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Abstract Microwave-assisted degradation of dyes is being
extensively investigated for wastewater remediation. The
present work reports, for the first time, degradation of methyl
orange (MeO) in neutral, acidic, and basic media under mi-
crowave irradiation using semiconducting polymer [poly(/-
naphthylamine) (PNA)] nanotubes as catalyst in the absence
of any light source. Degradation of the dye was followed
spectrophotometrically and by total organic content (TOC)
analysis. In the presence of poly(/-naphthylamine), micro-
wave irradiation in 15 min caused 70, 84, and 64 % degrada-
tion at 280 nm, while at 460 nm the degradation values were
80, 96 and 78 % of MO in neutral, acidic, and basic media,
respectively. The degradation of the dye in the absence and
presence of PNA catalyst and in acidic, basic, and neutral
media followed first-order rate kinetics. Rate constant, %,
values were found to be slightly dependent on the pH of the
dye solutions. Liquid chromatography—mass spectroscopy
analysis confirmed that dye degrades into smaller fragments
of low molar masses.
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Introduction

The removal of dyes from industrial effluents poses a major
problem, although conventional treatment processes such as
coagulation—flocculation [1-3] adsorption [4—6], membrane
filtration [7-9] chemical oxidation [10—12], and so on are
available. Most of these processes are however costly and
particularly ineffective when treating wastewaters containing
low concentrations of dyes. Considerable attention has been
paid in recent years towards the photocatalytic degradation of
organic pollutants using inorganic semiconductors such as
TiO, since the process results in complete mineralization
under mild temperature conditions [13—15]. However, most
of the inorganic semiconductors are active only in UV light
which constitutes less than 5 % of the solar energy reaching
the earth’s surface, and the generation of artificial UV light
sources typically consumes large quantities of electrical pow-
er. Moreover, these inorganic semiconductors are also report-
ed to cause toxic effects in marine plants, animals, and human
cells [16-18]. Hence, the development of eco-friendly cata-
lysts with high activity, low toxicity, and high stability is a
major concern.

Lately, microwave (MW) energy has been applied to en-
hance photocatalytic or photochemical reactions for
decomposing some volatile organic compounds (VOC)
[19-21]. The improved catalytic activity under microwave
irradiation is attributed to the polarization effect of the highly
defected catalyst in the MW field that increases the transition
probability of photon-generated electrons and reduces the
probability of the electron—hole recombination on the semi-
conductor surface [22-24]. In our earlier work, we have
reported the catalytic activity of nanotubes of poly(/-naph-
thylamine) (PNA) in the degradation of Commassie Brilliant
Blue RG-250 (CB) dye by sonolysis as well as by
sonophotocatalysis under solar irradiation [25, 26]. We have
also reported the microwave-assisted degradation of dyes
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using microwave-synthesized polyaniline (PANI) and PNA/
MMT nanohybrids [27, 28]. PNA as a microwave catalyst
enhances dye degradation by almost two times compared to
that under sonophotocatalytic condition [29].

In this study, we have attempted to investigate the effect of
acidic, basic, and neutral pH media on the degradation of
methyl orange (MeO) dye under microwave irradiation in
the presence of PNA. The degradation was found to vary in
acidic, basic, and neutral media. Mineralization up to 95 % in
40 min was confirmed by total organic content (TOC) analy-
sis. With the help of liquid chromatography—mass spectrosco-
py (LC-MS) analysis, intermediates were identified, and a
tentative degradation pathway of the dye was suggested. Dye
under the present experimental setup was found to yield
results better than the conventional degradation method.

Experimental section

Methyl Orange (MeO) dye (Sigma-Aldrich, USA) was used
as received. 1-Naphthylamine (Sigma Aldrich, USA), ferric
chloride (Sigma Aldrich, USA), sodium hydroxide (Sigma
Aldrich, USA), acetone, chloroform, carbon tetrachloride, N-
methyl-2-pyrrolidone (NMP), dimethylsulphoxide (DMSO),
and dimethylformamide (DMF) (S.d. Fine Chem., Pvt. Ltd,
India) were also used without further purification.

Preparation of PNA

PNA was prepared by dissolving 1-naphthylamine (3.2 mmol)
and ferric chloride (0.8 mmol) in chloroform (10 mL) at—5 °C
for 8 h while stirring continuously with a magnetic stirrer
under nitrogen flow. The synthesized polymer was then puri-
fied by filtration (Millipore, type GN, 0.20-um filter). PNA
was then dried in vacuum oven at 60 °C for 72 h.

Preparation of MeO dye solutions and exposure to microwave
irradiation in the presence and absence of PNA

MO dye of concentrations 150 and 50 mg/L was prepared by
dilution of a stock solution of 500 mg/L in deionized distilled
water and were labeled as MeO-150 and MeO-50, respective-
ly. Then, 100 ml of the solutions was taken and exposed to
microwave irradiation using Ladd Research Microwave oven
model LBP-250, USA, fitted with a time and temperature
controller, energy output—3800 W, input power—1200 W.
The temperature was controlled at 25 °C, and the solutions
were exposed to microwave irradiation in a batch process for
3,6,9,12, 15, 18, 21, and 24 min. The solutions were stirred
by bubbling O, through them. The experiment was repeated
by adding PNA (300 mg) in each of 100 ml solutions of MeO-
150 and MeO-50, respectively, which was then subjected to
ultrasonication for 15 min. It was observed that under
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ultrasonication some amount of dye was adsorbed on PNA.
In calculations of degraded dye, the adsorbed dye was
discounted. The sonicated solutions were then exposed to
microwave irradiation as earlier for the above intervals of
time. Then, 10 mL supernatant of the PNA-MEO dye solution
was taken in each case, centrifuged for 10 min at a speed of
5000 rpm, and analyzed. In another two sets, the pH of these
solutions was adjusted to 3.5 and 10.0 using 0.1 N HCI and
0.1 N NaOH, respectively, for the degradation studies in acidic
and basic media as above. Each experiment was done in
triplicate, and the deviation from the mean value of the con-
centration of the dye at any time is shown by error bars. For
kinetics analysis, the degradation data were plotted in Origin
6.1 program. Out of plots for different rate laws, the one In C/
Co, vs time for the first-order rate law, gave the best fit of the
data. The slope in this case gave the value of £, rate constant,
and ordinate the value of R from which R* can be obtained. A
value of R? higher than 0.995 gives over 98 % reliability of the
data.

The catalyst after each run was washed with deionized
distilled water and dried in hot air oven at 110 °C. Then,
1 mg of this PNA was dissolved in 10 ml of NMP, and UV—
visible spectra were noted at 300 and 550 nm. The remaining
catalyst was regenerated by treating with 1 N HCI overnight
and then by drying it in a hot air oven at 110 °C. The
degradation efficiency of the catalyst was observed to be
85 % compared to 90 % obtained with the fresh catalyst until
4 cycles under the same experimental conditions.

Characterization

The concentration of the dye was found out by measuring the
absorbance of the solutions on a spectrophotometer model
Shimadzu-UV-1800, Japan, and reading the concentration
from a calibration curve. Mineralization was determined by
measuring the total organic content (TOC) of the degraded
dyeat5, 10, 15, 20, 25, and 30 min on Shimadzu TOC-5000A
total organic carbon analyzer. LC-MS was conducted using a
Finnigan LCQ ion trap mass spectrometer equipped with an
electrospray ionization interface (ESI) source and operated in
negative polarity mode fitted with a Genesis, C-18 column
(4.6x250 mm) containing 4-um packed particles (Alltech,
Deerfield, Germany). Acetonitrile and 0.03 M ammonium
carbonate buffer, pH 7.7, were used as eluents. The pump
program was set as follows: isocratic 20 % acetonitrile: 80 %
buffer held for 2 min; grading to 100 % acetonitrile over
10 min and held at 100 % for 7 min. The chromatograms
were recorded at 280 and 460 nm. The diode array detector
allowed for concomitant recording of spectra from 200 to
600 nm. The gradient HPLC separation was coupled with
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LC/MSD trap 6310 ion trap mass spectrometer (Agilent
Technologies).

Results and discussion
Structural and morphological characteristics of PNA

The synthesized PNA was observed to polymerize through 1,
4 and 1, 5 linkages as reported in our earlier studies [30].
Molar mass of PNA determined by GPC model (Viscotek
OmniSEC, UK) using polystyrene as standard was found to
fall between 3527 and 4026 Da. BET surface area was ana-
lyzed using sorption system analyzer Quantasorb model QS-7
(Quantachrome Corp, N'Y, USA) and was found to be 95 m*/g
for PNA. PNA revealed good solubility in acetonitrile, NMP,
DMSO, and DMF, while it was found to be insoluble in
acetone, chloroform, carbon tetrachloride, and deionized dis-
tilled water. The TEM of PNA reveals tubular morphology of
varying length (Fig. 1). The nanotubes appear to be formed
through the reorganization of fluffy mass. The length was
found to vary between 560 and 800 nm, while the breadth
was observed to be ranging between 80 and 130 nm.

Degradation of MeO dye in the presence and absence of PNA

The decrease in the absorbance intensities of dye solutions in
acidic (pH=3.5), basic (pH=10.0), and neutral (pH=6.5)
levels at 280 and 460 nm is given as supplementary informa-
tion. It is observed that in the absence of the catalyst, dye
solutions showed different absorbance intensities in neutral,
acidic, and basic solutions at the same concentration of the
dye. Since MeO shows acid<>base equilibria, the

Fig. 1 TEM of PNA nanotubes

concentration of absorbing species varies with pH. Table 1
shows that in 15 min of microwave irradiation, degradation
occurred; as a result, the initial absorbance intensity in each of
the acid, basic, and neutral solution decreased noticeably. As a
first approximation, the decrease in absorbance intensity was
taken proportional to the extent of dye degradation. The
degradation in neutral, acid, and basic solutions at 280 nm
was respectively found to be 21, 17, and 19 %; at 480 nm, the
extent of degradation was found to be 16, 23, and 18 %. The
degradation in the ultraviolet and visible regions was found to
be matching. In the absence of catalyst under microwave
irradiation, the average degradation was found to be as low
as ~19 %. In the presence of the catalyst, PNA, the absorbance
intensity was found to decrease after equilibration of the dye
with PNA in neutral, acid, and basic solutions. This decrease
in the intensity of the dye is obviously caused by adsorption of
the dye on PNA catalyst. For calculation of degradation
efficiency and kinetics, the corresponding dye concentration
was taken as initial concentration, Cy. The dye degradation at
260 nm in neutral, acid, and basic solutions was observed to
be 90.4, 91, and 82.1 %. The same at 480 nm was respectively
found as 90, 89.3, and 88.2 %. Thus, the degradation of the
dye in the ultraviolet and visible regions is matching. Com-
pared to the degradation in the absence of the catalyst, the
same in the presence of PNA increased considerably in the
neutral, acid, and basic solutions. Calculation of degree of

Table 1  Degradation of blank MeO solution and MeO-PNA solution
of 150 ppm under microwave irradiation for 15 min in media of different
pH

Dye solution ~ Wavelength C/  Degradation Correlation Rate

(nm) Co  (%)?* factor constant
;9] k)
Without catalyst
MeO-150 280 075 25 0.9990 0.020
(neutral 460 0.65 35 0.9980 0.030
pH)
MeO-150 280 0.80 20 0.9990 0.018
(acidic 460 073 37 0.9980 0.028
pH=3.0)
MeO-150 280 0.70 30 0.9980 0.020
(basic 460 077 23 0.9980 0.030
pH=10.0)
With PNA
MeO-PNA- 280 0.30 70 0.9990 0.060
150 460 020 80 0.9990 0.120
(pH=6.5)
MeO-PNA-150
(PH=3.5) 280 0.16 84 0.9980 0.073
460 0.04 96 0.9980 0.150
MeO-PNA-150
(PH=10.0) 280 036 64 0.9980 0.130
460 022 78 0.9980 0.200

2% Degradation = 1—C% x 100
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dissociation using decrease in absorbance intensity does show
some difference but not significant with pH. It is found more
noticeable when more accurate analysis is done as discussed
in the following section.

Table 1 gives degree of degradation at 280 and 460 nm of
MeO in neutral, acid, and basic media. At 280 nm in the
absence of the catalyst, the degradation of the dye was ob-
served to be 25, 20, and 30 %, respectively. In comparison
with the one calculated by decrease in absorbance intensity, it
is 5-10 % higher. At 460 nm, the degradation was, respec-
tively, 35, 33, and 20 %. At the later wavelength in neutral and
acidic media, degradation was higher than at 280 nm. The
degradation without catalyst under microwave irradiation ap-
parently occurs through involvement of water molecules,
which will be explained in a later section. In the presence of
PNA catalyst, degradation in the three pH regions was con-
siderably enhanced at both 280 and 460 nm. At 280 nm in the
neutral, acid, and basic regions, the percent degradation was
70, 84, and 64 %, while at 460 nm it was 80, 96, and 78 %.
The effect of pH on degradation of MEO in the presence of
PNA was noticeable at both 280 and 460 nm. Over 10 % of
difference in the degradation in the three pH regions matches
with the two structures of MeO and their relative abundance.
In the basic region, this difference is even more noticeable. In
this region, the structure of MeO is different from that in the
acidic region because of acid<>base equilibria. This brings
about change in its degree of degradation. PNA, a semicon-
ducting polymer, is thus found to enhance the rate of degra-
dation and acts as a polymeric catalyst. Its structure does not
seem to permit any chemical involvement in degradation of
MO as the NH protons are tightly bound. This leads to the
involvement of water molecules in the degradation which are
adsorbed on its surface; this will be explained in a later
section.

Kinetics of MeO dye degradation

The plots of In C/Cy vs. time (Fig. 2a—) reveal the degrada-
tion kinetics of MeO and MeO-PNA under microwave irradi-
ation in neutral (pH=6.5), acidic (pH=3.5), and basic (pH=
10.0) media, respectively. The kinetics was found to be of first
order in all the cases. The plots of In C/Cy vs. time (Fig. 2a)
reveal the degradation kinetics of MO-150 and MeO-PNA-
150 under microwave irradiation in neutral medium. The
kinetics was found to be of first order in all the cases. The
rate constant (k) values at 280 nm for MeO-150 and MeO-
PNA-150 were found to be 0.02 and 0.12, respectively, and at
460 nm, the k£ values were observed to be 0.03 and 0.2 for
MeO-150 and MeO-PNA-150, respectively. In this case, k
value for MeO-PNA-150 is higher than for MeO-150. It
shows that degradation of MeO is much faster in the presence
of PNA than in its absence. Moreover, degradation at 480 nm,
that is, in the visible range, is faster than at 280 nm, UV range.
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This reveals that splitting of diazo group occurs faster than the
aromatic rings. Figure 2b reveals the degradation kinetics of
MeO-150 and MeO-PNA-150 in acidic medium. The kinetics
was found to be of first order in all of the cases. The rate
constant (k) values at 280 nm for MeO-150 and MeO-PNA-
150 were found to be 0.01 and 0.07, respectively, and at
460 nm the k values were observed to be 0.02 and 0.15,
respectively. Higher & values with MeO-PNA-150 indicates
higher rate of degradation in acid medium also. Higher &
values at 460 nm also show that in the visible region the
degradation is faster, i.e., in this region, splitting of diazo
group occurs faster. The rate constant (k) values at 280 nm
for MeO-150 and MeO-PNA-150 in basic medium (Fig. 2¢)
were found to be 0.02 and 0.06, respectively, and at 460 nm,
the k values were observed to be 0.03 and 0.12 for MeO-150
and MeO-PNA-150, respectively. The higher £ value for
MeO-PNA-150 indicates faster rate of degradation in this
case. The degradation appeared to be faster at 460 nm than
at 280 nm. This is caused by faster rate of degradation of diazo
group. Compared with the rate of degradation in neutral and
acid media, the values of the same are lowest in this case. This
matches with our earlier observation that percent degradation
in basic medium is the lowest. The degradation efficiency of
the catalyst was observed to be 85 % compared to 90 %
obtained with the fresh catalyst until 4 cycles under the same
experimental conditions (supplementary information).

In presence of MW alone
In presence of PNA under MW

52 ™
5.0 4 o

OH radical concentration (mol x 107)

Mechanism of MeO dye degradation under microwave
irradiation

In order to measure the OH® radicals generated under micro-
wave, we used terephthalic acid (TA) which is a well-known
OH?® scavenger that does not react with other radicals, such as
0O, , HO,, and H,0,. The OH® radicals convert terephthalic
acid to 2-hydroxyterephthalic acid (HTA) through the reaction
CgH4(COOH), + OH® — C¢H4(COOH),OH, which can be
detected by fluorescence measurement. HTA molecules emit
light at A=425 nm, while TA molecules do not. Using the
fluorescence intensity integrated over the wavelength and the
calibration curve for known concentrations of OH® radicals
(in the presence of 10™* M of TA and 3x10* M of NaOH),
we calculated the OH radical density in dye solution as a
function of microwave irradiation time as shown in Fig. 3.
The concentration of OH® radicals increased linearly with
increasing time. The concentration of OH® radicals produced
was observed to be higher in the presence of PNA than in its
absence. This is because, in the dye solution, water molecules
are preferentially adsorbed on the surface of PNA which also
holds the sulphonate group of the dye molecules. The water
molecules are adsorbed and anchored with two H atoms on the
benzene moiety of the PNA molecules through attractive
forces. Water molecules are also adsorbed and anchored on
sulphonate group and dimethyl amino group of the dye

[ —— In absence of PNA MW time = 5 min

400 — —— In absence of PNA MW time = 10 min
In absence of PNA MW time = 15 min
— In absence of PNA MW time = 20 min
In absence of PNA MW time = 25 min
—— In presence of PNA MW time = 5 min
In presence of PNA MW time = 10 min
—— In presence of PNA MW time = 15 min
—— In presence of PNA MW time = 20 min
—— In presence of PNA MW time =25 min

350

300
—~ 250+
El
200

150

Intensity (a.

100

50

T T T T T
350 400 450 500 550
Wavelength (nm)

1.2 ———
5 10 15 20

MW time (min)

25 35

Fig. 3 Formation of OH® radicals in aqueous TA solution as a function of microwave irradiation time in the presence and absence of PNA
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molecules. Microwave radiations not only enhance the vibra-
tions of various bonds but also rotate small molecules. The
rotation produces immense strain on adsorbed water mole-
cules which ultimately splits them into H® and OH® free
radicals. These free radicals then attack dye molecules as
shown in Scheme 1, fragment them into smaller molecules,
and ultimately mineralize them.

LCMS analysis

The fragments of the degraded dye at 20-min retention time is
shown in Scheme 1. The dye was taken as the parent dye
designated as D in Scheme 1, while intermediates with de-
creasing molar masses, m/z, 229, 213, 125, 109, 70, and 40
were taken as the daughter intermediates. The above interme-
diates are labeled as F-1, F-2, F-3, F-4, F-5, and F-6
(Scheme 1). The dye was found to degrade to fragments of
low m/z values under microwave irradiation. Above m/z 213,
no prominent intermediate was found. These intermediates
were assigned molecular structures matching with the corre-
sponding m/z values. The intermediates revealed that degra-
dation proceeded via elimination of two terminal methyl
groups and hydroxylation of terminal N atom of the parent
dye P through the attack of OH® free radicals. It was also
accompanied by elimination of SO; ™ group and hydroxylation

e Y - -

Ha

HO—}—NH—@OH
|

F-3 M/z 125
4-(hydroxyamino)phenol

[ ]
2H
microwave irradiation

HO @ NH,
\

F-4 M/z109
4-aminophenol

Scheme 1 Identification of intermediates
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of terminal carbon of the second benzene ring through OH®
free radical participation which yielded F-1(m/z 229), 4-{(E-
)-[4-(hydroxyamino)phenyl] diazenyl}phenol. F-1 degraded
into F-2 (m/z 213) by reduction of NHOH group by two H*®
free radicals giving —NH,, finally yielding F-2, [(E)-
phenyldiazenyl] aniline which degraded into F-3 (m/z 125)
4-(hydroxyamino) phenol by attack of one H® and one OH*®
free radicals on the first N atom of the diazo group attached to
phenolic benzene ring. F-3 produced F-4 [4-aminophenol] by
attack of two H® free radicals on each of the N and O atoms of
F-3. F-4 is attacked on the second and sixth carbon of benzene
ring by H® free radicals which splits benzene ring to give F-5
[buta-1,3-dien-2-01]. By the attack of H® and OH® free radi-
cals on F-5, F-6[methane diol] is produced. The end products
obtained are mainly alcohols. We can thus conclude that in the
present experimental setup, microwave irradiation degrades
the dye into intermediates with low molar masses, ultimately
leading to mineralization only in the presence of PNA.

Effect of amount of PNA and MeO dye concentration
on degradation efficiency

The effect of the amount of PNA as catalyst in 150 ml of MeO
dye is shown in Fig. 4a. As the catalyst dosage increased, an
increase in the % degradation efficiency was observed up to

e

F-1 M/z 229
4-{(E)-[4-(hydroxyamino)phenyl]diazenyl}phenol

el

microwave irradiation

H/HO"

N
\/ \<: :)——OH
microwave irradiation HzN@N A

F-2 M/z213

4-[(E)-phenyldiazenyl]aniline

/ / HO'
H/HO' P*O__<__ HO—
mlcrowave |rrad|at|on OH
F-5 M/z70 methanediol
buta-1,3-dien-2-ol F-6 M/z 40
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Fig. 4 a Effect of catalyst (a) 120 4
loading and b effect of dye
concentration on degradation
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300 mg, which was 98 %. Beyond this amount, the removal
efficiency was decreased to 80 %, showing that the excess
amount of the catalyst decreased the % degradation efficiency
of MeO dye. The convoluted portion of the curve in Fig. 4a
shows saturation of catalyst surface by H® and OH® free
radicals, and a further decrease indicates less microwave
power available per PNA particle for generation of free radi-
cals in the presence of excess catalyst. The effect of concen-
tration of MO dye on its degradation was illustrated in Fig. 4b
with varying MeO concentration from 50 to 450 ppm. The
results showed that the degradation of MeO progressively
decreased with increasing MO concentration in the absence
of PNA, while in its presence, the decomposition slightly
decreased from 50 to 250 ppm and then increased up to
350 ppm, beyond which it was again found to decrease
slightly. The progressive decrease in the first case was caused

100 150 200 250 300 350 400 450
Dye concentration (ppm)

by the same number of free radicals available for degradation
of'the increasing amount of the dye. The initial decrease in the
second case occurred because of the increase in the concen-
tration of the dye against a certain number of free radicals
generated over a given amount of PNA. Beyond 250 ppm,
greater attachment of the dye to PNA occurred, which en-
hanced the rate of degradation. At higher concentration, the
dye covers part of the PNA particles which prevent free
radical formation, causing a decrease in the rate of its
degradation.

TOC analysis
The total organic content in mg/L gives the amount of organic

material present in the analyte at different times during min-
eralization of the dye (Fig. 5). The MeO-150 dye solution was
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Fig. 5 TOC analysis in the presence and absence of PNA

found to mineralize by 35 % on exposing to microwave
irradiation up to 30 min. MeO-PNA-150 mineralized to
70 % by 30 min of microwave irradiation. Although the pure
dye solution revealed degradation under microwave irradia-
tion from the beginning of the experiment, but further degra-
dation of some of the intermediates into smaller moieties is
retarded due to factors related to energetics of the chemical
reaction. PNA provides the surface for the adsorption of free
radicals and intermediates and lowers their interaction ener-
gies, causing further degradation of the intermediates and
resulting into mineralization.

Conclusion

Microwave irradiation was found to decolorize MeO dye in
solution even in the absence of UV—visible radiation under
neutral, acidic, and basic conditions in the presence of PNA as
catalyst. MeO-150 revealed 35 % degradation in neutral me-
dia, while MeO-PNA-150 dye solution revealed 80, 96, and
78 % degradation in neutral, acidic, and basic media. PNA
thus enhanced the degradation of the dye substantially. LC—
MS technique recognized all intermediates formed during the
degradation of methyl orange dye in the presence and absence
of PNA and gave their molar masses, m/z values. Structural
formulas were assigned to them. A tentative scheme of deg-
radation of MeO was proposed. The methodology adopted in
this study demonstrates the efficiency of microwave irradia-
tion for remediation of wastewater effluent from textile indus-
tries. PNA was found to be active until four cycles.
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