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Abstract

Polycarbazole (PCz) and polycarbazole (PCz)/manganese dioxide (MnO,) nanocomposite (PCM) were prepared by facile
in-situ polymerization route. Variations in optical properties, crystal phase, morphology and surface area were observed
which offers promising strategies for using annealed PCM for photocatalytic applications. The band gap energy is measured
from the cyclic voltametry (CV) (PCz=0.95 eV; MnO,=0.9 eV). The XRD study shows that the B-MnQO, incorporated in
PCM is transformed into a and y-MnO, due to the effect of annealing. The surface area of annealed PCM (33.8 m%/g) is
7.04 times higher than unannealed materials (4.8 m*g~!). The annealed PCM manifested uniform spherical morphology and
exhibited excellent degradation efficiency towards RB dye under UV (96.2%) and natural sunlight (97.9%). Similarly, MG
dye achieved the degradation efficiency of 97.4% and 98.3% under UV and natural sunlight. Furthermore, the radical trap-
ping experiment evidenced that the superoxide (*O, ) and hydroxyl radicals (*OH) played a dominating role in the photo
degradation of RB and MG dyes. The present study imparts new enlightment for the fabrication of reliable, inexpensive and

exceptionally efficient photo catalyst for the elimination of hazardous textile dyes from the industrial waste water.
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Introduction

Recently, the water pollution has turned into a very criti-
cal issue because it inhibits the sustainable growth continu-
ously due to the population explosion and rapid industri-
alization [1, 2]. Contaminated water contains toxic organic
compounds which have major impact on human health and
the environment which are carcinogenic and teratogenic [3].
Rose bengal (RB) is one of the important textile dye with
a molecular formula of C,,H,CI,Na,Os. It is highly toxic
and affects the corneal epithelium of the eyes, causes red-
ness, inflammation and itching [4, 5]. In addition, malachite
green (MG) is also an essential textile dye with the molecu-
lar formula of C,3H,sN,Cl, water soluble and known as basic
green4 or Victorian greenB. It is extensively used in the dye
industry and causes cancer and gene damage [6].
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In recent years, photo catalysis as an inexpensive and eco-
friendly technique has gained significant interest for the deg-
radation of toxic pollutants discharged from the industries
[7, 8]. The key emphasis in this technique is the selection of
appropriate photo catalyst which responds to light irradia-
tion because when the photocatalyst is irradiated with light
it produces electron-hole (¢ /h™) pairs for the degradation
of toxic pollutants into H,O, CO, and other small molecules
without the loss of the photocatalyst [9-12].

Recently the conjugated microporous polymers (crys-
talline porous organic material) were emerged as potential
material for dye removal. They possess high surface area
and thermal stability [13, 14]. Among them the polycarba-
zole based photo catalysts has been identified as an ideal
candidate for the degradation of various dyes due to its
unique properties. The PCz act as photosensitizer and inhib-
its the recombination of electron hole pairs. Furthermore,
the delocalized m-conjugated system in PCz is beneficial to
accelerate charge separation which improves the separation
efficiency of light induced electron—hole pairs for enhanced
photocatalytic activity. In addition, it possesses semicon-
ducting behavior due to its conjugated structure. Thus, the
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combination of metal oxide and PCz matrix is expected to
enable the separation of light induced electron—hole pairs.
Besides, it is notable that the polycarbazole when combined
with metaloxides are more advantageous for the photocata-
lytic applications. In addition to these, various polycarbazole
based nanocomposites such as polycarbazole incorporated
TiO, nanocomposite [15], polycarbazole (PCz)/cuprous
oxide (Cu,0O) nanocube composite [16] and polycarbazole
(PCz) /graphitic carbon nitride (g-C;N,) [17] nanocompos-
ites were reported as an effective photocatalyst for the deg-
radation of various organic dyes under various light sources.

Among the various metal oxides, the MnO, is extensively
used for its excellent qualities such as cheap, nontoxic,
resistance to acids, etc. Furthermore, it has the potential to
eliminate the toxic pollutants present in the waste water.
To date, various MnO, incorporated photo catalyst such as
PANI/MnO, nanocomposite [18], PEDOT/MnO, nanocom-
posite [19], bismuth oxyiodide (BiOl)/Manganese dioxide
(MnO,) composite [20] and Fe;O0,/MnO,/Mn;0, [21] com-
posite were considered as a potential materials for address-
ing the environmental issues.

Furthermore, the physical properties of the polymer nano-
composites can be improved by heat treatment which in turn
enhances the photo catalytic activity [22, 23]. It is notewor-
thy that the p-n heterojunction photo catalyst will enable
the separation of light induced electron—hole pair for the
enhanced photo catalytic performance. Herein, MnO, (n) is
dispersed into polycarbazole (p) matrix for the construction
of p-n heterojunction to improve the degradation of dyes.

The aim of the current investigation is to fabricate PCz
and PCz/MnO, nanocomposite by facile chemical route. The
systematic study on the impact of annealing on the material
properties as well as photo catalytic activity was studied.
The PCz as a coating material over MnO, was character-
ized by various state of the art techniques. The functional
groups of PCM were determined by using fourier transform
infrared (FTIR) technique. The field emission scanning elec-
tron microscope (FE-SEM) and high resolution transmis-
sion electron microscope (HRTEM) techniques were used
to examine the morphology. The elements present in the
material were identified by energy dispersive x-ray (EDX)
spectrometer. The optical property was inspected by employ-
ing ultra violet diffuse reflectance spectroscopy (UV-DRS).
The average crystallite size, crystal structure and crystal-
linity were analysed by x-ray diffraction (XRD) analysis.
The physical properties of PCM were studied by burnauer-
emmett-teller (BET) analysis. Thermal studies were scru-
tinized by thermo gravimetric-differential thermal analysis
(TG-DTA). The photo catalytic performance of PCM was
analyzed by degrading the RB and MG dyes under UV and
direct sunlight illumination. Furthermore, recycling test,
scavenging test and textile effluent sample analysis were
investigated. The extent of mineralization and degradation
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of the organic dyes were examined by employing chemi-
cal oxygen demand (COD) and total organic carbon (TOC)
analysis.

Experimental section
Materials

Manganese dioxide (MnQO,), carbazole, methanol, acetone
and ammonium peroxydisulfate (APS) were of analytical
grade and acquired from Merck. EDTA, p-benzoquinone,
isopropyl alcohol, RB and MG dyes from S D Fine-Chem.
Deionized water was utilized for synthesis and photo cata-
lytic experiments.

Synthesis of polycarbazole
and polycarbazole-MnO, nanocomposite

The PCz/MnO, nanocomposite was fabricated by facile
in situ chemical oxidative polymerization route. The 1 g of
MnO, is added to a beaker containing 100 ml acetone and
ultrasonicated for 1 h. The sonicated solution is added drop
wise into the carbazole solutions, agitated vigorously for
4 h inorder to adsorb the MnO, nanoparticles into carba-
zole monomer. Further the oxidant ammonium per sulphate
(APS) is added drop wise with continuous stirring for 24 h at
room temperature (25 +5 °C). These results in the polymeri-
zation of carbazole and the MnO, nanoparticles are adsorbed
which is identified by brown colour. The precipitate thus
formed is filtered, washed several times with methanol to
get rid of the impurities (unreacted APS), dried up at 60 °C
for 2 h in oven and milled into fine powder. The polycarba-
zole (PCz) was fabricated in the aforementioned procedure
without adding MnO, The synthesis strategy of PCz/MnO,
nanocomposite is graphically illustrated in Scheme 1. The
PCM is annealed at various time intervals and temperatures
such as 300 °C for 5 h (PCM1), 300 °C for 10 h (PCM2),
600 °C for 5 h (PCM3) and 600 °C for 10 h (PCM4).

Characterization of polycarbazole-MnO,
nanocomposite

The structure, elemental composition and morphology of the
synthesized material were identified by the following ana-
lytical techniques. The fourier transform infrared spectrom-
eter (Perkine Elmer, USA) is used to identify the functional
groups. The optical studies were carried out by using UV-
DRS spectrophotometer (varian, Cary 5000) and the band
gap was calculated by applying Kubelka—Munk equation.
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F(R) = 2 =3 (1)

F(R) = Kubelka—Munk function, R is reflectance, a is
absorption coefficient and s is scattering coefficient. The
band gap of semiconductors was calculated by employing
absorption coefficient equation.

(hva) 1/n = A (hv — Eg) 2)

In this equation, a is adsorption coefficient, h is
plank’s constant, v is vibrational frequency and Eg is band
gap. In case of indirect band semiconductor the value of
n is 2. The average crystallite size, crystal structure and
crystallinity were studied by employing powder x-ray
diffraction (PXRD) on Bruker AXS D8 Advance X-ray
diffractometer with Cu-Ka radiation (A =1.5406 10\).
The morphological characteristics of the material were
examined by field emission scanning electron microscope
(Sigma with Gemini column) and possess high resolution
of 1.5 nm. The elements present in the material and the
color mapping was analysed by energy dispersive X-ray
spectrometer (Nano Xflash detector, bruker). The mor-
phology is further examined by high resolution transmis-
sion electron microscope (HR-TEM, JEOL 2100) operated
at 300 kV. The TGA/DTA was performed by using Perkin
Elmer STA 6000, Diamond TG/DTA. The surface area,
mean pore diameter and pore volume were measured by
using Belsorp mini 2 (adsorption temperature is 77 K at
saturated vapour pressure of 97.708 kPa). HOMO-LUMO
energy level of PCz and MnO, was measured by cyclic
voltammetry (Auto lab) using platinum (Pt) electrodes at
a sweep rate of 20mVs !

The photo degradation performance of RB and MG dyes
over the as-synthesized material was evaluated under UV
light (30 W, length 60 cm) and natural sunlight (10:30 am to
3:00 pm). The Lutron UV light meter (UV-340A) was used
to calculate the mean UV light and solar intensity throughout
the photo catalytic experiment (2290 uW/cm?: sunlight; 850
uW/cm?: UV light). Prior to illumination, the dye solution is
stirred under dark medium at 25 °C for 30 min to reach the
adsorption—desorption equilibrium. The PCM (100 mg) was
dissipated in 100 ml of aqueous dye suspension (RB: 10 mg
L' and MG: 10 mg L") with constant stirring. The aliquot of
the degraded dye suspension is withdrawn at regular interval
of time, centrifuged at 400 rpm and monitored by UV-vis
spectrum. The degradation percentage was measured by apply-
ing the equation given below,

Degradation percentage (%) = x 100 3

(Co B C)
—

o

where, Cg is the initial dye concentration of the dye before
irradiation, and C is the concentration of dye after time
t. The above equation is used to calculate the efficiency
of the degraded dye. The kinetic study of the photo
degraded dyes is carried out at various time intervals by
Langmuir-Hinshelwood (L-H) model; the apparent rate
constant is calculated by employing the equation provided
below.

Co
Kapp = e “

t
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Herein, the k,,, is the rate constant of pseudo first order
and 7 is the time interval. The k,,, is determined from the
slope by plotting the graph between In (Co/Ct) and ¢. Co is
the initial dye concentrations after adsorption under dark
(30 min) and Ct is the concentration of dyes at various time
intervals. Furthermore, the mineralization of the organic pol-
lutants into intermediate products which are finally mineral-
ized into CO, and H,O by the hydroxyl radical or the photo
generated hole cannot be evaluated by the spectroscopic
techniques. Therefore, the TOC analysis is carried out and
its mineralization efficiency was studied by using the equa-
tion given below.

(roc, — TOC,)

x 100
T0C,

Mineralization efficiency (%) =
&)

Herein, the TOC, and TOC, corresponds to TOC
concentrations before and after the reaction. The photo
stability study was investigated by using the material from the
degraded dye. It was filtered off after each cycle washed with
methanol, deionized water, dried and used for the next cycle.
Furthermore, to understand the key radicals involved in photo
degradation, radical-trapping experiments was performed.
Isopropyl alcohol (IPA), Ethylenediamminetetraacetic acid
disodium salt (EDTA-2Na) and p-benzoquinone (BQ) were
functioned as scavengers of hydroxyl (*OH), holes (h+) and
superoxide (*O,") species.

The textile effluent sample analysis was performed by
using the reactive black dye. The dye effluent is fetched from
the textile industry located in Erode (Tamilnadu, India). The
photo catalytic activity of textile effluent sample is evaluated
under direct sunlight. The as prepared material (100 mg)
was dissipated in 100 ml of dye suspension (Textile effluent
sample: 10 ml L™!) with constant stirring. The aliquot of
the degraded dye solution is withdrawn at regular interval
and monitored by UV technique. Furthermore the chemical
oxygen demand (COD) technique is used to evaluate the
quality of the degraded sample by employing dichromate
reflux method.

Results & discussions
Fourier transform infrared (FTIR) analysis

The FTIR spectrum of PCz, B-MnO2 and PCM is displayed
in Fig. 1. The N-H and O—H stretching vibration peaks for
PCz is appeared at 3420.2 and 3048.9 cm™! [24]. The bands
observed at 1593.8 and 1443.3 cm™! were ascribed to the
benzenoid and quinonoid units. The peaks formed at 921.5,
851.2 and 718.8 cm ™! were attributed to the emergence of
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Fig. 1 FTIR spectrum of PCz, 3-MnO, and PCM

unsubstituted carbazole, implying that the polymerization
taken from 3 to 6™ position. The results agreed well with
the reported literature [25].

On the other hand, the FTIR spectrum of PCM is sig-
nificantly changed after the decoration of MnO, into PCz
matrix. The O-H and N—H stretching vibration is appeared
at 3044.3 and 3418.7 cm™' The peaks formed at 924.7 and
847.8 cm™! were corroborated to the emergence of unsubsti-
tuted carbazole. The band formed at 1593 and 1489.6 cm™!
were related to the quinonoid and benzenoid units. The
results obtained were in good consistent with the earlier
studies [26—29]. A broad peak at 584.1 cm ! is observed
for pure B MnO,. In addition, the peaks observed between
28002900 cm ™! was shifted to the lower wave numbers and
the percentage transmittance is decreased which is due to the
loading of PCz [15]. But in the case of PCM, it is shifted to
572 cm™!. The broad peak appeared for MnO, is due to the
interaction between the oxygen molecules of MnO, and N-H
bonds of PCz. The shifting of the peaks to lower and higher
wave number is due to the synergistic effect between the PCz
and MnO, which is more advantageous for the transport of
charge carriers for enhanced photo catalytic activity.

Optical studies

The optical properties of PCz and PCM were studied by
UV-DRS technique and illustrated in Fig. 2a. The absorption
position of pure PCz is observed at 326.3 nm. Whereas,
the PCM shows the peak at 375.7 nm which is distinctly
red shift. The apparent band gaps were estimated by using
Kubelka—Munk method as illustrated in Fig. 2b. The band
gap of pure PCz is 3.8 eV, whereas for PCM it is calculated
as 3.54 eV which is decreased after the introduction of
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Fig.2 UV-DRS spectrum of (a) PCz (b) PCM and kubelka—munk plot (inset) of PCz and PCM

MnO, in the nanocomposite matrix. The decrease in the
band gap of PCM is owing to the emergence of sub-band
level connecting the conduction and valence band due to the
incorporation of MnO, into PCz matrix [30]. The Fig. S1
(Supplementary files) shows the UV absorption spectrum
of the annealed samples. It is observed that the annealed
samples shows low absorption peaks in the near UV spectral
region between 300 to 400 nm and exhibited red shift due
to the increase in the temperature. The band gap (E,) of
the annealed material exhibited increase in the band gap
from 3.54 (PCM) to 3.79 eV (PCM1). The increase in the
E, values is due to the following facts. The first one is the
crystallinity is increased on account of annealing at higher
temperatures (300 °C and 600 °C). In addition, the grain
boundaries started to decrease which led to the fast reduction
of defect states which results in the increased E, values. On
the other hand, further increase in the annealing temperature
decreases the band gap from 3.79 (PCM1) to 3.67 eV
(PCM2) and 3.65 eV (PCM3 and PCM4). The annealed
PCM exhibited red shift towards longer wavelength due to
the crystalline nature of the material which decreased the
band gap value [31].

X-ray diffraction

The pXRD pattern of PCz, MnO,, PCM, PCM1, PCM2,
PCM3 and PCM4 were depicted in Fig. 3(a-g). The pure
PCz (Fig. 3a) shows five prominent peaks appeared at 18.5°,
19.2°,19.8°,23.3° and 28°. The pronounced peak appeared
at 18.527° is assigned to the PCz backbone. The MnO,
(Fig. 3b) exhibited three dis+tinct characteristic peaks at
(20) 28.6°, 37.3° and 56.6° which corresponds to (110),
(101) and (211) crystal planes. The planes indicate the face

centered cubic (FCC) crystal lattice and the peaks obtained
are indexed to the pure phase of pyrolusite-MnO, (JCPDS
NO: 24-0735). The sharp diffraction peaks observed for
PCM (Fig. 3c), PCM1(Fig. 3d) and PCM2 (Fig. 3e) are very
close to B-MnO, and low intense peaks are obtained for PCz
due to its amorphous nature. Furthermore, there is no evi-
dence of impurity phases (such as a, 6-MnO,) was detected.

On the other hand, the PCM3 (Fig. 3f) shows peaks at
28.7°(310), 32.7° (101), 36.5° (400) and 38.8° (330) which
is indexed to a-MnO, (JCPDS card No: 72-1982). The result
suggests that the a-MnO, phase was developed and domi-
nated over B-MnQO, in the PCM3 during annealing at high
temperatures. In addition, the diffraction peaks for PCM4
(Fig. 3g) were presented at 26.6° (201), 36.5° (210), 38.2°
(002) and 49.7° (410) which corresponds to y-MnO, (JCPDS
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Fig.3 PXRD pattern of (a) PCz, (b) MnO,, (¢) PCM, (d) PCM1,
(e) PCM2, (f) PCM3 and (g) PCM4
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card no: 42-1316). It is observed that the annealing of the
material at higher temperatures results in the polymorphs of
MnO,. Furthermore, the PCM1, PCM2, PCM3 and PCM4
shows high crystallinity which is attributed to the fact that
the intensity of the XRD crystalline peaks increases with
the increase in the temperature from 300 °C to 600 °C sug-
gesting the improvement in the crystallinity of the samples.
When the temperature is increased the diffraction peaks are
more distinct and the FWHM values narrows which indi-
cates that the increase of crystallinity and the mean grain
size [32]. The crystallite size of PCz, PCM, PCM1, PCM2,
PCM3 and PCM4 were 62.44, 26.12, 24.30, 28.67, 26.64
and 28.82 nm respectively.

Morphology and micro structural analysis

The morphology of the material plays a crucial role in governing
the photo catalytic activity. Therefore the morphology of the as
synthesized and annealed material is studied by SEM analysis
and depicted in Fig. 4. The SEM image of PCz (Fig. 4a) shows
irregular particles with agglomeration owing to the large surface
area of the particles. On the other hand, the SEM images of
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PCM (Fig. 4b) exhibits uniform globular like structure due to
the surface modifications by incorporating MnO, nanoparticles
into the PCz matrix. The images revealed the high degree of
structural uniformity and the agglomeration were reduced
significantly which is expected to increase the surface area
thereby enhances the photo degradation. These results are
consistent with the previous studies [33]. The morphology of
the material is improved after annealing which can be clearly
seen from the FESEM analysis. The PCM1 (Fig. 4c) shows
nano flakes like morphology, PCM2 (Fig. 4d) exhibited uniform
spherical morphology, PCM3 (Fig. 4e) shows uniform globular
like morphology and PCM4 (Fig. 4f) shows uniform globular
particles with aggregation. The particles of PCM3 (128 nm)
and PCM4 (176 nm) is started to agglomerate and becomes
larger than PCM1 (78 nm) and PCM2 (89 nm). When the
annealing temperature increased from 300 °C to 600 °C the
small molecules acquires more kinetic energy and resulted in
high molecular motion which in turn increases the grain size
(clusters). In addition, the increasing of annealing time from
5 to 10 h resulted in randomly oriented aggregated particles
due to the generation of excess kinetic energy to the particles at
very high temperature. The result obtained agreed well with the
previous reported literature [34].
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Fig.4 FESEM images of (a) PCz (b) PCM (¢) PCM1 (d) PCM2 (e) PCM3 and (f) PCM4
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Fig.5 HRTEM image of (a-b) PCz and (d-e) PCM. SAED pattern of (c) PCz and (f) PCM

The HRTEM image of PCz (Fig. 5a) exhibited light
phase mainly composed of carbon which is evidenced by
FTIR, XRD and SEM-EDAX analysis. The lattice fringe of
PCz (Fig. 5b) is not clear due to the amorphous nature. The
SAED pattern of the PCz is shown in Fig. 5c. On the other
hand, the PCM clearly displayed the interface between the
PCz and MnO, with two distinct contrast phases. The dark
region evidenced the presence of MnO, nanoparticles which
is encapsulated by the light colored region corresponds
to the polycarbazole backbone. As shown in Fig. 5d, the
HRTEM images revealed the microscopic contact between
the PCz and MnO, which results in the formation of PCz/
MnO, nanocomposite. The Fig. 5e shows the well deter-
mined lattice space indexed to the face centered cubic
(FCC). The interplanar spacing between the two adjacent
lattice planes is 0.28 and 0.37 nm which is assigned to the
101 and 110 planes of B-MnO,. The results observed were
consistent with the d spacing values of the XRD pattern
of B-MnO, (JCPDS Card no: 24-0735). The corresponding
SAED pattern shows sharp diffraction spots attributed to the
polycrystalline nature of PCM (Fig. 5f).

The EDX spectrum of PCz is shown in Fig. S2a
(Supplementary files) substantiated that; it is mainly
comprised of carbon, nitrogen and oxygen. The weight
percentage of carbon (78.98%) is higher than the nitrogen

(11.26%) and oxygen (9.76%). In addition to these, the PCM
(Fig. S2b) is qualitatively constituted of various elements
such as carbon (C), oxygen (O) and manganese (Mn). The
sharp peak reveals the crystalline nature and the amorphous
nature also present to some extent. From the results, the
carbon is dominant with weight percentage of 69.34%
which is higher than the oxygen (17.22%), and manganese
(13.44%). The results suggest that the presence of these
elements confirms the formation of PCM. In addition to
these, the elemental color mapping images of PCM (Fig. S3)
revealed the presence of Carbon (blue), Nitrogen (green),
Oxygen (fluorescent green) and Manganese (red).

Cyclic voltammetry study

Cyclic voltammetry (CV) study reveals the HOMO-LUMO
energy level to understand the electronic transition for
the photo degradation of dyes. When the monomer is
polymerized, the HOMO-LUMO gap can significantly
changed [35]. In addition to these, the band gap of PCz
and MnO, were calculated from the analysis. As shown
in Fig. 6a, the glassy carbon electrode exhibited an onset
potential of oxidation and reduction peak for PCz at+0.29 V
and —0.66 V versus NHE. Similarly, the peak for MnO,
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Fig.6 Cyclic voltammtery of
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(Fig. 6b) is appeared at+0.29 V (oxidation) and -0.61 V
(reduction). The Eygyo and Ej 5o of PCz were calculated
as —5.04 eV and —4.09 eV. Similarly, for MnQO, it is
estimated as —5.04 eV and —4.14 eV respectively. The band
gap of PCz and MnO, calculated from the graph is 0.95 eV
and 0.9 eV. The LUMO and HOMO level of PCz is higher
than the conduction and valence band of MnO, Therefore,
the electrons in the LUMO of PCz can easily migrate into
the conduction band of MnO, due to the electron donating
property of PCz and accepting property of MnO, which
increases the separation of free charge carriers for the
enhanced photo degradation of dyes.

BET analysis

The physical properties of PCz, PCM, PCM1, PCM2,
PCM3 and PCM4 were determined with the nitrogen (N,)
adsorption—desorption isotherm analysis and illustrated in
Fig. S4 (Supplementary files). In view of the Brunauer-
Deming-Deming-Teller (BDDT) classification, the isotherm
with a hysteresis loops (P/P0 > 0.45) correlated to type IV
(H3), indicating the mesoporous nature of the material. The
specific surface area, mean pore diameter and total pore
volume of PCz, PCM, PCM1, PCM2, PCM3 and PCM4
were listed in Table 1. The surface area of PCz is lowest
4.0 ngfl), whereas the PCM exhibited the surface area of

Table 1 Physical properties of PCz, PCM, PCM1, PCM2, PCM3 and
PCM4

Material Surface area Total pore Mean pore
volume diameter
PCz 4.0 0.039 39.2
PCM 4.8 0.046 333
PCM1 7.4 0.084 454
PCM2 8.6 0.057 26.9
PCM3 33.8 0.054 8.2
PCM4 27.8 0.070 7.8
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4.8 m?g~!. It is noted that the surface area is increased after
the decoration of MnO, in PCz matrix. Furthermore, the
annealing temperature increased the surface area of PCM1
(7.4 m*’g""),PCM2 (8.6 m?g™!), PCM3 (33.8 m%/g) and
PCM4 (27.8 m?g 1), It is noted that the PCM3 has the larger
surface area compared to other materials. The annealing
of the material resulted in uniform globular morphology,
which presumably increased the surface area. It is noted
that the a-phase dominance led to the enhanced surface
area. Therefore, the modification of PCM3 by the effect of
annealing enables more active sites for the degradation of
dye pollutants.

Thermal studies

As shown in Fig. S5 (Supplementary files), the PCz exhib-
ited weight loss at two stages. The first one is observed
at 262.6 °C. It is estimated that 31.4% of the material is
lost due to the evaporation of residual water. The second
one is observed at 701.0 °C with a weight loss of 68.5%.
It is observed that the weight loss started to decrease from
262 °C and continued up to 701 °C, where the total weight
of the sample is completely decomposed at 701 °C.

However, the PCM (Fig. S5) shows weight loss at two
stages; first one is at 232.7 °C which is attributed to the
degradation of PCz. The second one is observed between
600—700 °C. The total weight loss is estimated to 11.6%
which shows that the material is not completely oxidized
and is more stable. At high temperatures exceeding above
700 °C the nanocomposite maintains its stability without any
weight loss. Furthermore, it is observed that the PCM is con-
sequently stable above 868.8 °C thereby exhibited superior
thermal stability than PCz.

The reason for the high thermal stability of PCM is
attributed to the following factors such as compact struc-
ture, high molecular weight of PCz, strong interaction of
MnO, with PCz chains. Furthermore, it is important to note
that the thermal degradation of PCM starts at much lower
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temperature (232.7 °C) than PCz (262 °C) which may be due
to the synergistic effect between PCz and MnO,. Moreover,
the PCz shows sudden weight loss but in the case of PCM it
exhibited a gradual weight loss demonstrating the enhanced
thermal stability of PCz/MnO, nanocomposite than PCz.

Photo catalytic performance

The photo catalytic performance of PCz, MnO,, PCM,
PCM1, PCM2, PCM3 and PCM4 is evaluated by using two
different organic dyes (RB and MG) as target pollutants. Ini-
tially the photo catalytic activity without light illumination
or photo catalyst was observed which shows no significant
degradation. On the other hand, the degradation was very
rapid in the presence of photo catalyst or light illumination
(0-30 min) due to the presence of vacant adsorption sites.
The degradation is stabilized after 30 min which indicates
the completion of the equilibrium.

The degradation efficiency of PCz shows 74.6% (UV)
and 78.9% (sunlight) towards RB dye. Similarly, it shows
75.3% (UV) and 77.4% (sunlight) under identical conditions.
Besides, MnO, exhibited 54.0% (UV) and 67.0% (sunlight)
over RB dye. In addition, it shows 65.0% (UV) and 71.0%
(sunlight) against MG dye under the same conditions. The
degradation efficiency of PCM towards RB dye is 80.6%
(UV) and 84.6% (natural sunlight). Correspondingly, the
degradation ability of PCM towards MG dye is 83.7%
(UV) and 85.4% (natural sunlight). The photo catalytic
activity of PCM towards RB dye is 1.08 (UV) and 1.07
(sunlight) times higher than PCz. In the same way, it is
1.11 (UV) and 1.10 (sunlight) times higher than PCz
towards MG dye. The pure MnO, shows low degradation
efficiency towards the RB and MG dyes under UV and

natural sunlight irradiation. However, the photo catalytic
performance is increased after the introduction of MnO,
nanoparticles into PCz matrix because the polycarbazole
forms a protective layer on the surface of MnO, which
improves the separation of electron—hole pairs between
PCz and MnO,. Furthermore, the dispersion of MnO, into
polycarbazole matrix improves the adsorption ability. The
p-type semiconducting property of MnO, depends on hole
conductance while polycarbazole as a conjugated polymer
is easy to accept electrons. Thus, the electrons excited on
the surface is dispersed to polycarbazole, which suppress
the recombination of electron—hole pairs and improve the
photocatalytic activity of the nanocomposites. Therefore, it
is observed that the polycarbazole plays a crucial role in the
enhanced photocatalytic activity.

The effect of annealing on the photo catalytic efficiency
were evaluated and tabulated in Table 2. From the results, it
is observed that the best degradation efficiency was observed
for PCM3 towards RB (Fig. 7a, b) dye under UV (96.2%) and
natural sunlight (97.9%). Similarly, the photo degradation
ability of PCM3 towards MG dye (Fig. 7c, d) is 97.4% (UV)
and 98.3% (natural sunlight). The photo catalytic activity
of PCM3 towards RB dye is 1.19 (UV) and 1.15 (sunlight)
times higher than PCM. In the same way, it is 1.16 (UV)
and 1.15 (sunlight) times higher than PCM towards MG
dye. The results show that the photo catalytic performance
is increased after annealing. The apparent rate constant of
PCM3 over RB (Fig. S6a, b) dye is 3.7 x 102 min~! (UV)
and 3.5% 102 min"! (natural sunlight). Similarly, it shows
3.6x102 min"' (UV) and 3.8 x 102 min ™' (natural sunlight)
towards MG (Fig. Séc, d) dye. Herein, the PCM3 is 1.9 (UV)
and 1.2 (natural sunlight) times higher than PCM towards
RB dye. In addition to these, the PCM3 is 1.5 (UV) and
1.1 (natural sunlight) times higher than PCM over MG dye.

Table 2 Degradation % and

A - Catalyst Dye Degradation% Slope R-Square
linear fitting parameters
uv Sunlight uv Sunlight uv Sunlight
PCz RB 74.6 78.9 2.5%1072 24x1072 0.9651 0.9734
PCz MG 75.3 77.4 2.5%1072 2.5%1072 0.8527 0.9487
MnO, RB 54.0 67.0 1.7x1072 1.9%1072 0.9461 0.9446
MnO, MG 72.0 76.0 1.6x1072 1.9%1072 0.9463 0.9631
PCM RB 80.6 84.6 2.1x1072 29%x1072 0.9463 0.9860
PCM MG 83.7 85.4 24x1072 3.4x107 0.9648 0.9581
PCM1 RB 88.7 89.6 3.1x1072 3.1x107 0.9375 0.9389
PCM1 MG 89.9 90.1 3.4x1072 33%x1072 0.9794 0.9855
PCM2 RB 92.1 91.3 3.4%x107? 2.8x1072 0.9751 0.9616
PCM2 MG 91.8 93.8 3.5%x1072 2.8x1072 0.9473 0.9737
PCM3 RB 96.2 97.9 3.7%x1072 3.5%x1072 0.9239 0.9736
PCM3 MG 97.4 98.3 3.6x1072 3.8x1072 0.9790 0.9891
PCM4 RB 93.8 95.5 2.7%107? 33%1072 0.9751 0.9224
PCM4 MG 94.3 96.0 3.1x1072 3.0x1072 0.9273 0.9811
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Fig.7 UV-vis absorption spec-
trum of PCM3 towards various
irradiation time under (a) UV
of RB (b) sunlight of RB (c)
UV of MG (d) direct sunlight
irradiation of MG dye
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From the results, it is evidenced that the rate constant of
PCM3 is higher than PCM under light irradiation. Therefore,
the annealing of material enhanced the photo catalytic
performance. The photo degradation percentage and rate
constant values of PCz, MnO,, PCM, PCM1, PCM2, PCM3
and PCM4 were summarized in Table 2.

The photo catalytic activity can be quantitatively inves-
tigated by fitting the degradation data using kinetic model.
As illustrated in Fig. S6 (Supplementary file), the linear
relationship between In(Co/Ct) versus irradiation time cor-
roborate the feasibility of this model. The correlation coef-
ficient value of PCz, MnO,, PCM, PCM1, PCM2, PCM3 and
PCM4 over RB dye under UV (Fig. S6a) and natural sunlight
(Fig. S6b) as well as the MG dye under UV (Fig. S6c) and
direct sunlight (Fig. S6d) is near to 1. Therefore, the result
indicates that the PCM and the annealed samples exhibited
pseudo first order kinetics.

The result shows that the PCz and MnO, are the promis-
ing material which has the potential to degrade the dyes
under light irradiation in 150 min. The PCz is a photoac-
tive material which suppress the electron—hole recombina-
tion for the photo degradation of the textile dyes. Further-
more, the high degradation efficiency of PCM over pristine
PCz is governed by the following facts: first, it is due to
the enhanced charge separation of photogenerated elec-
trons and holes achieved by the synergistic effect between
PCz and MnO,. The results agreed well with the reported
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studies [36]. Moreover, the PCz facilitates the separation
of light induced charge carriers between PCz and MnO,.
Second, the morphology of PCM compared to PCz shows
good dispersion of MnO, nanoparticles which results in the
high surface area accessible to the light sources for the high
degradation efficiency [37]. Third, the surface area of PCM
is 1.84 times higher than PCz. It is noteworthy that the sur-
face area produces innumerable photo excited electron—hole
pairs required for the superior photo degradation process
under light irradiation [38]. Finally, the pore volume and
pore diameter of PCM is 2.1 and 1.1 times larger than PCz.
The earlier studies reveal that the pore properties play a vital
role in facilitating the chemical reactions to takes place by
transporting the reactant or product molecules to move eve-
rywhere [39, 40] hence; the PCM shows improved photo
catalytic activity.

In addition, photocatalytic performance of PCM3 is
observed to be higher than PCM1, PCM2, PCM4, PCM, PCz
and MnQO,. The PCM degraded the dye in 150 min while the
PCM3 degraded the dye in 100 min with a high photo-catalytic
efficiency. The reason for the high performance photocatalysis
are. Firstly, the increase in the temperature results in larger grain
size (observed from SEM analysis) and higher crystallinity
(observed from XRD) which decreases the electron—hole
recombination and facilitates the separation of electron—hole
pairs and thereby increases the photo catalytic activity. Secondly,
the conductivity of the sample significantly improved after
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annealing at higher temperature (600 °C) which enhances the
number of light induced charge carriers for enhanced photo
catalytic activity. Thirdly, the surface area of PCM3 (33.8 m%/
) is higher than the other annealed samples which influence
the photo catalytic performance. Furthermore, the annealed
samples can produce a number of OH, H,0O and O, radicals
which react with the light generated electron-holes for producing
more number of active radicals for enhanced photo catalytic
activity. Furthermore, to evaluate the efficiency of the photo
catalyst it is compared with the reported photo catalyst [41-48]
and summarized in Table 3. It is observed that the synthesized
PCM3 demonstrated high degradation efficiency than the other
reported photo catalyst.

Photo catalytic degradation of pollutants results in inter-
mediates which cause more harm than the pollutants. Hence,
to identify whether the synthesized material can break down
the pollutants into harmless products the TOC analysis is
performed. After 100 min of irradiation, the PCM3 exhibited
the TOC removal efficiencies against RB (47.21) and MG
(62.13%) dyes under UV light. In the same way, it shows
76.14 (RB) and 85.66% (MG) under natural sunlight illumi-
nation. It is observed that the PCM effectively converted the
pollutants into small products during photo catalytic degra-
dation of the organic dyes.

Possible mechanism of the enhanced photo
catalytic activity

In order to investigate the enhanced photo catalytic activity com-
prehensively photoluminescence spectrum (PL), electrochemi-
cal impedance spectroscopy (EIS), cyclic voltammetry (CV)
and quenching experiment were carried out. The PL spectrum
(Fig. 8a) is used to investigate the migration and decoupling of
light induced charge carriers (e /h+) on the surface of the photo
catalyst which is related to the excitation wavelength. The PCM

is excited at a wavelength of 360 nm which shows two kinds of
high emission peaks, first one is at 343.9 and the second one is
at 356.5 nm suggesting high recombination efficiency. Besides,
PCM3 is excited at 360 nm which exhibited low emission peaks
at 344.9 and 355.5 nm. Universally speaking, the high intensity
peak leads to high recombination rate and the low intensity peak
leads to low recombination rate which enables more free charge
carriers for the improved photo catalytic performance [49, 50].
Therefore, the low intensity peak obtained for PCM3 leads to
the suppression of recombination of e /h+ pairs which favors
the photo degradation of the dyes.

Furthermore, to determine the involvement of radicals in the
photo catalytic activity, the quenching experiment is performed.
As shown in Fig. 8b, the degradation percentage of PCM3
towards RB dye is decreased from 95.1 (no scavenger) to 51.2
(EDTA), 22.8 (BQ) and 0 (IPA) suggesting that the degrada-
tion is greatly promoted by IPA, which implies that the hydroxyl
radicals favored the photo catalytic activity. On the other hand,
the photo degradation percentage of PCM3 against MG dye is
decreased from 93.4 (no scavenger) to 83.4 (EDTA), 0 (BQ) and
87.0 (IPA) indicating that the superoxide (BQ) is the main active
species involved in the degradation. Therefore, it is disclosed that
the degradation of RB dye is influenced by hole (h+) and super-
oxide (*O, ) radicals. In addition hydroxyl ((OH*) and hole (h+)
were the minor radicals during the degradation of MG dye.

The position of conduction band (CB) and valence band
(VB) are very important to understand the enhanced photo deg-
radation mechanism in detail. It is interesting to observe that the
band gap of PCz (0.95 eV) and MnO, (0.9 eV) are almost equal
which can form heterojunction for the enhanced carrier separa-
tion. Moreover, the CB (-0.66) of PCz is more negative than the
CB (-0.61) of MnO, which is thermodynamically favor for the
migration of photocreated electron—hole pairs. Subsequently, the
light induced charge separation was rapid and the recombina-
tion rate was relatively slow which is beneficial for the photo
catalytic activity.

Table 3 Comparision of

. Name of the photocatalyst Name of Irradiation source Degradation % or rate Ref

photocata}lytlc performance. of the dye constant (K. ) min™!

PCM3 with reported material P
Sm/CeO, RB uv 89 [41]
RGO/TiO, RB sunlight 94 [42]
ZnO RB Uuv 80 [43]
NaNbO5/ZnO RB sunlight 75 [44]
PCM3 RB uv 96.2 Present work
PCM3 RB Sunlight 97.9 Present work
PANI/ZnO MG uv 89 [45]
PAZ/TiO, MG sunlight 93 [46]
PANI/TiO, MG uv 92.2 [47]
GG/AL O, MG sunlight 90 [48]
PCM3 MG uv 97.4 Present work
PCM3 MG Sunlight 98.3 Present work
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Generally, EIS is employed to measure the migration of
light induced charge carriers. Usually, the smaller semicircu-
lar arc indicates lesser interfacial resistance and faster electron
migration [51-53]. As illustrated in Fig. 8c, the PCM3 exhib-
ited smaller arc radius related to the lowest resistance and rapid
migration of charges. It is observed that the photo catalytic per-
formance of PCM3 is higher than PCM and PCz. The photo-
catalytic mechanism of PCz/MnO, nanocomposite against RB
and MG dyes under various light illumination is graphically
illustrated in Scheme 2

7'

Apart from these, the combined effect of PCz with
MnO, results in the elevated photocatalytic performance.
Therefore the mechanism for the photocatalytic activity is
summarized as follows:

PCz/MnO, + hv — ¢~ (PCz) + h* (MnO,) (6)

0,.- + H,0 - HOO* + OH~ (7

Scheme 2 The photocatalytic
mechanism of PCz/MnO,
nanocomposite against RB and
MG dyes under various light
illumination

E (ev) vs vacuum
IS
a

-5.01
-5.21
-5.41

CO2
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HOO* + H,0 - H,0, + OH" )
H,0, - OH" + OH ©)]
OH" + (RB & MG) — CO, + H,0 + degraded dye  (10)
HO,. + (RB & MG) — CO, + H,0 + degraded dye  (11)

O,.- + (RB & MG) — CO, + Hy0O + degraded dye  (12)

In conclusion, the CV, DRS, PL and EIS studies dem-
onstrated that the decoupling of the free charge carriers is
very rapid which may be the prime cause for the enhanced
photo catalytic performance. Apart from these, some other
factors also involved in enhancing the photo catalytic
activity such as high surface area, pore size, crystallinity
and the lesser degree of agglomeration.

Stability and reusability

Stability and reusability is imperative for the photo catalyst
which determines the practical feasibility for the commercial
applications. As illustrated in Fig. 9a, the photo catalytic effi-
ciency (first cycle) of PCM3 over RB dye is 94.16 (UV) and
95.75% (natural sunlight). In the same way, the photo catalytic
efficiency of PCM3 over MG dye (Fig. 9b) under the same
conditions is 94.96 (UV) and 96.41% (natural sunlight). The

degradation efficiency after the fourth consecutive cycle is 86.84
(UV) and 85.53% (natural sunlight) towards RB dye. Similarly
it shows 84.88 (UV) and 85.05% (natural sunlight) towards MG
dye. The result evidenced a little decrease in the photo catalytic
activity after each cycle. The minimal loss in the photo catalytic
activity for each cycle is 4-6% which shows that the material
is remained unchanged and is recovered by regenerating with
deionized water. The decrease is due to residual dyes shield the
texture of photo catalyst which absorbs the reactive centers of
the photo catalyst. In addition, the used material was character-
ized by XRD (Fig. 9c) and FTIR (Fig. 9d) technique. The phase
and the structure of the material are compared with the material
before and after treatment which shows no significant change.
The repeated cyclic runs confirm that the catalytic reactions took
place rather than the chemical reaction. Furthermore, the syn-
thesized PCz/MnO, nanocomposite is more stable in the cyclic
runs as well as in the structure which is considered as a potential
candidate for the practical applications.

Textile effluent sample analysis

The PCM3 is treated with the textile effluent sample to investigate
for the practical applications. The COD analysis is performed to
determine the amount of oxygen needed to contribute the CO,
and H,O during the mineralization of the organic pollutants.
The mineralization of PCM3 towards real life time sample is
63.8% in 120 min. Furthermore, the degradation efficiency of

Fig.9 Recycling test of PCM 120

towards (a) RB dye under UV [ vv (a
and direct sunlight irradiation 100 sunlight

(b) MG dye under UV and v 2
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the PCM3 after 120 min of photo catalytic treatment is 78%.
The COD removal rate and the degradation efficiency results
indicate that the PCM3 is suitable for purifying the waste water
from the industries. The photo degradation of PCM3 towards
textile effluent sample under direct sunlight is shown in Fig. S7.

Conclusion

The PCz and PCz/MnO, nanocomposite were successfully
prepared by facile in situ chemical polymerization process.
The material was confirmed by well determined peaks
revealed by spectral analysis. The PCM shows the band
gap of 3.54 eV which evidenced that the material is active
beneath light illumination. The weight percentage of sample
remained after the thermal degradation of PCz at 702.02 °C
is 0% and PCM at 868.68 °C is 88.4% which evidenced the
high thermal stability. The CV study reveals that the HOMO
and LUMO level of PCz is higher than the conduction and
valence band of MnO, which brought great benefit for the
enhanced photo catalytic activity. The EIS spectra of PCM
exhibited shorter semicircular arcs which provide lower
interfacial resistance and a faster electron transfer process.
Photo degradation efficiency of PCM3 (a.-MnO,-phase) was
superior to the other phase transformed samples (3, 'y phases).
The PCz played an important role in the light harvesting and
light induced charge carriers of MnO,. The outstanding photo
catalytic performance is influenced by number of factors
such as low degree of aggregation, small particle size of
the material, rapid recombination efficiency for generating
electron—hole pairs. Furthermore the material was reused
for up to four cycles which demonstrates the reliability for
practical applications. According to the scavenging activity,
the electron-hole pairs were the key species involved in the
photo degradation of RB and MG dyes. The present work
provides a promising potential photo catalyst for the removal
of various textile dyes present in the industrial waste water.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-021-02791-9.
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