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ABSTRACT

The presence of humic acids and their compounds react with chlorinated resi-
dues during water disinfection processes and produce toxic halogenated
hydrocarbons, which are carcinogenic. The aim of this research work was to
determine photocatalytic degradation of humic acid in an aqueous media using
molybdenum-doped titanium dioxide nanoparticles (Mo:TiO, NPs) under the
visible light spectrum. Mo:TiO, nanomaterials were synthesized through mild
hydrothermal techniques and characterized through powder XRD, SEM, DLS,
and XPS. The effect of operational parameters including dopant percentage, the
dosage of photocatalyst, contact time, and concentration of humic acid was
investigated and optimized in the degradation process. Characterization results
showed spherically shaped well crystalline-structured nanoparticles that
enhance the photocatalytic activities. Among the nanomaterials, 1% Mo:TiO,
nanomaterials showed the highest degradation efficiencies up to 83%; however,
the optimum conditions for the highest efficiency obtained for immobilized
Mo:TiO, NPs are different from slurry mode.
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1 Introduction

Natural organic matter (NOM) is formed as a result
of the biological and chemical decomposition of
plants and animal components in aquatic environ-
ments [1]. These compounds are classified into two
groups: hydrophilic and hydrophobic. Hydrophilic
compounds such as carboxylic acids, carbohydrates,
and proteins. Humic and fulvic materials (containing
aromatic rings, phenolic rings, and binary bonds), on
the other hand, are examples of hydrophobic NOMs.
Chemists have divided humic substances into three
groups depending on their solubility in an aqueous
medium: (I) the first group and the most important
are humic acids, which are completely insoluble, (II)
the second group consists of haloacetic acids, which
are soluble in alkaline pH and are insoluble in acidic
medium, and (III) the third group consists of fulvic
acids, which are soluble in either acidic or basic
media [2]. Humic substances typically make up 60 to
90% of the total NOMs of aquatic systems [3]. Humic
acid has been identified in varying amounts in water
sources and can have adverse effects on the ecosys-
tem; hence, much research works have focused on
removing these compounds from aquatic environ-
ments [4-7]. Humic compounds in water treatment
processes such as chlorine disinfection create by-
products such as haloacetic acid (HAA) and tri-
halomethanes (THM), both of which are toxins and
can cause kidney problems, bladder damage, and
cancer or mutagenesis [8, 9]. The Environmental
Protection Agency (EPA) recommends HAA and
THM concentrations in drinking water of 60 and
80 mg/l, respectively. Apart from by-products,
humic compounds can cause the growth of microor-
ganisms and algae in water distribution tanks and
pipelines and cause problems in their taste, color, and
odor, adsorb impurities such as hazardous heavy
metals from water sources, and transfer these impu-
rities to the water resources. Therefore, it is recom-
mended to use appropriate methods to remove these
compounds from water sources before their disin-
fection by chlorine and discharge into water bodies
[2, 4, 6].

Processes such as adsorption, coagulation, sedi-
mentation, filtration, and chemical and membrane
processes are used to remove various water con-
taminants [10, 11]. Each of the mentioned methods
has many disadvantages in terms of sludge produc-
tion, economic efficiency, treatment speed, and
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ability to remove various pollutants. The low effi-
ciency of the mentioned methods in removing
organic and toxic compounds in industrial wastew-
ater has necessitated the use of more efficient meth-
ods. Advanced oxidation processes (AOPs) are one of
the most efficient methods of degrading organic
compounds. AOPs refer to the processes in which
OH radicals with high reactivity are produced for the
effective treatment of wastewater. By performing the
oxidation process, organic matter is converted into
minerals and finally, the amount of pollution is
reduced [12-14]. Among the AOPs, the photocatalytic
process is highly effective in degrading compounds
and converting harmful pollutants into carbon diox-
ide, water, and minerals [10]. Various nanophoto-
catalysts, such as Fe;O3, CuO, Fe;0y4, Si0,, rGO, WO;,
and TiO,, are used to perform photocatalytic pro-
cesses [15-21],G. [22]. Titanium dioxide is the most
commonly used photocatalyst, which has received a
lot of attention due to its easy availability, relatively
cheap price, the possibility of simple laboratory
preparation, and high stability [23]. However, tita-
nium dioxide has some drawbacks such as a high
band gap (3.2 eV) [24], which makes it inefficient in
visible light and its main activity is done in UV light
[23]. Given that UV makes up only 4% of sunlight
and visible light about 44 to 47% of sunlight [25, 26],
hence it is necessary to modify TiO, using com-
pounds that increase light absorbance and change the
absorption from the UV region to the visible region
[23]. Doping TiO, with suitable dopants changes the
energy band gap and increases its effect on the pho-
todegradation of organic and toxic pollutants. How-
ever, doping nanoparticles with a suitable metal
cannot solve the problems of agglomeration and poor
dispersion of semiconductor nanoparticles; hence, to
overcome this problem, suitable low toxicity, low
density, low melting point, and decomposable sur-
factants could be used [27]. Molybdenum oxide is a
metal oxide that has a smaller ionic radius and
energy gap than TiO, [28]. Therefore, it is a suit-
able candidate as a titanium dioxide dopant [29].
Moreover, doping TiO, with Mo can create an n—n
heterogeneous structure and the modified catalyst
has a higher photocatalytic mineralization capacity
and effectively introduces external defects due to its
unique configuration and ionic radius similar to Ti**
and increases its photocatalytic properties [30]. Based
on the latest available literature, the photodegrada-
tion of humic substances has not been studied using
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immobilized Mo:TiO, nanoparticles. Therefore, the
use of sandblasted glass as a substrate might increase
the photodegradation efficiency of humic materials
due to the immobilization of Mo:TiO, nanoparticles.
Moreover, the effect of operational parameters
including the concentration of humic substances,
contact time, and dosage of Mo:TiO, nanoparticles
was evaluated.

2 Materials and methods
2.1 Chemicals

Technical and analytical grade humic acid was pur-
chased from Sigma-Aldrich (USA). Other chemicals
including NaOH, TiO,, MoO,, and HCI were pur-
chased from Hack (Germany) and used without any
change.

2.2 Hydrothermal synthesis of Mo:TiO,
nanoparticles

Mo:TiO, nanoparticles were synthesized through the
mild hydrothermal method. In Brief, firstly 1 mol of
TiO, and different weight percentages (0.5, 1.0, and
1.5%) of MoO, were added to a Teflon liner and
mixed by gently adding 10 ml 1 mol NaOH as sol-
vent. To the mixture, 1 ml of n-butylamine was
added dropwise and mixed using a glass rod for
several minutes until a uniform and homogeneous
solution was obtained. The liner was packed and
placed in a General purpose autoclave. After sealing
the autoclave, it was kept in an oven for 12 h at
120 °C. After quenching the autoclave, as the initial
pH was not too high (pH = 8.3 £+ 0.2), the content
was centrifuged at 4000 rpm for 2 min several times
using fresh double distilled water as the solvent until
the pH of the content became neutral. Then the
nanoparticles were dried at 60 °C for 24 h. The final
nanoparticles were kept in the desiccator until sys-
tematic characterization and photocatalytic studies
[31].

2.3 Immobilization of Mo:TiO,
nanoparticles fabricated

Several glass plates with dimensions of 3 x 12 cm
were used for fixing the nanoparticles on them. First,
the surface of the glass was sandblasted to increase
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the chance of coating the particles on it. Then, to
activate the surface of the sandblasted glasses for
better stabilization, each glass was placed in con-
centrated NaOH for 24 h. After taking the sand-
blasted glasses from the solution, they were washed
with deionized water to neutral pH. The glasses were
later dried at room temperature. The homogeneous
suspension of 1 wt% of Mo:TiO, was evenly coated
on the glass surface using a 5 ml pipette. The sus-
pension was variable in terms of the concentration of
nanoparticles dissolved in water, so concentrations of
0.5,1,2, and 3 g/100 ml of distilled water were used.
They were then dried at room temperature for 24 h.
Finally, the coated sandblasted glasses were placed in
an oven at 450 °C for 3 h for calcination [32].

2.4 Characterization studies of Mo:TiO,
nanoparticles

The materials fabricated were characterized using
SEM image (Model FE-SEM SU-70, Hitachi, Japan)
and FE-SEM (MIRA III, TESCAN, Czech Republic),
and XRD (Model X'Pert PROMPD, PANalytical, the
Netherlands) measurements were conducted using
the Cu K,; and K,, wavelengths 1.54060 and 1.54443
A, respectively, having the generator settings at
30 mA and 40 kV. The measurements were made
using 0.020 - per step and at a time step of 2.8 s.
Further, the valence states of each element were
studied by X-ray photoelectron spectroscopy (XPS),
(K-ALPHA + XPS System, Thermo Fisher Scientific
with Al Ko X-ray source (hv =1486.6 eV). DLS
(NANOBROOK, Brookhaven, USA) was used for
determining the size distribution of the nanoparticles
synthesized. A solution of 10 mg/l1 Mo:TiO, was
prepared in either ultrapure water (18.2 MQ cm) or
unfiltered stream water (pH 8.12) and then filtered
stream water (0.22-um PTFE membrane). Immedi-
ately after adding the Mo:TiO, to water, the samples
were shaken vigorously and 3 ml was added to a
plastic cuvette for DLS measurement. All measure-
ments were conducted at a 90° scattering angle at
25 °C with a 10-s equilibration time. Cell parameters
of Mo:TiO, nanoparticles were calculated using
ChekCell Shareware.
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Table 1 Cell parameters of Mo:TiO, nanoparticles

Dopant percentage aA) CA) alc ratio vV (A%
0.0 3.7845 9.5143 0.3977 136.30
0.5 3.7878 9.5114 0.3982 136.46
1.0 3.7886 9.5104 0.3983 136.51
1.5 3.7902 9.5112 0.3984 136.63
32000
T 8
28000 - _ ggs S §§ Qg es2 1.5% Mo:TiOy
~— 8 U= Lo
24000
3
S 20000 A
% 16000 1.0% Mo:TiO,
Ea —— ;l l Il Ao b a
E 12000
8000
4000 ] d e 05%Mo:TiO,
04 l " | TN pure TiO,
0 20 40 60 80 100

20 (deg)

Fig. 1 Powder XRD patterns of pure TiO, and different wt%
Mo:TiO, nanoparticles

2.5 Photocatalytic assessment of humic
acid degradation

For photocatalytic degradation experiments, a closed
rectangular cubic reactor made of Plexiglas with a
length of 30 cm, a width of 15 cm, and a height of
10 cm was used. Direct sunlight was applied as a free
energy-driven source. We used a Lux meter (Lutron,
Taiwan) to measure the light intensity and its inten-
sity was beyond the detection limit of the instrument
used for this purpose, i.e., +20,000 Lux. Each exper-
iment was carried out from 11:00 am to 2:00 pm.
From 11:00 to 12:00 was for measurement of
adsorption—-desorption equilibrium and related
readings. The reactor was kept on a shaker
(o = 100 rpm).

Various operational parameters were changed to
achieve the highest degradation efficiency. The most
important operational parameters were percentage of
dopant (0.5, 1.0, and 1.5 wt% of Mo:TiO,), the dosage
of nanoparticles (0.5, 1, 2, and 3 g/1), concentration of
humic acid (10, 25, 50, 75, 100, 150, and 200 mg/1),
different modes of using nanoparticles (slurry and
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SEM HV: 30.0 kV WD: 3.36 mm
View ficld: 1.46 pm Det: SE
SEM MAG: 190 kx  Date(m/d/y): 01/23/21

MIRA3 TESCAN

Kurdistan University

Fig. 2 SEM images of 1 wt% Mo:TiO, nanoparticles: a before
and b after immobilization

immobilized Mo:TiO,), and reaction time (20, 40, 60,
80, 100, 120, 140, 160, 180, and 200 min). Each
experiment was performed at neutral pH. For the
photodegradation study, first, the samples containing
nanoparticles were kept in darkness for 30 min to
check adsorption—desorption equilibrium. Then the
concentration of humic acid was measured at
2 =254 nm using a spectrophotometer. The pho-
todegradation efficiency is calculated using Eq. 1
[33].

R = (G —C/Ci) x 100 (1)
where R is the photodegradation efficiency in %

and C; and C; are the initial and final concentrations
of humic acid in mg/1, respectively.
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Fig. 3 a Band gap energy; b DLS of 1.0% Mo:TiO, nanoparticles
3 Results and discussion

3.1 Characterization of Mo:TiO,
nanoparticles

Figure 1 shows the powder XRD pattern of bare
(undoped) and Mo:TiO, nanoparticles. In the XRD
patterns of Mo:TiO, nanoparticles, it was observed
that all samples had an anatase structure (ICDD File
number: 03-065-5714) with specific diffraction peaks
corresponding to positions (101), (103), (004), (112),
(020), (105), (121), (123), (116), (120), and (215),
respectively. Therefore, XRD analysis indicates the
synthesis of Mo:TiO, in the anatase phase [34, 35].
Doping TiO, with different percentages of molybde-
num has led to the formation of a weak, low-intensity
peak at position 021 in the titanium oxide structure.
The reason for its weakness is the small amount of
molybdenum compared to titanium oxide. Moreover,
due to the proximity of the ionic radii of TiO, and Mo
and the consequent replacement of Mo ions in the
TiO; structure, no additional peak can be displayed,
indicating that this method is an easy method for the
synthesis of existing nanoparticles [36]. In addition,
the sharp peaks shown in the XRD pattern indicate
the good crystallization of Mo:TiO, nanoparticles
[37]. Moreover, the cell parameters of Mo:TiO,
nanoparticles with different dopant percentages are
tabulated in Table 1. The comparison of cell param-
eters shows that the cell volume increased as the
dopant percentage increases. Such a trend could be

100 200 0 £00

Particle size (nm)

attributed to the ionic radius of Mo (0.69 nm), which
is higher than Ti (0.42 nm) [32].

SEM analysis was performed to investigate the
surface morphology and determine the size of the
synthesized samples as shown in Fig. 2. Figure 2a
shows the SEM image of powder 1 wt% Mo:TiO,
nanoparticles (before immobilization) having spheri-
cal shapes revealing the effect of the surfactant used
over the morphology of the nanoparticles fabricated.
Figure 2b shows the SEM image of immobilized
1 wt% Mo:TiO, nanoparticles having a regular
arrangement and uniform distribution of the
nanoparticles on the sandblasted glass surface. Fig-
ure 3a shows the band gap energy of 1 wt% Mo:TiO,
nanoparticles and it indicates the considerable
reduction of band gap energy up to 2.86 eV toward
the visible spectrum activation when compared to
pure TiO, (3.09 eV). The results confirmed the acti-
vation of photocatalytic nanomaterials under visible
range that provides an opportunity to treat various
pollutants under natural sunlight as alternative
driving energy. DLS characterization results con-
firmed the particles distribution at the nanoscale and
DLS results can be seen in Fig. 3b.

The XPS analysis of 1.0% Mo:TiO, nanoparticles
was characterized to investigate the valence state of
Mo, Ti, and O atoms in the sample. The results are
provided in Fig. 4. The wide-scale XPS spectra of
1.0% Mo:TiO, nanoparticles are displayed in Fig. 4a.
As seen, the peaks of C 1s, O 1s,Ti 2p, and Mo
3d were obtained in 1.0% Mo:TiO, nanoparticles. The
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binding energy of C 1s (284.6 eV) was used to cali-
brate the electron binding energies of each element.
The valence state properties of respective elements in
the samples obtained from the high-resolution XPS
spectra of Ti 2p, O 1s and Mo 3d with the help of
Gaussian fitting were explained as follows. The
deconvoluted Ti 2p spectrum, as represented in
Fig. 4b, displayed the main peaks at binding energies
of 458.5 and 464.3 eV, which fitted to the Ti 2p3,, and
Ti 2p, /5 of Ti** in the TiO, lattice [30, 38—40]. Sur-
prisingly, the Ti 2p peak of binding energy at
459.6 eV was also observed, which can be ascribed to
the small amount of Ti>* present in the TiO, crystal
[40—-42] Fig. 4c reveals the O 1s XPS spectra of 1.0%
Mo:TiO;, nanoparticles. The O 1s spectrum can be
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5
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z
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deconvoluted into two symmetrical peaks. According
to the literature, the main peak at 529.8 eV is referred
as to O*~ in the TiO, lattice, while the lower peak at
530.8 eV can be assigned to the non-lattice oxygen
presented as the -OH group due to chemisorption of
H,O [30, 38-40]. The Mo 3d electron core-level XPS
spectrum is shown in Fig. 4d, the peaks can be indi-
cated at 232.7 and 235.8 eV, representing Mo 3ds,3
and 3dj,, of Mo®*, while the peaks observed at 231.9
and 235.0 eV can be typically indexed as Mo 3ds,»
and 3ds,, of Mo>* [30, 40]. The obtained results can
be assigned to the Mo—O bond, which can be implied
that the Ti atoms can be taken place by the Mo atom
in the TiO; lattice [30, 40]. Additionally, this was also
occurred by the reduction of Mo®" to Mo’" as

(b) Ti 2p;,, (IV)
5
!
> Ti 2p,,, (11D
= X
=i \
) \
k= Ti 2py,» (IV) \
\\
hA
I I 1 1 I I
469 467 465 463 461 459 457 455
Binding Energy (eV)
(d)
Mo 3ds,, (VI)
~ MO 3d3/2 (VI)
=]
Gt
2
B
=
g
S
—
T T T T T
239 237 235 233 231 229 227
Binding Energy (eV)

Fig. 4 Full-scale XPS spectra (a), the high-resolution XPS scan Ti 2p (b), O 1s (c), and Mo 34 (d) of 1.0% Mo:TiO, nanoparticles
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Fig. 5 Effect of dopant percentage on the photodegradation
efficiency of humic acid

explained by Cui and co-workers [30]. What is more,
Klosek and Raftery also reported a similar result that
the appearance of V** in V-doped TiO, photocatalyst
was due to the reduction of V°* by Ti*" generated in
the calcination process [43].

3.2 Photodegradation of humic acid

3.2.1 Effect of doping percentage and immobilization
of nanoparticles on the sandblasted glass

To evaluate and compare the effect of weight per-
centage of molybdenum as dopant and immobiliza-
tion on removal efficiency, the photodegradation of
humic acid in the presence of pure TiO, nanoparticles
and Mo:TiO, was assessed under constant conditions
of the reaction medium as the concentration of humic
acid is equal to 25 mg/1, nanoparticle dosage is equal
to 1 g/, and pH is equal to 7 against the sunlight for
200 min. Figure 5 shows that the photodegradation
of humic acid using pure TiO, was 43% after
200 min, while this efficiency increased to 78 and 88%
in the case of 0.5 and 1.0 wt% Mo:TiO, nanoparticles,
respectively. Moreover, the efficiency decreased to
83% in the case of 1.5 wt% Mo:TiO, nanoparticles.
Moreover, the removal efficiency was reduced to 63%
for immobilized 1.0 wt% Mo:TiO, nanoparticles,
which is higher compared with pure TiO, but less
than 0.5 and 1.0 wt % Mo:TiO, nanoparticles in slurry
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Fig. 6 Effect of Mo:TiO, dosage on the photodegradation
efficiency of humic acid

mode. In any case, doping TiO, with Mo increased
the photocatalytic degradation efficiency of humic
acid compared with pure TiO, in the presence of
sunlight. This can be due to the smaller ionic radius
and band gap energy of Mo than TiO,, as well as
reducing the rate of electron-hole recombination and
ultimately increasing photocatalytic activity [28].

3.2.2  Effect of Mo:TiO, dosage on the photodegradation
efficiency of humic acid

Figure 6 shows the effect of dosage (0.5, 1.0, 2.0, and
3.0g/D of 1.0% Mo:TiO, nanoparticles in slurry
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Fig. 7 Effect of humic acid concentration on its photodegradation

efficiency (pH = 7; catalyst dosage 2 mg/l in the case of slurry
and 3 g/100 ml in the case of immobilized)

mode and 1.0% immobilized Mo:TiO,, with a base
concentration of 0.5, 1.0, 2.0, and 3.0 g/100 ml of
distilled water to cover the sandblasted glass, on the
efficiency of photocatalytic degradation of humic acid
under sunlight illumination. Moreover, degradation
efficiency in the absence of a light source (in dark-
ness) for both powder and immobilized Mo:TiO, was
compared with the degradation efficiency in the
presence of sunlight illumination without any mate-
rials (photolysis). The results showed that the
degradation efficiency in both cases (catalyst without
light source and light source without catalyst) was
negligible. However, the removal efficiency of humic
acid increased with the presence of a visible light
source and photocatalyst. The maximum removal
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efficiency of humic acid in the presence of 2 g/l
Mo:TiO, nanoparticles in the slurry mode was 94%
within 200-min contact time, while increasing the
dosage of nanoparticles to 3 g/1, the degradation
efficiency decreased to 86%. The reason for this trend
can be attributed to the increase in the number of
active sites available and the adsorption of more
photons by increasing the number of nanoparticles.
By adsorbing more light photons, more electrons are
produced in the holes, resulting in more oxidizing
radicals, and more pollutant decomposition occurs at
the same time. The decreased photocatalytic effi-
ciency of Mo:TiO, nanoparticles with higher loading
of the catalyst can be attributed to higher dispersion
and increased turbidity caused by nanoparticles and
thus reduced penetration and contact of light photons
with the catalyst surface [44, 45].

3.2.3 Effect of initial concentration of humic acid on its
photodegradation efficiency

The effect of the initial concentration of humic acid on
its photocatalytic degradation was evaluated by tak-
ing different concentrations (10 to 200 mg/l) of
humic acid under constant reaction conditions of pH
7 and 2 g/l slurry Mo:TiO, nanoparticles and
immobilized (3 g/100 ml coated on sandblasted
glass) Mo:TiO, under sunlight illumination. Accord-
ing to the results presented in Fig. 7, the degradation
efficiency decreased with increasing humic acid
concentration in both processes, which can be
attributed to several reasons. As the concentration of
humic acid increases under steady-state conditions,
more molecules of the pollutant are adsorbed on the
active surfaces of the catalyst, thus reducing the
production of the active hydroxyl and superoxide
radical species and thus the degradation efficiency of
the pollutant.

The introduction of Mo into the TiO, crystal
structure subsequently creates a multi-band energy
level (Fig. 8a) that tune the band gap energy toward
the visible spectrum. The multi-band energy system
within the TiO; structure enhances the photocatalytic
activities under visible range and supports for con-
tinuous electron pathway that enhances the produc-
tion of active radicals in an aqueous media.
Continuous production of active radicals further
initiates the degradation of humic acids and possible
degradation pathways can be seen in Fig. 8b.
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Fig. 8 Schematic band alignment of Mo:TiO, composite nanoparticles and possible degradation reaction of the humic acid molecules in

the photocatalysis process
3.2.4  Photocatalytic stability test

The effect of the reusability of slurry and immobi-
lized Mo:TiO, nanoparticles on the photodegradation
efficiency of humic acid is depicted in Fig. 9. The
photodegradation efficiency reduction after each run
was less in slurry mode compared with immobilized
Mo:TiO; nanoparticles so that after three times recy-
cling this reduction reached 27 and 12% in the case
slurry and immobilized mode, respectively. Such
difference could be attributed to the release of
nanoparticles as no substrate was used in slurry case.

Therefore, immobilization could be considered as an
alternative for slurry mode. In addition, it is sug-
gested to conduct ecotoxicity test for the nanoparti-
cles used for photodegradation studies.

4 Conclusion

In this research work, Mo:TiO, nanoparticles were
synthesized through the mild hydrothermal method.
The fabricated nanomaterials had spherical mor-
phology, showing excellent tailoring material for
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Fig. 9 Effect of recycling Mo:TiO, nanoparticles on the
photodegradation of humic acid (pH = 7; catalyst dosage 2 mg/I
in the case of slurry and 3 g/100 ml in the case of immobilized)

photodegradation. Doping with Mo increased pho-
todegradation efficiency under both UV and sunlight.
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