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The main advantage of Fenton’s reagent (FR) over other *OH systems is its simplicity. FR has the potential
for widespread use in treating wastewater, but compared to other *OH systems, little information on the
dye degradation pathways of FR exists. The degradation of crystal violet (CV), a triphenylmethane dye,
by FR was determined as a function of reagent concentration and ratio and pH in the batch treatment.
The experimental results showed the optimum Fe?*/H,0, ratio to be 0.5 mM:50 mM and the optimum
Fe3*/H;0; ratio to be 1 mM:50 mM. Optimal pH was about 3. To obtain a better understanding of the

Ilf:ﬁ‘:;zrds'. mechanistic details of Fenton reagent’s degradation of CV dye, the intermediates of the process were sepa-
Fenton-like rated, identified, and characterized by HPLC-PDA-ESI-MS and GC-MS techniques in this study. Indications

were that the probable degradation pathways were N-de-methylation and cleavage of the conjugated
chromophore structure. The intermediates were generated in the order of the reaction time and relative
concentration, indicating that the N-de-methylation degradation of CV dye is a major reaction pathway.
The reaction mechanisms proposed in this research should prove useful for future application of the
technology to the decolorization of dyes.

Crystal violet
N-de-methylation

© 2009 Elsevier B.V. All rights reserved.

1. Introduction in M—1s-1 for a second-order reaction rate [20,21].

2 3+ L. -
In 1894 Fenton reported that alcohols are oxidized in the pres- Fe* +H,0; - Fe’* +*OH + OH™ ki = 63 (1)
ence of H,0, and Fe(H,0)g2* [1]. As shown in Eq. (1), the reaction 34 24 . +
Fe H,0 Fe HO H* ky= 0.002-0.01 2
produces strong oxidative hydroxyl radicals, and the ferrous ions i A 2 2)
are oxidized to ferric ions. Since, both ferrous and ferric ions are FeZt +*OH — Fe3* +OH~ k3= 3x 108 3)
coagulants, the Fenton process can therefore perform the dual func- ;
tions of oxidation and coagulation in the treatment process. In Hy07 +°0OH — HO»* + Hy0 ks= 2.7x10 (4)
the past few decades, the Fenton process has been used to treat o . 34 _ _ 6
recalcitrant/toxic wastewaters [2-4] and decolorize dyes [5-7]. The Fe™ +HOp" ~ Fe™ +HO,™ ks=1.2x10 )
Fenton reaction has proven effective at treating organic pollutants Fe3* + HO,* — Fe?T +Ht +0, kg < 2x10° (6)

in wastewater, and the mechanism and Kkinetics have been stud-

ied by many researchers [8-15]. In classic Fenton chemistry, the The free radical mechanism of the Fenton reaction has been

reaction between hydrogen peroxide and Fe2* in an acidic aqueous
solution is generally recognized to produce hydroxyl radicals (Eq.
(1)) and can involve the reactions presented below (Egs. (1)-(6)).
The generally accepted free radical chain mechanism for the Fenton
reaction is shown below [8,16-19], and the slow reaction (Eq.(2)) is
the rate-determining step. The rate constants are reported at 298 K

* Corresponding author. Tel.: +886 4 22183839; fax: +886 4 22183530.
E-mail address: ccchen@mail.ntcu.edu.tw (C.-C. Chen).

0304-3894/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2009.06.117

questioned from time to time, and alternatives have been pro-
posed that involve hypothetical transients other than free *OH
[1,22,23]. In recent years, researchers have firmly established that
complexes of Fe2* and/or Fe3* with organic ligands may react
with peroxides, dioxygen, or other oxidants to form a high-valent
oxoiron moiety, Fe=0, where iron is formally in the +IV or +V
oxidation state [24,25]. Such reactions may generate *OH concur-
rently, a result that has confounded the interpretation of some
experiments. The ferryl poiety can oxidize organic compounds,
and there is general agreement that it participates in both the
oxygen atom and electron-transfer reactions of many heme and
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Fig. 1. Effect of [Fe2*]/[H,0,] molar ratio on the degradation of CV dye during oxi-
dation treatment. Reaction conditions: [CV], =0.15mM, pH 5.

nonheme enzymes [24,25]. Other forms of “active oxygen” in reac-
tions of hydrogen peroxide with complexed iron in organic solvents
have been suggested [26]. Yamazaki and Piette [27] observed three
types of oxidizing species (free hydroxyl radical, bound hydroxyl
radical, and high-valence iron species, which is probably a ferryl
ion, FeO**) using EPR spin trapping. Kremer [28] hypothesized the
formation of “Fe03*” in dark Fe3*/H,0, reactions, and Ensing et
al. [29] reported the formation Fel'HO,2* in Fe3*/H,0, systems.
Earlier reports, publishing mainly the relative reactivities of the
intermediate of the original Fenton reaction toward various sub-
strates and comparing them to those of hydroxyl radicals produced
by radiation chemistry, established that the data are essentially
in agreement with the *OH radical being the active intermediate,
unless ferryl species and *OH radicals are kinetically equivalent
[8]. However, more recent findings demonstrate discrepancies in
reactivity patterns when an extensive list of substrates is stud-
ied and when there are two active intermediates (presumably a
ferryl species and iron-peroxo complex) that differ from the rad-
ical [30]. This reaction mechanism, however, is still a subject of
debate.

Around 108 tons and more than 10,000 different synthetic dyes
and pigments are produced annually worldwide, and these are
used extensively in the dye and printing industries. It is estimated
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Fig. 2. Effect of [Fe3*]/[H,0,] molar ratio on the degradation of CV dye during oxi-
dation treatment. Reaction conditions: [CV], =0.15mM, pH 5.
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Fig.3. Effectof pHonthe degradation of CV dye during(a) Fenton and (b) Fenton-like
oxidation treatment. Reaction conditions: [CV], =0.15mM, [Fe2*], [Fe3*]=0.5mM,
and [HzOz ] =50mM.
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Fig. 4. Depletion in TOC as a function of reaction time for an aqueous solution of
CV in the presence of Fenton and Fenton-like reagent at pH 5. Experimental condi-
tions: CV dye concentration (0.15 mM), [Fe%*], [Fe3*]=0.5 mM, and [H,0,]=50 mM,
continuous stirring, and reaction time 60 min.
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Fig. 5. HPLC chromatogram of the intermediates with 30 min of Fenton reaction at
pH 5, recorded at (a) 580 nm, (b) 350 nm, and (c) 300 nm.

that about 10% are lost in industrial effluents [31]. Triphenyl-
methane (TPM) dyes are suitable for a large variety of technological
applications. They are used extensively in the textile industry for
dyeing nylon, wool, cotton, and silk, as well as for coloring oil,
fats, waxes, varnish, and plastics. The paper, leather, cosmetic,
and food industries are other major consumers of various TPM
dyes [32,33]. Cationic TPM dyes are widely used as antimicro-
bial agents [33]. Recent reports indicate that they may further
serve as targetable sensitizers in the photodestruction of specific
cellular components or cells [34,35]. Additionally, the TPM dyes
are applied as staining agents in bacteriological and histopatho-
logical applications. The photocytotoxicity of TPM dyes based
on reactive oxygen species production has been tested inten-
sively with a view to developing a photodynamic therapy [36].
However, the thyroid peroxidase-catalyzed oxidation of the TPM
class of dyes is of great concern because the reactions might
form various N-de-alkylated primary and secondary aromatic
amines, with structures similar to aromatic amine carcinogens
[35].
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Fig.6. HPLC chromatogram of the intermediates with 30 min of Fenton-like reaction
at pH 5, recorded at (a) 580 nm, (b) 350 nm, and (c) 300 nm.

Environmental pressures have impelled the search for new tech-
nological developments. CV has been studied in several hydroxyl
radical (*OH) generating systems, including TiO, /UV or VIS (37-38),
ZnO/UV [39], H,0,/UV [40], Fe2*/H,0,/UV [40] and Fe3*/UV [41].
In most cases, reaction mechanisms, kinetics, and/or efficiency
are well documented, but the FR reaction mechanism is still a
subject of debate. According to the classical interpretation, the
active oxidizing species degrading organic matter are *OH radi-
cals. Therefore, the main advantage of Fenton’s reagent over other
*OH systems is simplicity: the chemicals are commonly available
and inexpensive, and special equipment like UV lamps, com-
plex reaction vessels, TiO,/ZnO particles, or ozone generators is
unnecessary. Because of this simplicity, FR has the potential for
widespread use in treating dye wastes. However, compared to
other *OH systems, little information exists on dye degradation
by FR. The degradation intermediates of this CV have not been
isolated or identified by HPLC-ESI-MS or GC-MS techniques in
the Fenton process. The mechanistic details of degradation remain
uncertain.
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This study is aimed at understanding the intermediates and
mechanisms of oxidation of CV dye in the Fenton process. The role
of some conditions such as pH, initial [H,0,] and [Fe2*], and ini-
tial [H,05] and [Fe3*] were examined in order to provide a full
description of this system.

2. Experimental
2.1. Materials and reagents

Chloride salt of crystal violet (CV; CI 42555; Basic Violet
3; hexamethylpararosaniline chloride; Methyl Violet 10B) was
obtained from Tokyo Kasei Kogyo Co., and HPLC analysis con-
firmed that the CV was a pure organic compound. Stock solutions
containing 2.69 mM (1000 mg/L) of CV in aqueous solution were
prepared, protected from light, and stored at 4°C. FeSO4-7H,0
and Fe(NO3)3-9H,0 were purchased from Hayashi, and H,0, (35%
solution) was from Shimakyu. Reagent-grade ammonium acetate,
nitric acid, sodium hydroxide, and HPLC-grade methanol were pur-
chased from Merck. De-ionized water was used throughout this
study. The water was purified with a Milli-Q water ion-exchange
system (Millipore Co.) until it gave a resistivity of 1.8 x 107 Q-
cm.

2.2. Instruments

A Waters ZQ LC/MS system - equipped with a Waters 1525
Binary HPLC pump, a Waters 2996 Photodiode Array Detector, a
Waters 717plus Autosampler, and a Waters micromass-ZQ4000
Detector — was used to identify the reaction intermediates. GC/MS
analyses were run on a Perkin-Elmer AutoSystem-XL gas chromato-
graph interfaced to a TurboMass selective mass detector.

Table 1
The degraded intermediates of CV by Fenton process.

2.3. Experiments

The Fe?* or Fe3* Fenton’s catalyst stock solution consisted of
5mM FeS0O,4-7H,0 or Fe(NO3 )3-9H,0. In addition, a [Fe2*] or [Fe3*]
Fenton’s catalyst was prepared by diluting stock solution in de-
ionized water, followed by pH adjustment to 3-5 with 0.1 M HCl.
Ratios (FeSO4:H,0, or Fe(NOs3)3:H,0;) of 0.25:50, 0.5:50, 1.0:50,
0.5:0.5, 0.5:5, 0.5:50, and 0.5:500 (mM) were examined. Solutions
of FeSO4 or Fe(NO3)3 (0.25-1.0mM) and CV dye (0.15mM) were
mixed in 100 mL flasks, and *OH production was initiated by adding
0.5-500mM H;,0,. Samples (0.5 mL) were mixed with methanol
(0.5 mL) to quench the reaction and centrifuged (10 min; 3200 rpm),
and the supernatants were analyzed by HPLC-PDA-ESI-MS and
GC-MS.

2.4. Procedures and analyses

The amount of residual dye at each reaction cycle was deter-
mined by HPLC-PDA-ESI-MS. The analysis of organic intermediates
was accomplished by HPLC-PDA-ESI-MS after readjustment of
chromatographic conditions in order to make the mobile phase
(Solvent A and B) compatible with the working conditions of the
mass spectrometer. Solvent A was 25mM aqueous ammonium
acetate buffer (pH 6.9), and solvent B was methanol. LC was car-
ried out on an Atlantis™ dC18 column (250 mm x 4.6 mm i.d.,
dp=5pum). The mobile phase flow rate was 1.0 mL/min. A linear
gradient was run as follows: t=0,A=95, B=5; t=20, A=50, B=50;
t=35-40, A=10, B=90; t=45, A=95, B=5. The column effluent
was introduced into the ESI source of the mass spectrometer. The
quadruple mass spectrometer equipped with an ESI interface with
heated nebulizer probe at 350 °C was used with an ion source tem-
perature of 80°C. ESI was carried out with the vaporizer at 350°C
and nitrogen as sheath (80 psi) and auxiliary (20 psi) gas to assist

HPLC peaks Intermediates ESI-MS spectrum ions (m/z) Absorption maximum (nm)
A N,N,N',N',N”,N"-hexaethylpararosaniline 372.18 588.2
B N,N-dimethyl-N’,N'-dimethyl-N"-methyl pararosaniline 358.14 581.1
C N,N-dimethyl-N'-methyl-N"-methylpararosaniline 344.10 573.4
D N,N-dimethyl-N',N’-dimethyl pararosaniline 344.09 579.5
E N-methyl-N'-methyl-N"-methyl pararosaniline 330.10 566.1
F N,N-dimethyl-N'-methylpararosaniline 330.36 570.7
G N-methyl-N'-methylpararosaniline 316.15 561.8
H N,N-dimethylpararosaniline 316.17 566.2
I N-methylpararosaniline 302.06 554.1
] Pararosaniline 288.07 543.4
a 4-(N,N-dimethylamino)-4'-(N',N'-dimethylamino)benzophenone 269.05 376.4
b 4-(N,N-dimethylamino)-4'-(N’-methylamino)benzophenone 255.06 366.6
c 4-(N-methylamino)-4’-(N’-methylamino)benzophenone 240.92 364.4
d 4-(N,N-dimethylamino)-4’-aminobenzophenone 240.98 358.8
e 4-(N-methylamino)-4’'-aminobenzophenone 226.84 357.3
f 4,4'-Bis-aminobenzophenone 213.06 337.5
o 4-(N,N-dimethylamino)phenol 138.16 309.7
B 4-(N-methylamino)phenol 124.03 283.6
v 4-aminophenol 110.14 278.1
GC peaks Intermediates EI-MS spectrum ions (m/z)

a 4-dimethylaminobenzoic acid N/A

b’ 4-methylaminobenzoic acid N/A

c 4-aminobenzoic acid N/A

a’ N,N-dimethylaminobenzene N/A

b” N-methylaminobenzene 107, 106, 77, 512

c’ Aminobenzene 93, 662

I 1-hydroxy-2-propanone 74, 43, 31, 152

1| Acetic acid 60, 45, 43, 152

The other intermediates were identified by HPLC-ESI-MS.
2 The intermediates were identified by GC-MS.
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Fig. 7. GC-MS/EI chromatogram obtained for a SPE extract of CV solution after
60 min of Fenton oxidation.

with the preliminary nebulization and to initiate the ionization
process. A discharge current of 5 wA was applied. Tube lens and
capillary voltages were optimized for maximum response during
perfusion of the CV standard.

Solid-phase extraction (SPE) was employed for preconcentra-
tion of irradiated samples prior to GC/MS analysis. Oasis HLB
(hydrophilic/lipophilic balance) was used as the sorbent to ensure
good recovery of compounds in a wide range of polarities. The
cartridges were placed in a vacuum cube (provided by Supelco)
and conditioned with 5mL of methanol and 5mL of de-ionized
water. After the conditioning step, 100 mL aliquots of the samples
were loaded at a flow rate of approximately 10 mL/min. Elution was
performed with 8 mL of methanol. The eluates obtained were con-
centrated by solvent evaporation with a gentle nitrogen stream and
recomposed to a final volume of 1 mL in methanol. The extracts
were stored in amber vials and refrigerated until chromatographic
analysis to prevent further degradation.

GC/MS analyses were carried out in a DB-5 capillary column (5%
diphenyl/95% dimethyl-siloxane), 60 m, 0.25-mm i.d., and 1.0-pm
thick film. A split-splitless injector was used under the follow-
ing conditions: injection volume 1 L, injector temperature 280 °C,
split flow 10 mL/min. The helium carrier gas flow was 1 mL/min.
The oven temperature program was 4.0 min at 40°C, 4°C/min to
80°C (2 min), 8 °C/min to 280°C (9 min). Electron impact (EI) mass
spectra were monitored from 10 to 300 m/z. The ion source and inlet
line temperatures were set at 220 and 280 °C, respectively.
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Fig. 8. Absorption spectra of the intermediates formed during the Fenton process of
the CV dye corresponding to the peaks in the HPLC chromatograph of Fig. 6. Spectra
were recorded using the photodiode array detector. (a) Spectra A-J, (b) a-f, and (c)
a—vy correspond to the peaks A-], a-f, and a—v, respectively, in Fig. 6.

Blank experiments performed in flask with H,0, showed no
appreciable decolorization of the solution, thus confirming the
expected good stability of this CV dye under our conditions.

3. Results and discussion
3.1. Fenton’s and Fenton-like system

3.1.1. Effect of [Fe>*]/[H,0,] concentration ratio on degradation of
dye

The experimental results indicated that CV could be degraded
efficiently in solution by Fenton (Fe2*/H,0,) (Fig. 1). Fig. 1 shows
that the CV dye underwent a 97% decolorization after 15 min of
reaction time under experimental conditions (Fe2* 0.5mM, H,0,
50mM, pH 5). However, an increased Fe?* concentration from
0.5mM to 1.0 mM induced a decreased rate of CV degradation, and
a roughly 76% decrease in color was observed (Fig. 1). This can be
explained by the fact that the very reactive *OH radical could be
consumed by Fe2*, and subsequently by Fe3*, which is necessary
to form peroxide radicals (HO,*). Therefore, a dramatic reduction
in oxidation efficiency is expected. Moreover, many studies have
revealed that the use of a much higher Fe2* concentration could
lead to the self-scavenging of *OH radical by Fe%* (Eq. (3)) [20,21]
and induce the decrease in the degradation rate of pollutants.

Generally speaking, an increase in the H,0, concentrations was
the first positive for the degradation of CV. This is due to the oxida-
tion power of the Fenton system, which improved with increasing



H.-J. Fan et al. / Journal of Hazardous Materials 171 (2009) 1032-1044 1037

a
v
e
200.0 300.0 400.0 500.0 600.0 700.0

nm

Fig. 9. Absorption spectra of the intermediates formed during the Fenton-like pro-
cess of the CV dye corresponding to the peaks in the HPLC chromatograph of Fig. 6.
Spectra were recorded using the photodiode array detector. (a) Spectra A-J, (b) a-f,
and (c) a—y correspond to the peaks A-], a-f, and a-v, respectively, in Fig. 6.

*OH radical amounts in the solution obtained from increasing H, 0,
concentrations. Fig. 1 shows the continuous increase of H,0, to
500 mM. The CV degradation rate fell. This may be explained by the
fact that the very reactive *OH radical can be consumed by H,0,,
which results in the generation of less reactive HO,* radicals (Eq.
(4)) [20,21]. In the following experiment, we chose a [Fe?*]/[H;0,]
concentration ratio of 0.5/50 (mM) as optimum.

3.1.2. Effect of [Fe3*]/[H,0,] concentration ratio on dye
degradation

The main process variables affecting the rate of a Fenton-like
reaction are the molar concentrations of the oxidant (H,0,) and
catalyst (Fe3*), particularly the Fe3*:H,0, molar ratio. The exper-
imental results showed that the optimum Fe3*:H,0, molar ratio
for the removal of CV was 1:50 (Fig. 2). At 15 min into the reac-
tion, dye removal was about 96% under pH 5. It is known from
studies available on the production of *OH radical that the num-
ber of cyclic reactions (Eqgs. (1) and (2)) has a considerable effect
on the oxidation of CV. The reaction of Fe3* with H,0, leads to
the formation of Fe2* ions, which can further react with H,0, to
produce OH radical. Therefore, a low Fe3* concentration decreases
CV degradation. CV removal actually ceased when the Fe3*:H,0,
molar ratio increased from 1:50 to 1:500 for 1mM Fe3*, indicat-
ing that H,0, was overdosed when its concentration rose tenfold
(Fig. 2). In the presence 50 mM of H,0,, the ionic liquid is prob-
ably eliminated solely by the reaction with *OH, but at 500 mM,

additional quenching by H,0, also occurs. Furthermore, the oxi-
dation of ionic liquids - not only by reaction with *OH radicals,
but also by other radical species generated in vigorous Fe*3/H,0,
reactions such FeO3* [28], and Fe!HO,2* [29] - then decrease
*OH radical production. Similar phenomena were reported for the
degradation of 1-butyl-3-methylimidazolium chloride [42]. This
is due to the fact that degradations in modified Fenton systems
have been interpreted as oxidation by *OH radicals. Neverthe-
less, one has to be aware that the studied oxidation system might
be of much greater complexity. In the following experiment, we
chose a [Fe3*]/[H,0,] concentration ratio of 1/50 (mM) as opti-
mum.

3.1.3. Effect of pH on Fenton and Fenton-like reactions

The oxidation of CV as a function of pH is shown in Fig. 3. It
is evident that a change in the pH of the solution to a Fenton and
Fenton-like value of 3 leads to increases in the extent of CV oxida-
tion. The decrease in oxidation rate at pH >3 could be explained by
the formation of Fe(OH)3, which has lower catalytic activity in the
decomposition of H, O, [43]. At pH < 3, CV dye easily forms leuco CV
[44]. However, this paper demonstrates that the pH value for the
most effective oxidation of CV is approximately 3. The results closely
agreed with those in the literature [13], which found the optimum
pH of Safranine T oxidation using the classic Fenton’s reagent was
3.Luetal. [45] also found that the optimum pH of dichlorvos oxida-
tion using Fenton’s reagent was between 3 and 4. They also found
that the rate of oxidation decreased when the solution pH was 2.5.
The lower efficiency at pH 2.5 is probably due to the formation
of the complex species [Fe(!)(H,0)s]%*, which reacts more slowly
with H,0, than [Fe(OH)(H,0)5]*, and therefore produces fewer
*OH radicals [46]. Additionally, at a very low pH, the reaction of
Fe3* with H,0; is inhibited [47,48], and *OH is scavenged by H*
[49].

3.1.4. Evolution of TOC

The complete mineralization of 1 mol CV dye molecule implies
the formation of the equivalent amount (25 moles) of CO32 at the
end of the treatment. However, the depletion in TOC (shown in
Fig. 4) clearly indicates that the reaction does not go to completion.
In fact, after 60 min of reaction, about 91.9% of the initial organic car-
bon had been transformed into CO,, which implied the existence of
other organic compounds in the solution. This is supported by the
HPLC-PDA-ESI-MS analysis, which suggests the presence of resid-
ual organic products even after 60 min of reaction, confirming the
noticeable degradation of the examined dye.

3.2. Separation and identification of the intermediates

3.2.1. LC-MS techniques

The behavior of the aromatic intermediates formed during the
mineralization of CV dye by Fenton and Fenton-like oxidation is
shown in Figs. 5 and 6. The reaction intermediates were examined
by HPLC using a photodiode array detector and ESI mass spectrom-
etry. The results of HPLC chromatograms, UV-visible spectra, and
HPLC-ESI mass spectra are summarized in Table 1. The nineteen
intermediates were identified and all had retention times under
45 min. The chromatograms at pH 5 are identified as peaks A-J, a—f,
and a-v in Fig. 5(a-c) and were recorded at 580, 350, and 300 nm,
respectively. This was similar to the results observed in Fenton-like
reactions Fig. 6(a—c). Except for the initial CV dye (peak A), the rest
of the peaks appear at the end of the 30-min of reaction, indicating
formation and transformation of intermediates.

3.2.2. GC-MS techniques
The GC-MS analysis of the Fenton system of a CV solution
showed the formation of several final products, four of which
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have been identified based on their molecular ion and mass
spectrometric fragmentation peaks, which are shown in Fig. 7.
The experimental conditions were FeZ* 0.5mM, H,0, 50 mM,
and a 60-min reaction at pH 5. GC-EI chromatograms identi-
fied peaks b”, ¢, I, and II, and mass spectra are summarized in
Table 1.
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3.3. Identification of the intermediates

3.3.1. UV-visible spectra of intermediates in Fenton and
Fenton-like systems

The absorption spectra of each intermediate in the absorption
spectral region are measured corresponding to the peaks in Fig. 8.
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Fig. 10. (A-J, a-f, and a—y) ESI mass spectra of the intermediates formed during the degradation of the CV dye after they were separated by HPLC method.
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The data show that absorption spectral bands shift hypsochromi-
cally from 588.2 to 543.4nm (Fig. 53, spectrum A-J), 376.4 to
337.5 nm (Fig. 5(b), Spectrum a-f), and 309.7 to 278.1 nm (Fig. 5(c),
Spectrum «a-7v). As can be seen, the 19 compounds can be dis-
tributed into three different aromatic groups: (i) intermediates of N-
de-methylation of N,N,N',N',N”,N”-hexaethylpararosaniline (CV; A),

Fig. 10. (Continued ).
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(ii) intermediates of N-de-methylation of 4-(N,N-dimethylamino)-
4'-(N',N'-dimethylamino)benzophenone (a), and (iii) intermediates
of N-de-methylation of 4-(N,N-dimethylamino)phenol (), respec-
tively. This hypsochromic shift of the absorption band was possible
due to the formation of series of N-de-methylated intermediates
in a stepwise manner. For example, Apnax of A, B,C,D,E, F, G H, I,
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and J are 588.2, 581.1, 573.4, 579.5, 566.7, 570.1, 561.8, 566.2, 554.1
and 543.4nm; Anax Of a, b, ¢, e, e, and f are 376.4, 366.4, 364.4,
358.8, 357.3, and 337.5nm; and «, B, and +y are 309.7, 283.6, and
278.1 nm, respectively. Given the identification of N-dimethylated
aromatic amines in groups such as A-J, a-f, and a7, this was also
done for the Fenton-like oxidation of CV dye (Fig. 9). Similar phe-
nomena were observed during the photocatalytic degradation of
sulforhodamine-B [49], rhodamine-B [50], and acid blue 1 [51]. The
wavelength shift depicted in Figs. 8 and 9 is caused by the N-de-
methylation of CV because of the attack by one of the *OH radicals
on the N,N-dimethyl group.

Correspondingly, the N-de-methylated intermediates of Fenton
and Fenton-like reactions are further identified using the HPLC-ESI
mass spectrometric method due to a similar situation in the inter-
mediates category. Therefore, we have used the higher removal rate
of the Fenton system to identify intermediates by HPLC-ESI mass
spectrometry.

3.3.2. LC-MS determination

The N-de-methylated intermediates were further identified
using the HPLC-ESI mass spectrometric method. The molecular ion
peaks appeared in the acid forms of the intermediates. As shown
in Fig. 10, the mass spectral analysis confirmed the components A
(m|z=372.18), B(m/z=358.14), C (m/z=344.10), D (m/z=344.09), E
(m/z=330.10), F (m/z=330.36), G (m/z=316.11), H (m/z=316.11), I
(m/z=302.06),]J (m/z=288.07), a (m/z=269.05), b (m/z=255.06), ¢
(m/z=240.92),d (in/z=240.98), e (m/z=226.84), f (m[/z=213.06), &
(m/z=138.16), B (m/z=124.03), and y (m/z=110.14). These species
correspond to three pairs of isomeric molecules with two to four
less methyl groups than CV. For example, B is formed by removal
of a methyl group from two different sides of the CV molecule
while the other corresponding isomer in this pair, D, is produced
by removal of two methyl groups from the same side of the CV
structure. In the second pair of isomers, E is formed by removal
of three methyl groups from each side of the CV molecule while
the other isomer in this pair, F, is produced by removal of two
methyl groups from one side of the CV structure while one more
methyl group was removed from the other side of the CV struc-
ture. In the third pair of isomers, H is formed by removal of two
methyl groups from two different sides of the CV molecule while the
other isomer in this pair, G, is produced by removal of two methyl
groups from the same side of the CV structure and by removal of
a methyl group from the remaining two sides of the CV structure.
Because the polarities of the D, F and H species are greater than
those of the C, E and G intermediates, the latter were eluted after
the D, F and H species, respectively. Since two N-methyl groups are
stronger auxochromic moieties than the N,N-dimethyl groups and
amino group, the maximal absorption of the D, F and H intermedi-
ates was anticipated to occur at wavelengths longer than the band
position of the C, E and G species, respectively (Table 1). On the
other hand, the oxidation process is initiated by hydroxylation of
the central carbon of CV. For example, the intermediates 4-(N,N-
dimethylamino)-4’-(N',N'-dimethylamino)benzo-phenone (a) and
4-(N,N-dimethylamino)phenol (a) are formed by an *OH radical
attack on the conjugated structure, yielding a carbon-centered rad-
ical, which is subsequently attacked by molecular oxygen, leading
to cleavage of the CV conjugated chromophore structure. After-
wards, compounds a and « were possibly formed by a series of
N-de-methylated intermediates in a stepwise manner. This was also
reported for the electro-Fenton [52], and photo-Fenton [53] treat-
ment of malachite green, as well as for the photocatalysis of Basic
Violet 4 [54]. During the initial period of the Fenton oxidation of CV,
competitive reactions between N-de-methylation and cleavage of
the CV chromophore ring structure occur, with N-de-methylation
predominating as illustrated in Fig. 11. The N-de-methylated inter-
mediates (A-]) observed are shown in Fig. 11(a) (curve A-J), and

C/Co

0 15 30 45 60 75

Time (min)

0.008

0.006

0.004

0.002

30 45 60 75 0 15 30 45
Time (min) Time (min)

0 15

Fig.11. Variations in the relative distribution of the intermediates products obtained
from the degradation of CV as a function of reaction time. Reaction conditions:
[CV]o=0.15mM, pH 3; (a) compounds A-]J, (b) compounds a-f, and at—y.

they reached a maximum concentration after a 15-min reaction
period. Meanwhile, cleavage of the CV chromophore intermediates
(a-f and a-y) were observed to reach maximum concentrations
after 15-45 min (Fig. 11(b)). The analysis results showed that A-J
reached the maximal concentration faster than a-f or a—y. There-
fore, the conclusion drawn above should be that N-de-methylation
is favored over cleavage of the CV chromophore ring structure.
These phenomena indicate that the N-de-methylation process pre-
dominates and that the cleavage of the conjugated structure occurs
at a somewhat slower rate.

3.3.3. GC-MS determination

The intermediates arise from the degradation of N,N,N’,N’,N",N"-
hexaethylpararosaniline (CV) and include compounds B-], a-f,
and a-vy, which were found for the first time in the Fen-
ton (Fe2*/H,0,) process. Earlier reports [37] failed to identify
the N-de-methylated intermediates formed in the photocatalytic
degradation of CV through GC-MS analysis. The volatilities of
these intermediates are likely too small to be eluted out under
the gas chromatographic conditions used, and the polarity is so
great that they were eluted with the solvent phase in our HPLC
analysis. Therefore, the intermediates were also performed by
solid-phase extraction followed by GC-MS analysis. SPE has been
demonstrated to be more efficient than traditional liquid-liquid
extraction (LLE) in the analysis of water samples containing very
polar intermediates resulting from the photocatalytic degradation
process [55]. Fig. 7 shows the GC-MS chromatogram obtained
for a SPE extract of CV solution after 60 min of Fenton reac-
tion. Blank analysis helped us to discard those peaks coming
from the sample handling procedure and chromatographic sys-
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Scheme 1. Proposed degradation mechanism of CV under Fenton (or Fenton-like) processes followed by the identification of several intermediates by HPLC-ESI and GC-EI

mass spectral techniques.

tem. The GC-MS analysis of the Fenton process of CV solution
showed the formation of final intermediate products. Four of
these intermediates have been identified using an identifica-
tion program of the NIST library with a fit value higher than
80% in all cases. Analyses by GC/MS led to the identification of
these compounds (b”, ¢”, I and II) which did not possess the

bis-aminobenzophenone group. The mass spectra of these inter-
mediates are shown in Fig. 7. The peaks eluting at 32.48 min,
30.39 min, 12.64 min, and 9.39 min during GC/MS were identified
as N-methylaminobenzene (b”), aminobenzene (c¢”), 1-hydroxy-
2-propanone (I), and acetic acid (II) with fit values of 92%, 83%,
97% and 97%, respectively, found by searching the mass spec-
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Scheme 2. Proposed N-de-methylation mechanism of CV under the Fenton process.

tra library (Table 1). The former intermediates (compounds b”,
c”) are the results of the cleavage of a and N-de-methylated a
species, leading to N-methylaminobenzene and aminobenzene.
A similar observation was made in the previous study [37], in
which p-aminobenzoic acid and N-methylaminobenzene were
detected as intermediates. The findings confirm the work of
other authors. These results are consistent with some given by
Muneer [56]. The latter intermediates consist of compounds I-1I
formed by cleavage of the aromatic derivatives, leading to aliphatic
products.

3.4. Degradation pathways of CV

Based on the LC/MS and GC/MS analyses of the various Fen-
ton/CV process intermediates, the degradation pathways for CV are
proposed in Scheme 1. It involves two different pathways (Routes
1 and 2, respectively), corresponding to the two possible sites for
the attack by *OH radicals on the CV molecule. As most of the *OH
are generated directly from the reaction between the Fe2* with
H,0,, the species *OH is shown as the main oxidant though the
parallel action of less oxidizing agents like HO,* and H,0; is not
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Scheme 3. Proposed mechanism of cleavage of chromosphere structure of CV under the Fenton process.
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discounted. The N-de-methylation of CV occurs mostly through
attack by *OH species on the N,N-dimethyl groups of CV, as shown
in Scheme 2 (Route 1). The compound B is attacked by *OH radi-
cals on the methyl group, and the formation of hydroxymethylated
intermediates [38] which are themselves subsequently attacked
by *OH radicals leads ultimately to N-de-methylation. The mono-
de-methylated dye, B intermediates, can also be attacked by *OH
radicals on the methyl group, and then the hydroxymethylation and
N-de-methylation process described above continues until forma-
tion of the completely N-de-methylated dye, F intermediates. In
addition to the N-de-methylation degradation route, an alternative
pathway was also identified. A plausible mechanism for the forma-
tion of degradation products a-f and a-y involving reaction with
*OH radicals formed in the Fenton process is proposed in Scheme 3
(Route 2). The °OH radical attack on the conjugated structure
yields a carbon-centered radical, which is subsequently attacked
by molecular oxygen to lead ultimately to the formation of 4-
(N,N-dimethylamino)-4’-(N’, N'-dimethylamino)benzophenone (a)
and 4-(N,N-dimethylamino)phenol (o). Additionally, the species
a can also be implicated in other similar events (cleavage of a
chromophore structure) to yield N-methylaminobenzene (b”) and
aminobenzene (c¢”). This is in agreement with mechanisms pro-
posed by Muneer et al. for gentian violet [37]. It is known from
previous photocatalytic studies that, after the formation of vari-
ous aromatic derivatives, cleavage of the benzene or other organic
rings takes place, and different aliphatic products are subsequently
formed before complete mineralization [46]. Even though further
oxidation leads to the ring-opening and the formation of aliphatic
oxidation products (compounds a’-c’, and a”), these species will
not be discussed here.

4. Conclusion

Knowledge of reaction pathways and transformation rates is
critical for optimizing hazardous waste treatment and evaluating
its effectiveness. In this study, we showed that optimum FR treat-
ment was achieved with 1:100 (1:50) molar ratios of Fe2* and H,0,
(Fe3* and H,0,) at pH 3. CV, which was degraded in 30 min at pH
5, produced two set products. N-de-methylation and cleavage of
the conjugated chromophore structure were the two major primary
mechanisms of CV degradation by FR.
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