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Abstract
Dielectric barrier discharges (DBDs) generated in screw arrd pyrarrid type coardar reactors riń
and without cooling and at different power supply and gas floql conditiors, s a moe of
óemically active environment for soil processing are studied in this paper. The reglts Sn
that in the proposed reactor both generation efficiency of DBDs products (Oa and NO) and
their concentrations can be controlled by the reactor geometry, voltage arrd frequency ofpower
§upply, gas flow rate and cooling conditions.

Keywords: Non-thermal plasma; Dielectric barrier discharges; Sterilization; Ozone; NO

Introduction

Application of plasma based technology in the agricultural and food industry re-

sults in improving sensoly quality, nutritional value and storage life of agricultural
products and eliminates from chemical compounds the process containing sulfur
and chlorine that can persist in the environment [1].

Numerous technologies have been developed for the purpose of sterilization,
including chemicals, moist and dry heat, microwaves, UV and "y radiation. At
present, the worldwide need to develop environmentally friendly alternatives to

-Corressponding author. E-mail address: h.stryczewska@pollub,pl
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clretrrical tecłrnologies for tlre aglicultural and lrorticultrrral products steriliza-
tiotr lras been observed [2|. As a source of ozone (O3) and tritrogen monoxide
(\O) gases a variety of non-equilibriurrr low-ternperature disc}rarges and reactors
coLrld be considered, like: dielectric barrier discharges (DBDs), atrnosplreric ples-

sttt,e glow disclrarges (APGD), RF and pulse discłrarges, ferroelectric bad-packed

leactors or gliding arc disclralges. The niost of those non-thernral plasnra dis-

clrarges are already applied in lnany enlergent teclrnologies, The DBDs. applied
for potable rvater treatment with ozotre almost fronr the beginrring of tłre last

cerrtury, are still investigated to inlprove tlre efficiency of ozone generation from

air alrd from oxygen.

Ozone, one of tłre nraitr products of electrical discharges in air, is tlre nost
poir.erful oxidtrnt that quickly kilis insects, bacteria arrd ftrngi. The applicatiorr
of ozorre for soil sterilizatiorł gives many benefits based on on-site generation.

nritrinrum lrrtrrran toxicity and lack of persistent chenricals in the soil [3], The
disclrarges in air are also tłre sclurce of free radicals, energetic electrons, atoms

and otlrer excited species, ałnong tlienr nitric oxides (NO, l'trOr) that could be

rtsed for soil sterilization. NO, whiclr is also present ilr soil dr:e to rnicrobial arrd

fertilization activities, is very reactive and unstable and has been expected to kill
or elinrinate trricrobia] cells from soil alrd can strongly itlfluence tłre soil qtrality.

Reported in tlre papel coaxial screw atrd pyrarliid dielectric barrier discharge
reactors powered frorri high frequency voltage, generate usefrrl errvirorrmetrt for

soil processing. Reactors can produce ozone and nitrogen oxides with both lrigh

cotrceŃration and efficierrcy and provide up to 40 g of ozone pet, cubic meter tlrat

catr be controllecl by the value of appiied voltage, gas flow velocity and coolirrg

conditions.
Results of soil processing with Os and NO, t]rat slrorł, telrrporal arrd spatial

clratrges of soil acidity (pH) aud electricai colrductivity (EC) are also pleserrted ili
t}ris paper.

2 Measuring system

Tlie dielectric barrier discharge reactors (DBDs) u,ith atid without coolirrg sys-

terrr were irrvestigatecl. Tłre botlr geornetries consisted of inner metal electrodes
(100 mrrr length) in tlie forrn of sclew atrd pyrarrrid put in t}re outer glass ciuartz

tube (ó B nrm) that was wrapped around witlr altrmillull] oI coppel foil. Their
constructiorr a]lou,ed coolirrg botlr inrrer tlretal electrode alrd outer glass. Irr tire

first geometry (Fig. 1) the rttetal electrode \ĄIas co]]llected to lrigh voltage and the
glass tube witlr alurninurn foil was grottnded arrd can be cooled. In the second
georrretry (Fig, 2) tlre netal screw and p5.12111id eiectrodes witłr the lrole inside
was cooled bv flowirrg water while the glass electrode coveled with copper was
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connected to the higlr voltage source. Tlre gap between tlre inner screw electrode
and the glass tube was kept at 1 mm and the discharges were generated in dry
air or oxygen.

Dielectric barrier

ffi=

Figrrre 1. Geometry of DBD reactor wittr high voltage electrode in the form of screw and pyramid
(without cooling).

copper foil (HV)

l-
ffi;ł§

Figure 2. Water-cooled screw eiectrode reactor.

The measuring system, presented in Fig. 3, consisted of high frequency in-
verter, voltage divider, oscilloscope. florv meter and rnonitors of discharge procl-
ucts (ozone and nitrogen oxides). \Ieasurenrents were macle at tłrree frequencies
(10, 30 and 50 kHz) of supply voltage. tlrat nas changed from 1.7 to 7 kV and at
varied process gas flow rates (1. 2 and 3 l nlin).

Ozone and nitrogen monoxide rł.ere introduced into tlre soil through the drip-
feedll4 inch Teflon pipe. Two sets of sen§ors nere introduced into the soil con-
tainer to measure its acidity pH and electńcal conductivit_v- EC (Fig. 4). Sensors
arrangement in the ozone injection l-essel is shmn in Fig- 5- The soil temperature
has also been measured, The treatment contain€r rnas located in tlre incubator
where temPerature and light illumination could be autonaticall). controlled. All
lneasurements data can be transrnitted to the PC through the n ireless network
system.
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Figure 3. Experimenta1 setrrp.

IlF
lnvańer

b)a)

Figrrre 4. Ozone and NO injection system into tlre soil witlr nreasuring sensors: a) scherrre con-

nection b) pictrrre of tlre system.

3 Results and discussion

3.1 03, NO and NOz generation

Concetrtrations of 03, I§O and |{O, in ftrnction of input power to the discharge

\\€re measured at three freqrrencies of supply voltage (10, 30 and 50 kHz) arrd

at rrarious ()2 flow rates. Resrilts of Ineasllrer]]ents plesented in Figs. 6, 7 and B

show. tlrat in the investigated reactor) tłre ilrcrease irr the power s}rstem frequency

is accompanied by decrease of the ozone cotrcentration. At the 30 kHz and 50 kHz
the conterrt of 03 is alnrost negligible. Tlte ozone generation efficiency irr func-

tion of ozone concentration at various 02 florv rates is presented in Fig. 9, The
highest ozone concentration of 80 glrn3 is generated at tlre lowest gas flow late
of 0.3 l/min, On the other lrand, the lriglrest value of ozone generation efficiency
(220 g/kWtl) was obtairred at t 2l/mirr at a loli,ozotle concentration (10 glrn2).

It is shown that the maximltnr obtairred concentration decreases with increase of
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Figrrre 5. EC an pH sensors arrangenrent
in tlre ozone iniection vessel.

Figrrre 6. Os, NO and NO" concentration
versus power at 10 kHz

1200

ppm

1000

t00

600

400

200

5.5 ó ó.5

Yoltage (kĘ
7
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versus supply voltage at 30 kIIz.
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02 florł, rate. Influence of cooling conditions on ozone generation is preserrted ill
Fig. 10. Tlre nraximuln ozolle coDcentration for the water-cooled electrode \§a_c

38 97rrr3 at 5,3 kV, In case of the non-cooling apparatus, rapid decrease of ozone
concel}tration appears over 4.6 kV drre to dielectric heating of tlre quartz tube.

Nitric monoxide (NO) is a very reactive and utlstable free radical. In air. it
quickly reacts with oxygen to forn the poisonotts nitrogen dioxide (NO2). The
NO lras a,lso been expected to kill or elirnirrate microbial cells. NO radicals were
generated by using the dielectric barrier discharge. Tlre nitrogen oxides concel]tra-
tion increases rvith botlr the frequetrcy arrd the value of supply voltage. At 30 kHz
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trigure 11. NO concentration versus supply voltage for different flow rates at 30 kHz.

NO began to be generated at 6 kV and it has attained its maximum concentration
of 780 ppm at 7 kV (Fig. 7). Their concentTation also substantially depends on
gas flow late, Figure 11 presents dependence of IVO concentlation in function
of supply voltage for t}rree values of gas flow rate at 30 kHz. NO concentlation
achieves lower values for higher flow rates and increases with supply voltage.

3.2 Soil properties after 03 and NO injection

The soil acidity, pH, and electrical conductivit},. trC, together with tlie content of
moisture, pF, and nitrites NO3NH, NH3NO. are the n}ost impoltarrt indicators,
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ią-Irich ale used to clraracterize soil quality.
We lrave studied pH, trC and temperature of the soil drrring 60 minutes of

{,'Zone arrd NO injection into the soil arrd during the next 60 nlinutes after injec-
tion. Figrrres 12 and 13 present the results of tłrese experinrents, Tlre amount
if 100 g/m3 of ozone was irrjecteci into tlre soil at a flow ra,te of 2 l/min. Tlre
:lH at position of 30 rnm frorn the irrjection pipe słrows drastic change after 40
ulitr and tlren gradually increases (Fig. 12a). Figure 12b shows time developmerrt
,,,f electrical concluctivity (EC) as well a,s soil tenrperature. The EC also shows
rlie rapid decrease irr first 20 rnin and gradually recovers to steady value, After
rernrination of the ozone treatrłrent, nornrai EC value of 70 mS/m is attained. We
aiso foutrd otrt that soil temperature drastically irrcreases and decreases as tlre EC
arrd pH c}range rapidiy, These phenomena are considered to be accornpanied with
clremical exotherrrric reaction of tlre soil witlr ozone. Figrrre 13 slrows tlre cha,nge
of tlre pH and the EC during arrd after NO treatment of soil. We notice only slow
decrease of the EC. In t}iis treatment, 500 ppm NO was injected into the soil at
a florł, rate of 2llmin.

Ozonttłrcallr*tif§ tt$§/m
Tr*atn*ni tim€ 6* mtn
Głt ll*x łpt* ! llmin

,".,,-m.-§-
Ę--ęr*-ę.-,-ą-§-w --'

4s 6s *ł
Time {nri*}

a)

(}zoxe torctntrłtion
Tr€dlmpEt lims
6ą* tlox rale

1§& glm
6$ min
! ll'min

{
,,t1- *-#

l-*-, l
.§ \ 1-9- §"il ,*p.r.r*.

'§,y' -Z,Z-

§ł
T
7$

1ll :t|00 łr0 48 68 t8
Tinle (n§D)

b)

toa l2a

Figure 12. Tinre changes of pH, EC and soi] tenrperature drrring 120 minutes (60 minutes of
ozone injection and tlre next 60 minutes after iniection),

3.3 Soil sterilization experiments

We have sterilized the agriculttrral soil };y srrpplyirrg ozolle and nitrogen monoxide.
Figure 14 presents previousl1, prrblislred results [5]. Tlre 50 g of agricultrrral soil
was treated by varied ozone dosages (0 a0 g Osir,.3) and the duration (1-60 nin-
utes). In this experinretrt tlre aglicrrltriral soil was fiIled in a charnber (/ 70 mm)
and ozone gas was supplied frorrr the top of tlre clralnber and evacrtated fron tlre

s
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Figure 13. Clranges of pH and EC
of soil treated bv NO.
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Figure 14. Sterilization as a function of ozone
arrrount. The inoculated soil ini-
tially has 4-7.106 CFU/cc of fasar-
ium oxysporum.
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botton exit. Tlie soil sanrples subjected to the sterilizatior] process wele stelile.
Fasariunr oxysporuln of 106 conidal/nl was inoctllated into tlre soil. Tlre CFU
(colony formirrg urrit) counting was used to evaluate tlre nulnber of survivors after

72 liours. Tłre total ozone amount (in grants) Iras beerr calculated from the prod-

uct of ozol7e concentration, gas flow rate, and treatment duration. For example.

the test soil containing of 7.2 . 106 CFU of Fusarium oxyspol,um shows decrease

to 1.7. 102 CFU after the treatment of ozone dosage of 6.39 g wlrere ozone con-

centration of 3B.5 g/rn3 at gas flow late of 3 l/mirr and treating time of 60 min
wele used. The resultirrg steriliza,tion rate is 100 % as shown in trig. 1.1 (left end

data), It is shown that the sterilizatiorr by ozone injectiorr is effective wlien the

ozone dosage beconres over 0,3 g for the 50 g soil. Tlre results of soil sterilization
are also presented in Tab]e 1. Fusariurn oxysporurn in tlre soil was alrrrost killed
by ozone treatment of 20 g O31I}r3 for 10 min. Over B0 % bacteria included irr

the soil was sterilized after 20 minutes treatment of 20 g Or/-'.
In arrother experiment for soil sterilization, tlre agricultrrral soil samples con-

tarninated with root-knot nematode (N4. ilrcognita J2) were prepared. Tłre ozone

of the concentration of 45 g/m3 rvas injected dtrring 20 rniltutes a,t a flow rate of

3 l/min. In the treated soil any nerrratode in the deptlr range {i,orn tlre surface to

50 nrrn lras been found. After 30 days, the root-knot itrdex (tłre nurnber of knots

of root for planted nlelon) was measured, T}re rlreasrtred index (2.0) for the ozone

treated soil is decreased abortt half of tlre index (3,B) for the untreated soil.

ii{) ćłrK+iltr{rtlrrń 48§ FFn0
Flo* rłlr, ! lśrrln

"li*!łrt§fii tlffi§ dil [lllr
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Bacteria, Fusarium oxysporun}

Untreated [cfu, cc] 1.8.105 5.7.106

Gas flow rate 1limin ,) l,/nrin

concentration 20 glm3 10 g,/nr3 20 glm3
Duration 20 nrin i0 mirr 10 nrin

Ozone treated [cfuicc] 2.7.704 1.4.105 1.7,n2
sterilization rate 86% 97.5 % 99.9 %

Table 1, Soil sterilization by in-situ ozone treatment.

4 conclusions

We have strrdied the soil sterilization by using ozone and nitric monoxide. which
are generated by the coaxial dielectric barrier discharge. A pyramid type electrode
can control tlre ozone concentratioil from low ozone concentlation (0.1 g7nl3) to
lrigh ozone concentration (12 g/r.3). A screw type electrode can generiłte high
ozone concentration (20 g/m3) with higlr efficierrcy.

T}re łrighest ozone concentration of B0 g/rrr3 was genelated at the lowest
gas flow rate of 0.3 l/min. Tlre highest value of ozone generatiorr efficiency of
220 g/kWh was obtained at 1 2lf min. The maximuln collcelltration of 7B0 ppm
NO was attained at 7 kV.

The pH at position of 30 nrrn frorn the injectiorr pipe shows drastic change
irr 40 rrrin and then gradually increases. The trC also slrows rapid decrease till
20 rrrin and gradually recovels to steady value equal to 70 rrrSim.

The soil temperature drastically increases and decreases when the EC and
pFI change rapidly, Tłrese plrenonrena are considered to be accorrrpanied with
chemical exotlrermic reaction of tlre soi} u,ith ozone.

The sterilization of tire agricultura] soil was investigated r_rsirrg ozone injection
into the soil. The results show that the sterilization rate could be equal to 100%
for the ozone dosage over 0.6 g for tlre 50 g of trea,ted soil.
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