Journal of Environmental Chemical Engineering 12 (2024) 111595

ELSEVIER

Contents lists available at ScienceDirect
Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

Boosting the photocatalytic performance of PAN-TiO5 nanostructured

membranes by mechanosynthesis

Abhishek Anand?, Eleonora Aneggi”, Carlo Boaretti?, Alessandra Lorenzetti a
Alessandro Trovarelli ©, Michele Modesti #, Martina Roso

& University of Padova, Department of Industrial Engineering, Via Marzolo, 9, 35131 Padova, Italy

Y University of Udine, Department of Agrifood, Environmental and Animal sciences, via del Cotonificio 108, 33100 Udine, Ttaly
¢ University of Udine, Polytechnic Department of Engineering and Architecture and INSTM, via del Cotonificio 108, 33100 Udine, Italy

ARTICLE INFO ABSTRACT

Editor: Javier Marugan

Keywords:
Mechano-synthesis
Electrospun media
Photocatalysis

Indoor Air Purification

VOCs
the milled samples.

Mechano-synthesized TiO, nanoparticles have been explored for their activity towards gas-phase photo-
degradation of methanol. The effect of milling time over the photoactivity in terms of degradation efficiency has
been studied. Titania nanopowders milled for 2 and 8 h were compared with the commercial unmilled catalyst
and it has been established that there is a significant impact of milling time over the activity of the catalyst. The
current study unveiled that the 2 hr milled sample performs far superior than the pristine catalyst with several
order higher kinetics, while with further increase in the milling time the activity drastically reduces. Such
behavior has been attributed to higher absorption of radiation as well as increased photo-carrier generation in

1. Introduction

In these past few decades investigation of indoor and outdoor air
quality has become a significant concern. Among air persistent pollut-
ants, Volatile Organic Compounds (VOCs) represent a heterogeneous
group of organic chemicals largely utilized in the industrial activities
associated with the use of solvents, such as printing, spray painting, etc.
Due to the pressing need for actions to improve the air quality and
protect people and ecosystems from the threats posed by air pollution,
there has been tremendous scientific efforts to investigate the potential
strategies for their control and abatement [1,2].

Metal oxide nanostructures, owing to their large specific surface
area, have been widely explored for the catalytic treatment of several
types of pollutants present in the atmosphere [3,4]. Their exposed sur-
face contributes towards the improved interaction and thus leading to
the adsorption of submicron contaminant species which predominantly
results in the removal while simultaneously assisting in the surface re-
actions, if any, for the abatement of organic compounds [5].

Understandably, the activity of catalysts depends on their surface
area and in order to utilize their properties in an efficient manner, it is
reasonable to employ a nanostructured medium for their immobiliza-
tion. Electrospinning is a facile technique, which has been extensively
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explored for the fabrication of nanofibers for numerous potential ap-
plications towards environmental sustainability [6] The electro-
hydrodynamics based process has further been used for the catalytic
coating of nanoparticles over electrospun structures in order to obtain
multifunctional membranes [7-9]. According to our previous work [10,
11] active filter media based on electrospun fibers conveniently coupled
with photocatalysts nanoparticles (mainly TiO2), have been proven to be
a promising candidate in the development of advanced solutions for
indoor environmental quality improvement by exploiting the photo-
catalytic processes. The milling process for the preparation of catalytic
formulations is considered an ecofriendly method with promising
commercial and industrial potential, thanks to its numerous advantages
such as easy production, energy efficiency, reduction of reaction times,
high yields and minimal or no use of solvents [12,13]. We recently re-
ported that the milling of ceria with carbon soot results in the formation
of a CeO; core wrapped in a soft carbon shell [14,15]; the nanoscale
arrangement created by mixing was promoted by the different hardness
of the two materials that helps the spreading of the softer carbon par-
ticles on the surface of ceria.

During the milling process, the chemical precursors undergo intense
mechanical treatment which allows the synthesis of the desired material
by the breaking and formation of the chemical bonds. The mechanical
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stress imparted during synthesis leads to further deformations of the
bond, as well as introducing surface and mass defects, irregularities that
can improve overall material properties including the oxygen mobility,
which is potentially helpful towards catalytic reactions [16-19].

Among the intervention strategies implemented for enhancing the
photocatalytic performance of electrospun active mats, the present work
focuses on the application of a mechanochemical method as an inter-
esting, alternative, solvent-free, energy efficient and sustainable route
for the preparation of ultra-fine solid nanocrystalline catalytic materials
[20]. .

In the current work, mechanosynthesized TiO; nanoparticles
immobilized over electrospun PAN nanofibrous media have been used
for the destructive abatement of methanol as the target VOC. Methanol
is profoundly present in the closed space with wooden structure e.g. old
wooden house, where decomposition of the building material is the
major source of methanol emission [21,22]. While in the modern
buildings, where cleaning products are overwhelmingly used, thus
further contributing to increase in indoor methanol concentration [23,
24]. In reality, methanol is the most abundant non-methane VOC pre-
sent in the atmosphere [25]. .

2. Experimental section
2.1. Materials

Titanium dioxide nanoparticles (Aeroxide P25, Evonik Industries),
with 99.5% purity, has been used as the reference throughout the study.
N,N-Dimethylformamide (DMF) and Ethanol have been obtained from
Sigma-Aldrich. Dynasylan-4144 (Evonik Industries) was used as the
dispersant for the nanoparticles. The polymer polyacrylonitrile (PAN)
(M,y = 150,000 Da) was purchased from Sigma-Aldrich, and has been
used as the immobilization media for all three catalytic systems. Milli-Q
ultrapure water has been used during the preparation of catalyst
suspensions.

The as-procured commercial P25 was milled at 50 Hz in a mill
(Pulveristte 23, Fritsch) using ZrO, vials (volume of the zirconia bowl-
15 ml) and one zirconia ball (diameter = 15 mm; weight =10 g; ball-to-
powder ratio (BPR)= 10) for durations of 2 h and 8 h and from hereon,
they have been designated as P25-2 h and P25-8 h, respectively.

2.2. Preparation of the photoactive media

The photoactive membranes have been prepared by electro-
hydrodynamics processes i.e. electrospinning of PAN followed by elec-
trospraying of catalysts over the as-prepared membrane, in step-by-step
fashion.

6 ml of 5% PAN solution in DMF has been prepared by overnight
stirring at 40 °C for each system. The as-prepared solution was elec-
trospun using a lab-scale electrospinning setup with the solution being
pumped at 1 ml/hr through a metallic capillary (0.42 mm diameter),
connected to a DC voltage source and supplied with 10 kV of positive
potential. The fibers were collected over a metallic drum collector,
rotating at 500 rpm. Prior to electrospinning, the collector surface was
covered with commercial fiberglass mesh with an area of 270 cm?
which acts as a mechanical support for the electrospun membrane
without any significant pressure drop during subsequent experiments.
The fiber deposition was carried out under the ambient conditions
maintained at 27 °C and 40% relative humidity. The same procedure has
been carried out for all other systems.

The suspensions containing catalyst nanoparticles were prepared by
mixing 1 g of catalyst with 17 g binary solvent system comprising of
Milli-Q and ethanol in the ratio 2.4:1. The mixing was done initially for
1 h using ultrasonic bath and 1 wt% of the dispersant Dynasylan-4144
was added to the suspension. It was followed by 1 h of ultrasonic
probe assisted sonication while the temperature was maintained during
the whole process. After overnight drying of the prepared membranes,
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electrospraying of catalytic suspensions were carried out in a controlled
environment. The obtained membranes coated with respective catalysts,
then, kept overnight again in the oven for the removal of any remnant
solvent and have been used afterwards for the following photocatalytic
experiments.

2.3. Characterization

Textural characteristics of all samples were measured according to
the BET method by nitrogen adsorption at —196 °C, using a Tristar 3000
gas adsorption analyser (Micromeritics). Preliminary crystallographic
characterizations of the catalysts have been carried out using an X-ray
diffractometer (Panalytical X'Pert 3 powder) with copper radiation (Cu
Ka, A = 1.54 1°\) at 50 kV and 40 mA source in the range 0-85°. The
degree of crystallinity has been obtained using Eq. 1, where A, is the
area of crystalline diffraction peak while A; is the total Area of all the
diffraction peaks including crystalline as well as amorphous regions.

Degree of Crystallinity:%xloo M
1

While, for determination of the average crystallite size (D), Scher-
rer’s equation has been used (equ. 2), where K (0.9) is the Scherrer’s
constant, ) is the wavelength of X-ray (0.15406 nm), 8 is the full width at
half maximum, and O is the diffraction angle.

Ka

D=5t 2

Rietveld refinement [26] of the XRD pattern was performed by
means of a GSAS-EXPGUI program [27,28].

The morphological information of the catalysts has been obtained
using a scanning electron microscope (SEM) JSM 6490 (Jeol Ltd.) after
sputter coating the samples to a thickness of 5 nm of Au. Transmission
Electron Microscope (TEM) images of the catalysts have been collected
with FEI, TEM (Tecnai G2) equipped with a side-mounted camera
(Olympus Veleta) and a bottom-mounted camera (TVIPS F114), after
drop casting the samples on copper grids. Fourier transform infrared
spectroscopy (FTIR) of the powdered samples have been performed
using Nicolet iS50 spectrometer (Thermo Fisher Scientific), working in
the absorbance mode. The average catalytic content and distribution
uniformity was obtained by thermogravimetric analysis (TGA) of the
membranes performed in air atmosphere by Q600 (TA Instruments), as
the temperature was raised from the ambient to 850 °C with a heating
rate of 20 °C min .

2.4. Photocatalytic activity

The as-obtained membrane after the addition of another fiberglass
mesh, so as to create a sandwiched structure, has been installed in a lab-
made tubular plug flow reactor with the catalyst coated surface facing
the excitation source. The basic reactor setup has been schematically
shown in the Fig. 1(b), whereas a detailed representation has been
provided in Fig. S1. The photoreactor has a provision for injecting the
UV lamp annularly by means of an already installed quartz tube, acting
as a medium to transfer the UV irradiation while maintaining the closed
state of reaction environment. A fixed amount of the pollutant (meth-
anol) has been placed in an Arnold cell maintained at 0 °C, which when
connected to the air tank, is able to supply the desired concentration of
methanol vapor to the reaction environment. The qualitative/quanti-
tative analysis of the species present in the reaction environment have
been carried out using a gas chromatography coupled with mass spec-
trometry instrument (GC- Trace 1300, MS- ISQ QD, Thermo Scientific
Inc.). A fused silica capillary column (MEGA 1) has been used (30 m x
0.32 mm x 0.15 um) has been used for the chromatography, while the
temperature was held at 60 °C for 5 min followed by heating at 20 °C/
min to 250 °C for 3 min. The samples were injected with a 1000 pL gas
syringe at a time-interval of 20 min through a six-port external-injection
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Fig. 1. Schematics of (a) Membrane fabrication steps in order, (b) Reactor setup.

GC valve (6890, Valco Instrument Co., Inc., USA) with a 500 pL sample
loop into a HP G1800C GCD series II gas chromatograph/mass spec-
trometer with pure helium as the carrier gas. A detailed description of
the procedure can be found in the Supporting information file. (S1).

The reactor has been designed to work in continuous as well as the
batch mode and for the current studies, the latter configuration has been
used. After obtaining the steady state conditions in the continuous
mode, the reactor is switched to the batch type with recycling. The UV
lamp (254 nm, Light Progress) was turned on, once the reaction condi-
tions had been stabilized, and the samples were taken and analyzed by
GC/MS at regular time intervals. A blank test has also been performed to
find the potential degradation of methanol under the UV irradiation.

In order to find the concentration of the methanol present at any time
in the system, a calibration for the quantitative analysis has been done
prior to the experiments and following equation has been obtained (see
details in Supporting Information file and Fig. S4):

Y =298077 x X

where, X and Y correspond to the area under the GC spectrum and
concentration of methanol in ppm, respectively.

The fractional amount of methanol present at any time has been
expressed in terms of the ratio C/Cy, where, C corresponds to a con-
centration at a given time, while Cj is the initial concentration.

3. Results and discussion
3.1. Material characterization
3.1.1. Catalyst systems

All the as-synthesized catalysts have been characterized before
electrospraying over electrospun membranes. The BET surface area of

Table 1
General Characteristics of the Catalysts.

Catalyst Surface Area Polymorph Composition (%)*
Anatase Rutile High Pressure/Orthorhombic
P25 52 88 12 /
P25-2h 83 53 15 32
P25-8h 73 43 / 57

“: obtained by Rietveld refining method.

P25 increases from 52 m?/g to 83 m2/g, when milled for 2 h whereas it
decreases to 73 m?/g under prolonged 8 h milling (Table 1). Addition-
ally, the pore size distribution shows a progressive shift towards lower
pore diameters, from 450 A for P25 to 150 A for P25-2 h and 80 for
P25-8 h (Fig. 2).

The powder-XRD has been employed to characterize structural
modifications taking place at the pristine TiO2 upon milling (Fig. 3).

For P25, the respective peaks have been indexed at 20 values of 25.3,
37.8, 48.1, 55.1, 62.7, 70.3, 75.1, 82.8 which correspond to the crystal
planes (101), (103), (112), (200), (211), (204), (220), (215), (224) of
the anatase phase (JCPDS File No. 96-900-9087). Similarly, on
comparing the following 20 peaks at 27.4, 36.1, 41.3, 44.0, 54.1, 56.6,
64.0, 68.9 with the reference (JCPDS File No. 96-900-7433), the
equivalent planes (110), (101), (111), (210), (211), (220), (310), (301)
of rutile phase have been observed. The milling induces a progressive
decrease of the anatase phase (from 88% of P25 to 53% of P25-2 h and
43% of P25-8 h) and an increase in the amount of high pressure/
orthorhombic polymorphs from 32% (P25-2 h) to 57% (P25-8 h).
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Fig. 2. Pore size distribution of the catalysts.
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Fig. 3. Comparative XRD Diffraction patterns of the catalysts, a (=anatase), r
(=rutile) and p (=high pressure/orthorhombic) polymorphs.

The effect of milling time over the crystal structure of reference TiOy
is evident for the formation of additional crystal planes already in the
case of P25-2 h. While the diffraction peaks at 25.4, 37.1, 37.9, 48.1,
55.1, 62.8, 70.3, 75.2, and 82.8 belong to the anatase, only two peaks
belonging to the rutile phase have been observed at 27.5 and 56.6. The
additional peaks with position 36.2, 41.4, 44.1, 54.5 and 68.9 belonging
to the crystal planes (101), (111), (210), (211) and (301), correspond to
another polymorph with tetragonal structure and has been reported to
form at high pressure (JCPDS File No. 96-410-2356). Another peak at
31.3 (Fig. 3-inset), which was originally absent, has been observed with
the crystal plane belonging to an orthorhombic polymorph of TiO», also
forming under high pressure conditions (JCPDS File No. 96-231-2356).
A similar trend has been observed in the case of P25-8 h, where the
anatase phase fraction has been significantly reduced to 4 major peaks at
25.4, 48.1, 55.1 and 82.8, while no significant peak corresponded to the
rutile phase were observed. However, the majority of peaks belonging to
other polymorphs have become prominent with the replacement of the
original phases. For comparison, the orthorhombic polymorph has
appeared at positions 31.3, 42.2 and 66.6 with corresponding planes
(111), (121) and (132), while the other polymorph 27.5, 36.2, 41.4,
54.4,64.1 and 69.1 corresponds to the planes (110), (101), (111), (211),
(310) and (301).
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It has been reported that the formation of orthorhombic polymorph
(TiO-11) is typical of high-pressure treatment of the commercial TiOa,
whereas further heat treatment of such high-pressure compound resul-
ted in better photoactivity as compared to the pure material [18,19,29].
Such behavior, as the result of increased photocurrent, lowered charge
recombination and enhanced light absorbance, can be attributed to the
heterojunctions formed with anatase and rutile phases. Furthermore, an
increased adsorption behavior has also been observed for material
synthesized following the milling route.

The crystallinity for all three systems has been calculated and it
follows an increasing trend from 92% for the pristine P25 to 94% and
97% for P25-2 h and P25-8 h samples respectively. The average crys-
tallite size, calculated from Scherrer formula, follows a similar trend as it
decreases from 19 nm for P25 to 14 nm and 9 nm for P25-2 h and
P25-8 h respectively.

3.2. Catalytic membranes

The weight contents of catalyst nanoparticles for the three systems
were calculated by the TGA analysis as shown in the Fig. 4(a), which
displayed two distinct weight loss regions between 30 °C and 850 °C.
The first step of weight loss, initiating at 150 °C, indicates the removal of
water and remnant solvents adsorbed over the membrane surface. In the
second step, the weight decreases continuously between 350 °C and
640 °C depicting the decomposition of polymeric content. With per-
centage of residual weights lying between 65% and 75%, the thermo-
gram clearly indicates the consistency of electrospraying process. The
FTIR spectra of catalytic membranes has been shown in.

Fig. 4(b). The characteristic peak of polyacrylonitrile at 2242 cm ™
corresponding to the -CN bond stretching while at 1452 ecm™! and
2938 cm ™! belonging to H-C-H bond bending and stretching, respec-
tively, confirms the existence of polymeric background. The presence of
the catalysts has not been evident in the FTIR analysis, which is because
of their lower susceptibilities towards IR radiation and as a result of
insignificant peaks in the spectra.

The quantitative measurements of the total catalytic content over
membrane has been calculated using the final weight percentage from
the thermogram and it has been summarized in Table 2. The initial area
of the samples used in the TGA analyses were used to calculate the total
and specific catalyst content.

The SEM and TEM images of all the catalytic systems are shown in
Fig. 5. The increase of the milling time induces a less uniform deposition
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Fig. 4. (a) TGA thermograms, (b) Comparative IR spectra of catalyst coated membranes.



A. Anand et al.

Table 2
Catalytic Composition of the Membranes.

Catalytic Mat Photocatalyst content [mg] Specific Catalyst Deposition

[x1073 g/cm?]

P25 264 0.98
P25-2h 175 0.65
P25-8h 169 0.63

of the catalyst on the membranes. The pristine P25 shows a highly
uniform deposition most likely because of low possibility of aggregation
whereas, in the milled samples, the aggregation behavior is more
prominent. Such behavior can be attributed to the possible sintering of
milled nanoparticles due to the high temperature and pressure that are
commonly detected during the milling process. As clear from the TEM
images (inset), the effect of milling process over the morphology is
significant since the individual particle has become more spherical as
compared to the pristine P25 where particle morphology is close to
cubical.

3.3. Photocatalytic studies

All the experiments have been carried out in the batch mode under
UV-irradiation. Blank experiment has also been performed prior to the
experiments and there was no impact of UV-irradiation over the meth-
anol concentration in the absence of catalyst. The VOC concentration
used in this study includes high as well as low concentration ranges.
Initially, all the three catalysts have been investigated for a high con-
centration range (2150 ppm).
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As can be seen in Fig. 6, the P25-2 h system performs better than the
pristine catalyst P25 (respectively 69% and 62% abatement). Interest-
ingly, the P25-8 h sample exhibits a poor performance with only about
43% removal which illustrates the effect of milling time over efficiency.

In the following studies, with regard to the lower VOC concentration,
the experiments have been carried out involving P25 and P25-2 h sys-
tems, given their promising activity.

in the preceding experiments. The concentration of methanol in the
lower range (Fig. 7) has been maintained between 73 and 78 ppm,
which is in good agreement with the permissible VOC limit in a closed
environment, and thus is able to mimic the degradation pathway. In this
case, the difference between the activity of the two catalytic systems has
become sharper. Indeed, while, P25-2 h achieves almost a complete
abatement, P25 only attains ~4% of removal (Fig. 7). Remarkably, in
this case the complete degradation was possible within 40 min as
compared to the experiments carried out with the higher concentration.

The conversion trend of methanol to methyl formate can be followed
in Fig. 8. P25-2 h achieved the highest formation of product in agree-
ment with the degradation plot of methanol (Fig. 6(a)). The low fraction
of methyl formate in the case of P25-8 h is justified, given the lower
photoactivity of the catalyst. In Fig. 8(b), the large difference in the
methyl formate generation in the case of low initial pollutant concen-
tration is also consistent with that of Fig. 7(a).

The quantification of by-products formed during the photocatalytic
experiments was not possible, as the large variations during the repeti-
tive runs led to lack of reliability of the data obtained.

The rates of reaction have been calculated and they follow the first
(pseudo) order kinetics with rate constants for P25-2 h being the highest

Fig. 5. SEM images of catalyst coated membranes (a) P25, (b) P25-2 h, (c) P25-8 h. (Scale — 10 pm) Corresponding TEM images of the nanoparticles has been shown

in the inset (scale — 50 nm).
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Fig. 6. (a) Degradation behavior for High Methanol concentration, (b) No. of moles reacted per gram of catalysts.
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Fig. 8. Methyl formate generation trends for (a) High and, (b) Low Methanol Concentrations.

among the three (Table 3). Furthermore, the R-square values corre-
sponding to high and low methanol concentrations for P25-2 h are
reasonable. Whereas, in the case of P25 the poor R-square value for a
low methanol concentration can be argued upon the fact that the
removal efficiency was the insignificant (~4%) and due to the
adsorption-desorption behavior of P25 towards methanol [35,36].
Hence, because of indistinguishability between the extent of adsorption
and degradation of methanol over P25, it was not possible to obtain a
reliable fitting and thus the actual rate of reaction.

The plots of -In(C/CO0) vs. time for all the system follow the linear

Table 3
Kinetics of the Catalytic Membranes.
Catalytic Avg. Rate R-square Std. Methanol
Mat Constant ()(10’3 (COD) Dev. Concentration (High/
min~") Low)
P25 6.17 0.88 0.00092  High
11.22 0.54 0.00059 Low
P25-2h 9.37 0.95 0.00085  High
339 0.92 0.09779  Low
P25-8h 4.28 0.94 0.00043  High

equations as shown in Fig. 9. Since the slope of this plot is inferred as the
rate constant, P25-2 h shows the higher rate of reaction compared to the
other samples. In addition, a substantial difference between the rates can
be found when investigating high or low concentration of pollutant.
Such a high rate can be associated with increased formation of charge
carriers [30].

Furthermore, the high pressure TiO,-1I phase has shown a downward
shift in the fermi-level which also contributes towards the photoactivity
of the current catalyst [30]. The pristine TiOp, which is significantly
active under the UV-radiation has been reported to show visible light
activity after a high-pressure treatment followed by annealing [31]. The
higher activity of P25-2h can be related to the formation of high
pressure TiO,-II phase during the milling process, while under pro-
longed milling time, sintering of the particles and the decrease of the
surface area induce further reduction of the activity. The poor perfor-
mance of P25-8 h system can be explained on the behalf of the effect of
milling time over photoactivity.

It has been previously reported that the activity of TiO, decreases
with an increase in milling time [32-34].

When exposed to a methanol environment, the TiO, surface has been
reported to adsorb the organic compound and adsorption phenomena is
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Fig. 9. Pseudo first order kinetics for (a) High and, (b) Low Methanol Concentrations.

proposed to follow dissociative as well as non-dissociative pathways
[35,36]. The dissociative adsorption results in the formation of methoxy
groups and associated protons, which are stable at the room tempera-
ture, attached to the defect sites present on the catalyst surface, and
thus, it’s possible to increase the adsorption of methoxy groups by
increasing the number of surface defects [35]. The Tiéc+ (¢ = coordina-
tion number) surface sites serve as the favorable binding locations for
methoxy groups after dissociative adsorption, the adsorbed methoxy
groups then act as the hole traps during UV-irradiation. Moreover, the Ti
sites adjacent to the methoxy-bound sites also assist in the entrapment of
electrons emitted during the conversion of methoxy groups to formate
[37].

The reaction towards adsorption of methoxy groups from methanol
follows the following pathways:

Tit¥ + CH;0H + O — Ti¥l O°CH; + HO;, 3)
2Ti¥t + CH;0H + OF — (Titf), O'CH; + HOj, 4)

Here, the proton is extracted from the hydroxyl group present in
methanol facilitated by the bridging oxygen anion (O%), which is the
oxygen vacancy between two Ti>" sites. It has been proposed that these
bridging oxygen anions form band gap states about 1 eV below the
conduction band minimum [38]. The generated methoxy group seems to
be coordinatively bonded with unsaturated Ti cation (Tiéi) in single (1)
or bridged configuration (2) and is highly stable at room temperature
[39-42].

These species, then, act towards the trapping of photo-generated
holes further promoting the formate production which can be
explained as the lowered position of highest occupied molecular orbitals
of the surface bound methoxy groups with respect to valence-band
maximum of TiO,, which makes the adsorbed methoxy groups as the
preferable hosts for the holes as compared to methanol [42]. The charge
carrier separation plays a vital role for the overall efficiency of photo-
catalysis, and it is important to highlight the parameters influencing the
trapping of holes as well as the electrons generated during the irradia-
tion. It has been suggested that under aerobic conditions, the oxygen
present in the reaction environment acts as an electron scavenger apart
from taking part in the succeeding reactions [43,44]. The scavenging of
electrons enhances oxidation rate and thus the reaction shifts towards
product side i.e. formates. which otherwise would have led to blocking
of acceptor sites by charge (e) accumulation. Han et al. explored the
oxidation pathways of methanol to methyl formate and found out that
the charge carrier separation by electron scavenging plays a trivial role
in the formation of methyl formate apart from the importance of surface

adsorbed methoxy groups [45].

Different mechanisms of formation of methyl formate from methanol
have been postulated in previous studies. For example, Yu et al. in their
studies observed the direct oxidation of methanol to methyl formate
which was associated with the interaction of adsorbed formate species
with surrounding methanol molecules [46].

There is also the possibility of conversion of methoxy groups into
formaldehyde by the elimination of -H which also remain adsorbed on
the surface, as reported by Whiting et al. But the presence of formal-
dehyde in the recirculated stream is not evident in the current studies,
since the report also suggests that the formaldehyde molecules remain
adsorb to the active sites at ambient temperature and further take part in
coupling reaction with the neighboring adsorbed methoxy groups to
form methyl formate [47].

Such a pathway, involving surface adsorbed formaldehyde as an
intermediate, during the photo-oxidation of CHsOH on the TiO, surface,
follows the mechanism as described by Wang et al. [48].

Tit/ +CH;0H + OF —>Titf —O~ CHj () +HO,,

Tit, —O~ CHsuas)+Op —™ HCHO o5 +HO,,
HCHO (45 +0p —" HCHO ) +HOy,,

CH3 O(ads) +HCO(ﬂdS> _)hv HCOOCH3(ads)

In the proposed mechanism, the role of surface adsorbed species is
comprehensible attributed to their photocatalytic reactivity as a result of
adsorption of catalyst surface [48]. The conversion of methanol in the
current work is supposed to follow aforementioned mechanism, which
further coincides with our previous findings [10].

A summary of relevant study carried out by researchers has been
listed in Table 4. The investigations often employ several chemical
precursors to obtain the catalyst with desired properties [50-53].
Moreover, they also include secondary nanostructures to enhance the
performance which further make the process cumbersome [49,51,52,
61], require high pressure-temperature conditions [50,53,54] and
post-treatment [54,57].

In the study presented here, a novel approach towards the fabrica-
tion of photoactive media based on nanostructures have been proposed.
The current work, when compared with previous research with similar
classes of catalyst/pollutant, provides an alternative pathway with a
simplified overall process, while, simultaneously lowers the overall
chemical requirements during the process and thus lowering the (direct
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Table 4

A Comparative Analysis of Earlier Relevant Studies.

Irradiation Source

Irradiation Time

(min)

Removal Efficiency (%)

Fabrication Method/ Process Target VOC Concentration

Catalyst

Year

UV [49]
Vis [50]

120
240
120
360
60

99

500 ppm
200 ppm
230 ppm
92.8 ppm

30 ppm
10 ppm

Acetaldehyde

Hydrothermal

CQDs/TiOy
rGO/ TiO,

2018

88.3
100
20

Formaldehyde

Toluene
Toluene

Hydrothermal

2018

UV [51]

Hydrothermal

Sol-gel

TiO, NF/ACF

2017

UV [52]
Vis [53]

Ce0,/TiO,/ACF
CDs/CdS-TiOy

2020
2018

93.8

Benzene
Acetone, MEK

Hydrothermal-precipitation-calcination

UV [54]

~40

~42-61
~4-44

100

Hydrolysis precipitation and calcination crystallization

Commercial

TiO,/diatomite

TiO,

2020
2018

UV [55]
UV [56]

0.2-2 ppm
<1 ppm

Ethanol

150
480
90

Iso-butanol
Acetone, toluene, p-xylene

Wet-impregnation

Sol-gel

Pt-TiO,

2022

UV [57]

~55-77
55-80

0.1-0.3 mol/m?

0.9pmol L!

TiO, thin film

TiO,
TiO,
TiO,

2010

UV [58]
UV [59]

Benzene+Methanol
Methanol, n-octane

Methanol

Commercial

2012

300
300

~90-99

~60-200ppmv

Thermohydrolysis
Commercial
Sol-gel

2009
2010

UV [60]

UV [61]

1500
10

50ppmv

Methanol
monocrotophos

SiO2-TiO, composite pellets

WOs3-TiO2

2008
2005

UV [62]
Vis [63]

38.3
48
52

10—4 mol/L

Mechanosynthesis

105
90

500 + 50ppbv
100 ppm

Nitric oxide
Benzene
Toluene

Mechanosynthesis

C-N/TiO,

2023

Vis [64]

Electrospinning+Thermal Treatment

CNT/TiO,

TiO,
TiO»

2016

325 + 50mgm 3

Xenon [65]
UV [66]

120
60

78.6

Electrospinning+Electrospraying (Simultaneous)

Emulsion Electrospinning

2017

78.6
100
100

1ppmv (continuous mode)

4000 + 200 ppm
530 + 40 ppm

NO gas

2021

UV [67]
UV [68]

uv

300
40

Methanol

Emulsion Electrospinning

rGO/TiO,
GO/TiO,
TiO,

2017

Methanol

Methanol

Solvothermal+Electrospinning

2020

100 & 69 40 & 140

75 & 2150 ppm

Mechano-synthesis+Electrospraying + Electrospinning

This work
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or indirect) energy consumption. (Table 4).
4. Conclusion

In the current work, the effects of mechanosynthesis over catalytic
activity of TiO2-based materials towards gas-phase photodegradation of
methanol has been investigated. It has been observed that the milling
time has a significant impact over the photoactivity of TiO, systems.
Although there is an increase in the activity which has been attributed to
the formation of photoactive TiO-II crystal phase, it is observed that
further increasing the milling time can lead to inactivity of an originally
active catalyst. The drastic change in catalytic behavior has been
ascribed to the lattice distortion of the crystal structure as well as
agglomeration of nanoparticles which screen the number of active sites
present on the catalyst surface.

Here, a facile and solvent free route of increasing the activity of
commercial TiOy has been investigated by optimizing the process time
of the mechanosynthesis route, and application of the as-treated catalyst
immobilized over nanofibrous polymer matrix, towards abatement of
methanol has been carried out. The TiO, sample milled for 2 h has
demonstrated promising activity towards VOC degradation at signifi-
cantly lower concentration closely mimicking the actual levels in a
closed environment. While, a rational comparison made in Table 4 with
the previous studies, further elucidates the applicability of methodology
proposed in this work, thanks to the simplified processes which are both
time and energy efficient and hence resulting in a cost-effective product
with superior performance. To the best of our knowledge, the current
study is first of its kind and offers a sustainable path towards the miti-
gation indoor air pollutants.
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