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In  this  study,  degradation  of Malachite  green  (MG)  (10  mg/L)  by Potassium  persulphate  (KPS)  (1  g/L), and
KPS in  presence  of (1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane)  nickel(II)  perchlorate  (com-
plex1), (200  �M), was investigated  by spectrophotometric  and  HPLC  methods.  KPS  alone  had  ability  to
degrade  MG.  Interestingly,  rate  of degradation  of  MG  was  enhanced  upon  addition  of  complex1.  Degra-
dation  was  effective  at pH  range  of  3–9  and  was  found  to  be dependent  on initial  concentration  of  KPS,
complex1,  MG, and  pH.  Degradation  of  MG  by  KPS  was  not  significantly  affected  in presence  of Ni(II)  ions
eywords:
dvanced oxidation process
ersulphate activation
alachite green
ickel(II) azamacrocyclic complex
ntibacterial activity

whereas  in  presence  of Fe(II)  ions  degradation  was  incomplete.  Ability  of KPS  to  reduce  TOC  increased  in
presence  of  complex1.  Transformation  products  were  analysed  by  LC–ESI–MS.  Finally,  treatment  of MG
with complex1  and  KPS  resulted  in removal  of  antibacterial  activity  of  MG  under  in vitro  conditions.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Malachite green (MG) is extensively used as a biocide in aqua-
ulture, as colouring agent and additive in food industry, as
isinfectant and antihelminthic in medical field, and also as dye

n textile, paper and acrylic industries [1].  Despite its wide appli-
ations, use of MG  has been banned in several countries and it is
ot approved by the US Food and Drug Administration [2] due to its
armful effects on immune system, reproductive system as well as

ts genotoxic and carcinogenic properties [3,4]. However, it is still
eing used in many parts of the world due to its low cost, ready
vailability and efficacy.

Moreover, MG  is also environmentally persistent and poses
otential environmental problems. MG has a strong absorption
and in visible light region and when released in to water bodies
ould reduce transmission of solar light thereby affecting aquatic
iota of the habitat. Thus, effective removal of MG  from water bod-
es is environmentally very significant.
Conventional biological treatment processes [5,6], as well as

iological decolourization of MG and related dyes using a batch and

∗ Corresponding author. Tel.: +91 832 2580344; fax: +91 832 2557033.
E-mail addresses: halanprakash@bits-goa.ac.in, halanprakash@gmail.com
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304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.031
continuous system have been reported [7].  Microorganisms such as
Kocuria rosea, Cyathus bulleri have been shown to degrade MG  with
efficiency more than 90%. However, these strategies were found
to be time consuming, and require proper care for maintenance of
microorganisms.

On the other hand, advanced oxidation processes (AOP’s) are
promising in development of treatment of wastewater, which
are based on use of reactive oxidizing radicals that could rapidly
degrade a variety of organic contaminants [8–12]. AOP’s are not
only less time consuming for effective degradation, they have added
advantages like cost effectiveness, easy to treat, and usually do
not produce toxic compounds during oxidation. Common oxidants
used for AOP’s include Permanganate, H2O2 (Fenton-like reactions),
and Ozone [8].

Persulphate oxidation chemistry is an emerging technology in
the field of AOP’s to degrade organic contaminants [8,13,14]. Per-
sulphate is relatively stable like permanganate. Moreover, it could
be activated to generate reactive sulphate radicals and secondary
radicals like OH•, similar to activation of H2O2 to produce radicals
for degradation of a wide range of contaminants [13]. Thus, per-
sulphate remains impressive because it offers advantages of both
permanganate and H2O2 [13].
Thermal activation [14,15], UV-irradiation [14,15],  base acti-
vation [16] and activation by transition metal catalysis [17] have
been used to activate persulphate to generate reactive SO4

•− radi-
cals. Activation of persulphate by metal ion catalysis occurs by an

dx.doi.org/10.1016/j.jhazmat.2012.01.031
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:halanprakash@bits-goa.ac.in
mailto:halanprakash@gmail.com
dx.doi.org/10.1016/j.jhazmat.2012.01.031
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xidation – reduction reaction in which low valent metal ions Mn+

ct as electron donors (Reaction (1))  [14,15].

2O8
2− + Mn+ → SO4

•− + SO4
2− + Mn+1 (1)

Sulphate radicals produced during activation of persulphate ini-
iates a cascade of reactions leading to formation of intermediate
xidants (H2O2, HSO5

−) and reactive hydroxyl radicals, as shown
n reactions (2)–(4),  [18] which could effectively degrade a variety
f organic contaminants.

O4
•− + H2O � HO• H+ + SO4

2− (2)

O4
•− + HO• → HSO5

− (3)

HO• → H2O2 (4)

Moreover, macrocyclic polyamine ligands such as tetra-, penta-,
exa-, azamacrocycles are extensively studied, and they generate
ontinuous interest because of their biological properties and rich
etal co-ordination chemistry [19,20]. A variety of azamacrocyclic

omplexes with nickel as metal ion are reported to exhibit different
edox properties [21–24].  Earlier, Haines et al., has reported that
ersulphate could oxidize nickel tetra and penta azamacrocyclic
omplexes and this oxidation reaction occurs through an ion-pair
echanism leading to generation of reactive sulphate radicals and

table trivalent nickel species (reactions (5) and (6))  [25]. Moreover,
rivalent nickel species are also known to act as strong oxidants
26].

Ni(II)L]2+ + S2O8
2−{Ni(II)L2+, S2O8

2−}
ion-pair

(5)

Ni(II)L2+, S2O8
2−} → [Ni(II)L]3+ + SO4

•− + SO4
2− (6)

, Azamacrocyclic ligand.
Based on above facts, we envisaged that persulphate, and

ersulphate in presence of nickel azamacrocyclic complex could
e useful for degradation of MG.  AOP’s such as Ozonation [27],
hotocatalyst assisted degradation [28,29] Fenton processes [30],
hotodegradation by UV/H2O2 [31] and Microwave assisted pho-
ocatalytic degradation [32] have been explored for degradation of

G,  emphasizing the need of alternative methods for degradation
f MG.  However, activation of persulphate by nickel azamacrocyclic
omplex and its effect on MG  has not been studied.

Present report is focused on study of effect of (i) Potassium
ersulphate (KPS) oxidation, (ii) (1,8-dimethyl-1,3,6,8,10,13-
exaazacyclotetradecane) nickel(II) perchlorate (complex1),
Fig. 1) and KPS oxidation system and (iii) Transition metal ions
Ni(II)/Fe(II)] and KPS oxidation system on degradation of MG
y spectrophotometric as well as high pressure liquid chro-
atographic (HPLC) methods. The effect of various parameters

uch as initial oxidant concentration, catalyst concentration, dye
oncentration and pH was studied. We  also examined antibacterial
ctivity of MG  after its degradation by KPS and complex1 oxidation
ystem. Change in total organic carbon (TOC) was analysed. Degra-
ation intermediates were identified by liquid chromatography
lectrospray ionization mass spectrometry (LC–ESI–MS), and
ossible degradation pathway was proposed.

. Materials and methods

.1. Reagents

NiCl2·6H2O, FeSO4·7H2O, K2S2O8, H2SO4, NaOH of guaranteed
nalytical grade from SD fine chemicals, India were used. Malachite

reen (MG) was obtained from Hi media, India. Complex1 was pre-
ared and purified according to earlier report [33]. Care must be
aken as large amount of perchlorate salts could be explosive [33].
or HPLC analysis, acetonitrile (HPLC grade) and Millipore water
Fig. 1. Complex1 (1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane), nickel(II)
perchlorate.

were used. Ammonium acetate buffer (pH 4.5) was  prepared as
reported earlier [32].

2.2. Experimental procedure

Stock solutions of MG  (0.97 g/L) and complex1 (8.3 mM)  were
prepared using double distilled water. Freshly prepared KPS solu-
tion was used for all experiments. These stock solutions were
diluted to get solutions of desired concentrations. For all exper-
iments, MG (10 mg/L), KPS (1 g/L) and complex1 (200 �M)  were
used unless otherwise specified. All reactions were carried out at
27 ± 2 ◦C at pH 7 unless specified. pH was adjusted to desired value
with help of pH meter (EU Tech) by adding 0.1N H2SO4 or NaOH.

Decolourization of MG was  monitored spectrophotometrically
using JASCO V-570 UV/VIS/NIR. A reaction mixture of 2 mL was
prepared by adding appropriate volumes of stock solutions of
MG and KPS. KPS stock solution was added to MG and mixed
thoroughly using a micropipette for 25 s, and then change in
absorption spectrum was recorded at different time intervals. Simi-
larly, for measuring change in absorbance in presence of complex1,
reaction mixture (2 mL)  contained complex1 in addition to MG
and KPS.

Kinetics of degradation of MG  was studied by monitoring
decrease in absorbance at 618 nm every 10 s, after an initial
delay of 25 s (time taken to mix  the reactants thoroughly) [34].
This initial delay was  maintained uniformly in all experiments.
Change in absorbance at 618 nm was  fitted to first order equation
(mono-exponential decay) to obtain rate constants of decolour-
ization of MG.  Origin lab 6.1 software was used for all kinetic
analysis.

Kinetic experiments were carried out with different concen-
trations of KPS and complex1, to investigate effect of initial
concentration of KPS and complex1, respectively. Effect of pH on
degradation of MG by KPS and KPS in presence of complex1 was
studied at different pH (3, 7 and 9). Effect of Ni(II) and Fe(II) metal
ions on degradation of MG by KPS was also studied at pH (3, 7 and
9). Effect of initial concentration of MG (10 mg/L and 30 mg/L) by
KPS and KPS in presence of complex1 was studied using HPLC. In
all spectrophotometric measurements, concentration of MG  was
maintained at 10 mg/L because concentration more than 10 mg/L
caused saturation of absorbance.
2.3. HPLC analysis

Degradation of MG  was  studied by high-performance liquid
chromatography (HPLC), using Shimadzu UFLC, equipped with
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Fig. 2. (A) Absorption spectrum of MG  (10 mg/L) after addition of KPS (1 g/L) at
different time intervals. (B) HPLC chromatogram (618 nm)  of MG  (10 mg/L) after
addition of KPS (1 g/L) at different time intervals. Colours: Violet – only MG,  Red –
5  min, Blue – 20 min, Black – 60 min. (For interpretation of the references to colour
S. Gokulakrishnan et al. / Journal of H

 phenomenex C18 HPLC column (250 mm × 4.5 mm,  5 �m)  and
PDM 20A Prominence diode array detector. The measurement
as performed with 20:80 (v/v) ammonium acetate buffer (pH

.5)/acetonitrile as mobile phase in isocratic mode with flow rate
f 1 mL/min. For each analysis, 100 �L of sample was  injected and
hromatogram was monitored at 618 nm.

.4. Microbial assays

Microbial assays were performed according to standard litera-
ure procedures [35,36]. Sterile distilled water was  used. Reaction

ixture (1 mL)  containing MG (20 mg/L), KPS (2 g/L) and complex1
400 �M)  was prepared by adding appropriate volumes of respec-
ive stock solutions. This solution was mixed thoroughly and kept
ndisturbed for 60 min. After 60 min, 1 mL  of 2X NB was  added to
he above solution followed by addition of E. coli cells (∼106). The
ontents were mixed well and incubated in a shaking incubator
or overnight at 37 ◦C. Similar procedure was followed for control
xperiment except that reaction mixture contained only 1 mL  MG
20 mg/L). 0.1 mL  of above culture suspensions were spread plated
n nutrient agar plates followed by overnight incubation at 37 ◦C.
bove microbial assay consisted of two replicates.

.5. TOC analysis

TOC was measured using Shimadzu TOC-VCSH analyser with a
ondispersive infrared (NDIR) detector. For TOC analysis, an aliquot
f 20 mL  was taken at specific time intervals from reaction mix-
ure (100 mL)  containing appropriate concentration of MG,  KPS and
omplex1 [27].

.6. LC–ESI–MS analysis

LC–ESI–MS analysis was performed using Thermo Finnigan
CQ Deca LC/MS/MS Electrospray quadrupole ion trap mass
pectrometer. Surveyor LC was equipped with a C-18 column
150 mm × 2 mm).  The measurement was performed in ace-
onitrile/water = 60:40 (v/v) as mobile phase with flow rate of
.3 mL/min and injection volume of 5 �L. MG  solution and MG
olution treated with KPS and complex1 for 1 h was injected for
nalysis. Nitrogen was used as sheath and auxiliary gas. Ion source
onditions were; sheath gas flow rate ∼7.5 L/min. Capillary tem-
erature was maintained at 200 ◦C and capillary voltage was kept
t 15 V. Ion-spray voltage and tube lens offset were maintained
t +4.5 kV and −7 V respectively. Normalized collusion energy was
aried from 30% to 60% for fragmentation profile, and other param-
ters were similar to earlier report [37].

. Results and discussion

Absorption spectra of MG showed three main peaks with
bsorption maxima at 618, 425 and 315 nm (Fig. 2a). Absorbance
f these bands decreased upon addition of KPS to MG  with a sig-
ificant decrease in absorbance at 618 nm,  and became almost
ero at ∼60 min  (Fig. 2a). At 60 min, a new weak peak with
bsorption maximum around 365 nm was observed. These spectral
hanges revealed the ability of KPS to degrade MG.  Earlier, disap-
earance of absorption band (500–700 nm)  with peak at 618 nm
as monitored to study degradation of MG by various methods

30–32].
HPLC chromatogram of MG monitored at 618 nm showed a

ingle sharp peak with retention time (RT) at 4 min, which corre-

ponds to MG  (Fig. 2b) [32]. A very weak peak was  also detected
t RT 3.5 min, which could be due to trace impurities. Addition
f KPS to MG  resulted in decrease of intensity of these peaks,
nd formation of new peak with RT at 1.8 min  (Fig. 2b). MG
in  this figure legend, the reader is referred to the web version of this article.)

peak at 4 min  completely disappeared after 60 min, while peak
at RT 1.8 min  was  reduced to negligible level (Fig. 2b, inset).
HPLC results clearly showed that KPS has ability to decompose
MG to other species, leading to degradation. Earlier, it has been
reported that peak at 1.8 min  correspond to N-demethylated MG
species, which are known to have absorbance around 594, 608 and
618 nm [32].

Absorption spectral changes of MG  observed after addition of
both KPS and complex1 showed a rapid decrease in absorption at
618 nm within 20 min  (Fig. 3a). Moreover, after 60 min, a shoul-
der around 450 nm and also a peak around 290 nm were observed
(Fig. 3b), which corresponds to trivalent nickel species formed
due to reaction between KPS and complex1, as reported earlier
[25]. The corresponding HPLC profiles monitored at 618 nm also
revealed that MG,  as well as, N-demethylated species with absorp-
tion around 618 nm were degraded within 20 min  on addition of
KPS with complex1 (Fig. 3b). Interestingly, rate of degradation of

MG by KPS increased nine times higher in presence of complex1
than rate of degradation of MG by KPS alone (Table 1 and Fig. 4).
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Table  1
Rate constants determined for degradation of MG  by KPS under various conditions.

Reaction KPS (g/L) Complex1 (�M) pH Rate constants (min−1)

MG  + KPS 1 – 7 0.11 ± 0.01
MG  + KPS 1 – 3 0.20 ± 0.01
MG  + KPS 1 – 9 0.23 ± 0.02
MG  + KPS 1.5 – 7 0.14 ± 0.01
MG  + KPS 2 – 7 0.19 ± 0.02
MG  + KPS + complex1 1 200 7 0.93 ± 0.05
MG  + KPS + complex1 1 200 3 0.59 ± 0.02
MG  + KPS + complex1 1 200 9 0.63 ± 0.03
MG  + KPS + complex1 1 50 7 0.71 ± 0.03
MG  + KPS + complex1 1 10 7 0.25 ± 0.01
MG  + KPS + Ni(II)a 1 – 7 0.12 ± 0.01
MG  + KPS + Ni(II)a 1 – 3 0.14 ± 0.01
MG  + KPS + Ni(II)a 1 – 9 0.11 ± 0.01
MG  + KPS + Fe(II)a 1 – 3, 7, 9 Not determinedb

Initial MG concentration for the above reactions is 10 mg/L.
a 200 �M.
b Reaction incomplete.

Fig. 3. (A) Absorption spectrum of MG  (10 mg/L) after addition of KPS in presence
of complex1 at different time intervals. (B) HPLC chromatogram (618 nm)  of MG
(10  mg/L) after addition of KPS in presence of complex1 (200 �M) at different time
i
i
t

3

i

ntervals. Colours: Violet – only MG,  Red – 5 min, Blue – 20 min, Black – 60 min. (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of this article.)
.1. Effect of initial concentration of KPS and complex1

Rate of degradation of MG  was found to increase on increas-
ng concentration of KPS (Table 1 and Fig. 5a). On increasing the
Fig. 4. Degradation of MG  (10 mg/L) by KPS (1 g/L) in presence and absence of com-
plex1 (200 �M) ExpDec1 fit (mono exponential decay).

concentration of KPS, more reactive radicals could be generated
and rate of MG  degradation could become faster. Similar trend was
observed for photochemical oxidation of Arsenic using persulphate
[38].

Rate of degradation of MG by KPS in presence of complex1
(50–200 �M)  was  not significantly changed (Table 1 and Fig. 5b).
However, on decreasing concentration of complex1 to as low as
10 �M,  rate constant was decreased approximately four times.
These results indicated that an optimum concentration of complex1
was required for effective decomposition of KPS and generation of
reactive radicals for degradation of MG.

3.2. Effect of pH

Rates of degradation of MG at pH 3 and 9 were found to be almost
similar, and slightly higher than at pH 7 (Table 1 and Fig. 6a). It is
known that decomposition of KPS is enhanced by acid catalysis [39].
Moreover, base such as sodium hydroxide is also known to activate
decomposition of persulphate [16]. Increase in rate of degradation

of MG  by KPS at pH 3 and 9 in present study was  due to acid catalysis
and base activation of KPS, respectively.

Rapid redox reaction between KPS and complex1 generates
reactive sulphate radicals as well as trivalent nickel species, which
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Fig. 6. (A) Degradation of MG (10 mg/L) by KPS (1 g/L) at various pH values. (B)
ig. 5. (A) Degradation of MG  (10 mg/L) with different concentrations of KPS. (B)
egradation of MG (10 mg/L) by KPS (1 g/L) in presence of different concentrations
f  complex1.

ere reported to be strong oxidizing agents [25,26]. Therefore,
egradation of MG  by KPS became rapid in presence of complex1.
resent results also show that degradation of MG  by complex1-
ctivated KPS was faster and more efficient than KPS activated by
cid catalysis or base.

Rates of degradation of MG by KPS in presence of complex1 at
H 3 and 9 were found to be almost similar, and slightly lower at
H 7 (Table 1 and Fig. 6b). Earlier, it has been suggested that triva-

ent nickel species act as effective catalyst for oxidation process
n aqueous neutral media and slightly alkaline media than under
cidic condition, and the present results are in accordance with
hese reports [26]. Moreover, stability of trivalent nickel species is
ependent on pH, nature of ligands and type of axial coordinat-

ng ions [26,39,40].  It is known that stability of trivalent species is
ighest in acidic, lowest in alkaline and intermediate in neutral con-
itions [26,40,41],  indicating that trivalent nickel species are highly
tabilized under acidic conditions and not favourable for oxidation

eactions. It is important to note that, although there was a varia-
ion in rate of degradation of MG by KPS in presence of complex1 at
H range 3–9, advantage of KPS – complex1 mediated degradation
f MG is that, MG  is degraded effectively over a broad range of pH.
Degradation of MG  (10 mg/L) by KPS (1 g/L) in presence of complex1 (200 �M)  at
various pH values.

3.3. Effect of initial concentration of MG

HPLC chromatogram obtained for degradation of MG (30 mg/L)
by KPS after 60 min  of treatment showed peaks with RT at 1.8
and 4 min, which corresponds to N-demethylated species and MG,
respectively (Fig. 7). However, HPLC chromatogram obtained for
degradation of MG  (10 mg/L) by KPS after 60 min of treatment
showed that peak at RT 1.8 min  was  very weak and peak at RT 4 min
almost disappeared. Thus, the results showed that as initial con-
centration of dye was increased, efficiency of degradation of MG,
as well as N-demethylated species by KPS (1 g/L) was  reduced. Sim-
ilar trend was also observed for degradation of MG  on increasing
initial concentration of MG  from 10 mg/L to 30 mg/L, by KPS in pres-
ence of complex1 (Fig. 7). Degradation of MG by KPS is associated
with concentration of reactive radicals in solution. On increasing
the initial dye concentration, degradation became incomplete due

to less availability of reactive radicals in solution [38]. However,
overall degradation of MG (10 mg/L and 30 mg/L) by KPS is more
effective in presence of complex1 than by KPS alone.
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Fig. 8. (A) Degradation of MG  (10 mg/L) by KPS (1 g/L) in absence and presence of
ig. 7. HPLC chromatogram (618 nm)  of MG  (10 mg/L and 30 mg/L) after addition of
PS (1 g/L) in absence and presence of complex1 (200 �M).

.4. Effect of nickel(II) and iron(II) ions

Rate of degradation of MG by KPS in presence of Ni(II) (200 �M)
t pH 3–9 was similar to rate of degradation of MG  by KPS alone
Table 1). On the other hand, degradation of MG  by KPS in pres-
nce Fe(II) (200 �M)  at pH 3–9 showed relatively higher absorbance
t 618 nm (Fig. 8a), indicating that degradation was not efficient.
oreover, HPLC chromatogram showed a peak at 4 min  corre-

ponding to MG,  and peaks at 1.8 min  and 3.5 corresponding to
-demethylated species produced during degradation (Fig. 8b)

32]. These results clearly showed that, in presence of Fe(II), both
G and N-demethylated species are not effectively degraded com-

ared to degradation of MG by KPS in presence of complex1.
On the basis of decrease in absorption at 618 nm and disappear-

nce of MG peak with RT at 4 min  in LC chromatogram, order of
egradation of MG under mentioned experimental conditions is as
ollows:

KPS: ferrous sulphate < KPS: nickel chloride < KPS < KPS: com-
lex1

Effect of various parameters observed for degradation of MG by
PS and by KPS in presence of complex1 followed a similar trend
s observed for degradation of MG  by Fenton processes [30] and
zonation [27]. However, it is important to note that present results

howed that degradation of MG by KPS and by KPS in presence of
omplex1 was effective over a wide pH range (3–9) while Fenton
rocesses as well as Ozonation process were mainly effective under
cidic conditions.

.5. Total organic carbon analysis

TOC analysis results showed that treatment of MG  (20 mg/L)
ith KPS (2 g/L) alone could reduce 7% of TOC whereas treatment of
G (20 mg/L) with KPS (2 g/L) along with complex1 (400 �M)  could

emove 11% of TOC within 3 h (Fig. 9). This shows that treatment
f MG  with KPS alone and KPS with complex1 not only results in
egradation of MG  but also in reduction of TOC.

.6. Antimicrobial activity of MG  before and after degradation
E. coli cells suspended in NB containing MG (untreated) were
ncubated overnight, and solution was found to be clear (Fig. 10a).
his solution when spread plated on NB agar and incubated
complex1 (200 �M);  Fe (II) (200 �M)  and Ni(II) (200 �M).  (B) HPLC chromatogram of
MG  (10 mg/L) after addition of KPS in absence and presence of complex1 (200 �M);
Fe  (II) (200 �M) and Ni(II) (200 �M) after 60 min.

overnight, did not show formation of any bacterial colonies
(Fig. 10b), which clearly revealed that MG  alone is toxic to bacteria.
On the other hand, when E. coli cells were suspended in NB, contain-
ing degraded MG (after treatment with KPS in presence of complex1
for 60 min), solution was found to be turbid (Fig. 10c). This solu-
tion when spread plated and observed after overnight incubation,
displayed formation of numerous bacterial colonies (matt growth)
(Fig. 10d). Similarly, control experiments which were carried out
in absence of MG  also showed matt growth (Fig. 10e  and f). Thus,
above results indicated that KPS and complex1 system has propen-
sity to reduce antibacterial activity of MG drastically under in
vitro conditions. Earlier, it has been shown that degradation of MG
by ozonation processes [27] and decolourization of MG by dye-
decolourizing bacterium (Shewanella decolorationis NTOU1) [42]
showed reduction in antibacterial activity.

3.7. Mass spectral analysis of MG  and its degradation

intermediates

MG solution showed a single peak in TIC plot, and its corre-
sponding mass spectrum had a clear peak with 329 m/z (S.I. Fig. 1).
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Fig. 9. TOC reduction (%) of MG  (20 mg/L) after the treatment with KPS (2 g/L) in
absence and presence of complex1 (400 �M).

Fig. 10. Photograph showing effect of MG  (10 mg/L) on growth of E. coli (∼106 cells)
before and after treatment by KPS (1 g/L) and complex1 (200 �M).  A, C and E tubes
containing E. coli with MG,  E. coli with MG  after treatment by KPS and complex1,
and E. coli., respectively. B, D and F are the plates corresponding to the tubes A, C
and E respectively after overnight incubation.

Table 2
m/z values of degradation intermediates and tentative structures.

TIC peaka Tentative structure m/z

A MG–3CH2 A1 287.16
A DLBP + OH A2 242.11
A DLBP–CH2 + OH A3 228.50
A  DLBP + 2OH A4 257.11
A BPA + HSO4

− A5 266.00
A  BPA + CH3 + OH A6 200.10
A  MG–4CH2

−NH + 4OH A7 322.11
B  MG–2CH2

−NH + 4OH B1 352.15
B MG–4CH2 + 2OH B2 305.13
C  LMG  C1 331.00
C MG–4CH2

−2NH + 4OH C2 309.10
C  MG–2CH2–NH C3 286.16
a Peaks and their corresponding RT: A (1.48–1.53 min), B (2.38–2.41 min) and C
(3.61–3.65 min).

Degraded MG solution showed 3 peaks (A, B, C) in TIC plot (S.I. Fig.
2), and corresponding mass spectra of these peaks revealed the for-
mation of a variety of degraded intermediates, and complexity of
degradation.

Earlier studies on degradation of MG  mediated by hydroxyl
radicals reported the formation of complex reaction mixture
with N-demethylated intermediates of MG,  DLBP (dimethy-
laminobenzophenone) and their hydroxyl adducts along with many
other possible intermediates [32,43,44].  Analysis of present mass
spectral results clearly showed ions that could correspond to N-
demethylated intermediates, hydroxyl adducts of N-demethylated
intermediates and DLBP (Table 2). Interestingly, these results
showed that persulphate mediated degradation of MG could form
hydroxyl adducts.

It is known that in aqueous solution sulphate radicals react with
water to produce hydroxyl radicals that could react with aromatic
ring to form hydroxyl adducts [45,46]. Moreover, sulphate radicals
could directly attack the aromatic ring and form hydroxyl adducts
[46,47]. Thus, in the present study, formation of hydroxyl adducts of
degradation intermediates could be attributed to both the sulphate
radicals and secondary hydroxyl radicals generated upon activation
of KPS by complex1.

ESI-MS/MS analysis of MG showed following ions, 329.17
(MG); 285.12 (MG–2CH2–NH2); 251.20 (MG–C6H6); 237.11
(MG–C6H6–CH2) and 208.28 (MG–C6H6–CH2), which was similar
to earlier report (S.I. Fig. 3) [32]. Importantly, ESI-MS/MS of degra-
dation intermediate A3 (DLBP–CH2 + OH) with 228.5 m/z  value
showed a fragment ion with 149.10 m/z (A3–C6H6); (S.I. Fig. 3).
Similar fragmentation has been reported for bezenophenone type
molecule [48]. Thus, this result further supports the presence of
degradation intermediate with hydroxyl adduct.

Hydroxyl radicals could cause deamination of aromatic amines
[43,44,52,53].  Earlier, report on the oxidation of MG by persulphate
suggested the formation of biphenyl amine (BPA) intermediates
[34]. In addition, persulphate is known to react with aromatic
amines to form aromatic amine sulphate adducts [49–51].  A peak
with 266 m/z identified in the mass spectra could correspond to BPA
sulphate adduct (A5) (S.I. Fig. 2). ESI-MS/MS of this intermediate A5
(BPA + HSO4

−), showed a fragment ion with 169.2 m/z  (A5–H2SO4).
(S.I. Fig. 3). In addition, intermediate A6 (BPA + CH3 + OH) with
200.19 m/z showed following fragment ions; 122.5 (A6–C6H6),
144.25 (A6–CH2–C–NH–CH3). Earlier similar fragmentations were
observed for aromatic amino derivatives [54–56] (S.I. Fig. 3).

As mentioned above, reactive sulphate and hydroxyl radicals
could generate a variety of intermediates, however, identifica-

tion of all intermediates by mass spectrometry was not possible.
It is important to note that, several factors such as concen-
tration of intermediates present in analysis solution and the
amount obtained after separation in the solid phase column, HPLC
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Scheme 1. Possible reactions in degrad

eparation protocols, type of molecules and stability of charged
ons, mass spectrometer used, presence of a variety of compounds
nd alkali metal ions in sample, complexity due to fragmentations
n ESI source, and others could affect the analysis by mass spec-
rometer [32,37,43,44].

Based on above discussion and available literature, important
ossible reactions for degradation of MG  by KPS and complex1 are
roposed (Scheme 1). Proposed degradation mechanism includes
ajor reactions such as N-demethylation, hydroxyl adduct forma-

ion and removal of benzene ring, as reported earlier [32,43,44].

. Conclusions

MG and its structurally related N-demethylated species were
lmost completely degraded by KPS alone. Interestingly, degrada-
ion of MG  by KPS and complex1 oxidation system was found to
ccur in wide pH range (3–9) with enhanced rate as compared to
PS alone. Degradation of MG by KPS in trace amount of Fe(II) ions
as incomplete whereas addition of trace amount of Ni(II) ions had
o significant effect on degradation of MG  by KPS. Degradation of
G by KPS was dependent on initial concentration of KPS, com-

lex1, and MG.  Microbial assay revealed removal of antibacterial
ctivity of MG after treatment of MG by KPS in presence of com-
lex1, indicating that this oxidation system has ability to decrease
oxicity of MG  significantly towards bacteria. Moreover, TOC analy-
is indicated the ability of KPS, and KPS in presence of complex1 to
educe TOC. Hydroxyl adducts of MG,  DLBP and BPA intermediates
ere identified in degraded solution by LC–ESI–MS analysis. Thus,

his study demonstrates that KPS and complex1 oxidation system
ould be a better choice for degradation of environmentally per-
istent and hazardous MG  and possibly other related dyes that are
eleased in to water bodies.
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