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Semiconductors such as ZnO and TiO2 have been extensively utilized in the photocatalytic degradation of dyes.
However till date, no study has been reported to compare the catalytic efficiency of such organic–inorganic
hybrids under UV light and microwave irradiation separately. The present work reports the synthesis of
poly(1-naphthylamine)/ZnO nanohybrids. The structure and morphology of the synthesized nanocomposites
were characterized using FT-IR, UV, XRD, TEM and Cyclic voltammetry analyses. The dye degradation studies
were done separately in a photochemical reactor and in laboratory microwave oven and the fragments were
identified using LC–MS technique. Results showed that under microwave irradiation, the efficiency of ZnO/PNA
as catalyst was higher as compared to UV irradiation. Higher extent of •OH radical generation was confirmed
in microwave as compared to UV irradiation which was found to be responsible for the high rate of degradation
of dye solution. A plausible degradation pathway was proposed.
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1. Introduction

Semiconductor based photocatalysis has attracted considerable
attention for combating environmental pollution [1–3]. Among various
inorganic oxides used for photocatalysis, ZnO is one of the most widely
investigated semiconductors due to its abundance, low cost as well as
low toxicity [4–8]. Although ZnOhas beenwidely reported to be a better
photocatalyst than TiO2 in terms of being less toxic and eco-friendly, its
practical utilization is not satisfactory on large scale due to high rate of
recombination of the photogenerated charge carriers [9–10]. Hence,
the development for a ZnO based photocatalyst with a high charge
transfer rate and good separation efficiency is a challenging task. Lately,
the combination of inorganic semiconductors with conjugated poly-
mers such as polyaniline (PANI) for enhancing photocatalytic activity
has been extensively reported and has shown to remarkably enhance
the photocatalytic activity due to its slow charge recombination rate
in electron-transfer processes, and good thermal stability [11–13].
Conducting polymers act as sensitizing agents for metals/semiconductor
nanoparticles [14–15].

Recently, microwave heating has been utilized as an efficient
technique for the fabrication of nanomaterials. Comparedwith other con-
ventional solution-phase synthetic methods, microwave hydrothermal/
solvothermal synthesis provides higher reaction rates at low reaction
temperatures in a very short reaction time, along with good yield
[16–20]. Microwave heating processes have been established to produce
high-quality ZnO and many studies on the microwave-assisted synthesis
of ZnO have revealed a variety ofmorphologies, such as hollow structures
[21], nanorods [22], and self-assembled architectures [23] which have
been reported to exhibit remarkable photocatalytic performances.

Microwave-assisted degradation of organic pollutants has also
gained momentum lately as a nontoxic and facile technique for the
rapid degradation of recalcitrants. Horiskoshi et al. [24] have reported
that photochemical reactions can be indirectly driven by microwaves
using the UV light (180–400 nm) emitted under microwave radiation
from microwave discharge electrodeless lamps (MDELs). They have
used microwave electrodeless lamp (MWL) as light source for
microwave-assisted degradation of azo dyes such as Acid Orange 7
(AO7), bisphenol A and Rhodamine B dye using TiO2 [25–28]. However,
the catalytic activity of ZnO under microwave irradiation alone has not
been reported till date. In order to compare and explore the efficiency of
ZnO as a microwave catalyst and as a photocatalyst, the present work
reports the synthesis of poly(1-naphthylamine)/ZnO nanocomposites.
Poly(1-naphtylamine) (PNA) is a well investigated polyaniline deriva-
tive and its catalytic efficiency has been reported by our group in our
previous works [29–31]. To enhance the catalytic properties of ZnO, its
nanohybridswith poly (1-naphthylamine)were formulated using vary-
ing ratios of the former and characterized using FTIR, UV–visible, XRD,
TEM and cyclic voltammetry studies. Alizarin Red (AR) was chosen as
a model dye for the degradation studies which were carried out in a
photochemical reactor and a laboratory microwave oven. LC–MS was
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done to analyze the fragments produced in both processes. Our results
revealed that microwave-assisted degradation resulted in products of
very lowmolarmass and low toxicity as compared to the photocatalytic
degradationwhich could be utilized as an eco-friendly technique for the
rapid degradation of harmful organic pollutants.

2. Experimental

2.1. Materials

Alizarin Red (AR) dye was procured from S.D.Fine Chem. Pvt. Ltd.,
India, and used without further purification. 1-Naphthylamine (Sigma
Aldrich, USA), zinc oxide (Sigma Aldrich, USA), ferric chloride (Sigma
Aldrich, USA), N-methyl-2-pyrrolidone (NMP) (Merck India) were
also used without further purification.

2.2. Synthesis of PNA

1-naphtyhlaminemonomer (10 g, 0.069mol)was added to a 100ml
conical flask containing ethanol and water 1:1 v/v (50 ml each). Ferric
chloride (8 g, 0.049) was added to the reaction mixture keeping the
monomer: oxidant ratio 1:1.4. The colour of the solution changed
from purple to blue indicating rapid polymerization of the monomer.
The flaskwas then kept in an ultrasonicatormaintained at 30 °C. The re-
action was carried out for 2 h. The synthesized PNA was then taken out
and washed several times with distilled water/ethanol on a Buchner
funnel. The removal of oxidant was ensured by testing the filtrate
with potassium ferrocyanide. PNA was then dried in vacuum oven for
72 h at 70 °C to ensure complete removal of water and impurities.

2.3. Synthesis of ZnO/PNA nanocomposites

For the synthesis of 1 wt% ZnO/PNA nanocomposite, ZnO
(0.09 g,0.0112 mol) and PNA (0.9 g,0.005 mol) were added to a 100 ml
Fig. 1. FTIR spectra of PNA an
conical flask containing methanol and water (1:1) 50 ml each. The flask
was then kept in an ultrasonicator for 2 h. The synthesized ZnOnanocom-
posite was taken out then washed with distilled water on a Buchner
funnel was then dried in vacuum for 72 h at 70 °C to ensure complete
removal of water. Similarly 3 wt% and 5 wt% nanocomposites were
prepared and designated as 3-ZnO/PNA and 5-ZnO/PNA The synthesized
nanocomposites were purified by dissolving in THF (80ml)while stirring
on a magnetic stirrer for 6 h to separate the unreacted monomer and
oxidant. The mixture was then centrifuged at 6000 rpm for 30 min and
the nanocomposite was recovered via precipitation in n-hexane.

2.4. Degradation studies of AR dye solution in microwave and photochemical
reactor

AR dye of concentration 250 mg/L, was prepared in distilled water
by dilution of a stock solution of 500 mg/L and was labelled as
AR-250. It was shaken for one hour in the dark for establishing equilib-
rium and was irradiated at 30 °C in microwave oven model Ladd
Research Microwave oven model LBP-250, USA, fitted with a time and
temperature controller. The solution was exposed to microwave irradi-
ation in a batch process for 5, 10 20, 30 and 40min. All the experiments
were repeated by adding 200 mg of PNA and ZnO/PNA nanocomposite
in 100 ml of AR-250 dye solution. The degradation studies carried out
under UV irradiation were done in a photochemical reactor (model
LELESIL), fitted with a UV lamp of LP250W, Lamp Arc: 125 mm with
Built in Resister, Wavelength Spectrum: 200–1100 nm. The lamp was
switched on to initiate the photocatalytic degradation reaction. To
100ml of AR-250 dye solution, 200mg of PNA and ZnO/PNA nanocom-
posite were added separately and the solution was exposed to UV irra-
diation in a batch process for 30, 60 90 and 120min. For the degradation
analysis, of the dye solutions treatedwith PNA and ZnO/PNA as catalyst,
aliquots (10 ml) of dye solution were taken out at regular intervals (5,
10, 20, 30 and 40 min for microwave exposed and 30, 60, 90 and
120 min for UV irradiated). The samples were centrifuged for 10 min
d ZnO/PNA nanohybrids.
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at a speed of 5000 rpm and were filtered through a 0.22 lm filter paper
(Whatman). The dye concentration was analyzed with a UV–visible
spectrophotometer model Shimadzu UV1800 by measuring the change
in the absorbance at λmax of AR dye.
3. Characterization

3.1. Spectral analysis

FT-IR spectra of nanocomposites were taken in the form of KBR pel-
lets on FT-IR spectrophotometer model Shimadzu IRA Affinity-1 in the
form of KBR pellets. UV–visible spectra were taken on UV–visible
spectrophotometer model Shimadzu UV-1800 using NMP as solvent.
Fig. 3. XRD of PNA and ZnO/PNA nanocomposites.
3.2. Morphological analysis

X-Ray diffraction patterns of the nanocomposites were recorded on
Philips PW 3710 powder diffractometer (Nickel filtered copper Ka
radiations). Peak parameters were analyzed through Origin 6.1.The d
spacing was calculated using Bragg's equation. Transmission electron
micrographs (TEM) were taken on Morgagni 268-D TEM, FEI, USA.
The samples were prepared by placing an aqueous drop on carbon-
coated copper grid, subsequently drying in air before transferring it to
the microscope, operated at an accelerated voltage of 120 kV.
3.3. CV studies

Cyclic voltammetry were taken on DY-2300 series Potentiostat/
Biopotentiostat of DIGI-IVY AUSTIN USA, Max. Current Range:
(±10 nA to ±100 mA in 8 steps), Current Resolution: 0.002% of full
scale, with highest resolution of 0.3 A, Potential Range: ±4.000 V, Bias
Potential Range ± 4.000 V (for WE2), Compliance Voltage: N ±10 V:,
Input Impedance of electrometer: N 1012 Ω, Potential Bandwidth: N
30 kHz, □20deI/E Low Pass Filter: oC6 ranges (Auto or Manual),
depending on sensitivity setting, □Input Bias Current: b 20 pA @ 25,
ADC Sampling Rate: 10 kHz-0.1 Hz, 0.002% resolution, 15,000 data/CH,
Cell Control: Purge, Stir, RDE Rotation Control: 0–10 V, □Electrode
Configurations: CE, RE, WE (1 CH), or CE, RE, WE1, WE2, Dimensions
& Weight: 14.5 × 24 × 4.5 cm, 1 kg, □Power Requirements: 90–240
VAC, 10 W.
Fig. 2. UV–visible spectra of ZnO/PNA nanocomposites.
3.4. LC–MS analysis

For detection and identification of degradation products, liquid
chromatography-mass spectroscopy (LC–MS) was conducted using a
Finnigan LCQ ion trap mass spectrometer equipped with an electro
spray ionization interface (ESI) source and operated in negative polarity
mode fitted with a Genesis, C-18 column (4.6 × 250 mm) containing
4 μm packed particles (Alltech, Deerfield, Germany). Acetonitrile and
0.03 M ammonium carbonate buffer, pH 7.7, were used as eluents. The
diode array detector allowed for concomitant recording of spectra
from 200 to 600 nm. The gradient HPLC separation was coupled with
LC/MSD trap 6310, ion trap mass spectrometer (Agilent technologies).
The experimentswere also carried out in triplicate for evaluating the ef-
fect of nanohybrid catalyst dosage and initial dye concentration in the
degradation of AR dye.
4. Results and discussion

4.1. Confirmation of formation of PNA and ZnO/PNA nanocomposites by
FTIR analysis

The FT-IR spectrum of pure PNA, Fig. 1, revealed an N-H stretching
vibration peak centered at 3433 cm−1 for secondary amine while the
peak at 1633 cm−1 was assigned to the imine stretching mode. The
peaks at 1508 cm−1 and 1429 cm−1 and 1411 cm−1 were associated
with the ring stretching of the quinoid diimine and the benzenoid
diamine units at respectively. Other absorption peaks observed were
C–N stretching vibration at 1396 cm−1 due to the Q-B units and the
1308 cm−1 peak due to C–N stretching in B units. The peak at
728 cm−1 was produced by C–H out of plane bending. C = C skeletal
vibrations, ν(C = C) while the absorption peak at 1617 cm−1 was cor-
related to the imine stretching mode. The peaks between 700 and
900 cm−1 occured due to C-H deformation mode and established the
position of coupling between two naphthylamine units. The peaks at
Table 1
Analysis of crystallite size and peaks obtained from XRD of PNA and ZnO/PNA
nanocomposites.

Nanocomposite Peak
(2θ)

Area

adv
(peak at 16○)

Height
(a.u)

Width
(2θ)

Crystallite
size (Å)

PNA 16.14 137 500 1.98 72.9
1-ZnO/PNA 16.02 317 600 2.83 51
3-ZnO/PNA 16.36 357 725 2.80 52
5-ZnO/PNA 16.60 2128 850 4.89 46
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769 cm−1 and 842 cm−1 were consistent with the 1,4 coupling
with two and 4 vicinal hydrogen on the two aromatic rings of
1-naphthylamine [29–30]. The peak at 792 cm−1 was attributed to 1,5
couplingwith three vicinal hydrogen on each benzene ring of naphthyl-
amine. The polymer was therefore confirmed to be a mixture of 1,4 and
1,5 coupled naphthylamine units.

The FT-IR spectrum of 1-PNA-ZnO nanocomposite, revealed the N-H
stretching vibration peak for secondary amine at 3437 cm−1 while the
peak at 1633 cm−1 correlated to the imine stretchingmode and showed
low absorbance of 0.1. The presence of a small hump around 335 cm−1

confirmed the presence of ZnO, representing the zinc–oxygen
stretching vibration [32]. Incase of 3-PNA/ZnO nanocomposite, the
spectrum showed a pronounced shift in the N-H stretching vibration
for a secondary amine to 3471 cm−1 showing an absorbance of 1.7
whichwas observed to bemuch higher than for the previous nanocom-
posite. The peak for the imine stretching mode also showed a shift and
was observed at 1624 cm−1 while peaks assigned to the ring stretching
of the quinoid diimine and the benzenoid diamine units appeared at
1500 cm−1 and 1469 cm−1 and 1436 cm−1 at respectively. The C–N
stretching vibration peak due to the quinonoid –benzenoid units was
noticed at 1388 cm−1 whereas peak due to C–N stretching in benzenoid
units appeared at 1346 cm−1. The peak corresponding to the ZnO
stretching vibration appeared to be more pronounced and at higher
absorbance value as compared to the previous nanocomposite which
confirmed higher loading of ZnO in this case. As the loading of ZnO
was increased to 5 wt%, the N-H stretching vibration for a secondary
amine appeared to reduce showing a lower absorbance value as com-
pared to the previous nanocomposite. However, the imine stretching
peak was well formed and so were the peaks corresponding to the
polymerization of 1-naphthylamine. The peaks related to the ZnO
stretching vibrationwas also noticed to be highly prominent confirming
Fig. 4. TEM of (a) Pure PNA, (b) 1-ZnO/PNA
the higher loading of ZnO in this case. It can therefore be concluded that
with the increase on the loading of ZnO in the nanocomposite, the NH
stretching vibration was suppressed due to the interaction of the oxygen
of ZnOwith theNHof PNA. Interestingly, the peaks corresponding to PNA
did not reveal any remarkable shift but only a decrease in the absorbance
intensity which clearly confirmed the formation of nanohybrid.
4.2. UV–visible analysis of electronic transitions of PNA and PNA/ZnO
nanocomposites

The UV –visible spectrum of PNA in NMP, Fig. 2, revealed peaks at
210 nm,280 nm in the UV range while the peaks at 500 nm and
610 nm were observed in the visible range. The peaks in the UV range
were assigned to π-π⁎ transitions while the peaks noticed at 500 nm,
610 nmwere attributed to polaronic/bipolaronic transitions as reported
by other authors [29–31]. Upon adding 1 wt% ZnO, Fig. 2, the UV spec-
trum revealed two prominent peaks one at 320 nm and the other at
500 nm. The red shift in the peaks was caused due to the interaction
of PNAwith ZnO.With the increase in the loading of ZnO, the nanocom-
posite, 3-ZnO/PNA, revealed further increase in the intensity of the
peaks associated with polaronic transitions while maximum intensity
was observed for 5-ZnO/PNA. Hence it can be concluded that with the
increase in the loading of ZnO upto 5 wt%, the interaction between
ZnO with PNA increases due to the formation of intense hydrogen
bonds between NH of PNAwith O of ZnO that facilitates/enhances delo-
calization of electrons in the PNA backbone. The band gap of ZnO is re-
ported to be 3.37 eVwhile that of PNA is 2.11 eV. The closer band gap of
the organic–inorganic moieties present in the nanohybrid can promote
electron transfer also prevent electron–hole recombination in the UV–
visible range as desired for a photocatalyst.
m (c) 3-ZnO/PNA and (d) 5-ZnO/PNA.
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4.3. Confirmation of crystallinity of PNA and ZnO/PNA nanocomposites by
XRD analysis

The XRD of pure PNA, Fig. 3, reveals peaks at 2θ=11°,16.3°,16.5° and
23° which shows its semi-crystalline nature. Upon addition of 1 wt% ZnO,
Fig. 3, the nanocomposite reveals formation of new peaks at 2θ =
6.5°,13.2° a broad hump around 16.5° and an intense peak at 19°. The
nanocomposite 3-ZnO/PNA, Fig. 3, also reveals similar reordering and reor-
ganization by the presence of new intense peaks at 2θ= 11.5°, and two
broad humps at 2θ=16.5° and 23° respectively. Upon further increasing
the loading upto 5 wt%, Fig. 3, the nanocomposite exhibits a highly amor-
phous structure. Thus it can be concluded that with the increase in the
loading of ZnO, intense interactions via hydrogen bond formation takes
place between theM-O of ZnOwithNH of PNA as observed in the UV–vis-
ible studies. The integrated area of the peak at 16° corresponding to the

characteristic peak of PNA shows adv to be 137 which increased when
1 wt% ZnO is loaded in PNA, Table 1. Upon increasing the loading to
3 wt%, the area was observed to be 317 which increased upto 2128 as
the loading increased to 5 wt%. Likewise, the crystallite size was observed
to decreasewith the increase in the loading of ZnO andwas observed to be
46 Å incase of 5-ZnO/PNA. This shows that upon loading of ZnO, the parti-
cle size decreased leading to an increase in the surface areawhich can also
be corroborated from the TEManalysis discussed in the upcoming section.
Fig. 5. Cyclic voltammogram of (a) PNA, (b) 1-PN
4.4. Morphological analysis of PNA and ZnO/PNA nanocomposites

The TEM of PNA, Fig. 4(a), showed a self-assembled morphology.
The particle size was calculated to be 20–65 nm. The PNA particles
revealed the formation of a flower-like morphology with several leaf-
like petals. The TEM image of 1-PNA/ZnO, Fig. 4(b), showed typical
core-shell morphology where the dense ZnO particles appeared to
reside in the PNA core. The size of these nanoparticles was found to be
in the range of 25–40 nm.The 3-PNA/ZnO Fig. 4(c), nanocomposite
revealed formation of a sea-shell-like structure showing a core-shell
morphology in this case as well; ZnO being the dense core and PNA
the outer shell. The size of these nanoparticles was found to be in
the range of 40–45 nm. With the increase in the loading upto 5 wt%,
Fig. 4(d), the morphology changed to a dense core like structure show-
ing distinct dark and bright regions of ZnO core and PNA shell. The par-
ticle size was noticed to be in the range of 30 nm. It can be concluded
that the PNA particles cover the ZnO core nanoparticles to form a
distorted spherical morphology. Ultrasonic-assisted synthesis of PNA
produces self-assembled morphology and its nanocomposites with
PNA form a distorted core-shell structure. The denseness of the core
increases with the increase in the loading of ZnO in PNA. The nanocom-
posites exhibit agglomeration which is found to increase with the
increase in the loading of ZnO in PNA matrix.
A/ZnO, (c) 3-PNA/ZnO and (d) 5-PNA/ZnO.



Fig. 6. C/Co vs. time plot for AR dye solution containing PNA and 1-ZnO/PNA as catalyst
exposed to (a) microwave irradiation (b) UV irradiation.
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4.5. Cyclic voltammetry studies

The cyclic voltammogram of pure PNA, Fig. 5(a), exhibited an oxida-
tion peaks at 0.7 and 0.1 V while the reduction peak was observed at
0.35 V and 0.1 V respectively. The peaks observed were not sharp and
also confirmed that the oxidation and reduction were irreversible in
PNA. The nanocomposite 1-PNA/ZnO, Fig. 5(b), showed only one oxida-
tion peak at 0.7 V while 2 reduction peaks were observed at 0.45 V and
0.1 V respectively. Likewise for 3-PNA/ZnO, Fig. 5(c), the oxidation peak
was observed at 0.7 Vwhile reduction peakwas found at 0.1 V and 0.4 V
respectively. The 5-PNA/ZnO nanocomposite, Fig. 5(d), showed similar
oxidation peak as observed incase of the other two nanocomposites at
0.7 V while the reduction peak appeared at 0.4 V. The results revealed
that loading of ZnO caused a slight shift in the reduction peaks of the
nanocomposites as compared to pure PNA. The HOMO energy was
calculated to be −5.5 eV for all the samples while the LUMO energy
was observed to vary from −4.5-5 eV.

4.6. Dye degradation studies

The degradation of AR dye solution was monitored
spectrohphotomerically upon exposure to microwave irradiation for
40 min and under UV irradiation for 120 min respectively in presence
of PNA and ZnO/PNA as catalyst. The UV–visible spectrum of PNA-250
solution upon exposure to microwave irradiation for 40 min showed a
decrease in the characteristics absorbance peaks at 300 nm and
500 nm. The peak at 300 nm were assigned to π-π⁎ transitions of the
benzene ring in AR dye while the peak at 500 nm was associated with
that of substituted benzene. As the exposure time increased from 5 to
40 min, the absorbance maxima decreased in both the peaks. The
peak at 300 nm showed a decrease in the absorbance value from 1.4
in 5 min to 0.6 in 40 min. Likewise, the peak at 500 nm showed a de-
crease from 1.7 to 1.0 in 40min. The spectra of PNA-250, upon exposure
to UV irradiation also showed significant reduction in the absorbance
values i.e. from 1.4 in 30 min to 0.8 in 120 min incase of the peak ob-
served at 300 nm while the peak at 500 nm shows a decrease from
1.6 to 1.0 in 120 min. The UV–visible spectrum of 1-ZnO/PNA-AR-250
also revealed a decrease in the absorbance value from 1.5 to 0.3 in
40 min for the peak at 300 nm while for the 500 nm peak, the absor-
bance values showed a decrease from 1.2 to 0.4 in 40 min. Similarly,
for UV irradiated 1-ZnO/PNA-AR-250 solution, the decrease in the
absorbance of 300 nm peak was noticed from 1.5 to 0.6 in 120 min
and for the 550 nm peak, the absorbance values decreased from 1.0 to
0.6 in 120min (supplementary information).The decrease in the absor-
bance intensity of the peaks in the UV and visible region thus confirmed
the degradation of the AR dye. It appeared that undermicrowave irradi-
ation, upon addition of ZnO/PNA, the decrease in the absorbance inten-
sity of the peak in the visible regionwas enhancedwhich confirmed the
catalytic behaviour of the nanohybrid under microwave-irradiation.
Hence it can be concluded that dye degradation was enhanced when
ZnO/PNA nanocomposite was used as a catalyst under microwave irra-
diation. Under UV irradiation, the degradation time taken was three
times slower than the time taken under microwave irradiation. As
compared to pristine PNA, the rate of degradation under microwave
irradiation was enhanced using ZnO/PNA as catalyst. The mechanism
is explained in the later section.

4.7. Comparison of degradation kinetics

The plot of C/Co vs. time using PNA as catalyst under microwave ir-
radiation, Fig. 6(a), showed 35% degradation for the 300 nm peak while
for 500nmpeak, degradationwas observed to be 25%. Similarly, for PNA
as photocatalyst under UV irradiation, Fig. 6(b), the % degradation was
observed to be 40% and 36% respectively. Under microwave irradiation,
when the nanocomposite 1-ZnO/PNA was used as catalyst, higher
degradation was observed Fig. 6(a). In presence of the nanocomposite,
the 300 nm peak, revealed 75% degradation while the 500 nm peak
revealed 85% degradation. Likewise when the nanocomposite was used
as a photocatalyst, under UV irradiation, Fig. 6(b), the 300 nm peak,
revealed 60% degradation while 50% degradation was noticed for the
500 nm peak. The plots of ln C/Co vs. time, Fig. 7 (a), (b) revealed the
degradation kinetics of AR dye degradation using PNA and 1-ZnO/PNA
as catalysts under microwave and UV irradiation respectively. The kinet-
ics was found to be of first order in all the cases. The rate constant
(k) values using PNA as catalyst under microwave irradiation were ob-
served to be 0.009 and 0.007 for 300 nm and 550 nm peaks respectively.
The k values for UV exposed solutions using the same catalyst, were cal-
culated to be 0.005 and 0.004 for the 300 nm and 500 nm peaks respec-
tively. Hence the kinetics of degradation under microwave was twice as
fast as compared to UV light irradiation. Using ZnO/PNA as catalyst
under microwave irradiation, Fig. 7 (a), the rate constant values were
observed to be 0.052 and 0.036 for the 300 nm and 500 nmpeaks respec-
tively while under UV irradiation using the same catalyst, the rate
constant values were observed to be 0.009 and 0.007 for the 300 nm
and 500 nm peaks respectively. The kinetics of degradation was noticed
to be higher undermicrowave than under UV irradiation and remarkably
high when ZnO/PNA was used as catalyst.



Fig. 8. Variation of fluorescence intensity of 2-hydroxy terephthalic acid upon
(a) microwave exposure (b) UV light exposure.Fig. 7. ln C/Co vs. time plot for AR dye solution containing PNA and 1-ZnO/PNA as catalyst

exposed to (a) microwave irradiation (b) UV irradiation.
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4.8. Proposed mechanism and degradation pathway

Catalytic degradation of the dye, occurs through involvement of OH●

and H● free radicals. It has been extensively reported that the hydroxyl
radicals (•OH) are generated duringmicrowave aswell as photocatalyt-
ic degradation reactions and to confirm the presence of •OH radicals, a
solution of terephthalic acid (TA) (1 × 10−4 M) in 0.1 M NaOH was
used [33–35]. TA reacts with •OH to produce highly fluorescent
2-hydroxyterephthalic acid which gives an emission peak at 415 nm
upon excitation at wavelength of 315 nm. As can be seen in Fig. 8 (a),
the fluorescence intensity of the 2-hydroxyterephthalic acid increased
upon increase in the exposure time of microwave irradiation. Similar
behavior was observed with UV irradiation, Fig. 8(b). Interestingly, the
fluorescence intensity upon microwave irradiation increased twice as
high as compared to UV irradiation which confirmed higher generation
of •OH under microwave irradiation. The area under the peak of TA was
compared to investigate the extent of radical formation with time. It
was found that the area under the peak for microwave degraded sam-
ples increased from 22,617 in 10 min to 38,586 in 40 min. Similarly
the area under the peak for UV degraded samples increased from
12,114 in 30 min to 21,085 in 120 min. Interestingly the •OH under
microwave irradiation was higher than under UV irradiation which is
evident from the area under the peaks in the two cases. The •OH radicals
generated upon microwave irradiation in 10 min were observed to be
higher than those generated upon UV exposure in 120 min.Hence it
can be concluded that •OH radicals were produced in higher amount
upon microwave exposure in a short time span of 10 min which can
be correlated to non thermal effect observed in microwave heating
[31]. In presence of a polar solvent like H2O, microwave radiation pro-
duces high temperature known as “thermal effect” through dielectric
heating which splits into H2 and O2. Since effective charge separation
occurs under microwave irradiation in PNA, it produces sufficient
electrons and holes that can get transferred to the VB and CB of
ZnO and therefore sensitize it. Horikoshi et al. [24–26] have observed
non-thermal effect of microwave radiation in enhancing the rate of
dye degradation in several studies. The band gap of ZnO is reported to
be 3.37 eVwhile that of PNA is 2.11 eV. Therefore, upon exposure tomi-
crowave irradiation, electrons from PNA get excited and charge carriers
are created.

The degraded fragments were analyzed using LCMS technique. At
similar retention time, LCMS results revealed 4 peaks as shown in
Table 2. The first intermediate with 100% abundance was taken as the
main degradation product/the parent dye P1, while intermediates
with low m/z values, (123–56) were labelled as F1- F10 as shown in
Scheme.1. Above m/z 149, no prominent intermediate was found. F1
was taken as the intermediate from parent dye PI which generates in-
termediates from m/z 149-m/z 56. The intermediates revealed that



Table 2
Fragments obtained at 20 min retention time.

Sample code Relative intensity (%)

PNA/ZnO (microwave)
PNA (microwave)
PNA (photocatalysis)
PNA/ZnO (Photocatalysis)

62(100%), 84(25%), 104(40%), 110(15%)
82(100%), 100(30%),60 (15%),62(12%)
82(100%), 100(90%),64(66%),60(55%),123(30%),56(20%)
100(100%),149(70%),59(35%),62(30%)
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degradation proceeded via elimination of sulphonate group, followed
by its oxidation by OH● free radicals, and attack on carbons of naphtha-
lene ring resulting in its cleavage and oxidation. The intermediate F1
(m/z 149) [1,2,3,4,5,8-hexahydronaphthalen-1-yloxidanyl] was obtain-
ed from parent dye P1 by elimination of one SO3Na group at C4 which
degraded to F2 (m/z 123), by cleavage of benzene ring resulting into
the formation of 2-(cyclohexa-1,4-dien-1-yl)-2-hydroxyethyl. This in-
termediate further degraded to F3 (4-hydroxycyclohexa-2,5-dien-1-
one) by reaction with OH● free radicals and formed F4 that converted
to cyclohexanol (F5) (m/z 100) which was observed to be the major
Scheme 1. Degrada
degraded product of UV catalyzed reaction. Cyclohexanol further de-
graded to form cyclohexane (F6) (m/z 84) which was found to be a
minor fragment in microwave assisted degradation using ZnO/PNA
and its further degradation produced (2Z)-but-2-enedial (F7) (m/z
84) which was a major product obtained in microwave-assisted degra-
dation using ZnO/PNA. However, using PNA as catalyst, 4 H-pyran (m/z
82), F8 was formed as a major product which further degraded to form
F9 methanetriol (m/z 64) as a major product of UV catalyzed reaction
using PNA as catalyst. Using ZnO/PNA as catalyst, F10 ethane-1,2-diol
(m/z 62) was obtained which transformed to F11 ethane-1,2-diol
(m/z 60) and eventually converted to F12 carboxymethyl (m/z 59)
and finally to F13 2-hydroxyprop-1-en-1-ylidene(m/z56). Based on
these observations, it can be concluded that microwave irradiation de-
graded the AR dye into intermediates with low molar masses like
ethanediol that are non-toxic in nature.

5. Conclusion

ZnO/PNA nanocomposites were successfully synthesized and FTIR
studies established the formation of an organic–inorganic hybrid
tion pathway.
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nanocomposite while UV confirmed the presence of polaronic state in
PNA. TEM of the nanocomposites confirmed the formation of core-
shell morphology showing distinct dense ZnO core and PNA outer
shell with particle size ranging from 20 to 45 nm. Preliminary degrada-
tion studies of AR dye solutionweremonitored byUV–visible analysis. It
was noticed that under microwave irradiation, the rate of degradation
was faster as compared to UV irradiation. As compared to pristine
PNA, the rate of degradation of AR dye solution undermicrowave irradi-
ation was enhanced using ZnO/PNA as catalyst. AR dye revealed 90%
degradation in presence of the nanocomposite catalyst within 40 min.
Although, both techniques revealed kinetics of degradation to be of
first order, microwave degradationwas found to be twice as fast as pho-
tocatalytic degradation. When ZnO/PNA was used as a catalyst under
microwave irradiation, the k values were observed to be 0.052 and
0.036 for the 300 nm and 500 nm peaks respectively. The same catalyst
when exposed to UV irradiation showed rate constant values as 0.009
and 0.007 corresponding to the 300 nm and 500 nmpeaks respectively.
The •OH radical generation was confirmed by measuring the fluores-
cence intensity of 2-hydroxyterephthalic acid which was found to in-
crease remarkably for dye solutions exposed microwave irradiation.
LCMS analysis revealed that the fragments obtained by microwave
degradation were potentially nontoxic in nature. The study therefore,
demonstrates the feasibility of using ZnO/PNA as a microwave catalyst
for rapid and eco-friendly degradation of dyes.
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