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Abstract—Decomposition of an aqueous solution of acetic acid under the action of an atmospheric-pressure 
dielectric barrier discharge in oxygen in a fl ow-through reactor was studied. A mechanism of chemical reactions 
is suggested, which describes the decomposition of the acid and formation of the reaction products observed.
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The problem of water treatment to bring its quality to 
the potable water level is one of the most topical issues. 
The commonly used methods of water purifi cation, 
such as chlorination, ozonation, UV irradiation, are 
comparatively expensive and fail to always provide 
the required effi ciency [1]. That is why purifi cation 
techniques based on high-energy chemical methods, 
radiative, photochemical, and plasmochemical have 
been intensively studied recently [2, 3]. In fact, the 
ozonation and UV irradiation are processes of this kind 
because both ozone and UV light are produced by some 
gas discharge.

The energy effi ciency of these methods is poor 
because they use only a small part of opportunities 
furnished by a discharge, which yields a large number 
of active species capable of effective decomposition of 
organic impurities. These are radicals, excited atoms 
and molecules, electrons, and ions. Their use requires 
a special organization of the process because, as a rule, 
these species are short-lived. Therefore, various kinds of 
gas discharges that are in direct contact with a solution 
being processed are promising.

A large number of designs of this kind have been 
developed. For example, these are the corona discharge 
burning over the surface of a solution [4], dc discharge in 
a fl uid [5], pulsed streamer discharge in solution [6], and 
dielectric barrier discharge (DBD) [7]. Decomposition 
products are of particular interest because, even upon 

full decomposition of the main substance, they will 
determine the purifi cation quality. However, data of 
this kind cannot be found in the overwhelming majority 
of known reports and the effi ciency of a particular 
type of treatment is judged from the decrease in the 
concentration of the main organic contaminant [8]. Only 
in [5, 7, 9], it was noted that carboxylic acids accumulate 
in the course of time in aqueous solutions in destruction 
of phenol and its oxy derivatives.

In this study, we examined the decomposition of an 
aqueous solution of acetic acid in a DBD in order to fi nd 
whether it is possible and advisable to use the discharge 
both in removal of the acid itself and in processes in 
which the acid is a reaction product.

EXPERIMENTAL

The experimental installation was described in 
detail in [7]. The reactor for DBD generation had the 
form of a vertical Pyrex tube with an outer diameter of 
12 mm and wall thickness of 1.7 mm, which served as 
the dielectric barrier for the discharge. An aluminum 
alloy electrode with a diameter of 8 mm was coaxially 
mounted within the tube. The electrode was coated 
with a hydrophilic glass fabric with a thickness of 
about 1 mm. The discharge zone length L was 12 cm. 
A solution was introduced through radial orifi ces in the 
upper part of the internal electrode and fl owed down 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  85  No.  1  2012

72 BOBKOVA  et  al.

in the fi lm mode over the surface of the glass fabric 
under the gravity force. The volumetric fl ow rate of the 
solution was controlled, with the time τL of its residence 
with the discharge zone varied approximately from 2 to 
12 s. The value of τL was calculated by

τL = πDhL/Q,

where D is the diameter of the glass fabric coating; h, 
thickness of the solution fi lm; and Q, volumetric fl ow 
rate of the solution.

The solution fi lm thickness was estimated using the 
expression valid for a smooth laminar fl ow in the gravity 
force fi eld [10]:

h = {(3ν/g)[Q/(πD)]}1/3,

where ν is the kinematic viscosity, and g, the gravitational 
constant.

A 16-kV mains-frequency voltage was applied 
between the internal electrode and an aluminum foil 
electrode deposited onto the outer tube. Under these 
conditions, the discharge current was 0.56 mA, and 
the specifi c power introduced into the discharge, 
0.93 W cm–3. Technical-grade oxygen (99.8%) served 
as the plasma-forming gas with a fl ow rate of 3.2 cm3 
s–1. The oxygen was delivered in the direction opposite 
to that of the solution. The initial concentration of the 
acid solution was 55 × 10–6 M.

After the stationary process mode was attained, the 
gas leaving the reaction zone was passed during a fi xed 
time through an absorbing vessel or through a bed of a 
GTT catalyst which effectively converts carbon mon-
oxide molecules to carbon dioxide [11]. The absorbing 
solution was fi lled with distilled water or an ammonia 
solution of barium chloride. The resulting solutions and 
the discharge-treated solution were analyzed. The con-
tent of acetic acid was found from the optical density at 
the absorption peak of colored solutions (λ = 400 nm) 
produced by the reaction of the acid with ammonium 
meta-vanadate [12]. The optical density was measured 
with a Hitachi U-2001 spectrophotometer (Japan). The 
aldehyde concentration was measured by the photolumi-
nescent method. A luminescing compound was formed 
by the reaction of the aldehyde with 1,3-cyclohexanedi-
one in the presence of ammonium ions. A Flyuorat-02 
fl uorimeter (Russia) was used. The CO2 concentration 
in the gas phase was determined using the following 
scheme of reactions [13]:

BaCl2·2H2O + 2NH4OH + 2CO2 

→ Ba(HCO3)2 + NH4Cl + 2H2O,

Ba(HCO3)2 + BaCl2·2H2O + 2NH4OH 

→ 2BaCO3↓ + 2NH4Cl + 4H2O,

BaCO3 + 2HCl → BaCl2 + CO2↑ + H2O,

HCl + NaOH → NaCl + H2O.

A sample of an ammonia solution of BaCl2 through 
which CO2 was passed was boiled on a water bath 
to provide complete precipitation of BaCO3. The 
precipitate was fi ltered off and dissolved in a certain 
amount of hydrochloric acid. The excess amount of the 
acid was titrated with sodium hydroxide.

Figure 1 shows how the concentration of acetic acid 
and degree of its decomposition depend on the time 
of residence of the solution with the discharge zone. 
The degree of decomposition, obtained in this case, is 
fairly high (~70%). It is noteworthy that a ~14% degree 
of decomposition of the acid was achieved in [14] in 
a similar reactor, with air used as the plasma-forming 
gas. The fact that the degree of decomposition reaches 
saturation means that either the process is limited by the 
generation rates of active species, or there occur inverse 
reactions that form the acid from its interaction products. 
The second hypothesis seems to be more substantiated 
for the following reasons.

The specifi c action of the electric discharge on the 

Fig. 1. Concentration c of acetic acid and degree α of its 
decomposition vs. the time τ of residence between the solution 
and the discharge zone.
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solution consists in that its surface is bombarded with 
high-energy particles. In particular, the cathode potential 
drops in atmospheric-pressure discharges reach several 
hundred electronvolts [15]. Therefore, it would be 
expected that the discharge must have an effect similar to 
that produced on water by radiation [16], i.e., formation 
of ·OH, H·, and O· radicals as primary active species. 
Just this assumption was made in studies concerned 
with the decomposition of phenol in a streamer corona 
reactor [6] and formation of hydrogen peroxide in a dc 
discharge with an electrolyte cathode [17]. Primary 
active species are formed in the following reactions:

H2O + discharge → ·OH + H· and H2 + O·.

The fi rst of these reactions is more probable because 
of the lower energy expenditure.

The radicals formed interact with each other to give 
both molecular and radical products:

H· + H· → H2,

O· + ·OH → O2 + H·,

·OH + ·OH → H2O + ·O, 

·OH + ·OH → H2O2.                          (1)

Thus, the ·OH, O·, and H· radicals are active species 
capable of interacting with the acid. The following 
reactions are energetically possible:

СН3–(С=О)–ОН + О → ·СН2–(С=О)–ОН + ·OH,     (2)

СН3–(С=О)–ОН + ·ОН → ·СН2–(С=О)–ОН + H2О,    (3)

СН3–(С=О)–ОН + Н → ·СН2–(С=О)–ОН + H2,      (4)

СН3–(С=О)–ОН + ·ОН → СН3–(C=O)· + H2O2.      (5)

Let as estimate the formation rates of the H· and 
·OH radicals. According to [18], the yield of H· and 
·OH radicals per mole of electrons under the action of 
discharge is approximately 10. At a discharge current 
of 0.56 mA, this gives a total formation rate of radicals 
of 5.8 × 10–8 mol s–1. Taking the time of contact with 
the solution to be, for the sake of certainty, τL = 2 s and 
having calculated the solution volume being treated, V = 
0.46 × 10–3 l, we fi nd that the formation rate of radicals 
is 1.4 × 10–4 M s–1. The decomposition rate of the acid, 

found from the initial portion of the kinetic curve (Fig. 1 
at τL → 0), was 2.4 × 10–5 M s–1. Consequently, formation 
of active species cannot be the rate-determining factor 
for decomposition of the acid and its regeneration 
reactions

·СН2–(С=О)–ОН + H → СН3–(С=О)–ОН, 

СН3–(C=O)· + ·ОН → СН3–(С=О)–ОН

may occur.
Let us evaluate the rate constant of the reaction 

between ·OH radicals and the acid. Among their loss 
reactions, reaction (1) has the maximum rate constant of 
5.5 × 1010 M–1 s–1 [6]. Equating the rate of this reaction 
to the rate of radical formation, we obtain [·OH] = 
4.9 × 10–8 M. Apparently, this value is the upper-bound 
estimate. Taking the experimental value of the acid 
decomposition rate and assuming that the acid reacts 
with ·OH radicals, we fi nd that the rate constant of this 
reaction is 9 × 106 M–1 s–1. In view of the fact that the 
value of this constant is the lower-bound estimate, it is 
in good agreement with the constant of 1.6 × 107 M–1 
s–1, obtained in [19]. Because the same species are 
involved in both initiation and inverse reactions, a 100% 
decomposition, observed for phenols [7], is hardly 
expected in the case under consideration.

The main transformation product of the acid is the 
aldehyde in the liquid phase (Fig. 2), and CO2 and CO 
molecules in the gas phase (Fig. 3). The aldehyde and 
acid molecules hardly pass into the gas phase (Fig. 4). 
The concentration ratio between CO2 and CO molecules 
is approximately 1 : 1. Consequently, one molecule 
each of CO2 and CO must be formed from a molecule 
of the acid, which requires that the bond between the 
methyl and carboxy groups should be ruptured. With 
consideration for the initiation reactions written above, 
this may occur as a result of the following possible 
reactions:

·СН2–(С=О)–ОН + О → ·ОСН2–(С=О)–ОН,

·ОСН2–(С=О)–ОН → ·(C=O)–OH + СН2O,

·(C=O)–OH + ·OH → H2CO3 → H2O + CO2,

СН2O + OH → H·CO + H2O,
H·CO + OH → CO + H2O.

The acetaldehyde can be formed by the scheme
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СН3–(С=О)–ОН + ·ОН → СН3–(C=O)· + H2O2,

СН3–(C=O)· + H → СН3–(C=O)H.

Calculations of the amount of carbon in the products 
and in the undecomposed acid demonstrated that at 
contact durations of 3, 4, and 5.5 s its contents are 80, 
86, and 96%, respectively, relative to the content of 
carbon contained in the starting acid. Despite that the 
difference from 100% is within the balance calculation 
error (~20%), the systematic improvement of the 
balance with increasing contact duration suggests that 
an additional product, undetected by the methods used, 
is formed at a short contact duration. The concentration 
of this product must exceedingly strongly depend on the 
contact duration. Possibly, the product of this kind could 
be methanol formed by the scheme

СН3–(C=O)· + О → СН3· + СО2, 

СН3· + ·ОН → СН3ОН.

A similar scheme, but with H atoms involved, could 
yield methane. However, methane must give carbon 
oxides in the gas phase, which would be detected in the 
balance.

CONCLUSIONS

(1) The transformation of an aqueous solution of 
acetic acid by active species formed under the action 
of an atmospheric-pressure dielectric barrier discharge 
on water was studied. It was shown that the conversion 
of the acid reaches a value of 70%, with the main 
conversion products being CO2 and CO molecules in the 
gas phase and acetaldehyde in the liquid phase.

(2) It was suggested the fundamental aspects of 
formation of acetic acid decomposition products are 
common to monobasic carboxylic acids.

(3) It was found that, in destruction of an aqueous 
solution of acetic acid, not only oxidation occurs in the 
aqueous solution, but also reduction of acetic acid and 
products of its decomposition.
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Fig. 2. Concentration c of acetic aldehyde in solution vs. the 
time τ of residence between the solution and the discharge 
zone.

Fig. 3. Concentration c of carbon(II) oxide in the gas phase vs. 
the time τ of residence between the solution and the discharge 
zone. (1) Without a catalyst and (2) with a catalyst.

Fig. 4. Concentration c of (1) acetic aldehyde and (2) acetic 
acid in the gas phase vs. the time τ of residence between the 
solution and the discharge zone. (1) Without a catalyst and (2) 
with a catalyst.
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