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B cmampve npusooamca pe3yiomamosl IKCHEPUMEHMATbHO20 UCCTIE006aHUA KUHEMUKU Oe-
CMpYKyuu y2nee000pooos macia (momopnoe munepaivhoe macio M8), pacmeopennozo 6 600e noo
deiicmeuem OuINeKmpUYecKoz0 0apbepHozo pa3paoa 6 KUcjiopooe npu ammoc@epHom 0ae1eHuu.
/Juanazon nauansnolx Konyenmpayuii macia é 600Hom pacmeope cocmagnsan (12-91)meln. Bee
IKCHEPUMEHMBL BPOBOOUTUCH NPU CPeOHeKeadpamuyHbix moke u Hanpscenuu 0,45uA u 7,9xB.
Yacmoma npunoxycennozo nanpsaxycenus cocmaensna 50 I'y. Ilpu smom enoxcennas 6 papao
mownocms pagnanace 0,35Bmlcm®, a pacxoo zaza — 1almun. IMokazano, umo Kunemuxa pasno-
HceHUs hOpMaibHO ORUCHLIBACHICA YPAGHEHUEM NCEB0ONEPEOZ0 NOPAOKA NO KOHUEHMPAWUU
Mmacaa. Iphexmusnan Koncmanma cKOpoOCHU PA3NOHCEHUA HeEPMenpoOyKmos COCmasua
0,0016¢™. B paccmampusaemom ouanasone xonyenmpayuii M8 ¢ eode ckopocmu decmpykuyuu
usmenanucy ¢ ouanasone (3,8+28,9)-16 mons/(n-mun). Cmenens pasnoxcenus macna docmuzana
80 %,a snepzemuueckuit ¢vixo0 paznoxcenus cocmaensnn 0,16monexynvt na 1003B 610xcennoi
anepzuu. Hccneoosana makice KuHemuka o0pazoeanus 030Ha u ouokcuoa y2nepooa. Iloayuen-
Hble IKCHEpUMEHMmAbHble OAHHbIE HO360JIUAU ONPedeIUmb CHEneHb NOJIHOMbL OKUC/IeHUA
macna, komopas 6 maxkcumyme cocmaesnsna 54 % @o ouokcudy yenepooa), umo ceudemeins-
cmeyem 06 odpazosanuu opy2ux y2nepoocooeprcauiux coeounenuil. Boiagnena ounamuka uzme-
HeHnusn eenuuunsvt pH obpabamovieaemozo pacmeopa. B ycnoeusax xcnepumenma Had1100anoch
cuudicenue pH ¢ 6 0o 4. Ycmanoeneno, umo Konuenmpauuu 030Ha, oopasyrouiezocs 8 ooveme
peaxmopa, He0OCImAamouna 01a OKUCTUMENbHOU decmpPyKyuu. Imo 2060pum 0 RPUCYMCMEUU 8
cucmeme Opyzux aKmMUGHBIX YACMUY, YHACMEYIOUWUX 8 PA3PYUIeHUU HedmenpooyKmos, maKkux
kak paoukanvt OH*u amomapnuutii kuciopoo. Ilpednoscen 603MOICHBLIL MEXAHUIM RPOUECCO8
oezpadayuu negpmenpooykmos 6 /IbP.

KioueBnle ciioBa: MOTOPHOC MacCJji0, OYMCTKAa BOJBbI, ,Z[I/IC)HCKTpI/I‘lCCKI/If/’I 6apB€pHBII>’I pas3psan, KHHCTUKaA
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This paper reports the experimental study of destion kinetics of oil hydrocarbons (engine oil of
the M8 trademark) dissolved in water by dielectoiarrier discharge in oxygen at the atmospheric psaee.
The range of initial concentrations of oil in thequeous solution was (1:291) mg/l. All experiments were
carried out under the applied voltage of 7.9 kV adischarge current of 0.45 mA (rms values) with ref
quency of 50 Hz. The inputted power was 0.35 WciThe gas flow rate was 1 I/min. It was shown tltiag
kinetics of oil decomposition can be formally deiterd by the pseudo-first order law on oil concertiom.
The effective rate constant for decomposition offeéeum products was 0.0016 sThe rate of destruction
in the investigated concentration range of M8 waaried in the range (3.8-28.9) - 16 mol / (I-min). The
oil decomposition degree achieved 80 %, and theodgmosition energetic yield was 0.16 molecules @9 1
eV of inputted energy. The kinetics of the formatiof ozone and carbon dioxide was examined as vildie
obtained experimental data allowed to determine thegree of completeness of oil oxidation, whichttze
maximum was 54% (for carbon dioxide), this resuitglicates the formation of other carbon-containing
compounds. The dynamics of the change in the pHloé treated solution is revealed. Under the experi-
mental conditions, the pH was reduced from 6 tdtdvas found that the concentration of ozone formad
the reactor was deficiency for oil oxidative degedibn. This results confirms that in the system dmemed
other active patrticles involved in the destructiohpetroleum products, such as the OH* radicals amthmic
oxygen. The possible mechanism of degradation psses is discussed.

Key words: engine oil, water purification, DBD, kinetics
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INTRODUCTION of researches to the given area of chemistry agd-ph

Numerous studies published last ten years 1-. N Of pl_a_sma. T_he reasons of that !nterest are¢ne
P y ! %SSlbllltles, which provide these discharges facp

on various aspects of high pressure non-equilibriu | licati 0 £ th ising directionks
plasma created with gas discharges in water somitic!c3! application. One of the promising directl

or above their surface emphasize the increasiegasit such discharge a'ppllcatlon IS the use for organie s
stances degradation and removing ions of heavyisneta
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(for example, Cr, Mn) contained in wastewaters. Ahe inputted power was determined by the integgatin

plasma action is attractive since the plasma iisedf the multiplication of both forms over the periodr&ll

source of active species (for example, UV radiatioexperiments, the rms values of voltage and current

H.0,, molecules of singlet oxygen, oxygen and hydrovere 7.9 kV and 0.45 mA, respectively. The specific

gen atoms,OH andHO.- radicals etc.). These parti-inputted power per one unit of discharge volume was

cles are capable to manifest both oxidative andaed 0.35 W/cni.

tion properties depending on conditions. Another im

portant feature of processes in plasma is higts rate Gas inlet ~ Gas outlet

relatively low temperatures. This is due to the that l

plasma systems are non-equilibrium ones. The pyimar 8

source of active species is not heat activationthoeit

processes with participation of electrons. Theetfatt h_

gain the energy from external electric field arahs-

form it colliding with atoms and molecules to the e

ergy of excitation of various states and to disastoan. 7

Further reactions of particles being formed reisuthe =%

formation of other active particles. Degradation of 6

many substances in aqueous solutions has already be " T

studied. At the same time, we are not aware ostiind- SRR 2

ies devoted to the degradation of oil and oil paisiu |

Due to the intensive human activity these compounds 7 N

are very important pollutants of natural and indabt 3 4

waters and soil. For this reason, the main godhef g 1 schematic diagram of the experimental petiu- reactor

given paper is to study the possibilities of oxy§8D body, 2 — Teflon tap, 3 — upper electrode, 4 — loslectrode,

application to the degradation of engine oil. Farth 5 — solution, 6 — dielectric barrier, 7 — dischai§e Teflon cover

more, the investigation of degradation kineticeeki Puc. 1.Cxema sKcriepUMEeHTAIbHON yCTaHOBKI/I.Vl-KOpHyC peax-

ics of some products formation as well as the diayra 4_Hf;f’lfy’1§ ;If;?“o“oga" e 3 pepxuii i

. . pox, 9-pacTBOp, O-IUIIEKTPUUESCKUN Oaphbep,

tion degree will be presented. 7-paspsi, 8-Te)IOHOBAS KPHIIIIKA
EXPERIMENTAL

=

2
A

5%
3

e 5

R o

_ . As a model pollutant the engine oil of the M8
The scheme of the experimental set-up igademark was used. The M8 oil is a mineral adise@
shown in Fig. 1. Reactor body (1) of cylindricalfo | for medium-forced gasoline and diesel engines.
with 60 mm internal diameter was fabricated from s ol is prepared from the distillate componenht
Pyrex tube. The bottom of the reactor cy_Ilnder Was i fraction composition or from the mixture ofti-
cgted on the tap from Teflon (2). The thicknesthef |0 o residual components of petroleum oils thi¢h
dielectric barrier (6) between the lower electrgdp ddition of the effective composition of additivé&-

E}?{S :Inu dmtlr?grgoflaltlicf:]h{fﬁg:ffﬁzeotr‘égﬁﬂﬁ{nﬁgg 2_ r?1 ording to the SAE classification on viscosity, bt8-

. : I;’<]-3'sponds to class 20. According to API classifarati
The reactor was hermetically closed with the TeroR/I8 corresponds to the SD/CB type. The total weight
cover (8) having two holds for the plasma-formirag gng:omposition is (83-87) % of carbon .and (12-14) % of

input and output. Upper electrode (3) of 30 mm dia : .
eter was fabricated from aluminum alloy. Techniczﬂydmgen' Furtherr_nore, the 0'.' contents small admix
res of oxygen, nitrogen, moisture, and noncombus-

grade oxygen (99.8%) was used. The gas flow rase w e mi I'sub
1 I/min. The distance between the upper electrode al°'€ mineral substances [6]. .
For the determination of approximate molecu-

the solution surface was 3 mm. The solution volume _ -
was 100 ml lar mass of petroleum and oil products some engliric

A high voltage of an industrial frequency of ggelations can be. used. One of them is the Cra@’s f
Hz was applied between electrodes for the discharg!la for oil fractions [7]
exciting. The applied voltage was measured with a M = 44290p** /(L03- p**),
high voltage probe (2000:1), and the dischargesotirr wherep?®® — the oil density (905 kgfnat 298 KM — the
was determined from the voltage drop over the t@sis molar mass.
(100 ) connected in series into the ground circuit. The calculation on this relation gives the ap-
Both waveforms were registered by the GW Insteroximate formula of M8 oil €Hss and M = 302. The
GDS-2072 (Taiwan) digital two channels oscilloscopgjiven values were used for further calculations.
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The initial concentration of engine oil was varphase and calculation of the component flow and its
ied from 12 to 91 mg/l. For each treatment time thi®@rmation or loss rate.
fresh solution was used. . . RESULTS OF MEASUREMENTS AND DISCUSSION

The concentration of oil products in water so-
lutions was determined by gravimetric analysis (8]. The M8 degradation kinetics and the degrada-
products were extracted from a sample with hexaitien degrees, Y, are shown in Fig. 2. Kinetic csraee
followed by the extract purification from polar sub satisfactorily described ¢R0.98) by the equations of
stances by passing through the column with a sorbéhe pseudo-first order with the rate constangs,ok
(aluminum oxide of Il degree of activity (contaigin (0.002 + 0.0003), (0.0019 + 0.0004), (0.002 + 0Z)00
3% of HO) and silica gel). The purified extractant wagnd (0.0017 + 0.0002)'dor curves 1, 2, 3, 4 respec-
evaporated followed by the determination of theé-redively. The constant value of rate coefficients show
due mass. that concentrations of active species reacting wiith

The CQ and CO concentrations were meas-each the stationary value. It is necessary totpmih
ured as follows. The gas evolving from the reaetor that the first order kinetic law is observed foe thost
tered into either two absorption vessels conneirted of the studied compounds and discharge types P11, 1
series or only the second of them. In the firsectise As can be seen, in the given case the effectieecat-
first vessel contained the powder of potassium perm stants do not depend on the initial concentrathet
ganate, an efficient oxidizer of CO to €@his vessel ther on the degradation degree. Usually, the iiseréa
can be shunted. The second vessel served ferd€Q concentration leads to the decrease in the ratstaaois
termination by the method reported elsewhere [Bis T [11, 13]. Evident explanation is that under larga-c
method is based on the following reaction scheme centrations, the decomposition rate is limited bg t

BaCk-2H,O + 2NH,OH + 2CQ — Ba(HCQ). + formation rates of active species in discharge.rdhe

+ NH4CI + 2H,0 fore, in this case the active species consumptianl i
Ba(HCQ). + BaChk-2H,0 + 2NH,OH — 2BaCQ|+ degradation has only a slight effect on the tatss Irate
+2NH4Cl + 4H0 (boiling) of these active species.
BaCQ + 2HCl— BaChk+ CQO1 + HO Using these data we calculated the degradation
HCI + NaOH— NacCl + KO (titrating). rates and the energy efficiencies of degradatitreat-

The second vessel contained the ammoniufent time +50. The energy efficiency, was calcu-
solution of BaCl. A solution sample was boiled in alated as
water bath to promote the precipitation of BaCthe a=1600" W[V [502010%/P,
precipitate was filtered and then dissolved in &ager whereW — the degradation rate in mol/(I-8)= 0,1 | —
amount of hydrochloric acid. The unreacted acid wake solution volumeR — the discharge power in W.
titrated by a solution of sodium hydrate. The rissaf
measurements with one and two vessels allow estimat 1Y
ing the concentration of G@nd CO separately. 100
The method of ozone concentration determina-
tion in outlet gas was based on the following react  8°
scheme [10] I
O3 + 2Kl + HHO — O»1 + |, + 2KOH 60
I, + 23032’ — 2 + 54062_ 3 r
The outlet gas was passed through the vessel 40
with 0.01 M solution of KI. 1 being formed was ti-
trated with a solution of sodium thiosulfate using 20
starch solution as indicator.
The results of determination of ozone andCO

0,6

mg/l

0,4

0,2

4

n n 1
0 200 400

1 1
600 800

kinetics are treated in the following way. The aiaof ts
component massiM , for the timedt can be written as Fig. 2. The degradation kinetics and degradatigrets Y, at dif-
dM = g(t) [m[J [dt ferent concentrations of oil. 1-4 - the initial cbncentrations are
- 91, 41, 22, and 12 mgl/l, respectively. Points —eexpent, lines —
whereo(t) — the mole fraction of componemn,— the calculations on the equation of the first orderekic law

mass of one liter of componegt- the total gas flow Puc. 2. Kunernka nerpajaniu ¥ CTeeHb pasjioxkeHus, Y, Ipu

. pa3IUYHBIX KOHIIEHTpALMsX Macna. 1-4 —HavaibHbIe KOHLICHTpa-
rate(l/s). The _m_easurement of tlme-dependend@ of uu Macna — 91, 41, 221 12 mr/n, cooTBeTCTBEHHO. TOUKH — IKC-
allows determining the(t) followed by the calculation MIEPHMEHT, JINHAH — PAcUeTHI 110 yPaBHEHUIO IIEPBOTO KHHETHYE-

of the appropriate component concentration in & g CKOTO TOpA/IKa
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The results are presented in the Table. ThHegher the initial concentration (more acids), there
degradation efficiencies are close to those obtkioe the pH decrease. Since we didt detect nitrate and
phenol water solution in other studies @68 [11]). nitrite ions, the oil degradation must lead to &cid
In study [14] devoted to the purification of reairr mation.
sewage by oxygen DBD the valuecof 0.05 was ob-
tained. A rather high degradation efficiency of %80 0,25
was achieved after 15 min of processing. i

0,20
Table _
Initial degradation rates of oil, evolution rates ¢ COx, g 0,15
and degradation energy efficiencies of oil G
Tabnuya. HauaabHbIe CKOPOCTH PA3JI0KEHUS MacCJIa, 0,10
ckopoctH o0pazoBanus CO2 u 3HepreTudeckue 3¢ dex-
THBHOCTH Pa3jioKeHUsI 0,05
Degradation
Initial Degradation| energy effi-| CO, formation
concentra rate, ciencies, mole- rate, 0 200 400 s 600 800
tion, mgl/l mol/(l-s) |cules per 10 mol/(l-s) Fig. 3. The kinetics of carbon dioxide formatiordiferent con-
ev centrations of oil. 1-4 - the initial oil conceations are 91, 41,
12 (6.88+0.4)-18  0.019 (2.84+0.5)-1® 22, and 12 mg/l, respectively
(1.45+0.11)-1p0 Puc. 3. KuneTnka 06pa3oBanust JUOKCUIIA YIIIEPO/IA TIPH PA3ITHY-
22 -7 0.039 (5'55i0'74)' 19 HBIX KOHIICHTpanusaxX Macia. 1-4 —HayanbHbIC KOHIICHTPAIUU
. macina — 91, 41, 221 12 mr/n, COOTBETCTBEHHO
a1 |@SHOIDAD 4 56g | (1.74+0.4). 10
91 (5.99+0.9)- 1@| 0.162 (3.38+0.4)- 10 6

The final product of oxidative degradation of
any organics is carbon dioxide. Here,d&@mation is
observed as well. The kinetics of €&rcumulation in
the gas phase is shown in Fig. 3, whereas thaliniti
rates of CQ formation calculated using these data are
presented in Table. Carbon monoxide formation was
not observed. The comparison of the oil degradation
rates and the CCformation rates allows concluding , , , , ,
that CQ is not the main degradation product. And the 0 200 402 . 600 800
most part of the formgd products remains in a 8D1u.t. Fig. 4. The solution pH change’ at different coneaituns of oil.

We have not determined the by-product compositiofl.4 - the initial oil concentrations are 91, 41, 8ad 12 mg/l, re-
yet. It will be the task of our further studies.whver, spectively
using the data obtained at an oxidative degradation Puc. 4. Usmenenue pH pacTBopa npu pasziuyHbIX KOHLIEHTPALUAX
other large molecules in air and oxygen dischaitges 28 14 THATLIBHLIC KOMUCHIPANIN Mac/a = 91,41, 2a

. .. . MI‘/J'I, COOTBCTCTBCHHO
possible to anticipate the type of forming substanc
Thus, the decomposition of phenol and its deriestiv Fig. 5. shows the kinetics of ozone accumulation
results in the formation of carboxylic acids andeal in the gas phase. It can be seen that ozone veéttsil
hydes [15, 16, 17]. The degradation of sodium laurgince the ozone concentration becomes less inréise p
sulfate (G2H2sSQuNa) [18] and sulfonol (H2n-Ar- — ence of oil. Using these data and the gas flomvatean
SQO,0ONa, n = 12-18) [19] leads to the formation of thestimate the ozone consumption rate on chemiczioaa
same types of compounds. Independently on the disgives the value of ~1.6-2@nol/(l- s). A transformation
charge type, the solution treatment results instiie-  of one oil molecule to Cfheeds ~15 ozone molecules.
tion pH decrease. For air discharges, it is explhioy Therefore, ozone is not capable to provide comiylete
the formation of nitric and nitrous acids: the Nénd the oil oxidative destruction. Nevertheless, ozoae
NO; ions are observed in the solution [20, 21, 17}. Urbe responsible for the G@rmation.
der the treatment in oxygen discharges the pH drgjp Since the specific density of oil is less than this
observed as well [22, 15]. We think that the pHelase of water, the oil has to form a compact thin filmtbe
is the result of carboxylic acids formation. In case the water surface.
growth of the solution acidity takes place (Fig. #he
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3_ -

C, mgl/l
-

400 600 800
t's
Fig. 5. The kinetics of ozone accumulation in a gjaase.
1 — distilled water, 2 — oil solution with the camtration of 41 mg/I
Puc. 5. Kunernka HaKkoImIeHHs 030HA B ra30Bo# (asze. 1 —aucTm-

JIMpOBaHHAs BOJA, 2 —pacTBOP Macia ¢ KOHUeHTparmend 41 mr/n

0 200

The alkyl radical reactions result in the for-
mation of alkoxy radicals followed by their desttion
accompanied by the chain scission and carboxyt radi
cals formation.

~CH-CH-CHz~ + O— ~CH,-CHOO-
CH,~—~CHO-CH»-CHOH~—~~C=0 + Ch~,
~CH-CH:-CH>~ + O— ~CH-CHO-CH~ —
—~CHx-C-=0 +CHs~,
~CH,-CH:-CHz~ + HO; —>~CH,-CHOOH-CH~ —
— ~CH-CHO-CH,~ +-OH.

The reactions of the carboxyl radicals can re-
sult in a formation of carboxylic acids.

~CH-C-=0 +-OH —~CH,-COOH.

The formed carboxylic acids can be trans-
formed to aldehydes with the molecular chain soissi

Depending on the concentration, the estimateathd gaseous products formation.

film thickness can be about 0.3-3 um. Hence, tine fi

can undergo the direct action of active specias tiwe
gas phase rather than the action of the partidesed
in the solution at the solvent (water) dissociation
diffusing from plasma. Particularly, it is confirchéy
the independence of the efficient rate constanthen
initial concentration of oil. Except ozone, thesenio
available experimental data on concentrations tfec

~CH,-(C=0)-OH + O—»~CH,-CH-(C=0)-OH +OH,
~CHx-(C=0)-OH +OH—->~CH,-CH-(C=0)-OH + HO,
~CH;-(C=0)-OH +H—~CH-CH-(C=0)-OH + H,
~CH;-(C=0)-0OH +:OH—~CHp-(C-=0) + KO,
~CH,--CH-(C=0)-OH + G»~CH,-CHO-(C=0)-OH,
~CH-CH-(C=0)-OH + @—>~CHyCHO~(C=0)-OH + G,
CH-CHO-(C=0)-OH— (-C=0)-OH + ~CH-CHO,
(-C=0)-0OH +-:OH—HCOs—H,0 + CQ,

species in plasma. There are data obtained by dde m
eling only. For pure ©these data were presented in
study [23], whereas for the oxygen DBD in contact
with the water electrode (gas is mixture ofsdd HO)

the appropriate data were obtained in [24]. Acaugdi
to [23] the main active particles in,@®BD were Q,
Oy(atAg), and OFP). In Q discharge with addition of
H20 besides above-mentioned particles-@id, HO,:
and H radicals are formed [24]. The possibilitids o

~CH;-CHO +-OH—~CH,-(C-=0) + H:0,
~CHp-(C-=0)—~CO + ~CHr,
~CH,-(C=0) + G—CO; + ~CH> +0O,
CO +-OH—CO; + H,

CO + O-CQ,,
~CHy-(C-=0) + H— ~CH,-(C=O)H.

CONCLUSION

It was shown that the application of an oxygen

ozone formation were already discussed. Taking into _ Shov .
consideration that £a!Ag) cannot react with unsatu- dielectric barrier discharge under atmosphericques
rated hydrocarbons the possible reaction pathway marovides rather high degradation efficiency, degrada

be the following.

tion rates and low energetic degradation cost giren

Reactions of OH, O and H radicals result in aleil in water solution.

kyl radicals formation
~CH,-CHz-CHo~ + -OH— ~CH,-CH--CH>~ + H0,
~CH-CH,-CH~ + O— ~CH,-CH:--CH_~ +-OH,
~CH-CH2-CHo~ + -H— ~CH,-CH--CHo~ + Ha.
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