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Superior photodegradation activity of MoS,/TiO, nanofibers for phenol under
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Engy A. Nada?, Heba H. El-Maghrabi®, Hager R. Ali¢, Saad Abd El-Wahab?,
Dina Y. Sabry?® Yasser M. Moustafa‘, Amr A. Nada“*

“Chemistry Department, Faculty of Science, Ain shams University, Cairo, Egqypt, Tel. +201090298986;
email: engyahmednada@gmail.com (E.A. Nada), Tel. +201001426029; email: saadabdelwahab@sci.asu.edu.eg (S.A. EI-Wahab),

Tel. +201123687707; email: d.y_sabry@yahoo.com (D.Y. Sabry)

"Department of Refining, Eqyptian Petroleum Research Institute, Cairo, 11727, Egypt, Tel. +201091816259;

email: hebachem@yahoo.com

‘Department of Analysis and Evaluation, Egyptian Petroleum Research Institute, Cairo, 11727, Egypt, Tel. +201116560625;
email: amr.nada@epri.sci.eg/chem_amr@yahoo.com (A.A. Nada), Tel. +201033055109;
email: d_hager80@yahoo.com (H.R. Ali), Tel. +201223631912; email: ymoustafal2@yahoo.com (Y.M. Moustafa)

Received 1 June 2021; Accepted 7 January 2022

ABSTRACT

Binary composite MoS,/TiO, nanofibers (MTN) were elaborated by electrospinning technique.
The photocatalytic efficiency of the binary nanofibers was controlled via different ratios between
MoS, and TiO,. The structural, morphology and optical properties of the prepared nanofibers were
detected by Raman spectroscopy, Fourier-transform infrared spectra, scanning electron micros-
copy and UV-Vis diffuse reflectance spectra. The prepared nanofibers were showed remarkable
performance in photocatalytic efficiency of phenol compounds degradation under visible light.
MTN nanofibers recorded superior photocatalytic activity (96%) and high stability of several cycles
under visible light. Therefore, MoS,/TiO, nanofibers have massive implementation prospects for
the treatment of wastewater from toxic organic contamination due to their excellent photocatalytic

performance reusability and recyclability.

Keywords: Photocatalytic; Molybdenum sulphide; TiO,; Phenol degradation

1. Introduction

Recently, there are many critical environmental prob-
lems in the world, especially water pollution, because of
the rapid development of industry [1-3]. Water pollution
is a matter of concern worldwide. Wastewater is caused
by synthetic chemicals being released from a variety of
anthropogenic industry sources. In particular, the petro-
leum refinery waste which is one of the harmful sources for
water, and phenol compound is one of these mischievous
sources [3]. The different technologies for water treatment
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and purification have been extensively discussed in the lit-
erature as the design and the operation of affordable meth-
ods remains a challenge. The treatment methods include
membrane separation, electrochemical method, chemical
precipitation, adsorption, photocatalysis, etc. [4-9]. It is per-
tinent to highlight that all treatment methods have their own
technical and economic limitations for real-life applications.
However, photocatalysis technique is one of important
method as it inhabits the formation of secondary pollutant
[6,8]. Titanium dioxide (TiO,) is one of the most signifi-
cant photocatalyst, which has been extensively utilized in
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various fields, such as electrochemistry and photocatalysis
due to its several benefits like low cost, nontoxicity, good
chemical stability and excellent oxidizing power [10-12].
However, it has some drawbacks such as lack of activity
in the abundant visible light energy due to TiO, generally
exhibits good photocatalytic activity in near ultraviolet (UV)
where it has large bandgap energy (3.2 eV) [6,13,14]. To
address these issues, it has been combined with other nano-
materials to enhance its photo-adsorption capacity under
visible light such as CdS, NiO, ZnFe,0,, Ag,CO,, Fe,O, and
Fe,O, [3,6,8,11,12]. The modification of TiO,-NFs with sub-
stances such as metals, non-metals, semiconductors has
been considered to maximize its photocatalytic efficiency
[15-18]. The modification of the titanium dioxide has been
extensively investigated for environmental purification
applications [5], and molybdenum disulphide (MoS,) is
one of the important materials for TiO, enhancement.

MoS2 is a typical layered transition metal sulphide with
a structure composed of three stacked atom layers (5S-Mo-S)
[19,20], which has attracted attention due to it has superb
stability properties. Also, it has promising photocatalytic
applications due to its low band gap [21].

Moreover, there is a synergistic effect of MoS, as a 2D
support with TiO, nanofibers as the 1D structure to improve
the active sites, and thus will influence the salient cata-
lytic, electronic and optical properties [16]. In addition, the
presence of the sulphur active atoms at the exposed edges
of molybdenum disulphide enhances the photocatalytic
activity of MoS,, which has ability to bond with H [22].

In this paper, MoS/TiO, nanofibers elaborated by
combined 1D and 2D structures by electrospinning. The
morphology, structure and optical properties of the nano-
composites have been detected. The photocatalytic effect
of MoS,/TiO, nanofibers has been estimated under visible
light for the degradation of phenol as an organic pollutant.

2. Experimental
2.1. Chemical

Titanium(IV) isopropoxide 97%, MoS, powder, n-bu-
tyllithium solution, hexane, absolute ethanol (99%), acetic
acid (98%), polyvinylpyrrolidone (PVP; Mw = 1,300,000 g/
mol), and phenol were purchased from Sigma-Aldrich.
All purchased compounds are used as received, without
further purification.

2.2. Exfoliation of molybdenum disulphide nanosheets

Molybdenum disulphide was fabricated using the lithi-
um-intercalation-exfoliation method [20]. MoS, was stirred
in n-butyl lithium solution (1.6 M) for 48 h at 60°C under
nitrogen. Furthermore, LixMoS, was collected and washed
several times with hexane, then washed with deionized
water and sonicated for 2 h and repeat the washed with
deionized water several times until reaching a neutral pH.

2.3. Preparation of MoS,/TiO, nanofibers

Molybdenum disulphide (MoS,) with TiO, nanofibers
was prepared using the electrospinning technique by dif-
ferent ratio between MoS, and TiO,. First, the solution

(a) was prepared by 0.3 g of PVP dissolved in 3 mL of
ethanol and 2 mL of acetic acid while stirring for 30 min,
then 1.5 mL of TTIP was added with stirring for 30 min.
The solution (b) was prepared with different weight ratios
of MoS, in 2 mL of ethanol and sonicated for 2 h to get (TMO,
TM10, TM20, TM30, TM40 and TM50 for TiO,:MoS, is 1:0,
0.9:0.1, 0.8:0.2, 0.7:0.3, 0.6:0.4 and 0.5:0.5, respectively). After
that, solution (b) was mixed to solution (a) with stirring for
30 min. The solution was added in syringe with a stain-
less-steel nozzle with a diameter of 0.7 mm under flow rate
1 mL/h and voltage power (1.5 kV/cm) between the nozzle
and the rotating collector. The collected nanofibers were
calcined at 400°C for 3.

2.4. Preparation characterization

The nanofiber structure was detected using the disper-
sive Raman microscope with a laser wavelength of 532 nm
and a power of 10 mW (Senterra, Bruker). The functional
groups of the prepared composite nanofibers were recog-
nized using Fourier-transform infrared (FTIR) spectrometer
(PerkinElmer) with standard KBr pellets. The Morphology of
nanofibers was detected by a scanning electron microscopy
(SEM) (Quanta-250 FEG, FEI, The Netherlands). The UV-Vis
DR spectra were measured by Jasco V-570.

2.5. Photocatalytic activity measurement

The photocatalytic activity of the MoS,/TiO, nanofi-
bers was detected by photodegradation of phenol. The
photocatalyst efficiency was detected by analysing the
decrease of phenol concentration during exposure to visi-
ble light radiation. The reaction temperature was controlled
at 25°C + 0.2°C by circulating water around the photore-
actor. The photocatalytic performance was detected by
using 10 mg of photocatalyst in 200 mL of phenol solution
(50 ppm) under a 500 W linear halogen lamp (visible light
radiation). The solution mixture was stirred in the dark for
1 h to obtain the adsorption/desorption equilibrium of phe-
nol [23]. Then, the mixture was exposed to visible light for
4 h. Then, the sample was collected from reactor every 1 h
and the catalyst was eliminated by a centrifuge to detect
the organic pollutants concentration in the solution by
high-performance liquid chromatography (HPLC) equipped
with a photodiode array detector (Agilent 1200 series).

The degradation efficiency was measured by the follow-
ing equation:

Co C]xlOO 1)
C

0

Degradation efficiency% = (

where C; and C are the initial and final phenol concentration,
respectively[24].

The kinetics of phenol photocatalytic degradation was
calculated as follows (where, k (min™) is the apparent rate
constant):
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3. Results and discussion
3.1. Materials characterization

The MoS/TiO, nanofibers with different ratio between
molybdenum sulfide and titanium dioxide were detected
by Raman. Moreover, Raman spectra of the prepared nano-
fibers are presented in Fig. 1. The MoS, in M sample has
peaks at 371 and 403 cm™ which corresponded to E,, and
A1 for 2H phase of MoS, [21,25,26]. There are also two
peaks at 278 and 344 cm~ Wthh are attributed to a small
amount of 1T MoS, phase [21,26]. In contrast, the T sam-
ple has peaks at 1473 198.3, 389.2, 501.9 and 626.8 cm™
which corresponded to E , E , B, A18 and Eg modes of TiO,
anatase phase, respectlvegly f6 8]. The combination of MoS,
with TiO, (in TM10, TM20, TM30 and TM40) resulted in
a slight Change in the anatase peaks as presented in inset
Fig. 1. The TM40 and TM50 had significantly changed the
peak at 389 cm™ due to the overlapping between B, 15 and
E, for TiO, and MoS, respectively [27]. The conjuga-
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Fig. 1. (a) Raman spectra and (b) FTIR for TM0, TM10, TM20,
TM30, TM40 and TM50 nanofibers.

FTIR transmission spectra in Fig. 1b. The band located at
around 3512 and 1730 cm™ is attributed to the O-H bond
for all nanofibers [13,28]. All nanofibers have a broad band
between 650 and 900 cm™ corresponding to the Ti-O bond
for TiO, [13,28]. There is a band at 605 cm™ in the presence of
MoS, which correlates to the peak of Mo-S vibration [19,28].
The overlap between the peaks of Ti-O and Mo-S was pre-
sented for all nanocomposite sample of TMx which con-
firmed the successful conjugation between TiO, and MoS,.

The morphology of fabricated nanofibers was detected
using scanning electro microscopy as presented in Fig. 2a—f.
The T, TM10, TM20, TM30, TM40 and TM50 nanofibers have
97 +8,116 +7,139 + 8, 144 + 5, 159 + 7 and 183 + 9 nm aver-
age diameter, respectively. The increase in the diameter of
the MoS,-enriched nanofibers was attributed to the viscosity
of electrospun solution coming from MoS, [29], which con-
tributed to the successful incorporation between MoS, and
TiO, nanofibers [13,29]. These findings are consistent with
those of Raman.

The optical phenomena of the fabricated nanofibers
were detected using by UV-Vis diffuse reflectance (DR) as
presented in Fig. 3. The DR-spectra of the nanofibers were
examined in the range of 200-800 nm using UV-Vis opti-
cal spectroscopy. The optical band gaps (E,) were measured
from the following equation:

ahv = A(hv - Eg )”/2 3)

where o is the absorption coefficient, v is the frequency of
light, and # is the constant of proportionality (1 equal 4 for
the indirect transition in the prepared nanofibers).

The prepared nanofibers had a red shift due to joining
of MoS, with TiO, [30]. As per the following sequence: 3.18,
2.66,2.57,2.54,2.46 and 2.43 eV for TM0, TM10, TM20, TM30,
TM40 and TM50, respectively. This recorded shift was due
to the conjugation between MoS, and TiO,, and this conju-
gation was also detected in the studies of Raman and FTIR
[31]. The TM40 has quenched of intensity more than other
nanofibers due to the high absorption of light [12]. In con-
trast, TM50 had a greater amount of MoS,, which led to the
aggregation of MoS, and reduced light absorbed as detected
in the SEM image [30].

3.2. Photocatalytic degradation of phenol under
visible light by TMx nanofibers

With regard to the photodegradation of phenol, the
adsorption equilibrium test in the dark evaluated for 1 h
and then photo-catalytic activity for 4 h. The photodeg-
radation of phenol reached 13%, 59%, 71%, 83%, 96% and
92% for TMO, TM10, TM20, TM30, TM40 and TM50, respec-
tively as presented in Fig. 4a. The TMO for TiO, nanofibers
recorded lower photodegradation activity of phenol ~ 13%
due to the large band gap of TMO at 3.18 eV. In contrast, the
presence of MoS, with TiO, enhanced the catalytic activity
of phenol degradation reaching 96% for TM40. This can be
attributed to the reduced band gap leading to activity under
visible light as recorded in UV-Vis diffuse reflectance. In
addition, the photocatalytic active sites were increased by
the incorporation of 1D MoS, with 2D TiO, nanofibers.
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Fig. 2. SEM images for (a) TMO, (b) TM10, (c) TM20, (d) TM30, (e) TM40 and (f) TM50 nanofibers.
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Fig. 3. UV-Vis diffuse reflectance spectra of TM0, TM10, TM20,
TM30, TM40 and TM50 nanofibers.

The photodegradation kinetic of phenol by the prepared
nanofibers is presented in Fig. 4b. Phenol degradation
follows the first-order kinetics model of Langmuir-
Hinshelwood which is presented in Eq. (2) [32]. The appar-
ent order rate constant (k) for TM0, TM10, TM20, TM30,
TM40 and TM50 is 2.235E-4, 0.002, 0.004, 0.006, 0.012 and
0.007 min™, respectively. Rate constants grow in this order;
TM40 > TM50 > TM30 > TM20 > TM10 > TM0. TM40 records
the maximum rate constant (0.012), which was attributed
to the high incorporation between MoS, and TiO, as pre-
sented in SEM and Raman and the presence of the syner-
gistic effect between MoS, and TiO, nanofibers. In order
to conclude the role of hydroxyl radicals (*OH), holes (h*)
and superoxide anions (*Oy;) in the efficiency of photodeg-
radation of phenol, we used different free radical trapping
agents with TM40 nanofibers as presented in Fig. 4c. The
scavengers were tert-butyl alcohol (TBA), disodium eth-
ylenediaminetetraacetic acid (Na,-EDTA) p-benzoquinone
(BQ) to trap free radicals of hydroxyl radicals (*OH), holes
(h*) and superoxide radicals (*Oj;), respectively [27]. The
photodegradation of phenol varied according to differ-
ent sacrificial agents. Predominantly, the photocatalytic
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Fig. 4. (a) Photocatalytic degradation of phenol for prepared nanofibers under visible light irradiation, (b) the In(C/C,) changing vs.
time during visible light irradiation for prepared nanofibers, (c) trapping test of the photogenerated free radicals and holes with
TM40 nanofibers and (d) stability cycles of phenol photodegradation using TM40 nanofibers under visible light irradiation for 4 h.

degradation in presence of the TBA (5 mM) reduced to
46%. Therefore, the *OH radical photogenerated was the
important component of free radical during the phenol pho-
todegradation process [33]. Moreover, the TM40 has high
photodegradation stability up to five cycles as presented in
Fig. 4d. The photodegradation of phenol remained stable at
88.2% after 5 cycles. These TM40 results indicate a high pho-
tocatalytic degradation of phenol with a narrow bandgap
as well as an excellent stability of photocatalytic activity.

4. Conclusion

In brief, we have successfully prepared MoS,/TiO,
nanofibers with different ratios between MoS, and TiO, (1D
and 2D), respectively. Structural and morphological analy-
ses of the prepared nanofibers confirmed the incorporation
between MoS, and TiO,. Significantly, the photocatalytic
efficiency of TM40 for phenol degradation was as high as
96%. The remarkable photocatalytic performance of TM40
(1D/2D structure) was attributed to the small amount of
(1T) MoS, acting as a co-catalyst between 2H MoS, and TiO,
to improve electron transfer. In addition, the synergistic
effect between MoS, and TiO, enhanced the photocatalytic
stability of the nanofibers. The trapping test for the pho-
togenerated free radicals and holes of TM40 demonstrated
that the hydroxyl radicals photogenerated (*OH) has a
significant role in the photodegradation of phenol as an

organic pollutant. Therefore, MoS,/TiO, nanofibers act as
promising materials for photodegradation of organic pol-
lutants in water.
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