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mercial multiwalled carbon
nanotubes supported on electrospun
polyacrylonitrile@polypyrrole nanofibers as
photocatalysts for water decontamination†

Gabriele Capilli, ‡a Damian Rodŕıguez Sartori,b Monica C. Gonzalez,b

Enzo Laurenti, a Claudio Minero a and Paola Calza *a

We present a photoactive composite material for water decontamination consisting of non-purified

commercial multiwalled carbon nanotubes (CNT(NP)s) supported on an electrospun polymeric mat

made of core–sheath polyacrylonitrile–polypyrrole nanofibers. This is the first system that specifically

exploits the superior photocatalytic activity of CNT(NP)s compared with the purified carbon nanotubes

usually employed. A CNT(NP) still contains the catalytic metal oxide nanoparticles (NPs) used for its

synthesis, embedded in the nanotube structure. Under UV-visible irradiation, these NPs generate highly

reactive cOH radicals capable of degrading the organic molecules adsorbed on the nanotube.

Photocatalytic tests on the composite material show that CNT(NP)s act mostly as a source of

photogenerated charge carriers. The adsorption of target substrates occurs preferentially onto the

polypyrrole sheath, which shuttles the reactive carriers from CNT(NP)s to the substrates. In addition, UV-

visible irradiation of semiconducting polypyrrole generates radical species that directly react with the

adsorbed substrates. All synthetic procedures reported are scalable and sustainable. This mechanically

resistant and flexible composite overcomes one of the weakest aspects of water treatments that employ

suspended nanocatalysts, namely the expensive and poorly scalable recovery of the catalyst through

nanofiltration. All these features are required for large-scale photocatalytic treatments of polluted water.
Introduction

Since the discovery of carbon nanotubes (CNTs), their large-
scale production has increased exponentially. Due to their
intrinsic properties like thermal stability,1 electrical conduc-
tivity,2 and mechanical properties,3 CNTs offer a wide range of
applications in basic chemistry research and commercial
products such as electronics-batteries,4,5 high tech materials-
composites,6 coatings,7 and medical formulations.8

CNT are synthesized through different techniques including
arc-discharge, laser-ablation, and chemical vapour deposition
(CVD). Among them, CVD is the most efficient route9 as it is less
expensive and more scalable, as the synthesis happens at
ambient pressure, and versatile, as the precursors and catalysts
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can be solid, liquid, or gaseous.10 It also allows higher yields and
purity, and superior control on the growing structure.11–14

Different companies are currently producing CNTs on a large
scale via CVD.

In the CVD process, a carbon source undergoes catalytic
thermal decomposition, at high temperatures and under anoxic
conditions (H2, Ar atmosphere).10,14 The catalytic powder is
supported on a at surface of quartz, silicon, or alumina.9 It
usually consists of iron and cobalt nanoparticles (NPs), which
are essential to growing nanotubes with high yield.9 During the
growth, the NPs are crushed and dispersed and remain
embedded inside the developing nanotube network.11,15,16 CNTs
are oen puried from these metal impurities before use. The
most common purication and functionalization methods
involve wet processing with strong acids, to dissolve the NPs,
and subsequent washing.2,17–20

Puried, non-functionalized carbon nanotubes are unable to
produce reactive species under UVA irradiation, while the
opposite is observed aer some functionalization treat-
ments.21–23 The surface functional groups and defect sites are
preferred reactive positions because of the heavy deforma-
tion.10,20 They are mostly pentagon–heptagon pair defects, such
as an azulene unit instead of a naphthalene one in the graphitic
RSC Adv., 2021, 11, 9911–9920 | 9911
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structure,17 lattice defects (i.e. dangling bonds), present typi-
cally at the end caps, Y-junctions, and kinks.10

Non puried carbon nanotubes (CNT(NP)s) are expected to
exhibit a higher photoactivity as the entrapped NPs interact
with UV-Vis light and generate charge carriers.24,25 These
photoinduced charges delocalize on the nanotube surface,
because of its high electrical conductivity, and can react either
with water or oxygen to form reactive oxygen species (ROS) with
high oxidative potential, i.e. cOH (E0 ¼ 2.3 V).20,26–28

Currently, many studies on advanced degradation of water
pollutants employ photocatalytic nanomaterials that generate
ROS under UV-Vis light, because they are effective without any
further addition of chemicals.29,30 However, one of the main
issues related to their use as powders is their recovery, at the
end of the treatment. The separation of suspended NPs is not
scalable for water remediation applications nowadays.30,31

Immobilizing the NPs on solid supports resolves the NP
recovery problem. Following this strategy, we previously
designed and fabricated two combined systems where we sup-
ported photoactive ZnO NPs, cerium-doped ZnO NPs, and ZnO
nanocrystals on polymeric mats of electrospun nanobers.30,32

In this work, we immobilize CNT(NP)s on a mat of electro-
spun polyacrylonitrile (PAN) nanobers coated with a conduct-
ing polypyrrole (PPY) sheath, as depicted in Fig. 1. This novel
combined system will be later referred to as PAN@PPY–
CNT(NP).

PAN fabric is an ideal membrane support due to its high
tensile strength, exibility, and its resistance to degradation at
high temperatures and in the acidic conditions needed for the
polymerization of the pyrrole sheath.32 Highly oxidized (doped)
PPY used for the sheath is known as an electrical conductor and
an efficient hole shuttle33,34 in a wide pH range, given its low
response to acid/base dedoping with pH change.35 Among other
commonly used conducting polymers, PPY is the best
compromise between the cost of production and stability in the
working conditions, i.e. UV-Vis irradiation and temperature #

50 �C.32

The interaction between PPY and CNT(NP) on the surface is
expected to generate a synergistic effect36,37 in the removal
Fig. 1 Preparation steps of the composite material PAN@PPY–
CNT(NP).

9912 | RSC Adv., 2021, 11, 9911–9920
efficiency as the PPY sheath offers an additional surface area for
the adsorption of substrates and delocalizes/collects the reac-
tive charge carriers photogenerated in the nanotube. On the
other hand, the high surface area and conductivity of CNTs have
been reported to increase the redox properties of PPY.36
Experimental
Chemicals and materials

PAN (MW 50 000–70 000 Da, 99%) was purchased from
Sarchem Laboratories Inc., New Jersey. Pyrrole (98%), ammo-
nium peroxydisulfate (APS), 4-dodecylbenzene sulfonic acid
(DBSA) 99%, HCl 12 M, Rhodamine B (RB), Methyl Orange
(MO), and naphthalene were purchased from Sigma Aldrich,
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) from Enzo Life
Sciences Inc., New York. Dimethylformamide (DMF) was
supplied by Fisher Scientic, H3PO4 (85%) by Carlo Erba,
CH3CN (Chromasolv for HPLC, purity $ 99.9%) by Honeywell.
All the chemicals were used without further purication. Water
was puried with a Milli-Q plus apparatus (TOC ¼ 2 ppb,
conductivity 18.2 MU cm). The commercial multiwalled carbon
nanotubes employed were Nanocyl™ NC7000 industrial grade,
purchased from Nanocyl S.A., Belgium. Their reported features
were: 18 outer mean diameter 9.5 nm, average length 1.5 mm,
specic surface area 475 m2 g�1, amorphous carbon pyrolyti-
cally deposited on the outer layer, C purity 90%, and metal
oxides content 10% (1% transition metals). Reported impuri-
ties, determined by inductively coupled plasma mass spec-
trometry (ICP-MS), were: Al (5.9 wt%), Fe (0.5 wt%), and Co
(0.2 wt%). This material was used without any further puri-
cation and is referred to in this article as CNT(NP), where NP
stands for NanoParticles or Non-Puried.
Synthetic steps

Electrospinning of PAN nanobers. The PAN nanobers
were produced following our previously reported procedure.32 A
solution of PAN in DMF (20% w/w) was loaded in a commercial
20 ml syringe and electrospun through an E200 electrospinning
device (Inovenso, Turkey). The resulting mats were then treated
with a commercial UV-ozone cleaner (UVO cleaner mod. 42A,
Jelight, USA), for 3.5 min on both sides, to enhance PAN
hydrophilicity. The ozone treatment prevented the mat to fold
when immersed in water and allowed the pyrrole solution used
for polymerization to wet and permeate completely into the PAN
nanobers.

Fabrication of core–shell PAN@PPY nanobers. The core–
sheath polyacrylonitrile–polypyrrole (PAN@PPY) nanobers
were produced following our previously reported procedure.32

The PPY solution was prepared by mixing under vigorous stir-
ring, in an ice bath, a solution containing equimolar DBSA and
pyrrole (50 mM) in 10 ml of water, with a second solution
containing 100 mM APS in 5 ml of water, added dropwise.

Aer APS addition, the solution was kept at 4 �C for 90 min,
until it became dark green. Then, it was added drop by drop on
the PAN mats, which were lying horizontally on a hydrophobic
support. The mats were impregnated with an average of 0.12 ml
© 2021 The Author(s). Published by the Royal Society of Chemistry
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cm�2 and allowed to dry naturally. The impregnation step was
repeated 3 times, aer 4 and 7 hours, keeping xed the
temperature at 4 �C during the whole process. In the end, dark
green mats were obtained. These PAN nanobers covered with
a homogeneous PPY conducting sheath will be later referred to
as PAN@PPY mat.

Preparation of PAN@PPY–CNT(NP) mats. A 200 ppm water
dispersion of CNT(NP)s, prepared through 30min of ultrasound
irradiation, was added drop by drop on the dry PAN@PPY mats
until complete coverage was observed (approximately
0.2 ml cm�2). Then, the mats were let dry at 4 �C. This cycle was
performed two times. Lastly, the dried mats were impregnated
again with the PPY polymerizing solution obtained 7 hours aer
APS addition, described in the section above. The mats were le
overnight at 4 �C and then washed abundantly with water to
remove the excess surfactant and nanotubes not well attached
to the bers.

Acid treatments of CNT. Acid-treated CNT(NP)s, denoted as
CNTs, were prepared as follows. 1 g of CNT(NP)s was dispersed
in 100 ml of HCl 12 M and kept under continuous stirring for 3
hours at 50 �C. Then, the suspension was ultrasound irradiated
for 5 hours (Branson 2800), centrifuged, recovered, and washed
three times with water. The puried nanotubes were nally
dried in an oven at 100 �C overnight.
Synthesis of control materials

The contribution of the different components to the combined
material PAN@PPY–CNT(NP), in terms of mechanical resis-
tance and removal efficiency, was evaluated with materials
produced by skipping at least one of the preparation steps, as
described in Table 1.
Table 1 Synthetized materials and their acronyms

Name Preparation

PAN@PPY–CNT(NP) PAN@PPY mat, covered with the CNT(
suspension and nally with the pyrrol
polymerizing solution

PAN@PPY PAN nanobers just coated with PPY

PAN–CNTcold PAN mat just covered with the CNT(NP
suspension and then dried at 4 �C for
(without PPY)

PAN–CNT(NP) PAN mat just covered with the CNT(NP
suspension and then dried at 100 �C fo
2 cycles

PAN@PPY–(CNT) PAN@PPY mat, covered with the CNT(
suspension for 2 cycles. No nal cover
PPY was applied

PAN@CNT-PPY PAN mat rst covered with the CNT(N
suspension, for 2 cycles, then with the
polymerizing solution (no initial cover
PPY)

PAN@PPY–CNT Same as PAN@PPY–CNT(NP), but with
puried CNTs

© 2021 The Author(s). Published by the Royal Society of Chemistry
Material characterization

High-resolution transmission electron microscopy (HRTEM)
was carried out on a JEOL JEM 3010UHR (300 kV) TEM tted
with a single crystal LaB6 lament. The CNT(NP) sample was
prepared from a 10 ppm aqueous suspension dry-deposited on
Cu “holey” carbon grids (200 mesh). Fourier-transform infrared
(FT-IR) spectra were obtained with a Bruker IFS28 spectropho-
tometer equipped with a Globar source and a DTGS detector,
working at 128 scans with 4 cm�1 resolution in the 4000–
400 cm�1 range. The sample was prepared by pressing a ground
mixture of 1% CNT(NP)s with 99% dry KBr. Scanning Electron
Microscopy (SEM) was carried out with a FEI Inspect F50 eld
emission SEM microscope. The samples were coated with
a 4 nm Pt layer (LEICA EM ACE600 sputtering machine).

The surface composition of the materials was characterized
by X-ray Photoelectron Spectroscopy (XPS) on a Thermo Scien-
tic Ka spectrometer, using Al Ka radiation (1486 eV) and an X-
ray spot size of 400 mm. To prevent surface charging during the
measurement, the samples were hit with a ood gun shooting
low-energy electrons (14 eV). Survey scans were acquired with
a pass energy of 200 eV and 1.0 eV resolution; these parameters
changed to 50 eV and 0.1 eV, respectively, for high-resolution
scans. The curve tting analysis was performed through
Avantage Soware (ver. 4.60) using Gaussian–Voigt curve func-
tions, the background was subtracted by the Smart method. The
reported XPS results are the average of data collected on 3
different spots on 2 samples for each material.

Electron Paramagnetic Resonance (EPR) was employed to
study the photogeneration of reactive cOH using DMPO as
a trapping agent. EPR spectra were recorded at room tempera-
ture with a Bruker ESR 300E X-band spectrometer. The acqui-
sition parameters were as follows: frequency 9.78 GHz,
microwave power 5 mW, center eld 3470 G, sweep width 80 G,
Description and scope

NP)
e

Complete system

Reference material to indirectly investigate the
CNT(NP) contribution to the removal efficiency
of the complete system

)
2 cycles

Reference material to indirectly investigate the
PPY photoactivity and the role of PPY as
entrapping/binding agent for the CNT(NP)s

)
r 1 h, for

Same as PAN–CNTcold, but with a higher drying
temperature to promote the attachment of
CNT(NP)s on PAN

NP)
age with

Reference material to investigate the effect of
the nal PPY layer on the mechanical stability of
the CNT(NP) layer

P)
pyrrole
age with

Reference material to indirectly investigate the
role of the initial PPY functionalization of the
PAN surface for the subsequent CNT(NP) layer
attachment

HCl- Reference material to indirectly investigate the
photocatalytic effect of the metal oxide NPs in
the CNT(NP)s

RSC Adv., 2021, 11, 9911–9920 | 9913
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receiver gain 1 � 105, modulation amplitude 0.41 G, conversion
time 40.96 ms. The materials were immersed in 5 ml of pure
water and irradiated for 60 min in the same conditions chosen
for the removal efficiency measurements (see below). Then,
10 ml of spin trap were added, keeping the mat under illumi-
nation for an additional 10 min. Aer irradiation, an aliquot of
the solution was withdrawn in a capillary quartz tube and the
EPR spectrum was immediately acquired.24,38

In order to investigate the stability of the various function-
alized bers, the amount of carbon released in 10 ml of water
from 2 cm2 of the mat was measured using a total organic
carbon analyzer (Shimadzu TOC model 5000). Before TOC
analysis, the mats were exposed to the same irradiation condi-
tions chosen for the removal efficiency measurements, for
different increments of time (0 min to 120 min).

The tensile properties of the PAN@PPY–CNT(NP) composite
were determined through a uniaxial tensile test, performed on
a computer-controlled mechanical testing machine (Ernest F.
Fullam, Inc.) equipped with a 25 lb load cell. The samples were
loaded at a rate of 0.01 mm s�1 until failure. The specimens
were prepared by cutting the brous mats into rectangles with
30 mm � 8 mm size.

The tensile strain was calculated as the change in length
divided by the initial length of the sample (i.e. 30 mm), the
maximum elongation (elongation at break) was measured at the
point of sample failure. The tensile stress was calculated as the
recorded load divided by the sample cross-sectional area. To
calculate the cross section, the mat thickness was measured by
a screw micrometer. The ultimate tensile strength was
measured as the stress at the point of the rst sample failure.
Young's modulus corresponded to the slope of the initial, linear
portion of the stress–strain curve. The reported values are
averages calculated from tensile stress–strain curves for n ¼ 3
samples for each mat.
Removal efficiency of model contaminants

The substrates tested were RB (10�5 M), MO (10�5 M), naph-
thalene (5 ppm). The substrate evolution measurements were
carried out on 5 ml aqueous solutions containing the target
molecule and one of the various functionalized mats (2 cm2,
6 mg), contained in plugged cylindrical Pyrex cells (4.0 cm
diameter and 2.5 cm height, cut-off at 295 nm). The tests were
carried out under irradiation using a sunlight simulator device
(SolarBox, CO.FO.ME.GRA, Milan), equipped with a 550 W
xenon lamp (integrated irradiance in the cell: 30 � 1 W m�2 in
the 340–400 nm range, 128 � 6 W m�2 in the 400–520 nm
range). The lamp emission spectrum (reported in Fig. S1†) and
incident photon ux were recorded with a calibrated spectrum
radiometer (Ocean Optics SD2000 CCD spectrophotometer)
equipped with optic ber and a CC-3-UV-T cosine corrector.
Before irradiation, the suspensions were le in the dark for 2
hours, to achieve the adsorption–desorption equilibrium
between the substrates and the materials. A small volume of
solution was withdrawn regularly, from 0 min to 120 min, to
determine the evolution prole of the adsorption isotherm.
During irradiation, the solutions were not stirred. Aer
9914 | RSC Adv., 2021, 11, 9911–9920
irradiation, the solutions were ltered through a 0.45 mm
hydrophilic PTFE membrane (Millipore Millex-LCR) and
analyzed. The RB and MO adsorption and degradation kinetics
were recorded with a Varian CARY 100 UV-Vis spectrophotom-
eter. The naphthalene adsorption and degradation kinetics
were monitored by HPLC-UV (YL9300 HPLC System) equipped
with a Lichrospher R100 RP-18 (5 mm) column. The injection
volume was 50 ml, and the elution was carried out at 1 ml min�1

in isocratic mode with aqueous H3PO4 (4.2 mM) : CH3CN
65 : 35 (retention time: 9.5 min). Aer completing one removal
cycle, the mats were withdrawn from the solution, rinsed with
abundant water, and used to perform a subsequent cycle. The
removal efficiency was estimated tting the time evolution of
the substrate with a mono-exponential decay law C ¼ C0-
exp(�kt). The rst order constant k obtained was taken as
a relative measure of the removal efficiency. C0 corresponded to
the concentration of free substrate at the beginning of irradia-
tion, i.e. the concentration detected aer adsorption on the
catalyst for 2 hours in the dark.
Results and discussion
Characterization of CNT(NP)

The characterization of the CNT(NP)s used in this work is
described elsewhere in the literature.18,24 In Fig. 2, the TEM
micrographs of the as-received material indicate that it consists
of ropes and yarns of entangled nanotubes, agglomerated in
larger disordered structures with sizes ranging from microns to
millimeters (panel a).18,24 HRTEM pictures in panels (b) and (c)
show in detail single disentangled carbon nanotubes and
conrm the presence of both an amorphous carbon layer on the
nanotube surface (white squares in panel b) and amorphous
metal oxide NPs (white circle in panel c). The NPs are residues of
the catalyst used for the CNTs synthesis and appear attached
both to the surface and within the nanotube structure.

NP composition has been already determined and roughly
quantied through X-ray photoelectron spectroscopy (XPS),
energy-dispersive X-ray spectroscopy (EDS), and X-ray diffrac-
tion (XRD) on the residues of the thermogravimetric analysis
(TGA).24 The NPs located on the surface consist almost entirely
of aluminum oxide, used as the catalyst support,12,39 and smaller
amounts of iron oxide, cobalt oxide, and silicon oxide. They are
removed through treatments with concentrated acids.24

IR spectroscopy performed on the CNT(NP)s (Fig. 2, panel d)
reveals the presence of oxidized carbon, generated during the
nanotube synthesis, as well as the entrapped metal oxide NPs.
The characteristic band at 3440 cm�1 corresponds to the O–H
stretching vibration due to nanotube surface groups. The small
peak at 1707 cm�1 (C]O stretching), together with the sharp
and intense peak at 1385 cm�1 (O–H bending) and the band
centered at 1095 cm�1 (C–O stretching), suggest the presence of
surface carboxylic groups. The wide band, which ranges from
830 to 460 cm�1 is ascribed to the metal–oxygen vibration
modes of aluminum oxide, iron oxide, and cobalt oxide. Al–O
absorption displays a characteristic broad band that starts at
around 900 cm�1 and dominates the ngerprint region. Bands
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) TEMmicrograph of pristine CNT(NP)s, scale bar: 1 mm. (b and c) HRTEMmicrographs of pristine CNT(NP)s which show the amorphous
carbon layer on the CNT(NP) surface (white squares) and metallic NPs embedded in the CNT(NP) structure (white circle), scale bars: 10 nm. (d)
FT-IR spectrum of pristine CNT(NP)s.
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at 690–670 cm�1 and 580–560 cm�1 may be assigned to Fe–O
and Co–O vibrations.40–42
Functionalization of PAN nanobers with PPY and CNT(NP)

PPY forms by chemical oxidative polymerization of pyrrole
monomer in the presence of APS, a strong oxidant.43 The oxidative
reaction generates a heavy positive doping on the pyrrole rings of
the PPY chains. The DBS negative counterions rmly interact with
the positive nitrogen centers of the PPY, preserving the excess of
positive charge, i.e. maintaining PPY in its doped state.44

SEM enables investigation of themicroscopic texture and the
structural evolution of the PAN@PPY nanobers, before and
aer the functionalization with CNT(NP)s. Fig. 3a and S2† show
a magnication of the dark grey PAN@PPY mat reported in the
inset. The nanober surface is rough, due to the PPY sheath.
Some bigger PPY domains appear where two or more bers are
in contact. Fig. 3b illustrates how the nal thin layer of PPY,
described above, effectively encloses the CNT(NP)s on the
surface of the PAN@PPY bers.

We immersed the several control materials described above
in water andmanually shook them to estimate their mechanical
resistance in the photocatalytic conditions. The PAN–CNT(NP)
mat exhibits excellent mechanical stability when immersed in
© 2021 The Author(s). Published by the Royal Society of Chemistry
water, as it does not swell and CNT(NP)s do not detach from the
bers. PAN–CNTcold is not mechanically stable in water as it
suddenly swells and most nanotubes detach from the bers.
This material was not tested further for its removal efficiency
towards model contaminants.

PAN@PPY–(CNT) results mechanically stable in water
(neither swelling nor folding occurs), but a large part of nano-
tubes detach from the bers soon aer immersion. Conversely,
the PAN@CNT–PPY mat quickly swells in contact with water.
Both these control materials were not chosen for subsequent
tests due to their low mechanical features. Overall, these results
prove that both the rst and the nal PPY layers are necessary to
ensure the desired stability and mechanical properties.

We investigated the chemical composition of the mat surface
through XPS. XPS is a suitable technique for non-microporous
carbons like CNTs and nanobers; currently, it is the most
required technique to evaluate carbon surface chemistry.45 The
wide-scan spectra are shown in Fig. S3† and the mean elemental
distribution of the surveys are summarized in Table 2. As expected,
the PAN@PPY nanobers are mostly composed of C and N. The
remarkable abundance of O and the small amount of S arise from
the sulfonic group of the DBS anions, which are preferentially
located on the surface and shield the N of the PPY rings almost
stoichiometrically. Adsorption on PPY must be affected by the
RSC Adv., 2021, 11, 9911–9920 | 9915
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Fig. 3 SEM micrographs of (a) PAN@PPY nanofibers, and (b) CNT(NP)s entrapped on PAN@PPY surface (PAN@PPY–CNT(NP) material). Insets
report the pictures of the corresponding mats. Scale bars: 5 mm.
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bulky negative heads and the long (dodecyl) apolar tails of DBS.
Positively charged and/or hydrophobic substrates are expected to
be favored over negatively charged ones.

Fig. S4† shows the high-resolution C 1s, N 1s, O 1s, and S 2p
spectra, together with the components obtained from curve
tting, their binding energy, chemical assignments, and their
discussion. The PPY surface appears composed at most of
aromatic sp2 C and N moieties. The heavy oxidation has
generated a high density of bipolarons, localized on the N
atoms (i.e. N+, in 1/3 of the pyrrole rings). Supercial C–OH and
C]O are negligible in the prepared PPY. All the values
measured are in close agreement with XPS analysis on PPY
prepared via oxidative polymerization with APS.46

The surface of the PAN@PPY–CNT(NP) composite is richer
in carbon, which spans from 75 to 90% depending on the local
amount of entrapped nanotubes. Areas poorer in CNTs show
the same elemental composition of PAN@PPY, because of the
supercial thin PPY layer deposited during the last step of the
PAN@PPY–CNT(NP) preparation. Areas richer in CNTs show an
absolute predominance of carbon and small amounts of N, S,
and O. Oxygen is detected in higher amounts; according to its
high-resolution spectrum, it is present predominantly in the
form of hydroxyl groups (see Fig. S4 and related discussion in
the ESI†).
Production of cOH under irradiation

Photogenerated cOH radicals were detected by EPR using DMPO
as a radical trap. The mats were tested aer each preparation
Table 2 Summary of the mean values and standard deviations of the surf
composite, based on XPS survey scans performed on 6 different spots p

Sample C 1s

PAN@PPY 72 � 4
PAN@PPY–CNT(NP) 76 � 4
PAN@PPY–CNT(NP) (richer in CNTs) 90 � 3

9916 | RSC Adv., 2021, 11, 9911–9920
step, including PAN@PPY supporting CNTs aer acid washing.
The EPR spectra of pristine CNT(NP)s and CNT(NP)s aer their
treatment in concentrated HCl were taken as control experi-
ments (Fig. S5†). Fig. 4 reveals that the coverage of PAN@PPY
with CNT(NP)s leads to an increase of photoproduced cOH
radicals. On the other hand, CNTs treated with HCl do not
generate cOH. The mats functionalized with CNTHCl show
a negligible photoproduction of cOH even compared to that of
PAN@PPY. This evidence proves the central role of the Co, Fe
and Al NPs24 in the photocatalytic activity of the CNT(NP)s
studied, which disappears when the HCl treatment removes the
metal traces from the exposed surfaces of the nanotube.

EPR measurements in Fig. 4 also demonstrate that the cOH
photogeneration by the PAN@PPY–CNT(NP) mat does not
decrease aer repeated photodegradation cycles, in contrast to
what is usually reported for many photocatalysts. Surprisingly,
it slightly increases aer the rst cycle. This behavior is in
agreement with the increased H2O2 photoproduction observed
in the presence of CNT(NP)s which have previously been
exposed to UVA light.24

UV-Vis irradiation seems to improve the photocatalytic
properties of CNT(NP)s, possibly by inducing a reduction of the
oxygen-containing groups on the nanotube surface,24 without
deactivating or removing the residual metal oxide NPs.
Measurements of removal efficiency

The removal efficiencies of PAN–CNT(NP), PAN@PPY, and
PAN@PPY–CNT(NP) were tested towards different target
ace elemental composition of PAN@PPY mat and PAN@PPY–CNT(NP)
er sample. The corresponding spectra are reported in Fig. S4

Atomic%

N 1s O 1s S 2p

10 � 1 14 � 3 4 � 1
8 � 1 13 � 2 3 � 1
3 � 1 6 � 2 1 � 0.5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EPR spectra of PAN@PPY, PAN@PPY–CNTHCl, and PAN@PPY–
CNT(NP) mats. PAN@PPY–CNT(NP) are tested right after the synthesis,
after the 1st cycle of experiments on RB removal, and after the 2nd
cycle.
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molecules such as RB, MO, and naphthalene. All the experi-
ments have been carried out in static conditions, i.e. without
stirring. Each material underwent preliminary adsorption tests
in the dark. In all cases, the substrates and themats reached the
adsorption–desorption equilibrium within one hour (Fig. S6†).

MO does not adsorb on the functionalized bers, so its
photodegradation is negligible. Since MO is an anionic deriva-
tive of the benzenesulfonic acid, some Coulomb repulsion most
likely establishes between MO and the mat. Conversely, the
uncharged naphthalene and RB, a neutral species above pH 4,
partially adsorb on the PAN@PPY and PAN@PPY–CNT(NP)
bers and are then photodegraded. This indicates that the mat
is most probably negatively charged at the pH of the test
Fig. 5 (a) First and (b) second removal cycles of RB (10�5 M) in the presen
mats under Solarbox irradiation. The direct photolysis of the target substra
the time evolution of the substrate concentration shown in panels (a) an

© 2021 The Author(s). Published by the Royal Society of Chemistry
(around neutrality, as no pH adjustment was done). The pHpzc

of hybrid materials can change considerably with their
composition due to the local (charge) equilibration at their
interfaces. This effect is expected to be larger with materials
with large electron mobility, such as the composites reported
here.47

As shown in Fig. S6,† the adsorption capacity of PAN@PPY–
CNT(NP) mats is 40 � 10% in the case of RB and 35 � 10% in
the case of naphthalene, in each removal cycle. The adsorption
capacity of the PAN@PPY mats is close to the one of PAN@PPY–
CNT(NP), specically 5–10% lower for both substrates. This
demonstrates a major role of the PPY layer in the substrate
adsorption on PAN@PPY–CNT(NP). According to the literature,
the chemical polymerization of PPY in the presence of CNTs
induces the formation of aggregates that deposit on the
embedded nanotubes,36 altering their adsorption properties.
The adsorption capacity of CNT(NP)s in PAN@PPY–CNT(NP) is
reasonably low because they are mostly immersed in the PPY
matrix, as clearly displayed in Fig. 3b. The CNT(NP) adsorption
ability appears greatly reduced also in the PAN–CNT(NP) mat, in
consequence of the interactions between the active sites of
CNT(NP)s with the surface groups of the PAN support,
promoted by the thermal treatment performed during the PAN–
CNT(NP) preparation.

Fig. 5 shows the removal efficiency of the different mats
tested for RB, together with the substrate direct photolysis. The
direct photolysis contribution, caused by the dye absorption in
the emission range of the excitation lamp, is not negligible in
the case of RB. This effect is responsible for no more than 20%
of the RB abatement. PAN–CNT(NP) exhibits a low removal
efficiency toward both RB and naphthalene (see also Fig. S7†),
close to the direct photolysis contribution. This result is quite
unexpected given the high amount of photogenerated cOH
detected by EPR (Fig. S5a†).

PAN@PPY removes both RB and naphthalene (see also
Fig. S7†) even if EPR detects a little photoproduction of cOH
(Fig. 4). The small bandgap of heavily doped PPY is not able to
ce of PAN–CNT(NP) (:), PAN@PPY (-), and PAN@PPY–CNT(NP) (A)
te (>) is also reported. (c) First-order kinetic constants calculated from
d (b).
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generate such reactive species. Another mechanism not detec-
ted by EPR with DMPO, such as the direct transfer of h+, is most
probably responsible for the degradation of the RB and naph-
thalene molecules adsorbed on the PPY sheath.32–34

It is worth mentioning that the ROS concentration in the
proximity of the irradiated system could be some orders of
magnitude higher than the value measured via EPR in the bulk
aqueous phase, using a trapping substrate.28,48

Since these short-lifetime reactive species are produced and
scavenged close to the nanotube surface,49,50 they inuence the
CNT(NP) and PPY–CNT(NP) surface chemistry much more than
what is expected from their bulk concentrations. When the
substrate does not adsorb on the mat (e.g. MO), the reactive
species generated on the CNT(NP) during irradiation are pref-
erentially scavenged by the nanotube itself or by the polymeric
support (PAN or PPY).49,50 As the CNT(NP)s are in close contact
with the bers, the reaction with the support is extremely fav-
oured compared to that with the dissolved substrates.
Conversely, when the target molecule is adsorbed it can effec-
tively compete for the reaction with the photoinduced reactive
species.

The comparison of the photodegradation kinetic constants
for naphthalene (Fig. S7†) reveals that the presence of CNT(NP)s
onto the PAN@PPY nanobers does not improve their perfor-
mance. As already mentioned above and previously demon-
strated by our group,32 this indicates that the naphthalene
removal is mostly determined by a mechanism involving
another reactive species at the PPY interface, i.e. h+. On the
contrary, CNT(NP)s enhance the RB photodegradation, as the
PAN@PPY–CNT(NP) removal efficiency is higher than the sum
of the two individual components PAN@PPY and PAN–
CNT(NP).

In agreement with EPR results, the PAN@PPY–CNTmat does
not show any superior photodegradation ability towards RB,
compared to bare PAN@PPY. This evidence again conrms that
the metal oxide NPs are responsible for the photo-redox prop-
erties of the CNT(NP)s used, as also shown in our previous
report.24

The photocatalytic efficiency of PAN@PPY–CNT(NP) for the
RB abatement is comparable or superior to other similar
materials reported in the literature, based on photoactive
composites that involve carbon nanotubes or carbon-metal
photocatalytic hybrids supported on polymeric
membranes.51,52 However, these performances are lower if
compared with composites based on benchmark photocatalytic
materials, such as TiO2.53 Though, the signicant advantage of
our material toward these is its recycling for subsequent pho-
todegradation cycles without the need of (not scalable) nano-
ltration steps in between.

The photodegradation efficiency of each sample during the
second removal cycle (Fig. S7b†) is close to the one measured
during the rst cycle, proving their stability in the operating
conditions. As an exception, naphthalene's photodegradation
in the presence of both the PAN@PPY and PAN@PPY–CNT(NP)
mats reaches a plateau during the rst removal cycle (see
Fig. S7†). Washing the bers restores their photocatalytic
activity that, however, appears lower than in the rst cycle.
9918 | RSC Adv., 2021, 11, 9911–9920
These results imply that PAN@PPY and PAN@PPY–CNT(NP)
partially oxidize naphthalene instead of mineralizing it
completely to CO2 and H2O. Some of the naphthalene degra-
dation products remain adsorbed on themats and progressively
saturate all the catalytic sites on PPY. The washing step removes
a great part of these compounds except for the ones irreversibly
adsorbed on the most active PPY sites. This explains both the
loss of removal efficiency between the rst and subsequent
cycles, and the constant removal efficiency measured during the
subsequent cycles.

According to previous reports,24,49 UVA irradiation of
a CNT(NP) aqueous suspension generates e�–h+ excitons in the
nanotubes, which evolve in separated-charge transient states.
These transient states mostly consist of holes, localized on the
metal oxide NPs, and CNT radical anions. Charge recombina-
tion is the main competitive decay process in CNTs washed with
concentrated HCl. The reaction of CNT radical anions with
oxygen yields O2c

� and then H2O2.24 The holes on the NPs are
scavenged by amorphous carbon on the nanotube surface or by
the substrates adsorbed on the nanotube.10,20,24,28

In our combined system, the entrapped CNT(NP)s seem to
act mostly as a source of charge carriers, while the adsorption of
target substrates occurs preferentially onto the PPY sheath as
many of the free sites on the nanotube are engaged in interac-
tions with PPY.36,37 Under visible light, the PPY chains also
convert into a separated-charge excited state which induces
a charge separation at the interface with CNT(NP)s.37 The p-
conjugated structure of PPY acts as an efficient electron donor
(fast injection of the photoexcited e� from PPY into the nano-
tube), as well as an efficient shuttle of the holes photogenerated
in the NPs of the interfaced nanotube.33,34 The reactive holes
from the oxide NPs are then collected and delocalized on PPY
where they directly oxidize the adsorbed substrates or form cOH
radicals. The PPY sheath may also partially act as a charge
scavenger, with consequent dedoping or partial degradation of
the PPY chains.

In addition to the mechanical support, the photoactive PPY
mat plays a major role in increasing the removal efficiency of
the combined system, as the heterojunction formed at the PPY–
CNT(NP) interface inhibits the recombination of the electrons
and holes generated under irradiation.32
Stability under irradiation

The amount of organic carbon released by the mats under UV-
Vis irradiation is used to further evaluate ber stability. TOC
analysis reveals that the mats release carbon species just within
the rst 15–30 min (see Table S1†). The carbon released from
the PAN–CNT(NP) mats is close to the limit of detection (the
TOC values are analogous to that of Milli-Q water). PAN@PPY
mats release 0.21 mg cm�2 of carbon, which is comparable to
the value of 0.16 mg cm�2 measured with PAN@PPY–CNT(NP).
Considering that, approximately 0.04 mg CNT(NP) are adsorbed
per cm2 mat (see Experimental section) and that any release by
CNT(NP) aer irradiation is expected to be negligible as no C
release is observed for PAN–CNT(NP) with the irradiation time
(see Table S1†), it is suggested that the organic carbon released
© 2021 The Author(s). Published by the Royal Society of Chemistry
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by the mat is due to the PPY coating. These observations are in
line with the observed stability of the EPR signals and the
photocatalytic efficiency over multiple irradiation cycles,
strongly supporting that CNT(NP) and the amorphous carbon
released during irradiation remain attached to the mat. Other-
wise, a decrease of the catalytic efficiency would have been
observed.

The nanotubes in the PAN–CNT(NP) mats result partially
covered with a layer of PPY which, as discussed above, improves
remarkably their stabilization on the mat. This PPY layer also
helps to prevent the release of amorphous carbon and metallic
particles, the photoactive components of CNT(NP). This is
conrmed by the stability of the EPR signals and photocatalytic
efficiency over multiple irradiation cycles.

Through tensile tests, we also assessed the mechanical
properties of the PAN@PPY–CNT(NP) mats before and aer 1
week of continuous irradiation in the photocatalytic conditions
described above in the section ‘Removal efficiency of model
contaminants’ (the equivalent of 84 photodegradation cycles of
2 hours represented in Fig. 5). Typical tensile stress–strain
curves are shown in Fig. 6. The responses are almost linear in
the early loading stage, then they display a marked plastic
behavior, without any sudden fracture. We used the tensile
curves to determine the tensile modulus, elongation at break,
and tensile strength for the PAN@PPY–CNT(NP) membranes,
which are listed in Table S2.†

Aer 1 week irradiation, the sample ultimate tensile strength
as well as their average tensile modulus drop respectively to the
60% and 50% of their original mean values (i.e. �10 and �200
MPa). Also, the elongation at failure decreases from 50% to
30%, on average. The results indicate that the prolonged pho-
tocatalytic activity partially compromises the mechanical
properties of the PAN@PPY–CNT(NP) membranes, which
however can withstand several more photocatalytic cycles.
Therefore, the PAN nanofabric core appears suitable as
a mechanical support for photocatalytic applications.
Fig. 6 Tensile stress–strain curves for PAN@PPY–CNT(NP) mat
before irradiation (a) and after 1 week of continuous irradiation in the
conditions chosen for the photocatalytic tests (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
Conclusions

We synthesized a photocatalyst for the abatement of water
contaminants under UV-Vis irradiation, based on commercially
available CNT(NP)s supported on conducting, core–sheath
PAN@PPY nanobers. Compared to the two separate compo-
nents PAN@PPY and CNT(NP)s (actually PAN–CNT(NP)), the
combined system PAN@PPY–CNT(NP) shows a synergistic
increase in the efficiency of RB removal. However, the presence
of CNT(NP)s is not benecial for the removal of naphthalene. All
the materials tested retain their catalytic activity during subse-
quent cycles. We also conrmed that the metal oxide NPs
embedded in CNT(NP)s play a key role in their photocatalytic
properties and in that of PAN@PPY–CNT(NP), i.e. they are the
source of charge carriers and then cOH radicals under UV-Vis
irradiation. In agreement with the recent research on gra-
phene,54 an impure, less rened carbon-based material like
CNT(NP) appears more functional (and inexpensive) to several
practical applications than an ideal CNT. The PPY support
increases the photodegradation efficiency of PAN@PPY–
CNT(NP) thanks to its intrinsic photoactivity and electrical
conductivity. The PPY sheath adsorbs most of the substrate,
shuttles the reacting holes from the CNT(NP) to the adsorbed
substrates, and directly photodegrades the adsorbed substrates
through a mechanism that does not involve cOH radicals. New
supported hybrid materials for photocatalytic applications can
be designed based on these features. As an example, CNT(NP)s
can be supported on different conducting or semiconducting
materials able to enhance even more CNT(NP)'s catalytic
activity, i.e. conductive carbon nanobers. PAN@PPY–CNT(NP)
is fabricated through a facile and scalable synthetic procedure,
which includes PAN electrospinning and the oxidizing poly-
merization of PPY. The highly doped PPY sheath forms in water
under ambient conditions, as opposed to other conducting
polymers, which usually require organic solvents and an inert
atmosphere.55 It also exhibits high thermal and mechanical
stability under irradiation, with the negligible release of
degradation compounds in solution. Finally, the photocatalyst
in the form of a exible mat allows the immediate reuse aer
washing, avoiding the recovery through any non-scalable
ltration of the treated water. All these features make PAN@-
PPY–CNT(NP) a promising candidate for future photocatalytic
applications on a large scale, which include decontamination of
water containing emerging persistent pollutants.
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46 J. Tabačiarová, M. Mǐcuš́ık, P. Fedorko and M. Omastová,
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