The pressure drop in the working chamber

after a 5-h processing in the barrier discharge at a voltage of 10 kV is less than 3 % of the

initial pressure. We note that for this mixture a content of CO in the products exceeds the

maximum concentration limit by more than 2 orders of magnitude. However, the results of

our studies were obtained for a much more intensive regimes of interaction of the elec-

tromagnetic fields with gaseous mixtures. Therefore the usage of the proposed mixture in

high voltage electrical equipment requires preliminary long term high voltage experiments

in real devices with further animal exposure tests.
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