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bstract

This paper described a plasma degradation of Brilliant Green (BG) by glow discharge electrolysis. Various influencing factors such as the voltage,
he distance between cathode and anode were examined. Ultraviolet (UV) absorption spectra, gas chromatogram–mass spectrum (GC–MS), and

hemical oxygen demand (COD) were used to monitor the degradation process and to identify the major oxidation intermediates. It was confirmed
hat benzoic acid, 1,2,3,4,5,6-cyclohexanehexaol, and carboxylic acids (e.g., oxalic acid, succinic acid and hydroxyacetic acid) were produced in
he degradation process. The results showed that BG rapidly underwent degradation and eventually mineralized into CO2 and H2O.

2006 Published by Elsevier B.V.
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. Introduction

In recent years, many papers focus on the advanced oxidation
echnologies (AOTs) for treating the wastewater, since there are a
ot of highly active species, especially •OH radical, occurring in
hese processes. Some of these methods have reached the practi-
al application stage [1]. However, the expensive equipment and
he significant energy consumption are still a common problem.
o search a green chemical process for removing the persistent
rganic pollutants from water has been an active topic. One of
hem is the glow discharge electrolysis plasma (GDE). In fact, as
arly as the 1950s, Hickling and coworkers [2,3] have reported
he glow discharge electrolysis in aqueous. Then, Sengupta et
l. [4,5] have also investigated the non-Faraday behavior of the
ontact glow discharge electrolysis (CGDE) in aqueous chem-
stry, especially, for the mechanism of producing •OH radical in

etail. The progress of these methods has been summarized in a
onograph [6] and two reviews [7,8]. There are a few of papers

oncerning the application of this method in treating wastewa-
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er [9–17]. Recently, we put both anode and cathode completely
n the solution to degrade the nitrophenols, a better result was
btained [18].

Brilliant Green (BG) is a dye (Scheme 1) used widely in mod-
rn textile industries. The dye-containing wastewater causes a
erious consequence to health, especially, to the eyes of humans
nd animals [19]. We have reported [12,14] the degradation of
ome of dye-containing wastewater by the CGDE and obtained
he satisfactory results. Now, in the present paper we will con-
inue this study, focusing on the examination of degradation
ntermediates responsible for the color fading and on the under-
tanding of the possible decoloration mechanism. The chemical
tructure of BG is shown in Scheme 1.

. Experimental

The experimental apparatus consists of a high voltage power
upply and a reactor. The power supply was a Model DH 1722-6
c power unit (Shanghai, China) providing voltages of 0–1000 V

nd a current range of 0–0.3 A. In this experiment, the optimum
oltage used was 600 V and the current was 120–150 mA. The
eactor vessel contains a needle-to-plate electrode geometry sys-
em as shown in Fig. 1. A pointed platinum anode with a diameter
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Scheme 1. Chemical structure of BG.

Fig. 1. Experimental setup of the glow discharge electrolysis. 1, Stirring bar; 2,
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node; 3, thermometer; 4, cooling water outlet; 5, cathode; 6, graphite rod; 7, gas
utlet; 8, solution level; 9, gas bubbles; 10, glow discharge area; 11, platinum
ire; 12, cooling water inlet.

f 0.5 mm was sealed into a glass tube to generate glow discharge
n aqueous solution. The cathode was a graphite rod (diameter:
0 mm) suspended above the anode at a distance of about 10 mm.
he discharge glass reactor (19.7 cm height with external diam-
ter 7.4 cm and internal 5.4 cm) was coated with an outer water
acket to keep the solution at a constant temperature. There was
magnetic stirring bar at the bottom of reactor to keep the solu-

ion mixed well. During the experiments, certain amounts of the
olution were periodically sampled from the sampling port for
nalysis. BG was dissolved in sodium sulfate, where 2 g/L the
odium sulfate was as an electrolyte. The experiments are per-

ormed under the conditions as listed Table 1 unless mentioned
therwise.

The ultraviolet (UV) absorption spectra of reaction solu-
ions were recorded by using a model UV-3400 Spectrometer

able 1
xperimental conditions of glow discharge electrolysis

arameter Value

oltage (V) 600
urrent (mA) 120–150
istance between electrodes (mm) 10
iameter of discharge electrode (mm) 0.5
queous Na2SO4 (g/L) 2
rilliant Green (mg/L) 30

nitial pH 6.72
ressure (kPa) 101.325
olume (mL) 250

3

d
T
v
u
B
a
t
c
a
5
v
w
H
a

ig. 2. The current–voltage characteristics of glow discharge electrolysis pro-
ess.

Hitachi, Japan) at intervals. In addition, the chemical oxygen
emand (COD) measurement was carried out using a COD ana-
yzer (BIYUE 5B-3, China). The pH of degradation solutions
as adjusted with NaOH or H2SO4 solution.
GC–MS analysis was performed on an GC (6890N)/MS

5973N) system (Atrlent, USA) equipped with a DB-5 col-
mn (30 m × 0.25 mm ID, 0.25 �m film thickness) (J&W, USA).
lectron impact (EI) was used as ionization technique with elec-

ron energy 70 eV with m/z range from 20 to 300. Ion source
emperature was 230 ◦C. The injector and detector temperatures
ere set at 250 ◦C. Helium served as carrier gas at a constant
ow of 1.2 mL/min (He, 99.999%). After starting under isother-
al conditions at 60 ◦C for 2 min, the temperature was linearly

aised with 4 ◦C/min until 290 ◦C and then remain the tempera-
ure for 30 min. Mass spectral identification of the volatiles was
arried out by comparing spectra with those in the NIST02L
National Institute of Standards and Technology, Gaithersburg,

D, USA) mass spectral library and those in the Wiley (New
ork, NY, USA) mass spectral library.

. Results and discussions

.1. The optimum degradation voltage

Fig. 2 shows a typical current–voltage characteristic in the
egradation process, which can be divided into several sections.
here is a linear section below 200 V (A→ B), where the con-
entional electrolysis proceeded. When the voltage was raised
p to 200 V (B), small gas bubbles were leaving the wire anode.
etween 200 and 380 V (B → C), the readings of both current
nd voltage fluctuated widely so that the readings are less impor-
ant for the drawing in Fig. 2. From 380 to 520 V (C → D), the
urrent become stabilized, and a smooth pale sheath of vapor
ppeared and flashes of light were bigger. Over the voltage of
20 V (D → E), the continuous reddish spark was brought into

iew. At the same time, the intensity of light emission increased
ith increasing voltage, while the current was also increased.
owever, if the voltage was too high, it would consume energy

nd destroy the anode. Hence, in our experiment, the applied



J. Gao et al. / Journal of Hazardous Materials B137 (2006) 431–436 433

v
o
F

3

i
c
o
b
i
I
r

3

i
fi
c

F
a

3
B
t
b
B
l
r
d
r
a
p
i

3

Fig. 3. Photograph of glow discharges at 600 V in aqueous solution.

oltage was kept at 600 V and the current 150 mA. Photograph
f brilliant glow discharge photography at 600 V is shown in
ig. 3.

.2. The distance between cathode and anode

As we know, the distance between both electrodes is an
mportant factor to the discharge possible. If keeping the other
onditions constant in the study, the intensity of discharge
bserved was decreasing with increasing the distance between
oth electrodes at 600 V. That is, the discharge can only occur
n a limited distance, for this work the optimum is 10 mm.
f less than 10 mm, the pointed platinum anode was melted
apidly.

.3. UV absorption spectra of Brilliant Green samples
The degradation process of BG (30 mg/L, 250 mL) was stud-
ed with an UV–vis spectrophotometer and the results in the
rst 10 min shown in Fig. 4. The change of absorption indi-
ated that there is a rapid decrease of absorption bands at 627,

ig. 4. The UV spectra of BG solution at different degradation time under GDE.
, Untreated BG solution; b, 2 min; c, 4 min; d, 6 min; e, 8 min; f, 10 min.

t
w

l

w
t
m
r
w
i

3

g
d
a
m
c
f
a
u
t

Fig. 5. Kinetic plot on the degradation of BG at 627 nm.

11 and 419 nm, respectively, demonstrating the destruction of
G and the formation of oxidation intermediates. The oxida-

ion product shows a new absorption peak at 365 nm. These can
e considered that the conjugated and double bond system of
G are destroyed to some degree firstly during the oxidation,

eading to the production of intermediates [20]. The different
ate of decrease at 627, 311 and 419 nm illustrated that the
egradation of different groups in BG molecular was not car-
ied out at the same speed. In the experiments, the decrease of
bsorbance peak at 627 nm was selected to study the degradation
rocess of BG. After 10 min, the degradation rate BG at 627 nm
s 95%.

.4. Degradation rate

The decoloration of BG by GDE was observed to be a func-
ion of time at 627 nm. The experimental data on initial oxidation
ere fitted into the following equation [21]:

n(A0/At) = kt

here A0 and At are absorbance of the dyes at time 0 and at time
. k is the first order rate constant in min−1 and t is the time in

in. When ln(A0/At) was plotted against time (Fig. 5) a linear
elationship with correlation coefficient k = 0.3514, R2 = 0.9835
ere obtained. The reaction may follow pseudo-first order kinet-

cs [22].

.5. pH changes of the solution

The results of the change of pH of degradation solution are
iven in Fig. 6. It can be seen that the pH of the BG solution
ecreased at first, and then remained unchanged and increased
gain for a while. The decrease of pH may be due to acidic inter-
ediates produced during the degradation. The major degraded
omponent in the oxidation of BG confirmed by GC–MS is a
ew of organic acid with small molecular weight such as oxalic
cid, succinic acid and hydroxyacetic acid. The smaller molec-
lar organic acids would be further oxidized into water and CO2
o make the pH value slightly rising again.
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Table 2
Most important intermediates identified by GC–MS spectroscopy at 5 min

2-Hydroxypropanoic acid

Hydroxyacetic acid

4-Oxopentanoic acid

Oxalic acid

Succinic acid

(1E,2E)-Ethanedial dioxime

Glycerol

Benzoic acid

1,2,3,4,5,6-Cyclohexanehexaol

G
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F

F

H
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Fig. 6. pH changes of the Brilliant Green solution under GCE.

.6. Degradation products of Brilliant Green analyzed by
C–MS

For more understanding the mechanism of degradation of
rilliant Green in aqueous solution, a GC–MS technique was
sed to determine the intermediates formed in the whole degra-
ation process (Fig. 7). Most important intermediates identified
y GC–MS spectroscopy were listed in Table 2. As has been
lready pointed out in Section 3.5, the decrease of pH values
mply that some of organic acids were formed during the degra-
ation, which agreed exactly with GC–MS. That is, the Brilliant
reen molecule is cleaved into benzoic acid and 1,2,3,4,5,6-

yclohexanehexaol at first, and further producing lots of smaller
olecule of organic acids after opening the ring. The finally
ain products are water and CO2.

.7. Effect of Fe2+

All of the above mentioned studies were carried out in the
bsence of Fe2+ ion.

Because in the previous works [12,14] it was found that the
resence of Fe2+ ion could improve the degradation of dye-
ontaining wastewater, thus, the following experiment was done
n the presence of Fe2+ ion. About the action of Fe2+ ion in
he contact flow discharge electrolysis, Hickling and coworkers
2,3] have proposed the mechanism as follows:

2O → H• + •OH

• + H• → H2

• + •OH → H2O

OH + •OH → H2O

•
OH + H2O2 → HO2 + H2O

ollowed by

OH + HO2
• → H2O + O2

q
e
s
t

enerally, only H2O2 was not easy to cause the degradation
f pollutants in CGDE. In the presence of Fe2+, the following
rocess should be added:

e2+ + H2O2 → •OH + OH− + Fe3+

e2+ + •OH → OH− + Fe3+

e3+ + H2O2 → H+ + HO2
• + Fe2+

O2
• + H2O2 → H2O + O2 + •OH

hat is to say, in the presence of Fe2+, more •OH free radi-
als were produced due to the catalysis of Fe2+, which, in turn,
ccelerated the degradation reaction.

The value of COD is one of the parameters to examine the

uality of water, hence, we use the COD change to observe the
ffect of Fe2+ ion. Of course, in the determination, the blank
olution must be added the same amount of Fe2+ ion to deduct
he effect from the absorbance. The results at the beginning were
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Fig. 7. GC–MS spectroscopy of the main intermedia
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Fig. 8. The COD values of BG at different time by GDE.

iven in Fig. 8. In the absence of Fe2+ ion, as the reaction pro-
resses the COD was raising slowly, owing to the formation of
ntermediates to add the absorbance. However, if a drop of Fe2+

on solution (2.0 × 10−4 mol/L) was added into the BG solu-
ion, the COD value of was decreased quickly and the removal
f 100% is gained in 15 min. That is, a lot of intermediates were
estroyed in a short time to form H2O2 and CO2. In a sense, it
ay be considered a combination effect caused by Fe2+ ion and
2O2 [23–25].

. Conclusion

Based on the experiments reported here, it may be con-
luded that in the glow discharge electrolysis the Brilliant Green
olecule is, at first, cleaved into benzoic acid and 1,2,3,4,5,6-

yclohexanehexaol, and further being destroyed to form some
ots of organic acids. The final main products are CO2, water and
little of inorganic ion such as SO4

2−. For observing the inter-
ediates and degradation mechanism, the study was performed

n the absence of Fe2+ ion. However, if a trace amount of Fe2+ ion
as added into the Brilliant Green solution (30 mg/L, 250 mL),
5% of degradation rate could be obtained within 10 min. The
eason is that Fe2+ ion acts as a catalyst in the degradation pro-
esses.
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