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Abstract

In this study, carbon nanotubes/titanium dioxide (CNT/TiO2) nanocatalysts was examined for the effect of dissolved
natural organic matter (NOM) on the photocatalytic removal of 4-chloro-2-methylphenoxyacetic acid (MCPA)
endocrine disrupting compound from the different water bodies and in herbicide manufacturing industry wastewater.
Different CNT/TiO2 nanocatalysts volume ratios (8%, 10%, 15% and 20%), increasing CNT/TiO2 nanocatlaysts
volume ratio concentrations (1 mg/l, 2 mg/l, 5 mg/l, 10 mg/l and 15 mg/l), different pH values (4.0, 7.0, 10.0 and
11.0), increasing NOM concentrations (0.5 mg/l, 2 mg/l, 5 mg/l, 10 mg/l and 25 mg/l), increasing phosphate (PO43)
concentrations (1 mg/l, 5 mg/l and 10 mg/l), increasing bicarbonate (HCO3’) concentrations (1 mg/l, 5 mg/l and 10
mg/l) was operated during photocatalytic degradation process with ultraviolet-visible (UV-vis) irradiation on the
photocatalytic removal of 4-chloro-2-methylphenoxyacetic acid (MCPA) endocrine disrupting compound from the
different water bodies and in herbicide manufacturing industry wastewater. The characteristics of the synthesized
CNT/TiOz2) nanocatalysts were assessed using Field Emission Scanning Electron Microscopy (FESEM), Raman
Spectroscopy, Photoluminescence (PL) Spectroscopy, X-Ray Photoelectron Spectroscopy (XPS), X-Ray Difraction
(XRD) and Fourier Transform Infrared Spectroscopy (FTIR) analyses, respectively. ANOVA statistical analysis was
used for all experimental samples. The removal efficiency of 4-chloro-2-methylphenoxyacetic acid: 100% for 10
vol% CNT/TiO2 nanocatalysts, 80% for 1 vol%CNT/TiO2 nanocatalysts, 55% for TiO2 fiber, 15% for TiO2
nanoparticle were shown at 50 W/m? UV power, after 300 min photocatalytic degradation time, at pH=7.0 and at
25°C, respectively. The maximum 99.99% 4-chloro-2-methylphenoxyacetic acid removal yields was observed at 10
mg/l 10% VOL CNT/TiO2 nanocatalysts, after 300 min photocatalytic degradation time, at 25°C, respectively.
Clearly shows that a 5 mg/l 10% VOL CNT/TiOz nanocatalysts leads to the best 4-chloro-2-methylphenoxyacetic
acid removal > 99.90% after only 25 min of photocatalytic degradation time at pH=7.0, at 25°C, respectively. The
maximum 99% of 4-chloro-2-methylphenoxyacetic acid removal efficiency was obtained at 0.5 mg/l NOM
concentration, at 1 mg/l PO4+2 concentration and 1 mg/l HCOs  concentration, after 300 min photocatalytic
degradation time, at pH=7.0 and at 25°C, respectively. The maximum 99% of 4-chloro-2-methylphenoxyacetic acid
removal efficiency was observed at 10 mg/l PO4? concentration and at 10 mg/l HCO3" concentration, the presence
of 10 mg/l NOM concentration, after 300 min photocatalytic degradation time, at pH=7.0 and at 25°C, respectively.
The synthesis and optimization of CNT/TiO2 heterostructure photocatalyst provides insights into the effects of
preparation conditions on the material’s characteristics and performance, as well as the application of the effectively
designed photocatalyst in the removal of MCPA known as endocrine disrupting compound, which is a frequently
encountered pollutant in different water bodies and in herbicide manufacturing industry wastewater treatment.
Finally, the combination of a simple, easy operation preparation process, excellent performance and cost effective,
makes this CNT/TiOz2 heterostructure photocatalyst a promising option during photocatalytic degradation process in
herbicide manufacturing industry wastewater treatment.
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Introduction

In recent decades, many micropollutants, including pharmaceuticals,
antibiotics, herbicides, pesticides, personal care products, etc., have been
frequently detected in different water bodies worldwide. Although the
presence of those contaminants in the aquatic environment is usually at trace
concentrations ranging from ng/l to pg/lundesirable effects on the
ecosystems are usually associated: many previous studies have pointed out
that those contaminants imposes potential hazards to aquatic life at different
levels, from algae to fish, even at low concentrations.[1-5]. Vast efforts have
been devoted to developing techniques for their removal, among which TiO2
photocatalysis have received increasing research interests. The principles of
TiO2 photocatalytic techniques have been described in literature which was
initiated by generation of electron/hole (e”/h*) pairs via excitation by photons
with energy higher than the band gap energy of TiO2. Subsequently, the
photogenerated electrons and holes are able to participate in direct redox
reactions with target organic contaminants. [6-8]. Besides, the photo-
generated electrons and holes can also react with oxygen, water, or OH™ to
generate reactive oxidative species (ROS), e.g hydroxyl radicals (OH®),
superoxide radical anions (O2" *), etc. Those in-situ generated ROS are able
to react with many pollutants and the contribution of specific ROS depends
on the properties of specific pollutant.[8]. Examples of its application in
micropollutants removal are abundant in literature. [9-11].

However, it is also well documented that commonly present dissolved
natural organic matter (NOM) in water bodies is a major limiting factor that
imposes significant inhibitory effect on micropollutants removal
performance of TiO2 photocatalytic techniques. Such inhibitory effect of
NOMs can be attributed to three main facts. Firstly, the NOMSs present in
water matrices act as the “inner UV filter”. NOMs have strong absorption in
UV and near UV range, so the presence of NOMs in water would decrease
the availability of UV light for TiO2 to produce ROS, thus decreasing the
ROS and h* production. This “inner UV filter” effect is dependent on the
wavelength of photons, in general stronger “inner UV filter” effect is
expected in shorter wavelength UV range. [12]. Secondly, NOM can also act
as scavenger of OH* and h*,which are known as the primary oxidants in TiO2
photocatalytic systems. [13,14]. Thirdly, NOMs can inhibit the target
pollutant degradation via competitive adsorption on the TiO2 surface. [15].
The inhibitory effect of NOM on TiO2 based photocatalytic micropollutants
removal processes has been documented in previous studies on TiOz slurry
systems. For instance, Brame et al. [16]. conducted a mechanistic study on
the inhibitory effect of NOMs on TiOz2 slurry system, and a mechanistic
model was developed which suggesting the competitive adsorption by
NOMs and ROS scavenging were the most influential inhibitory
mechanisms. A recent work presented by Peng et al. [17]. suggested that the
reactivity of TiO2 nanoparticles could change significantly after long
exposure to natural water, because: (1) a NOM layer can be formed on and
cap the TiOz2 particles surface via adsorption; (2) the adsorbed NOM layer
can act as ROS scavenger and subsequently reduce the concentration of ROS
in the bulk liquid phase. For TiOz2 slurry systems where TiO2 nanoparticles
are employed, the presence of NOMs can also interfere with the system
performance by changing the stability of the TiO2 nanoparticles. [18]. Focus
was given to TiOz slurry systems, where TiO2 nanoparticles are used, in
previous studies on the effect of NOM [19], but regarding real life
applications immobilization of TiO2 should be considered to achieve better
retention and reuse of the catalyst. The electrochemical anodic produced
TiO2 nanotube array (TNA) is a promising option because of its multiple
merits: (1) large surface area; (2) high stability; (3) oriented electron
transport which can reduce e /h* pairs recombination; (4) relatively easy to
make and (5) tunable morphologies. Examples of using of TNAs for organic

pollutants elimination are available in literature. [18-23]. The change in TiO:
morphology may have an impact on the effect of NOM, but very little is
known about the effect of NOM on TNA based photocatalytic system.

In practice, the presence of NOM in water bodies is associated with the
presence of inorganics. For example, phosphate, sulfate, bicarbonate,
chloride, etc., are the most commonly present inorganic anion species in a
broad range of water matrices. The photocatalytic removal of
micropollutants by TiO2 photocatalytic processes can also be affected by
those co-existing inorganic anions by competitive adsorption and interaction
with ROS. [24-26]. In this context, the presence of co-existing inorganic
anions may impose impact on the effect of NOMs on a photocatalytic system.
In arecent study by Long et al., the change in the detrimental effect of humic
acids on photocatalytic performance of TiO2 nanoparticles by the presence
of phosphate was reported. [27]. However, the combined effects of NOMs
and other commonly present inorganic anions have not been well
documented in literature.

The growing anthropogenic impact of an exacerbated consumption of
products in recent years has induced a continuous discharge into the
environment of wastes and new substances which are increasingly harmful
to public, animal, and environmental health. Endocrine Disrupting
Compounds (EDCs) are inserted in this group of contaminants of emerging
concern as recalcitrant and persistent chemicals, which have been widely and
increasingly detected in various water matrices, attracting a great attention
due to their toxicity and danger for all ecosystems. [28-30]. Indeed, EDCs
are a large and heterogeneous group of natural or synthetic compounds that
are progressively known for their adverse consequences on the endocrine
system. They can act as substitutes for the hormones, which are an essential
part of the suitable functioning of the human and animal organism,
mimicking or inhibiting their effects, thus being able to alter their levels and
affect the health of the endocrine system as well as of other systems linked
to it. [31,32]. Hormonal disturbances caused by EDCs may cause long-
lasting and irreversible health problems. Indeed, growing evidence has
demonstrated that these compounds contributed to the rapid increase of
metabolic syndromes (i.e., insulin resistance, obesity, type 2 and type 1
diabetes, thyroid diseases) and may be associated with an increased
incidence of breast cancer, abnormal growth patterns, reproductive
abnormalities, and neurodevelopmental delays in children, as well as with
changes in immune function. [32].

For these reasons, the presence of EDCs in water and wastewater has become
a global problem, drawing the attention of international agencies and
governments, as well as of an increasing number of research devoted to the
identification [30], and abatement/degradation of EDCs present in waters.
[33]. A great deal of attention has been directed towards the development
and application of advanced oxidation processes (AOPs) to eradicate EDCs
from various water sources with high efficiency, thus leading to an increase
of clean water supply. Compared with conventional technologies, materials
nanotechnology offers very flexible and efficient remediation options for
water pollutants. Nanostructured materials exhibit a range of features, such
as high reactivity, large surface area (surface-to-volume ratio), tunable
porosity and surface properties, which make them valuable in fields like
catalysis, sensing and biomedicine. [34-38]. The growing design of novel
nano-catalysts, nano-structured catalytic membranes, and/or nano-sorbents
with enhanced efficiency for contaminants removal is a hopeful strategy to
contribute solving the worldwide hazardous problem of EDCs water
pollution. [29-42].
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The model micropollutant compound employed in this study is 4-chloro-2-
methylphenoxyacetic acid (MCPA), which is a frequently encountered
pollutant in different water bodies including ground water and tap water
sources at g/l level,and in many aqueous wastes including wastewaters from
herbicide manufacturing industry at higher concentrations (1-1000
mg/l),and its toxicity and endocrine disrupting effects on living species has
been abundantly evidenced in literature. [43,47].

In this study, CNT/TiO2 nanocatalysts was examined for the effect of NOM
on the photocatalytic removal of 4-chloro-2-methylphenoxyacetic acid
(MCPA) endocrine disrupting compound from the different water bodies and
in herbicide manufacturing industry wastewater. Different CNT/TiO2
nanocatalysts volume ratios (8%, 10%, 15% and 20%), increasing CNT/TiO2
nanocatlaysts volume ratio concentrations (1 mg/l, 2 mg/l, 5 mg/l, 10 mg/Il
and 15 mg/l), different pH values (4.0, 7.0, 10.0 and 11.0), increasing NOM
concentrations (0.5 mg/l, 2 mg/l, 5 mg/l, 10 mg/l and 25 mg/l), increasing
PO4? concentrations (1 mg/l, 5 mg/l and 10 mg/l), increasing HCO3s
concentrations (1 mg/l, 5 mg/l and 10 mg/l) was operated during
photocatalytic degradation process (UV-vis light irradiation) on the
photocatalytic removal of MCPA endocrine disrupting compound from the
different water bodies and in herbicide manufacturing industry wastewater.
The characteristics of the synthesized CNT/TiOz2 nanocatalysts were
assessed using FESEM, Raman Spectroscopy, PL Spectroscopy, XPS, XRD
and FTIR analyses, respectively. ANOVA statistical analysis was used for
all experimental samples.

Materials and Methods
Preparation of CNT/TiO2 Nanocatalysts

Multi walled carbon nanotubes (MWCNTS) with diameters of 12+1 nm was
rendered dispersible through oxidative surface functionalisation (by
sonication -assisted oxidation at 5 h (300 min) with a 3/1 mixture of
concentrated H2SO4/HNOs, creating carboxyl acid groups, followed by
extensive washings in water and methanol). The oxidised tubes displayed
8.0+2.0 wt% functionalisation using by thermogravimetric analysis (TGA),
corresponding to a theoretical content of 1.4+0.05% COOH/g CNTs.

Photocatalytic Degradation Reactor

The photocatalytic experiments were conducted in a crystallizing dish with
a 500 mW UV-LED light source module placed on the top. The UV-LED
light source module consisted of a UV-LED (NCSU033B, NICHIA, Japan)
and has peak emission wavelength of 365 nm, and an aluminium plate served
as heat dispenser. The photocatalytic degradation experiments of MCPA
were carried out with a reaction solution volume of 60 ml, with the presence
of CNT/TiOz nanocatalytists (3 cm x 3 cm), at 25°C ambient temperature.
The distance between the UV-LED and the surface of CNT/TiO2
nanocatalytists was 2 cm, and the UV-LED radiant power at this distance
was 18.6 mW/cm? measured by a THORLABS S150C radiant power meter
(THORLABS, USA). Vigorous mixing was applied as soon as the reaction
solution was added into the reactor. Before switching on the UV-LED, the
reaction system was kept in dark for 60 min to establish equilibrium of any
possible adsorption of MCPA on the CNT/TiO2 nanocatalytists surface.
Then the photocatalytic experiments started, for the duration of 120 min. At
designated time intervals 1 ml samples were taken, and stored in dark at 4°C
until LC-MS/MS (Liquid Chromatography Tandem Mass Spectrometry)
analysis. All experiments were carried out in duplicate. Except for
experiments conducted in designated acidic or alkaline conditions, all other
experiments were conducted with natural initial pH=6.0-7.0, and without pH
adjustment. For experiments conducted in designated acidic or alkaline
conditions, hydrochloric acid (HCI) or sodium hydroxide (NaOH) aqueous
solution were applied to adjust the pH. The experiments were carried out in
at 25°C ambient temperature without temperature control.

MCPA Concentration Measurement Procedures

For MCPA concentration measurement, an Agilent LC-MS/MS (Liquid
Chromatography Tandem Mass Spectrometry) system consisting of Agilent
infinity 1260 LC-system (degasser, binary pump, auto sampler with cooled
tray and column oven) and Agilent 6420 triple Quadrupole Mass
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Spectrometer with Electrospray ion source was used. Detailed information
of the analytical method used can be found in literature [48].

Characterization
Field Emission Scanning Electron Microscopy (FESEM)

The morphological features and structure of the synthesized catalyst were
investigated by FESEM (FESEM, Hitachi S-4700), to investigate the
composition of the elements present in the synthesized catalyst.

Raman Spectra Analysis

The Raman spectra were collected using a Renishaw inVia MicroRaman
spectrometer equipped with a charge-coupled device (CCD) detector. Two
laser lines were used to excite the samples, 514 nm (green laser) and 785 nm
(red laser), the regions of interest being inspected using a 50x objective lens.
The scattered light intensity, collected at 90° to the Ar*! laser excitation
beam, was dispersed with a grating of 1800 lines/mm, detected using a
Peltier-cooled charge-coupled device (CCD) camera of 578 x 400 pixels. In
order to determine the ratio of peak intensity at the D and G bands (Io/lg), Ip
and le were obtained from deconvoluted Raman spectra, use being made of
OriginPro 2018 sofware; smoothing and baseline correction have been
applied on the raw Raman spectra prior to deconvolution. Depth profiles and
mapping of selected areas were also obtained with the Raman spectrometer.
All the measurements were performed at 25°C room temperature.

Photoluminescence Spectroscopy Analysis

Photoluminescence (PL) measurements were followed through using the
Renishaw inVia MicroRaman spectrometer. Use has been made of the
system with a 40x objective lens and laser at 325 nm, providing for target
excitation. The excitation wavelength of 325 nm was used for PL
measurements, experience showing that a choice of higher excitation
wavelength would lead to reduction in PL intensity. Te grating system ofers
1200 lines/mm and the PL intensity was detected using a CCD camera of
578 x 400 pixels.

X-Ray Photoelectron Spectroscopy (XPS) Analysis

The valence state of the biogenic palladium nanoparticles was investigated
and was analyzed using XPS (ESCALAB 250Xi, England). XPS used an Al
Ko source and surface chemical composition and reduction state analyses
was done, with the core levels recorded using a pass energy of 30 eV
(resolution =~ 0.10 eV). The peak fitting of the individual core-levels was
done using XPS-peak 41 software, achieving better fitting and component
identification. All binding energies were calibrated to the C 1s peak
originating from C—H or C—C groups at 284.6 eV.

X-Ray Diffraction Analysis

Powder XRD patterns were recorded on a Shimadzu XRD-7000, Japan
diffractometer using Cu Ko radiation (A = 1.5418 A, 40 kV, 40 mA) at a
scanning speed of 1° /min in the 10-80° 26 range. Raman spectrum was
collected with a Horiba Jobin Yvon-Labram HR UV-Visible NIR (200-1600
nm) Raman microscope spectrometer, using a laser with the wavelength of
512 nm. The spectrum was collected from 10 scans at a resolution of 2 /cm.
The zeta potential was measured with a SurPASS Electrokinetic Analyzer
(Austria) with a clamping cell at 300 mbar.

Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR spectra of samples was recorded using the FT-NIR spectroscope
(RAYLEIGH, WQF-510).

Statistical Analysis

ANOVA analysis of variance between experimental data was performed to
detect F and P values. The ANOVA test was used to test the differences
between dependent and independent groups, (Zar, 1984). Comparison
between the actual variation of the experimental data averages and standard
deviation is expressed in terms of F ratio. F is equal (found variation of the
date averages/expected variation of the date averages). P reports the
significance level, and d.f indicates the number of degrees of freedom.
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Regression analysis was applied to the experimental data in order to
determine the regression coefficient R?, (Statgraphics Centurion XV, 2005).
The aforementioned test was performed using Microsoft Excel Program.

All experiments were carried out three times and the results are given as the
means of triplicate samplings. The data relevant to the individual pollutant
parameters are given as the mean with standard deviation (SD) values.

Results and Discussions
CNT/TiOz2 Nanocatalysts Characteristics
The Results of FESEM Analysis

The morphology of the fibers and the sintered nanostructures was
investigated by field emission scanning electron microscopy (FESEM).
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Figure 1(A) and Figure 1(C) shows the smooth, continuous and randomly
oriented fibers of TiO>—CNT (0.2 wt%)—poly vinyl acetate (PVAc) and
TiO2-PVAc composites, respectively, obtained by electrospinning. The
average diameter of the fibers was ~200 nm. Figure 1(B) and Figure 1(D)
shows uniformly distributed rice grain-shaped nanocomposites of TiO2—
CNTs and TiOz obtained from the nanofibers by sintering at 450°C for 3 h.
Sintering results in near collapse of the continuous fiber morphology with
the concomitant appearance of the excellently interconnected rice grain-
shaped TiO2. It has already been confirmed that the rice grain-like
morphology resulted due to the microscale phase separation between TiO2
and the PVAc (owing to the poor solubility of TiOz in the latter) during the
solvent evaporation stage in the sintering process.

Figure 1: FESEM images of (A) continuous and randomly oriented fibers of TiO>—CNT (0.2 wt%)—poly vinyl acetate (PVAc), (B) rice grain-shaped
nanocomposites of TiO2—CNTs obtained from the nanofibers by sintering at 450°C for 3 h, (C) rice grain-shaped TiO2 nanoparticles obtained from the
nanofibers by sintering at 450°C for 3 h and (D) continuous and randomly oriented fibers of TiO2—PVAc composites, respectively.

The Results of Raman Spectra Analysis

Next figure shows the Raman spectra for TiO2 fibres, TiO2/CNT hybrid
fibres and TiOz nanoparticles for comparison (Figure 2). All the samples
exhibit the five active modes of TiOz, corresponding to 144 (Eg), 198 (Eg),
397 (Alg), 516 (Alg or Blg) and 639 (Eg) cm™ in bulk anatase. The first
two modes present a blue shift, higher for the fibres (6 cm™) compared to the
particles (3 cm™) and increasing with CNT content (7 cm-tand 10 cm) for
1 and 10 vol% of CNTSs). While the blue shift is usually related to phonon

confinement in small particle sizes the average crystal size of our samples is
similar (11 nm —15 nm). Furthermore, it is not clear that such confinement
would be present in nanocrystals joined as a mesoporous structure rather than
individualized. Instead we attribute the shift in Raman modes to O vacancies
due to the sensitivity of the Eg mode to O-O interactions. These defects are
likely to involve sharing of oxygen at the interfaces between TiO2
nanocrystals and the TiO2/CNT interface. They can be expected to create
inter-bandgap energy levels in the system, similar to those observed in
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bicontinuous mesoporous TiO2 self-assembled from block copolymers.  emission of excitons associated to surface oxygen vacancies and defects
Photoluminescence (PL) observed in the range 2-3 eV corresponding to  confirms (Figure 2).
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Figure 2: Raman spectra for TiOz fibres, TiO2/CNT hybrid fibres and TiOz nanoparticles

The Results of Photoluminescence (PL) Spectra Analysis

PL spectra observed in the range 2-3 eV corresponding to emission of excitons associated to surface oxygen vacancies and defects confirms this to be the
case in Figure 3.
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Figure 3: PL spectra for TiO2, 3B-TiO2, 1B-TiO2-CNT, 2B-TiO2-CNT, 3B-TiO2-CNT and 4B-TiO2-CNT, respectively.

The Results of XPS Analysis

Furthermore, because no partial reduction of Ti** to Ti%* was found in XPS spectra, such levels would be closer to the conduction band edge and would lead
to an n-type semiconductor (Figure 4).
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Figure 4: XPS spectra of (A) the rice grain-shaped TiO2 nanocomposites (binding energy=0 - 1200 eV), (B) the rice grain-shaped TiO2—CNT (0.3 wt%)
nanocomposites (binding energy=0-1200 eV, (C) the rice grain-shaped TiO2 nanocomposites (binding energy=450-470 eV), (D) the rice grain-shaped TiOz—
CNT (0.3 wt%) nanocomposites (binding energy=450-470 eV, (E) the rice grain-shaped TiO2 nanocomposites (binding energy=280 - 296 eV), (F) the rice
grain-shaped TiO2—CNT (0.3 wt%) nanocomposites (binding energy=520-540 eV, respectively.

Because, no partial reduction of Ti** to Ti®* was found in XPS, such levels
would be closer to the conduction band edge and would lead to an n-type
semiconductor. The XPS survey spectrum of the rice grain-shaped TiO2 and
TiO2—CNT (0.3 wt%) nanocomposites are shown in Figure 4A and Figure
4B, respectively. The elemental composition is assigned in the spectra itself.
While the C1 s peak was negligible in the case of TiO2 (which indicates that
there were no carbon related impurities left in TiO2 due to polymer
degradation), a prominent one can be seen in the case of the composite. C1 s

peak in TiO2—~CNT composites came directly from the CNTs and not as a
result of impurity from the polymer decomposition process. Figure 4 shows
the high-resolution XPS spectra of Ti 2P of TiO2 and the composite,
respectively. The binding energies of Ti 2P ¥2 and Ti 2P% in bare TiO2 were
centered at 459.40 eV and 465.16 eV, respectively, corresponding to a spin—
orbit coupling of 5.76 eV. However, the same for TiO2—CNT was slightly
upshifted to 459.44 eV and 465.22 eV, respectively (minor differences less
than 0.1 eV), which implies that the Ti in the TiO2—CNT composites are in a
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slightly different chemical environment than that in TiO2, indicating the
chemical interaction between TiO2z and the CNTSs (that is primarily between
the surface OH groups of the TiO2 and the COOH groups of the
functionalized CNTSs resolution spectrum of C 1 s (Figure 4E).

The main peak at 284.7 eV could be assigned to C=C and C=C bonds. The
broad peak ranging from 284 eV to 292 eV was deconvoluted into three other
peaks at 286.7 eV, 287.6 eV, and 288.2 eV, respectively. The minor peaks
from 286 eV to 289 eV could be due to the presence of oxidized components
from the CNTs. Figure 4F shows the high-resolution XPS spectrum of the
O 1 s peak of the composite. The spectrum can also be deconvoluted into
four peaks. The main peak at 530.5 eV could be ascribed to the O 1 s of TiOo>.
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The minor peaks at 532.3 eV, 532.7 eV and 533.1 eV, respectively, could be
due to the presence of undissociated H20 molecules / OH groups on TiO2
surfaces. Thus, the XPS data indicate the oxidation of CNTs and their
successful incorporation into the TiO2 network.

The Results of XRD Analysis

The XRD pattern of TiO>—CNT (0.2 wt%) nanocomposite and the TiO2
nanostructures was given in Figure 5. The XRD patterns also revealed the
presence of single-crystalline anatase TiO2. The peaks in the pattern at 25.28°
(101), 37.80° (004), 48.18° (200), and 54.09° (105) clearly represent the
anatase phase of TiO2 (Figure 5).
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20 40
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Figure 5: XRD pattern of TiO2-CNT (0.2 wt%) nanocomposite and the TiO2 nanostructures, respectively.

The peaks corresponding to CNTs were not obvious in the XRD spectrum of
the nanocomposites and is primarily because of two reasons: (1) overlap of
(002) reflection of the CNTSs at 26.40° with the (101) reflection of anatase at
26=25.30°; (2) low intensity of the CNTSs resulted from its low concentration
compared to that of TiO2 (0.2 wt% against TiOz) (Figure5).

The Results of FTIR Analysis

Through FTIR spectroscopy we have further characterized the interface in
the hybrids. Figure 6 presents FTIR spectra of a hybrid with high amount of
functionalized CNTSs (40 vol.%) to increase signal intensity from interfacial
FTIR modes. Spectra of the functionalized CNTSs, and of a sample of TiO2
produced by an identical electrospinning and annealing process, are also
included for reference. The signals in the region 1630 cm™ — 1400 cm™ in
the hybrid confirm the presence of CNTs and indicate that the polymer
removal process does not produce apparent damage to the nanotubes.
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Figure 6: FTIR spectra of TiO2/0x-MWCNTSs (40 vol.% CNT) hybrit nanocatalysts, TiO2 nanocomposite and ox-MWCNTS, respectively.

By contrast, as expected, the annealing process in Ar leads to the loss of the
CNT functional groups associated with the original oxidative
functionalization and also the asymmetric and symmetric C-H stretching at
2930 cm* and 2860 cm ™ are notably reduced (Figure 6). More importantly,
the hybrid presents signals at 1160 cm™, 1090 cm™ and 1030 cm™* which
could correspond to rocking and stretching modes previously assigned to Ti-
O-C. CNTs also present weak signals arising from C-O vibrations in this
region; however, in the hybrid IR spectrum, we can rule out such peak
assignment to the CNT themselves, in light of the expected intensity relative
to the CNT fingerprint, and of the absence of the C=0 signal in the hybrid
FTIR spectrum (Figure 6).

The Effect of Different CNT/TiO2 Nanocatalysts Concentrations for the
MCPA Removals Efficiency from Surface Water with Photocatalytic
Degradation Process

Effects of 3 g/l 10 vol%CNT/TiO2 nanocatalysts, 1 vol%CNT/TiO2
nanocatalysts, TiO fiber and TiO2 nanoparticle concentrations on 5 mg/l 4-
chloro-2-methylphenoxyacetic acid removal efficiencies at 50 W/m? UV
power, after 300 min photocatalytic degradation time, at pH=7.0 and at 25°C,
respectively (Figure 7). The removal efficiency of 4-chloro-2-
methylphenoxyacetic acid: 100% for 10 vol%CNT/TiOz nanocatalysts, 80%
for 1 vol%CNT/TiO2 nanocatalysts, 55% for TiO2 fiber, 15% for TiO2
nanoparticle were shown at 50 W/m? UV power, after 300 min photocatalytic
degradation time, at pH=7.0 and at 25°C, respectively (Figure 7).
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Figure 7: The effect of different CNT/TiO2 nanocatalysts concentrations for the MCPA removals efficiency from surface water with photocatalytic

degradation process

The maximum 4-chloro-2-methylphenoxyacetic acid removal efficiency
were 100% for 10 vol%CNT/TiO2 nanocatalysts, 80% for 1 vol%CNT/TiO:
nanocatalysts, 55% for TiO2 fiber and 15% for TiO2 nanoparticle,
respectively, at a 50 W/m? UV power, after 300 min photocatalytic
degradation time, at pH=7.0 and at 25°C, respectively (Figure 7). The charge
carrier produced recombines and releases energy in the form of heat. The
charge carrier can also react with an electron donor or electron acceptor on
the photocatalyst surface. In the first case, no reaction occurs. In the latter
case, the electron or hole reacts with dissolved oxygen or water to form
superoxide anion (Oz " *), hydroperoxyl (OOH*®) or OH* free radicals.

A photolytic degradation experiment was initially carried out to monitor the
removal and mineralization of 5 g/l of 4-chloro-2-methylphenoxyacetic acid
without the addition of CNT/TiO2 nanocatalysts and to compare with a
photocatalytic experiment using 2 mg/l, 5 mg/l and 10 mg/l of 8% vol.
CNT/TiO2 nanocatalysts. (Table 1). After 100 min photocatalytic
degradation time, only 28% and 32% of the initial 4-chloro-2-
methylphenoxyacetic acid oncentration was removed, whereas 97% and
99% 5 mg/1 4-chloro-2-methylphenoxyacetic acid removal was detected with
2 mg/l 8% VOL CNT/TiO2 nanocatalysts and 3 mg/l of 8% VOL CNT/TiO:
nanocatalysts, after 25 min photocatalytic degradation time, at pH=7.0 and
at 25°C, respectively. (Table 1).

4-chloro-2-methylphenoxyacetic  Acid (MCPA) Photolysis and
Photodegradation Process
Removal Efficiency (%)
Without 2 mg/l | Without 3 mg/l | With 2 mg/l of | With 3 mg/l of
of 8%VOL of 8% VOL 8%VOL 8% VOL
CNT/TiO2 CNT/TiO2 CNT/TiO2 CNT/TiO2
nanocatalysts nanocatalysts nanocatalysts nanocatalysts
5 g/l 4-chloro- o i o i
2 28% with 32% with 9;£ovt\jléthradatio gﬁ(ft)ov(\jléthradatio
methylphenox | photolysis photolysis P g P g
yacetic acid n n

Table 1: 5 g/l of 4-chloro-2-methylphenoxyacetic acid without the addition of CNT/TiO2 nanocatalysts and to compare with a photocatalytic experiment
using 2 mg/l, 5 mg/l and 10 mg/l of 8% vol. CNT/TiO2 nanocatalysts after 25 min photocatalytic degradation irradiation time, at pH=7.0 and at 25°C,

respectively.

Photocatalytic processes remove organic pollutants or hazardous organic
compounds from CO2 and it has the potential to oxidize to non-toxic or less
harmful products such as water. In addition, in secondary wastewater
treatment certain microorganisms, namely bacteria and some they can also
destroy viruses.

The Effect of different CNT/TiO2 nanocatalysts Ratios for the Removal
of MCPA after Photocatalytic Degradation Process in the Surface
Water

The different CNT/TiO2 nanocatalysts volume ratios (8%, 10%, 15% and
20%) and increasing CNT/TiO2 nanocatalysts volume ratios concentrations
(2 mg/1, 5 mg/l, 10 mg/l and 15 mg/I) were examined for the MCPA removal
efficiency after 300 min photocatalytic degradation time, at pH=7.0 and
25°C, respectively (Table 2). The maximum 99.99% 4-chloro-2-
methylphenoxyacetic acid removal yields was observed at 10 mg/l 10% VOL
CNT/TiOz nanocatalysts, after 300 min photocatalytic degradation time, at
25°C, respectively (Table 2).

CNT/TiOz Ratios

4-chloro-2-
methylphenoxyacetic
acid removal yields
(%)

2 mg/l 8% VOL
CNT/TiO:

66

2 mg/l 10% VOL
CNT/TiO2

67

2 mg/1 15% VOL
CNT/TiO2

68

2 mg/l 20% VOL
CNT/TiO:

69
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5 mg/l 8% VOL
CNT/TiO2

70

5 mg/l 10% VOL
CNT/TiO:

71

5 mg/l 15% VOL
CNT/TiOz

72

5 mg/l 20% VOL
CNT/TiOz

76

10 mg/l 8% VOL
CNT/TiO:

98

10 mg/l 10% VOL
CNT/TiOz

99.99

10 mg/l 15% VOL
CNT/TiOz

99

10 mg/l 20% VOL
CNT/TiOz

99

15 mg/l 8% VOL
CNT/TiOz

88

15 mg/l 10% VOL
CNT/TiOz

87

15 mg/l 15% VOL
CNT/TIiOz

80

15 mg/l 20% VOL
CNT/TiO2

76

Table 2: The effect of different CNT/TiO2 nanocatalysts ratios for the removal of MCPA after photocatalytic degradation process, after 300 min

photocatalytic degradation time, at pH=7.0 and 25°C, respectively.

The Effect of Increasing pH Values for the Removal of MCPA after
Photocatalytic Degradation Process in the Surface Water

A lot of photocatalytic experiments using 2 mg/l, 5 mg/l, 10 mg/l and 15 mg/I
of CNT/TiO2 with 4 different volume (8%, 10%, 15% and 20%) were
performed in order to optimize the CNT/TiO2 nanocatalysts concentration.
Clearly shows that a 5 mg/l 10% VOL CNT/TiO2 nanocatalysts leads to the
best 4-chloro-2-methylphenoxyacetic acid removal > 99.90% after only 25
min of photocatalytic degradation time at pH=7.0, at 25°C, respectively

(Table 3) and mineralization (100% after 35 min of irradiation
photocatalytic ~ degradation time). The increase in 4-chloro-2-
methylphenoxyacetic acid adsorption and photooxidation over the catalyst
surface when increasing the optimum amounts of catalyst, as can be seen the
difference between Co and C before irradiation, may explain the more
efficient photocatalytic degradation of 4-chloro-2-methylphenoxyacetic
acid. Influence of initial pH on 4-chloro-2-methylphenoxyacetic acid yields
ata 10 mg/l 10% VOL CNT/TiO2 nanocatalysts (Table 3).

4-chloro-2-methylphenoxyacetic acid
Removal Efficiency (%0)

pH Values

pH=4.0 80
pH=7.0 99.90
pH=10.0-11.0 78

Table 3: The effect of increasing pH values for the removal of MCPA after photocatalytic degradation process in the surface water, after 25 min photocatalytic

degradation time at pH=7.0, at 25°C, respectively.

4-chloro-2-methylphenoxyacetic acid is highly influenced by the initial pH
level of the surface water, becoming lower as pH values increase. Since
CNT/TiO2 nanocatalyst has an amphoteric character, pH also influences its
surface properties. It presents a zero charge point between pH=5.6 and
pH=6.4 resulting in repulsive or attractive effects when catalyst and 4-
chloro-2-methylphenoxyacetic acid show equal or different charges,
respectively. Thus, pH is expected to play an important role in photocatalytic
degradation experiments.

In Table 3, as the initial pH value goes from acidic to basic, the irradiation
time needed to achieve complete 4-chloro-2-methylphenoxyacetic acid
removal decreases considerably, from nearly 45 min to little more than 10
min photocatalytic degradation time. On the contrary, it can be seen that
basic pH levels are detrimental to 4-chloro-2-methylphenoxyacetic acid
mineralization, showing contrasting results as pH values go up, especially
for an initial pH of 11.0. Since both 4-chloro-2-methylphenoxyacetic acid
and TiOz present negative charges from a pH higher than 9.0, adsorption of
4-chloro-2-methylphenoxyacetic acid on TiOz surface decreases due to the
repulsive effect.

However, negatively charged 4-chloro-2-methylphenoxyacetic acid
molecules tend to facilitate 4-chloro-2-methylphenoxyacetic acid photolysis
and, consequently, the formation of intermediary byproducts more
recalcitrant to mineralization suggesting that photocatalysis plays a smaller
role at such higher pH levels. As the experiment with no initial pH
modification showed to be the best combination for both4-chloro-2-
methylphenoxyacetic acid removal and mineralization.

The Effect of Increasing NOM Concentrations with the Presence of
Phosphate (PO42) and Bicarbonate (HCO3) Concentrations for The
Removal of MCPA after Photocatalytic Degradation Process in the
Surface Water

Two commonly present co-existing anions, i.e. phosphate and bicarbonate,
also mitigate the detrimental effect of NOMs. The different NOM
concentrations (0.5 mg/l, 2 mg/l, 5 mg/l, 10 mg/l and 25 mg/l) and the
presence of 1 mg/l PO47 concentration and 1 mg/l HCO3™ concentration were
examined for the removal of MCPA after photocatalytic degradation process
in the surface water, after 300 min photocatalytic degradation time, at
pH=7.0 and at 25°C, respectively (Table 4). The maximum 99% of 4-chloro-
2-methylphenoxyacetic acid removal efficiency was obtained at 0.5 mg/I
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NOM concentration, at 1 mg/l PO43 concentration and 1 mg/l HCOs

concentration, after 300 min photocatalytic degradation time, at pH=7.0 and

at 25°C, respectively (Table 4).

Effect of NOM Concentrations on Yields in the Presence of low PO42 and HCOz! Concentrations (mg/l)
NOM Concentrations 4-chloro-2- - PO43 Concentrations HCOs! Concentrations
(mg/l) methylpheno_xyacetlc Acid (mg/l) (ma/l)
Removal Efficiency (%)
0.5 99 1.0 1.0
2.0 98 1.0 1.0
5.0 67 1.0 1.0
10 44 1.0 1.0
25 34 1.0 1.0

Table 4: The effect increasing NOM concentrations with the presence of phosphate (PO4%) and bicarbonate (HCOs’) concentrations for the removal of MCPA
after photocatalytic degradation process in the surface water, after 300 min photocatalytic degradation time, at pH=7.0 and at 25°C, respectively.

The Effect Increasing Phosphate (PO43) and Bicarbonate (HCOs") Concentrations with the Presence NOM Concentrations for The Removal of
MCPA after Photocatalytic Degradation Process in the Surface Water

The different PO4 concentrations (1 mg/l, 5 mg/l and 10 mg/l) and the different HCO3" concentrations (1 mg/l, 5 mg/l and 10 mg/l) and the 10 mg/l NOM
were examined for the removal of MCPA after photocatalytic degradation process in the surface water, after 300 min photocatalytic degradation time, at
pH=7.0 and at 25°C, respectively (Table 5). The maximum 99% of 4-chloro-2-methylphenoxyacetic acid removal efficiency was observed at 10 mg/l PO43
concentration and at 10 mg/l HCOs™ concentration, the presence of 10 mg/l NOM concentration, after 300 min photocatalytic degradation time, at pH=7.0
and at 25°C, respectively (Table 5).

Effect of PO4® and HCOs* Concentrations on 4-chloro-2-methylphenoxyacetic Acid Removal
Efficiency at NOM Concentrations of 10 mg/I
4-chloro-2- 4-chloro-2- 4-chloro-2- 4-chloro-2-
methylphenoxya | methylphenoxya
methylphenoxyac . . . - methylphenoxyacet
. ! cetic Acid cetic Acid . :
etic Acid Removal ic Acid Removal
Efficiency (%) | emoval Removal Efficiency (%)
Efficiency (%) Efficiency (%)
PO43=1 mg/l 67 60 60 55
PO43=5 mg/l 80 78 76 75
PO43=10 mg/| 99 99 99 99
HCOs!=1 mg/| 60 60 60 55
HCOs1=5 mg/I 80 80 82 81
HCOs31=10 mg/I 99 99 99 99

Table 5: The effect increasing phosphate (PO43) and bicarbonate (HCO3") concentrations with the presence NOM concentrations for the removal of
MCPA after photocatalytic degradation process in the surface water, after 300 min photocatalytic degradation time, at pH=7.0 and at 25°C, respectively.

Conclusions

We performed the synthesis and structural characterization of CNT/TiO2 hybrid fibres with remarkably enhanced efficiency for photocatalytic
decomposition of 4-chloro-2-methylphenoxyacetic acid. For maximum 4-chloro-2-methylphenoxyacetic acid (MCPA) removal efficiency the optimum
pH, NOM, CNT/TiOz nanocatalysts ratio as volume and PO4 and HCOs levels were detected.

The removal efficiency of 4-chloro-2-methylphenoxyacetic acid: 100% for 10 vol% CNT/TiO2 nanocatalysts, 80% for 1 vol%CNT/TiO2 nanocatalysts,
55% for TiO: fiber, 15% for TiO2 nanoparticle were shown at 50 W/m? UV power, after 300 min photocatalytic degradation time, at pH=7.0 and at
25°C, respectively.

The maximum 99.99% 4-chloro-2-methylphenoxyacetic acid removal yields was observed at 10 mg/l 10% VOL CNT/TiO2 nanocatalysts, after 300
min photocatalytic degradation time, at 25°C, respectively.

Clearly shows that a 5 mg/l 10% VOL CNT/TiO2 nanocatalysts leads to the best 4-chloro-2-methylphenoxyacetic acid removal > 99.90% after only
25 min of photocatalytic degradation time at pH=7.0, at 25°C, respectively.

The maximum 99% of 4-chloro-2-methylphenoxyacetic acid removal efficiency was obtained at 0.5 mg/l NOM concentration, at 1 mg/l PO43
concentration and 1 mg/I HCOs™ concentration, after 300 min photocatalytic degradation time, at pH=7.0 and at 25°C, respectively.

The maximum 99% of 4-chloro-2-methylphenoxyacetic acid removal efficiency was observed at 10 mg/l PO4® concentration and at 10 mg/l HCOs-
concentration, the presence of 10 mg/l NOM concentration, after 300 min photocatalytic degradation time, at pH=7.0 and at 25°C, respectively.

Further crystallisation in inert atmosphere to preserve the CNTSs results in a non-stoichiometric oxide, in which oxygen vacancies further accelerate
crystallisation and the anatase-rutile transformation by Ti-O octahedral repositioning at the interfaces. Thus, electro spun materials have a nanostructure
being both continuous and highly porous. This can be visualized as a network of nanocrystals forming large TiO2/TiO: interfaces that facilitates charge
transfer and that yields to photocatalytic activity ten times higher than TiO2 nanoparticles.
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The hybridization with functionalized CNTs produces a further enhancement of photocatalytic activity, which we attribute to the formation of additional
TiO2/CNT nanocatalysts interfaces that contribute to spatial charge separation in the material.
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