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Abstract: Dye wastewater remediation becomes a global concern. In this paper DBD plasma
technology was used for water treatment. To find the evidence of hydroxyl radical created by
DBD plasma in water, crystal violet (CV) was used as the radical indictor. The results showed
that the hydroxyl radicals can survive longer in water solution than in gaseous state. Water
increased the dye decoloration efficiency. Then CV and Methyl Orange (MO) solutions were
chosen as dye wastewater. During plasma discharge, a large number of strong hydroxyl radicals
in water attacked the dye molecules, resulting in the bleaching of the solution. The color groups
of the CV and MO dye were effectively decomposed by plasma. The decoloration rate of the dye
solutions was promoted with the increasing of plasma treatment time. 0.1 % CV solution needed
2 min to fade and 0.1 % MO solution needed 3 min to fade at the discharge condition of 100 W
and 8 mm. The energy yields obtained in this investigation were 0.24 g/kWh for MO dye and
0.36 g/kWh for CV dye.

Keywords: DBD plasma, hydroxyl radical, crystal violet dye, methyl orange dye, dye waste-
water remediation.

OumncTKa CTOYHBIX BOJ OT KpacuTesel ABjgeTcs rio0aabHoi mpobdaeMoii. B mpencrasienHoi
pabore 715 OTIpe IeIeHIsT Ka4eCTBA BOJIBI IIPUMEHSJIACH [1JIa3MeHHAas TEXHOJIOT U IUAJIEKTPUYIeC-
roro bapbepHoro paspsaa (DBD). Jls Toro 4To0bl HAWTH JOKA3aTEIbCTBA IIPUCYTCTBUS TUAPOK-
CHJIBHOTO paJuKaJia, 00pasoBAHHOIO B BOJIE IIPHU MCIOJIb30BAHNN ILIa3MeHHo#i TexHoaorun DBD,
B KauecTBe PaJUKAJIbHOI0 WHAMKATOPA IPUMEHJIN KpucTajtndeckuit duosierossiii (CV) uamm-
kaTop. PeaysibTaThl MoKa3a n, 9YTo TUAPOKCAIbLHBIE PAJUKAJIBI MOTYT YIIEJIETh JOJIbIIEe B BOJHOM
pactBope, yeM B ra3o00pa3HOM cOCTOSHWH. Bojga moBbiaer addeKTUBHOCTD 00€CIIBEUNBAHUS
rpacuressi. 3arem pactBopsl CV u MerusoBoro opameBoro (MO) 6bLam BHIOPAHBI B KaUecTBe
CTOYHOM BOJBI, 3aTPSISHEHHOM KpacuTesieM. Bo Bpemsi 1J1a3MeHHOT0 pa3psiaa 60JIbIIT0e KOJIMIeCT-
BO MIPOYHBIX THIPOKCHJIBHBIX PAIUKAJIOB ATAKOBAJIN MOJIEKYJIBI KPACUTEJISI B BOJIE, YTO IIPUBEJIIO
K obeciiBeurBaHmio pactBopa. [[Berorsie rpymmer kpacuresneit CV u MO adderruBHO paspyiiu-
JIUCH TI0]T Bo3ercTBreM IadMbl. CKOpPOCTh 00eCIIBEYMBAHUS PACTBOPOB KPACHTEJIEH ITOBBIIIA-
JIach ¢ yBeJIMdeHreM BpeMeHu o6paborku traamoii. J{uist obeciiseunsanus 0,1% pacrsopa CV He-
obxoaumo 2 muH., a 11 0,1% pacreopa MO - 3 mun nipu morntaocTH paspsiaa 100 Br u paspsaaom
POMEKYTKe 8 MM. DHepreTuUecKre BBIXOJIbI, IIOJIyYeHHBIE B 9TOM KCCIENOBAHUU, COCTABJISIIN
0,24 v/ kBt - u g MO u 0,36 v/ kBt -4 nya CV.CBumerebeTBA IPUCYTCTBAA THIPOKCHIBHOTO
panukana, obpasyemoro miasmoii JIBP B Bosge, m ux ucmosib3oBanme JJIsT OYMCTKU CTOYHBIX BOJT
OT Kpacuresei
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CeigonrBa HASBHOCTI IIPOKCUIILHOTO paguKasia, yreopeunoro miascoo JIBP B Boni,
Ta IX 3aCTOCYBaHHS JJIsI OYUIIEHHA CTIYHUX BOJ Bix OapBuukis. Ban In, Ban Beliseii, I]31

Inuao, JIi Xyn, Ban Loxyn

OunileHHsT CTIYHMX BOH Big (papOHHKIB € II00a/JIbHOK Hpo0seMo. Y MOpeiacTaBJIeHIN
po0OTI /I BH3HAYEHHS SIKOCTI BOIM 3aCTOCOBYBAJIACH IIJIA3MOBA TEXHOJIOTIS Il1eJIeKTPUYIHOIO
Gap'eproro pospamy (DBD). Ius Toro, 1mo0 3HAWTH [AOKA3HU IIPUCYTHOCTI TiIPOKCHJIBHOIO
pamMKasa, yTBOPEHOro y BOI1 IIPX BUKOPHUCTAHHI I1a3moBoi TexHosorii DBD, ax pagukanbHmia
IHAUKATOP 3acToCOBYBasiM Kpucramiunuii diosierosuit (CV) imgukarop. PesynbraTtu mokasasw,
10 T1APOKCUJIBHI PATUKAIIN MOKYTH YIILIITH JIOBIIE ¥ BOJHOMY PO3YMHI, YUM B Ta30I0a10HOMY
crani. Boma minsuinye epekTuBHicTh 3HeOBapBIIeHHS papoHuKa. [ToriMm pogunau CV i MmeTnioBoro
opanzkesoro (MO) O6ysim Bubpani Ak crivHa Boja, 3abpymauena gaporurom. [lix gac mrasamosoro
PO3PSAIY BEIUKY KUIBKICTh MIIHUX TJIPOKCHUJIBHUX PAJUKAJIB aTaKyBaJId MOJIEKYJIU (papOHUKa
y BO/JI1, 1110 IIPUBEJIO 10 3HebBapBiieHHA posunny. KompHi rpymnu dapouukie CV 1 MO ederruBHO

PYHHYBAJIHCS I/ BIUITUBOM I1IJIA3MH.

1. Introduction

Dye compounds as a major group of pollut-
ants in wastewater are of concern worldwide
due to their severe problems for the environ-
ment and human health. Thus, in the cases of
unavoidable pollutant emissions, these emerg-
ing compounds must be treated to satisfy the
stringent water quality regulations before dis-
charging into aquatic ecosystem. Nowadays,
significant attention is focusing on plasma oxi-
dation processes.

Plasma is a partially or fully ionized gas
consisting of electrons, free radicals, ions and
neutrals [1]. All varieties of plasma systems are
traditionally defined into two major categories,
namely thermal and non-thermal, in terms of
electronic density and temperature. Thermal
plasma (usually arc discharges, torches or ra-
dio frequency) is associated with sufficient en-
ergy introduced to allow plasma constituents to
be in thermal equilibrium. While non-thermal
plasma is obtained using less power (usually
corona discharge, dielectric barrier discharge,
gliding arc discharge, glow discharge and spark
discharge). It does not express a local thermo-
dynamic equilibrium, which, therefore, offers
high selectivity and energy efficiency in plasma
chemical reactions.

Both thermal and non-thermal plasma tech-
nology can obtain an oxidation environment
by controlling discharge condition. During the
plasma discharge, plasma technology leads to
various physical and chemical effects, such as
radical species and UV light. Among these, re-
active species especially hydroxyl (OH) radicals
are produced, which has highly reactive to dam-
age all types of macromolecules. Its standard
potentials are up to 2.8 V. So, the main advan-
tage of plasma oxidation lies in the generation
of highly reactive species which are theoretical-
ly able to oxidize any organic pollution in the
liquid medium with minimal harm to environ-
ment. It has been suggested as a major cause of
organic pollution degradation.
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In view of these facts, applications of atmo-
spheric pressure plasma technologies for water
treatment attract the increasing interest and
emerge as technological opportunities for the
plasma community [2-4]. It also has character-
istics such as no secondary pollution, normal
temperature and pressure, non-selective high
removal efficiency, and low power consump-
tion, thus is a promising technology for waste-
water treatment. Although many experiments
studies have been performed on all kinds of dye
wastewater by plasma technologies, there re-
main many unknown questions about of radi-
cals, including life time, diffusion rate, etc. Ef-
fective dye wastewater remediation by plasma
requires understanding the interaction mecha-
nism of the reaction of radicals with water.

Therefore in this paper, dielectric barrier
discharge (DBD) [5-6] plasma technology, one
of non-thermal plasma, was used for decoloriz-
ing organic dye solutions at atmospheric pres-
sure. The created and survival evidence of OH
radicals in water by DBD plasma discharge
was investigated by using crystal violet (CV)
as OH radical indicator. CV and Methyl orange
(MO) were used as simulative wastewater. The
factors affecting the degradation of organic pol-
lutant, such as discharge time, discharge power
and solution concentration were studied. Fur-
thermore the possible interaction mechanics
of radicals created by plasma with water was
proposed.

2. Materials and methods

2.1 Materials

In the plasma diagnostic experiment, CV
was used as indicator for OH radical. CV is
also a kind of cationic dyes. MO is a kind of
azo dyes. Then, 0.1 % and 0.15 % CV solutions,
and 0.1 % and 0.3 % MO solutions were pre-
pared, respectively. They were used as simula-
tive wastewater. Their molecular formulas are
listed in Fig. 1.

FeSO,.7H,0, H,0, (30 %) and n-butyl alcohol
were purchased from Tianjin Kemiou Chemical

345



Wang Ying et al. / Evidence of hydroxyl radical ...

N
SN

Fig. 1. The molecular formulas of (a) CV and (b)
MO

Table 1 The schedule of the tests

Solution(ml) | 1#|2# | 3#|4# |5#|6#|T#
01%CV |22 |2|2|2]2]:2
0.03% FesO, | 0 | 2 | 0 |05[05] 0 | 0
0.03%H,0, [0 |0 |2]05[05]0]0
n-butyl alcohol | 0 | 0 | 0 | 0 [0.3] 0 0.3
H,0 2|00 ]1]07|0]|0

x
s Lo [o o oo ]s i

* CV solution or n-butyl alcohol was poured
into plasma treated water immediately.

Reagent Co., Ltd., China. FeSO,.7H,0 and H,0,
are the reagents of Fenton’s reaction. N-butyl
alcohol is a kind of free radical trapping agent.

2.2 Methods

CTP1200 plasma treatment equipment was
made by Coronalab, China. This reactor was
showed in Fig. 2, which had been used in our
previous reports [7]. The dielectric barrier of
this reactor was quartz glass. The distance be-
tween quartz glasses was 8 mm.

Plasma treated water was prepared as fol-
lows. Before the plasma discharge, 5 ml of dis-
tilled water was placed on the surface of the
quartz electrode. It was treated by plasma at
discharge power of 100 W, discharge gap of 8
mm and discharge time of 30 s.
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Fig. 2.The chart of plasma reactor: land 2 elec-
trodes, 3 and 4 barriers
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Fig. 3. UV-Vis spectra of samples 1 #, 2 #, 3 #
and 4 #

In order to find the evidence of OH radical
created by DBD plasma in water, Fenton’s re-
agents, n-butyl alcohol and plasma treated water
were added into the CV solutions, respectively.
The schedules of the tests were listed in Table 1.

Plasma treated dye solutions were prepared
as follows. Before the plasma discharge, CV
solutions or MO solutions were placed on the
surface of the quartz electrode. The electrode
distance was 8 mm. The discharge powers were
90W, 100W and 110 W, respectively. The dis-
charge time was 20 s, 40 s, 60 s, 80 s, 100 s
and 120 s, respectively. A UV-Visible Spectro-
photometer (UV5000, made by Nanjing Haohai
Instrument Co., Ltd., China) was used to check
the decoloration rate (R, %) of CV solution be-
fore and after the treatment processing. Before
the UV-Visible absorbency experiment, the
solutions were diluted to 20 times. The decol-
oration rate of dye solutions was calculated by
the following Eq. (1):

R= "2 100% (1)
A,

where,
A, —the initial absorbance before reaction;
A — the absorbance after reaction.
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Wang Ying et al. / Evidence of hydroxyl radical ...

Abs

1 1 1 1
400 500 600 700 800
A, nm

Fig. 4. UV-Vis spectra of samples 1 # and 5 #

3. Results and discussion

3.1 Evidence of OH radical created by
fenton’s reaction

Figure 3 was the spectra of samples 1#, 2 #,
3 # and 4 #. For 1 # samples, the characteristic
absorption peak of CV dye was at 563 nm be-
tween 300-800 nm. For the 2 # sample, CV solu-
tion and FeSO,, there was no difference about
intensity and position of the absorption peak at
563 nm. It is illustrated that there was no reac-
tion between CV solution and FeSO,. The same
results can be obtained in the 3 # sample for CV
solution and H,O,. However, for Fenton’s reac-
tion (4 #), the characteristic absorption peak of
CV dye decreased a lot. The decoloration rate
of CV solution was 56 % according to Eq. (1). It
is proved that it produced large numbers of OH
radicals through Fenton’s reaction, in Eq. (2):

Fe?" + H,0,— Fe® +OH" +OH. (2)

So it is suggested that OH radicals was a
major cause of organic pollution degradation.
It is highly reactive to damage CV macromol-
ecules in wastewater.

In order to further prove the OH radicals cre-
ated by Fenton’s reaction. The experiment of 5
# was carried out and the results were listed in
Fig.4. Small amount of n-butyl alcohol was put
into the Fenton’s system. It was displayed that
there was no change in the absorption peak of
the CV solution after adding n-butyl alcohol
into the Fenton’s system. N-butyl alcohol is a
kind of free radical trapping agent with a very
high reaction rate constant (1xX108 L/(mol.s)). In
this experiment, it can inhibit the reaction of
OH radicals with CV macromolecules. There-
fore, it is illustrated that CV solution can be
effectively used as OH radical indicator.
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Fig. 5. UV-Vis spectra of samplesl #, 6 # and 7#

3.2 Evidence of OH radical created by
DBD plasma in water

Figure 5 was the spectra of samples 1 #, 6#
and 7 #. Sample 6 # was the plasma treated
water and CV solution. After the reaction of
plasma treated water with CV, the absorbency
of peaks at 563 nm shift a little to 575 nm. The
absorbency peak decreased and the R of CV so-
lution was 65.3 %. After pouring n-butyl alco-
hol (sample 7 #), the R of CV solution was 44 %,
a little higher than 6 #.

In the DBD plasma discharge, the energet-
ic electrons can collide with background mol-
ecules (N,, O,, H,0O, etc.) producing secondary
electrons, photons, ions and radicals. It is re-
ported that O atoms, HO, radicals, OH radicals
and H,O, created during the air DBD plasma
discharge [8-9]. Since n-butyl alcohol is free
radical trapping agent, the increasing of absor-
bency proved that radicals created in the DBD
plasma discharge. Maybe, it is HO, or OH radi-
cals. However, HO, is a better proton donor but
a weaker proton acceptor than water [10]. The
experiment results also showed that the plas-
ma treated water displayed acidity with the pH
of 3.73. It was displayed that a large number
of protons produced in water [11-12]. Then the
reaction scheme for HO, in water may be given
in Eq. (3):

HO," + H,0 < [0,-H-OH,] & 0,7+ H,0* (3)

Therefore, it is concluded that it is OH radi-
cals, produced during plasma water discharge,
attacked the dye molecules, resulting in the
bleaching of the CV solution. It is to note that
CV solution or n-butyl alcohol was poured into
plasma treated water by hand. This needed as
far as several seconds. Knowing that the life
time of the OH radical is generally to be a few
ps in a gaseous state. However, in our experi-
ments, we detected OH radicals in water after
discharge of several seconds. It is illustrated
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Fig. 6. The R of CV solutions at different dis-
charge time (100 W, 8 mm)

G PR

Fig. 7. The pictures of CV dye at discharge time
of 0s,20s,40s,60s,80s, 100s and 120 s

that the life time of hydroxyl radicals in wa-
ter can be a few hundred times than that in
gas state. Theoretical simulated calculation
also showed that the interaction of OH radicals
with water leads to the consecutive formation
of another OH radical [10], listed in Eq. (4).

HO"+ H,0 « [HO-H-OH] < H,0 + HO-  (4)

Then, it i1s it displayed that the OH radical spe-
cies created and survived longer that other re-
active species in water solution. Water solution
will increase the decoloration efficiency of dye.

3.3 The optimal plasma discharge con-
ditions of CV wastewater remediation

The CV solutions (0.1 %) were treated at
100W, 8 mm and discharge time of 20 s, 40 s,
60 s, 80 s, 100 s and 120 s, respectively. The R of
the CV solutions was displayed in Fig. 6. When
the time increased, the R of the CV solution was
effectively increased. At the discharge time of 40
s, the decoloration rate of the CV solution was
as high as 93 %. With the extending of discharge
time to 2 min, the R of the CV solution was
nearly to 100%. The pictures of CV solution at
different discharge time were showed in Fig. 7.
It is clear that the color of CV solution gradually
fade. 0.1 % CV solution needed 2 min to fade at
the discharge condition of 100 W and 8 mm.

Figure 8 showed the results of the R of CV
solutions at different discharge power. With
the increasing the discharge power, the R in-
creased. Although the R at 110 W was higher
than 100 W, the releasing heat and energy
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Fig. 8. The R of CV solutions at different dis-
charge power
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Fig. 9. The R of 0.1 % and 0.5 % CV solutions
(100 W, 8 mm)
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Fig. 10. The R of 0.1 % CV solutions at different
discharge time (100 W, 8 mm)

were also higher. Then in our experiment, we
selected 100 as the optimal discharge power.
Figure 9 showed the results of the R of 0.1%
and 0.15 % CV solutions. At the same discharge
time, it is clear to see that the R was higher in
0.1 % concentration than 0.15 % concentration
for the less dye macromolecule in the solution.
At discharge time of 120 s, both the R of the
solutions (0.1 % and 0.15 %) was 100 %.
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Fig. 11. The pictures of CV dye at discharge time
of0s,20s,40s,60s,80s,100s and 120 s

3.4 The optimal plasma discharge con-
ditions of MO wastewater remediation

0.1% MO solutions were treated at 100 W, 8
mm and discharge time of 20 s, 40 s, 60 s, 80 s,
100 s and 120 s, respectively. Figure 10 showed
the R of the CV solutions. When the time in-
creased, the R of the CV solution was effectively
increased. At discharge time of 90 s, the decol-
oration rate of the CV solution was as high as
90 %. With the extending of discharge time to 3
min, the R of the CV solution was nearly to 100
%. The pictures of MO solution at different dis-
charge time were showed in Fig.11. It is clear
that the color of MO solutions gradually fade.
Compared with the results of CV solutions, it
is also concluded that MO dye was difficult to
decolorate than CV.

Figure 12 was the results of the R of MO so-
lutions at different discharge power. Figure 13
was the t results of the R of 0.1 % CV solutions
and 0.3 % CV solutions. The same results can
be obtained for the MO solutions. The optimal
discharge power was 100 W. At the same time
the decoloration rate of solutions with 0.1 %
concentration was than 0.3 % concentration.

3.5 Energy yield for decoloration

The energy yield is an important parameter
for appraising the treatment method. The en-
ergy yield of the plasma discharge reactor was
calculated by Eq. (5) [13]:

v

C. —
C, =0.5x 20 (5)
Pt

where,
G, (g/kWh) — the energy yield;

C, (mol/L) — the molar concentration;

V(L) — volume of treated solution in liters;
P(W) — power of the reactor;

t., — the time in seconds required for 50% con-
version.

The energy yield obtained in the present
work was 0.24 g/kWh for MO dye and 0.36 g/
kWh for CV dye. For MO dye in the other re-
ports, the energy yield was 0.44 with pulse
diaphragm discharges with air bubbling [14],
0.45 with gas-liquid pulsed discharge [13] and
0.09g/kWh with pulsed streamer and spark dis-
charges in water [15].
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Fig. 12. The R of CV solutions at different dis-

charge power
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Fig. 13. The R of 0.1 % and 0.3 % MO solutions

(100 W, 8 mm)

4. Conclusions

In this study, DBD plasma was proposed
for the discoloration of CV and MO dye, and
the following conclusions were reached. (1) CV
solution can be effectively used as OH radical
indictor. (2) During plasma discharge, a large
number of strong OH oxidizing species was pro-
duced in water and attacked the dye molecules,
resulting in the bleaching of the solution. The
OH radical can survive longer in water solu-
tion than in gas state. Water solution increased
the dye decoloration efficiency. (3) When the
discharge time increased, the decoloration rate
increased. 0.1349% CV solution need 2 min to
fade and 0.1 % MO solution need 3 min to fade
at discharge condition of 100 W and 8 mm. (4)
The energy yield obtained in this investigation
was 0.24 g/lkWh for MO dye and 0.36 g/kWh for
CV dye.
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