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ABSTRACT

This work was originally performed to compare H,0,-based degradation of aqueous malachite green
(MG) under microwave (MW)-enhanced and conventional heating (CH)-enhanced conditions, with the
whole reaction courses traced by UV-vis spectrophotometer. The results showed that the higher dis-
coloration rates of MG were available during MW-enhanced process, implying that the special heating
way of MW might be more benefit for the generation of hydroxyl radicals than that of CH. Furthermore,
major intermediates were separated and identified by HPLC-ESI-MS and GC-MS techniques. On the basis
of 53 intermediates, degradation mechanism was deduced as follows: firstly, N-de-methylation reac-
tions. Secondly, adduction reactions. Thirdly, decomposition of conjugated structure reactions of MG.
Fourthly, removal of benzene reactions. Finally, open-ring reactions. Additionally, results revealed that
microwave-enhanced H,0,-based treatment had more advantages, such as higher degradation efficiency,
and no removal of catalyst after treatment.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

As promising technologies for treating dye-contaminated
waters, titanium dioxide and UV (TiO,/UV) [1-3], hydrogen
peroxide and UV (H,0,/UV) [4-6] and photo-Fenton reactions
(H,0,/Fe3*/UV)[7-9], are the most widely employed advanced oxi-
dation processes (AOPs) techniques for the treatment of various
types of industrial wastewaters [7,10-12]. Whereas, either separa-
tion of catalysts and metal ions after reactions or lower efficiencies
of H,0,/UV with extra ultraviolet generators, etc., greatly cum-
bered its further utilities. Accordingly, with the attempt of solving
part of above shortcomings, exploring new techniques would have
far-reaching influences on both AOPs techniques and wastewater
treatments.

Microwave technique has found its place in domestic, industrial
and medical applications, such as polymerization and dehydra-
tion processes of organic synthesis, inorganic synthesis, analyses
and extraction and food sterilization. Even since Florian and Knapp
[13] proposed a novel procedure for the decomposition of inter-
fering dissolved organic carbon and Satoshi [14] subsequently
developed integrated microwave/UV-vis illumination technique,
the utilities with the combination of microwave irradiation and
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otherrelevant hybrid techniques have been one of the preponderant
hotspots in environmental remediation. For example, microwave-
assisted photocatalytic and microwave-assisted catalytic wet air
oxidation treatments have clearly demonstrated higher degrada-
tion efficiencies through treating pesticides [15,16], dyes [17,18],
phenols [19-21] with catalysts and treating petroleum refinery
wastewater [22], dyeing [23] and hazardous organic in wastewa-
ter [24]. However, obvious limitations include both manufacture of
elecrodeless discharge lamps (EDLs) with specific emission spec-
tral bands and separation of catalyst after degradation. However,
MW-enhanced H,0,-based treatment could avoid or solve above-
mentioned shortcomings with H,0, as clean oxidants, whose
high popularity and environmental acceptability has been greatly
expanded to be performed under mild conditions in scope and
scale. Nowadays, MW-enhanced H,0,-based treatment has been
merely found on treatment of sludge [25-29]. Especially about
treating mechanism or reaction routes discussion, only Cigdem et
al. [29] once reported that elevated MW temperatures increased
decomposition of H,0, into hydroxyl radicals during synergetic
pretreatment of sewage sludge with H,05. To our best knowledge,
the utility about MW-enhanced H,0,-based treatment without
catalysts in wastewater treatment should be feasible. Therefore, we
have chosen MW-enhanced H,0,-based treatment to tentatively
discolorate malachite green (MG), an extensively used cationic
triphenylmethane dye with genotoxic and carcinogenic proper-
ties [30,31]. The focus was concentrated on below aspects: (1)
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Fig. 1. The whole apparatus used in MW (MW)-enhanced and CH-enhanced H,0,-
based conditions.

exploring potential possibility about MW-enhanced H,0,-based
treatment for wastewater through comparing MW-enhanced and
CH-enhanced H,0,-based treatments to investigate the higher
effectiveness of the former. (2) Identifying intermediates via GC-MS
and LC-MS techniques and proposing MW-enhanced H,0,-based
degradation mechanism.

2. Experimental
2.1. Reagents and materials

MG (Cy3H35N,Cl) was purchased from Sigma Company. HPLC-
grade ammonium acetate, acetate acid and acetonitrile were
purchased from Tedian Company. H, O, (30%, w/w) was purchased
from Beijing Chemistry Co. De-ionized water was purified with a
Milli-Q water ion-exchange system (Millipore Co.) to give a resis-
tivity of 1.8 x 107 Q cm.

2.2. Apparatus

All experiments were accomplished in a modified Midea MW
oven (in Fig. 1) with initial concentration of MG as 100 mg/L and
detail modifications were present as follows: drilled a hole in the
upper oven wall and then attached an aluminum tube of the same
diameter to the hole, through which a glass tube was attached
connecting a water-cool condenser and a Pyrex vessel on its both
sides. When the vessel was filled with 30 mL aqueous solution and
connected to water-cooling condenser systems and MW power
was adjusted to a maximal value (900W, 2450 MHz) to guaran-
tee continuous MW radiation, the reactor began to work and the
solution for measurement could be obtained in time. Besides,
a Pt-temperature transmitter was utilized to detect variation of
solution temperature during degradation process and variations
of microwave-irradiated solution temperature were displayed in
Fig. 2, which could ensure that the final temperature of conven-
tional heating way was properly and strictly controlled at 100°C
with 2% error. The leakage of MW oven is kept below 0.5 mW/cm?
at 2450 MHz, which is measured at 20 cm distance from the aper-
ture and is within the limit on the safe stray leakage of MW power
density.
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Fig. 2. Variations of temperature within aqueous MG solution and pure water under
MW irradiation condition.

2.3. Experimental procedures and analysis methods

After setting interval time for degradation, samples were
drawn for the analysis of UV-vis spectra, high performance lig-
uid chromatography (HPLC), liquid chromatography electrospray
ionization mass spectrometry (LC-ESI-MS). The detailed informa-
tion about LC-ESI-MS and gas chromatography-mass spectrometry
(GC-MS) referred to our previous study [32]. The measurement
with modified HPLC method was performed with an acetoni-
trile/water =50:50 (v/v) as mobile phase at a flow rate of 1 mL/min
and detection wavelengths of 618 and 366 nm.

3. Results and discussions
3.1. Control experimental
The CH-enhanced H,0,-based reaction routes have been

referred [33] and MW-enhanced H,0,-based reaction routes could
be available in formal (1)-(3):

H,0, — 2HO* (1)
HO* + H,0, — HO,* + H,0 (2)
2HO,* — H;05 +0, (3)

To demonstrate the roles of microwave irradiation and H, O, and
the relationship between MWe-initiated and CH-initiated heating
way, several sets of experiments were performed and correspond-
ing results (in Fig. 3) are displayed below. Firstly, no decline of MG
occurred with microwave irradiation alone, due to that the energy
of microwave at frequency 2.45GHz was not enough to destroy
any bonds of MG. Secondly, the MW-enhanced degradation effi-
ciency was higher than CH-enhanced degradation efficiency with
the same input of H,0,, accompanying with a nonlinear effect
between dosage of H,0, and discoloration rates, although the dis-
coloration rates increased with adding of the dosage of H,0, under
MW-enhanced and CH-enhanced process. Furthermore, the ratio
about discoloration during MW-enhanced and CH-enhanced pro-
cess was maximal with input about 30 mmol/L H,0,, implying that
too much dosage of H,O, might take negative effect on degrada-
tion of MG and the different heating way affected the generated
concentration of hydroxyl radicals [29] for the discoloration of MG.
For example, CH-based heat was transformed through heat trans-
fer with more heat loss, which could generate thermal gradient.
Meanwhile, MW-based heat could be carried out through the col-
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Fig. 3. Variations of MG were displayed under different conditions. (a) MW, (b)
thermal, (c¢) CH/H,0,-3, (d) CH/H,0,-30, (e) MW/H,0,-3, (f) CH/H,0,-150, (g)
MW/H,0,-30, (h) CH/H20,-300, (i) MW/H,0,-150, (j) MW/H,0,-300.

lision of polar groups, which could accomplish bulk phase heating
at the same time and affect polar molecular motion and attack of
hydroxyl radicals. Additionally, the higher degradation efficiencies
implied that MW-enhanced treatment could be utilized to treat
industrial dye wastewater with advantages, such as no removal of
catalyst.

3.2. UV-vis spectra

To trace the whole reaction routes, UV-vis spectrophotome-
ter was utilized to acquire UV-vis spectra of solutions. Variations
of MW-enhanced and CH-enhanced H,0,-based absorption spec-
tra of MG with the same input amount of H,O, were shown in
Fig. 4 and absorption spectra partly enlarged (500-700 nm) was
also illustrated in the inset of Fig. 4.

Great similarities with obvious newly produced absorbance
at about 360 nm and no obvious blue-shift at about 618 nm dis-
closed the similar degradation courses. According to our previous
research [32], attack on central carbon could generate DLBP as one
of the main products with obvious absorbance at 360 nm and N-
de-methylated reaction could generate blue-shift at about 618 nm.
Thus, the results in Fig. 4 suggested that not N-de-methylated
reaction but attack on central carbon at different reaction rates
could be deduced as dominant reaction courses under both MW-
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enhanced and CH-enhanced H,0,-based process, although the
blue-shift numbers were identified as AA=2nm (618-616 nm)
under CH-enhanced condition and AX =3 nm (618-615 nm) under
MW-enhanced condition, separately.

3.3. Chromatography of HPLC under MW-enhanced and
CH-enhanced H,0,-based processes

All information about chromatography of HPLC has been
depicted in Figs. 5 and 6, which could be utilized to quantify main
products. The peak with tgr =4.829 min was identified as MG (in
Fig. 5) through comparing the retention time (tg) and correspond-
ing spectral analysis with that of standard substance. According
to spectra analysis of corresponding peaks with tg =3.537, 3.936,
4829, 6.449 and 6.862min, these intermediates were identi-
fied as N-de-methylated products, implying that N-de-methylated
reactions were presented within CH-enhanced condition. Accord-
ing to corresponding peaks with tg=3.936 and 4.829 min within
MW-enhanced condition, similar phenomena were observed. The
spectra of peak with tg =1.653 min differed from others (in Fig. 5),
which might be carbinol base of malachite green to be iden-
tified further. The amounts of intermediates peaks detected at
618 nm in CH-enhanced courses (in Fig. 5), were more than those
in MW-enhanced courses, which could be attribute to that N-
de-methylated products could be quickly degraded by higher
concentration of MW-based hydroxyl radicals [33].

Besides, another proceeding reaction route was the decompo-
sition of central carbon reactions (in Fig. 6), accompanying with a
new intermediate with max absorbance at about 360 nm. This inter-
mediate was identified as 4-dimethylaminobenzophenone (DLBP)
[34] with tg =10.078 min, which could be further degraded into a
series of intermediates with tg =2.986, 3.278, 4.125, 4.608, 6.196
and 8.816 min in HPLC chromatography. Thus, obvious blue-shift
phenomenon in corresponding UV-vis spectra (in Fig. 6A) were
anatomizing with variations of UV-spectra in Fig. 4. Similar reaction
courses were observed during CH-enhanced process (in Fig. 6B).
The main products with tg =6.198 and 10.076 min could also be
generated through above-mentioned routes, implying attack of
hydroxyl radicals on central carbon with a series of intermediates
to form corresponding blue-shift. Moreover, unknown product with
tg = 2.130 min was different from others. All corresponding informa-
tion in Figs. 5 and 6 implied that attack on central carbon reactions
were main reaction routes within both conditions.

Although N-de-methylation courses [35,36] were once believed
as the main steps in photodegradation, relative peak area of main
intermediates in HPLC has clearly demonstrated that decomposi-
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Fig. 4. UV-vis spectra of MG under different conditions: (A) CH/H,0,-150 and (B) MW/H,0,-150 (the insets were absorption spectra enlarged (500-700 nm)).
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Fig. 5. Chromatography of HPLC with UV-vis spectra of corresponding peaks under (a) MW-enhanced and (b) CH-enhanced conditions, detected at 618 nm.

tion of conjugated structure of MG might be the main reaction (1) The intermediates from B to F, were generated through N-de-

routes during both H,0,-beased processes. Besides, according to methylation reactions. The results of mass spectral analysis
comparison about UV-vis spectra in Figs. 5 and 6, the different confirmed that the component A, m/z=329.3 is MG. The
concentration of generated hydroxyl radicals under both condi- other components are B, m/z=315.3 [32,34]; C, m/z=301.5; D,
tions resulted in differences of degradation courses, especially the m/z=287; E, m|z=273; F, m|z=258; G, m[z=243.

reaction routes and intermediates. (2) The intermediates from a to f, were produced either through

hydroxylated reaction of N-de-methylated products or through
hydroxylated reactions of MG, following with N-de-methylated
reactions. The results of mass spectral analysis confirmed that
the componenta, m/z=345[37]; b,m/z=331; ¢,m/z=317; firstly
detected component d, m/z=303; e, m/z=289; f, m|z=274; g,
m/z=259.

The intermediates from a; to f;, were produced either
through adduction reaction at a ratio of 2:1 between hydroxyl
radicals and N-de-methylated products, or through adduction

4. Reaction mechanism under MW-enhanced condition
4.1. Identification of intermediates and some isomers
The total ion chromatogram (TIC) of LC-MS was displayed

in Fig. 7. All intermediates detected by LC-MS and GC-MS (in
Tables 1 and 2), could be divided into five families:
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Fig. 6. Chromatography of HPLC with UV-vis spectra of corresponding peaks under (a) MW-enhanced and (b) CH-enhanced conditions, detected at 360 nm.
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Identified products and main fragments determined by GC-EI-MS.
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Table 2

Products and main fragments determined by HPLC-ESI-MS.

Peak Compound Retention time (min) mfz ESI/MS
A M 3.09 329 3293
B M-CH; 2.47 315 315.3
C M-2CH, 6.22 301 300.8
D M-3CH, 6.16 287 287.6
E M-4CH, 6.18 273 273.5
F M-4CH,-NH 6.41 258 258.3
a M+OH 3.09 345 345.8
b M+OH-CH, 2.45; 3.10; 6.88 331 3314
c M+0OH-2CH, 2.48; 3.84; 6.26 317 317.2
d M+OH-3CH, 7.43 303 303.8
e M+OH-4CH, 6.47 289 289.4
f M+0OH-4CH,-NH 6.31 274 274.2
aj M+20H 2.69; 6.22 361 361.4
by M+20H-CH, 3.10 347 347.6
c M+20H-2CH; 2.48;6.24 333 333.2
dy M+20H-3CH; 2.14; 4.04; 319 319.0; 319.9
e M+20H-4CH, 6.33; 305 305.6
fy M+20H-4CH,-NH 4.75; 290 290.2
a M+30H 6.26 378 378.1
b, M+30H-CH, 3.09 364 362.9
[ M+30H-2CH; 5.28 350 348.9
d, M+30H-3CH; 6.28 336 334.2
e M+30H-4CH; 6.32 322 320.9
as D 9.86 225 225.8
bs D—CH, 6.03 211 211.8
c3 D—2CH, 6.05 197 197.1
ds D—-2CH,-NH 1.72 182 181.9
ay D+OH 237 241 241.8
by D+OH-CH, 9.88 227 226.3
C4 D+OH-2CH; 6.03 213 212.2
ds D+OH-2CH,-NH 6.05 198 198.1
as D+20H 3.92 257 257.1
bs D+20H-CH; 2.35 243 243.1
Cs D+20H-2CH, 9.89 229 228.2
ds D+20H-2CH,-NH 6.15 214 214.2

reaction at a ratio of 2:1 between hydroxyl and MG, following
with N-de-methylation reactions. The results of mass spectral
analysis confirmed that the component a;, m/z=361 [36]; by,
m/z=347; and firstly detected ¢, m/z=333; dy, m/z=319; ey,
m/z=305; f1, m|z=290; g1, m/z=275.

The intermediates from a, to f,, were produced either
through adduction reaction at a ratio of 3:1 between hydroxyl
radicals and N-de-methylated products, or through adduc-
tion reactions at a ratio of 3:1 between hydroxyl radicals and
MG, following with N-de-methylation reactions. The results
of mass spectral analysis confirmed that the component a,,
m(z=378 [37]; by, m/z=364 [37]; ¢y, m/z=350; d,, m/z=336;
ey, mjz=322.

(3) The intermediate a3 was produced through the decomposition
of conjugated structure of MG, which could be further degraded
through N-de-methylation reactions. The results of mass spec-
tral analysis confirmed that the N-de-methylated component
az, mjz=225 [37]; b3, m/z=211 [37]; c3, m/z=197 [37]; d3,
m/z=182 [37]. The intermediates from a4 to d4, were gener-
ated either through adduction reaction at a ratio of 1:1 between
hydroxyl radicals and N-de-methylation products of a3, or
through adduction reaction at a ratio of 1:1 between hydroxyl
radicals and as, following with N-de-methylation reactions. The
results of mass spectral analysis confirmed that the compo-
nent ag, mjz=241; by, m|z=227; c4, m{z=213; d4, m/z=198.
The intermediates from as to ds, were generated either through
adduction reaction at a ratio of 2:1 between hydroxyl radi-
cals and N-de-methylated products of a4, or through adduction
reaction at a ratio of 2:1 between hydroxyl radicals and ay4, fol-
lowing with N-de-methylation reactions. The results of mass
spectral analysis confirmed that the component a5, m/z=257;

bs, m/z=243; c5, m|z=229; d5, m[z=214.

(4) The intermediates from ay; to aig, identified by GC-MS, were
produced through the removal of benzene reactions. The results
of mass spectral analysis confirmed the major ions of compo-
nent a;; with tg =5.854 min in the mass spectra, include (m/z,
%): 51 (50; C4H3*); 77 (70; CgHs™); 105 (100; (M—OH)*); 122
(30; M*). The major ions of component a4 with tg =4.549 min
in the mass spectra, include (m/z, %): 73 (60; (CO,HSi)*);
193 (50; (M+H*-6CH3)*); 223 (40; (M+H*-4CHs)*); 267 (100;
(M—CH3)*); 282 (40; M*). The major ions of component a;3 with
tg =4.509 min in the mass spectra, include (m/z, %): 73 (100;
(CO,HSI)*); 267 (90; (M—H)*). The major ions of component
a1 with tg =9.934 min in the mass spectra, include (m/z, %): 73
(20; (COLHSI)*); 103 (20); 221 (25; (M—H-5CH3)*); 295 (100;
(M—H)*). The major ions of component a;7 with tg =6.920 min
in the mass spectra, include (m/z, %):73 (60; (CO,HSi)*); 239
(100; (M—CH3)"); 254 (75; M*). The major ions of component
a1p with tg=11.048 min in the mass spectra, include (m/z, %):
50 (20); 76 (30; CgH4*); 149 (100; (M—H)*). The major ions of
component a5 with tg =5.813 min in the mass spectra, include
(m/z, %): 51 (60); 77 (80; CgHs*); 105 (100; (M—OH)*); 123 (40;
M*).

(5) The intermediates from bq; to by3, identified by GC-MS, were
produced through open-ring reactions. The results of mass
spectral analysis confirmed that the major ions of component
by; with tg=3.859 min in the mass spectra, include (m/z, %):
45 (40); 73 (100; (CO,HSi)"); 147 (95; C;04SioH*). The major
ions of component by, with tg =3.864 min in the mass spec-
tra, include (m/z, %): 45 (40); 73 (100; (CO,HSi)*); 147 (95;
(M-5CH3-2H)*); 191 (20; (M-2CH3-H)*). The major ions of
component b3 with tg =4.126 min in the mass spectra, include
(m/z, %): 45 (40); 75 (100; (CO,H3Si)*); 173 (40; (M—H)").

The isomers of b with tg=2.45, 3.10 and 6.88 min, were pro-
duced through adductionreactionataratio of 1:1 between hydroxyl
radical and MG, following with one N-de-methylation reaction.
The isomers of ¢ with tg =2.48, 3.84 and 6.26 min, were produced
through adduction reaction at a ratio of 1:1 between hydroxyl rad-
ical and MG, following with N-de-methylation reactions.

The isomers of c; might arise from the N-de-methylation reac-
tions at different position with retention time at 2.48 and 6.24 min.
The compounds of d; with tg=2.14 and 4.04 min were produced
through adduction reaction at a ratio of 2:1 between hydroxyl radi-
cals and ay, following with N-de-methylation reactions at different
positions.

4.2. Degradation mechanisms of MG

Previous research has provided some degradation mechanism.
Chen [34] et al. thought photodegradation of MG is favorable to
cleavage of whole conjugated chromophore structure under acidic
conditions and N-de-methylated reactions are preferred under
basic conditions. Zhao et al. [38] proposed that degradation of
MG proceeded by cleavage of the central carbon, following with
N-de-methylation process and opening of phenyl rings to form
small molecular. Poulios et al. [31] proposed parallel and competing
pathways between destruction of conjugated structure and N-de-
methylation reactions. Although argument about proportion of
different reaction routes within whole degradation is still unsolved,
main degradation mechanism of MG was accomplished through
decomposition of conjugated structure, accompanying with minor
N-demethylation reactions and adduction reactions. Accordingly,
H,0,-based degradation mechanism of MG under MW-enhanced
condition is displayed in Scheme 1.

Decomposition of conjugated structure reaction: the oxidative
degradation occurs mostly and mainly through attack on the central
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Scheme 1. Degradation mechanism of MG under MW-enhanced condition.
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carbon portion of MG by *OH radicals with DLBP as main prod-
ucts, through which evolutions of initial dye concentration were
rapidly accomplished. Furthermore, the hybrid reactions between
N-de-methylation reactions and adduction reactions usually pro-
ceed with decomposition of central carbon of MG. Besides, under
MW-enhanced condition, more radicals were available to attack all
kinds of generated intermediates, which could induce adduction
reactions at aratioofn:1 (n=1, 2, 3) between hydroxyl radicals and
generated intermediates.

N-de-methylation reactions: N-de-methylation reactions occur
mostly through nonselective attack of *OH radicals on the N,N-
dimethyl portion of MG. Main intermediates could be observed
in HPLC chromatography, detected at 618 nm. However, N-de-
methylation reactions could not be benefit for real removal of
contaminations, implying that the reaction routes were not main
courses.

Adduction reactions: Under MW-enhanced condition, hydroxyl
radicals could induce a series of nonselective reactions, including
adduction reactions at a ratio of n:1 (n=1, 2, 3) between hydroxyl
radicals and MG. However, relative insufficient information about
the structure of adduction reaction baffles further explaining the
effects of adduction reactions during degradation of MG.

Removal of benzene reactions: After destruction of conjugated
structure of MG, MG was further destroyed through removal of
benzene reactions.

Open-ring reactions: Based on all above reactions, MG was
destroyed into much small organic molecules, until eventually min-
eralized into CO, and H,O.

5. Conclusions

The comparative results showed that MW-enhanced H,0,-
based treatments for decomposition of conjugated structure of
malachite green, was much more efficient than CH-enhanced
H,0,-based treatment. Furthermore, according to comparative
analysis about discoloration rates and intermediates, conclusion
was made that microwave irradiation might be benefit for decom-
position of H,0, into hydroxyl radicals. Additionally, 53 kinds of
intermediates were identified with LC-ESI-MS and GC-MS tech-
niques, including 5 kinds of N-de-methylated intermediates, 18
kinds of intermediates formed by adduction reactions, 12 kinds
of products from decomposition of conjugated structure reactions,
7 kinds of products from removal of benzene reactions, 3 kinds
of inorganic acids from open-ring reactions, among which (p-
dimethylaminophenyl) (p-methylaminophenyl)-phenylmethylium
(DMPM), DMPPM and DLBP were identified as major intermediates.
Accordingly, degradation mechanism about MG could be proposed,
including: decomposition of conjugated structure reactions, N-de-
methylation reactions, adduction reactions, removal of benzene
reactions and open-ring reactions.
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