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Abstract: TiO2-based photocatalyst materials have been widely studied for the abatement of con-
taminants of emerging concerns (CECs) in water sources. In this study, 1.5 wt% Mo-doped HRTiO2

was obtained by the sonochemical method. The material was analyzed and characterized for ther-
mal, structural/textural, morphological, and optical properties using TGA-DSC, XRD, TEM, FTIR,
XPS, SEM-EDS, BET (N2 adsorption-desorption measurement and BJH application method), and
UV-Vis/DRS measurement. By the dip-coating technique, ~5 mg of Mo/HRTiO2 as an active topcoat
was deposited on ceramic. In suspension and for photocatalyst activity performance evaluation,
1 g/L of 1.5 wt% (Mo)/HRTiO2 degraded ~98% of initial 50 mg/L IBU concentration after 80 min
of 365 nm UV light irradiation and under natural (unmodified) pH conditions. Effects of initial pH
condition, catalyst dosage, and initial pollutant concentration were also investigated in the photocata-
lyst activity performance in suspension. The photocatalyst test on the supported catalyst removed
~60% of initial 5mg/L IBU concentration, while showing an improved performance with ~90% IBU
removal employing double and triple numbers of coated disk tablets. After three successive cycle
test runs, XRD phase reflections of base TiO2 component of the active photocatalyst supported layer
remained unchanged: An indication of surface coat stability after 360 min of exposure under 365 nm
UV irradiation.

Keywords: TiO2; heterogeneous photocatalyst; doping; sonochemical preparation; contaminants of
emerging concern (CECs); UV irradiation; ceramic; dip coating; supported photocatalyst

1. Introduction

The water environment has faced unprecedented pressure from the inflow of organic
chemical pollutants [1]. Global water quality issues are now a major challenge confronting
humanity in the twenty-first century [1]. This development has led the United Nations
Organization (UNO) to recognize access to clean water and sanitation as a fundamental hu-
man right, while establishing it as one of its 17 sustainable development goals (SDGs) [2,3].
Considering that the majority of more than 100,000 globally registered chemicals are in
daily use for several purposes, only leaves one to imagine the several routes through which
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these chemicals enter the aquatic environment [1]. A group of these chemicals that continue
to be of environmental concern are referred to as “contaminants of emerging concern”
(CECs) [4–14]. These are compounds that have existed for a long time, but not detected
until recently: Thanks to the advanced analytical instruments that have now made their
monitoring significantly easier, despite their occurrence at a low concentration range of
ng/L–µg/L [4–14]. They spread over a wide range of organic compounds, including and
not limited to pharmaceuticals and personal care products (PPCPs), pesticides, flame retar-
dants, endocrine-disrupting substances (EDSs), artificial sweeteners (ASWs) and flavors,
organic solvents, industrial chemicals, and engineered nanomaterials. In addition, more
than 100,000 chemicals have been reported and documented [15]. Different types of phar-
maceutical and personal care product (PPCP) compounds have been detected on a global
scale in several effluents receiving aquatic sources, such as rivers, lakes, seas, surface and
ground waters, sediments, as well as tap water [16–22]. The unregulated disposal system
of these compounds allows for their continuous pathway into the aquatic environment [23].
Wastewater treatment plants (WWTPs) receiving pharmaceutical industry waste streams as
well excretory metabolites of medically treated humans and animals have been identified
as the main source of these PPCP pollutants in the aquatic environment [23,24]. These
compounds are susceptible to incomplete removal by conventional treatment technolo-
gies [25,26]. A group of the most frequently detected PPCPs at the end of pipe treatment
effluents that finally make their way into the water environment are the non-steroidal
anti-inflammatory drugs (NSAIDs) [12,27,28]. The NSAIDs group possesses a character-
istic feature, the carboxylic aryl acid moiety, which provides the acidic property [27,28].
Ibuprofen (IBU), 2-4-isobutylphenyl propanoic acid, belongs to the NSAIDs family [27,28].
Since its approval in 1984 as an over-the-counter drug (i.e., drugs that can be used without
formal prescription by a qualified medical professional), it has been widely used as an
anti-inflammatory drug, antipyretic, analgesic drug, and more specifically for the treatment
of rheumatoid arthritis [29]. Due to the widespread use, detection of up to 10 µg/L has
been reported in Europe and the US [30].

To this effect, upgrading of conventional methods that operate WWTPs have been
seen as inefficient for the removal of these compounds, such as IBU, and many others have
become pertinent. Research over the last decades has focused on strategic and innova-
tive key enabling technologies for clean water and wastewater treatment [31–33]. These
technologies include and are not limited to heterogeneous forms of solar-driven advanced
oxidation processes (AOPs) that are applied to organic pollutant abatement from water
sources [34–36]. In addition, semiconductor materials are prominent in the application of
solar AOPs for water remediation purposes, and chief among them is titania (TiO2), which
has been extensively studied as a photocatalyst material for organic pollutant removal
from water [37,38]. Although TiO2 is readily available, cheap, non-toxic, chemically and
thermally stable, easy to handle with attractive mechanical properties, possesses limited
UV-Vis spectrum range light response, fast recombination of the photogenerated hole
(h+) and electron (e−) charge carriers, wide energy bandgap, as well as reduced quantum
yield, etc., these factors remain as challenges in the potential application of TiO2 photocata-
lyst material for environmental remediation and particular water purification [37–40].

Addressing these setbacks, research efforts have adopted several strategies to realize
the efficient performance of TiO2-based photocatalyst/new materials and processes in the
removal of organic pollutants from water sources as well as for extensive environmental
remediation applications [37–39]. Modification strategies, such as heteroatom doping, semi-
conductor oxide coupling, heterojunction fabrications, dye/metal loading sensitizations,
surface modifications, and carbon-based nanomaterial hybrids, etc. have been studied
and reported [37–44]. Adopting one of these modification strategies or even more than
one in a combination of mixed-methods approach resulted in TiO2/other semiconductor-
based modified composite materials with high photocatalyst performance efficiency for
environmental remediation and other related energy sustainable applications [10–14,45–56].
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In light of this, molybdenum (Mo) as a dopant modifier has been incorporated with
TiO2 and reported with impressive photocatalytic performance over organic compound
degradation in comparison with the unmodified TiO2.

For instance, Huang et al. reported that ≈100% methylene blue (MB) degradation
efficiency can be reached after 300 min of solar light irradiation with a sol-gel synthesized
2 wt% Mo-doped TiO2 [57]. Yang et al. reported a 38% methylene blue (MB) conversion
under visible light after 150 min using the photocatalyst obtained via wet impregnation,
with an optimum MoO3/TiO2 mass ratio of 0.25. In this study, the authors attributed the
enhanced activity of the modified TiO2 in comparison with the unmodified TiO2 to the
bandgap shrinkage and added a suitable amount of the crystalline MoO3 [58]. Aviles-Garcia
et al. reported the highest degradation and mineralization of 97% and 74%, respectively
over 4-chloropenol oxidation by the photocatalyst after 100 min of UV irradiation. This
was synthesized by evaporation-induced self-assembly (EISA) of 1 wt% W and Mo co-
doped TiO2 [59]. Furthermore, the photocatalytic degradation of 4-chlorophenol has been
reported. CuMoO4-doped TiO2 has been achieved via a chemical synthesis route that
delivers a high-efficiency degradation of 96.9% of the pollutant at an optimized 0.05 wt%
of the dopant contents under visible light irradiation, for 3 h and at pH 9 condition [60].
In a related study, Zhang et al. carried out the degradation of Mo and N co-doped TiO2
through the anodizing associated hydrothermal method. After 180 min, methylene blue
(MB) was achieved under a remarkable visible light photocatalytic degradation activity by
the photocatalyst composite of 1% dopant content each over 10 mg/L of initial methylene
blue (MB) [61].

More specifically and concerning ibuprofen (IBU) as a classified CEC compound of
the non-steroidal anti-inflammatory drugs (NSAIDs) group, modified TiO2-based photo-
catalyst materials have been employed for their degradation. The 0.5 g/L hydrothermally
grown graphene oxide-based heterojunction TiO2-ZnO (RGO/TiO2/ZnO) at pH 6 has been
reported with an impressive photocatalytic activity performance over 10 mg/L of initial IBU
concentration, removing respectively 98.5% and about 80% of the pollutant under 120 min
of UV-A irradiation and 180 min of visible light irradiation [62]. TiO2 surface-functionalized
NH2 group nanoparticles polyacrylonitrile (PAN) grafted-multiwalled carbon nanotube
composite (PAN-MWCNT/TiO2-NH2) nanofibers have been reported as an efficient per-
formance photocatalyst for an almost 100% degradation of 50 mg/L initial ibuprofen
concentration at pH 2 after 140 min of UV irradiation [27].

Apart from the various modification strategies aimed at improving the performance
efficiency of TiO2/other semiconductor-based photocatalyst materials, the feasibility in the
use of the anchored catalyst for the photocatalytic degradation of organic pollutants has
been heralded as an important technique for the elimination of in-treatment aggregation
and post-treatment separation, while facilitating the recovery and reuse of nanoparticles
from effluent bulk streams [63]. These are the challenges of water purification technologies
that operate on the suspension TiO2 process.

In this context, efforts have been channeled by several research groups to close through
the development of sustainable and integrated water depuration systems [63]. For instance,
Luo et al. prepared direct current (DC) reactive magnetron sputtering TiO2 thin films of
different at % Mo dopant amounts on a glass substrate and achieved over 70% methylene
blue (MB) degradation with the 0.9 at % Mo dopant photocatalyst after 120 min under
solar irradiation [64]. In a recent study, we reported the photocatalytic degradation of
ibuprofen under UV-A irradiation by a three-layered TiO2/ZnO/CuPc photocatalyst coated
on stainless steel substrate via subsequent dip coating, spray pyrolysis, and spin coating
methods [12]. The photocatalyst achieved about 80% degradation of initial 50 mg/L
ibuprofen concentration after 4 h and sustained activity over a successive 5th cycle test run
with 77% ibuprofen degradation [12].

In the present work, semiconductor metal doping as a modification strategy was
demonstrated. Throughout the paper, doping of the commercial titania powder sold under
the portfolio name as Huntsman tioxide (referred to as “HRTiO2”) is reported for the first
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time to the best of our knowledge and as a technical grade titania for photocatalytic studies
aimed at organic pollutant removal. Following the heat treatment, the as-prepared 1.5 wt%
Mo-modified HRTiO2 was tested both in suspension and immobilized (supported) form
for photocatalytic activity evaluation towards ibuprofen (IBU), a contaminant of emerging
concern (CEC), under UV irradiation.

Hereafter, the 1.5 wt% Mo/HRTiO2 will now be referred to as Mo/HRTiO2 for the
remainder of the paper.

2. Results and Discussion
2.1. Characterization of Synthesized and Prepared Materials
2.1.1. Characterization of Modified Mo/HRTiO2

The HRTiO2 and Mo/HRTiO2 samples were analyzed using thermogravimetric analysis-
differential scanning calorimetry (TGA-DSC) to evaluate mass changes due to the evapora-
tion, decomposition, and interaction with atmospheric conditions [65,66], while associating
the thermal effect outcome of the samples from the physical and chemical processes involv-
ing phase transitions, specific heat, etc. As can be seen from Figure 1a, in the mass-loss
diagram, there is about 3.3% mass-loss of HRTiO2 up to 700 ◦C due to the organic nature
of additives in the HRTiO2 commercial powder. Similar mass-losses are reported in the
literature, e.g., P25 with Ru nanoparticles, attributing this mass-loss to the oxidation of car-
bonated species (Figure 1a) [67]. Moreover, this mass-loss phenomenon has been reported
and attributed to external surface water molecule physisorption (Figure 1a) [59,68,69]. The
exothermic heat processes of the sample materials are obvious up to 700 ◦C (Figure 1b).
Upon the addition of Mo onto HRTiO2, the modified Mo/HRTiO2 sample exhibited a faster
sample stability outcome at an earlier time, concerning the highlighted stages involved
during the heat treatment of the unmodified TiO2 sample (Figure 1a,b). This further sta-
bility may be attributed to the oxidation of carbonated species of Mo/HRTiO2 during its
preparation process [68–70].
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Figure 1. Thermogravimetric analysis shows respective: (a) Mass-loss (%), and (b) heat flow content 
of unmodified HRTiO2 (black line) and Mo/HRTiO2 (red line) for sample materials. 
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Figure 1. Thermogravimetric analysis shows respective: (a) Mass-loss (%), and (b) heat flow content
of unmodified HRTiO2 (black line) and Mo/HRTiO2 (red line) for sample materials.

The crystal phase composition/crystallinity and average particle size of Mo/HRTiO2
and the unmodified HRTiO2 were respectively measured and analyzed by X-ray diffraction
(XRD) and transmission electron microscope (TEM). The identified crystal phase structures
known for the pristine TiO2 material were similar and matched in the modified sample
material (Figure 2a). Mixed anatase and rutile pristine TiO2 peak phases of {101}, {103}, {004},
{112}, {200}, {105}, {211}, {204}, and {116} corresponding with respective angle reflections
of 2θ = 25.39◦, 36.9◦, 37.79◦, 38.57◦, 48.07◦, 53.89◦, 55.07◦, 62.69◦, and 68.76◦, and indexed
according to JCPDS card no. 01-071-168 were identified and matched in both the unmodified
and modified samples. The intensities of these peaks and their positions agreed with
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the reported literature data [59,64,71–73]. The prominence of the {101} crystal phase at
2θ = 25.39◦ is an indication of the ordered crystalline structure of Mo/HRTiO2 and can
further be confirmed through the estimated crystallite sizes of the materials, according
to the Dybe-Scherrer function in Equation (1), where λ = 1.54059 Å is the wavelength of
the CuKα source, β is the integral breadth of XRD peaks depending on the width of the
particular hkl plane obtained at full width at half height maximum (FWHM) in degrees, θ
is the diffraction angle obtained from XRD data of the most intense reflected phase, and K
is the shape factor constant with an assigned value of 0.9.

Dhkl =
Kλ

βhklcos θ
(1)
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Crystallite sizes of the materials were estimated according to Equation (1) and found
to be 16.47 nm for the unmodified TiO2 and 29.99 nm for the Mo/HRTiO2 sample material
(Table 1). The presence of the Mo dopant on the TiO2 translated to an improved crystallite
size of the modified material over the unmodified one. This can further be confirmed
from Figure 2a, where the crystal peak phases in the modified material sample and, in
particular, the {101} exhibited a narrower, intense, and sharper peak in comparison with the
unmodified peak phases. Above all, the presence and recognition of the familiar TiO2 peak
phases after Mo addition establish the fact that despite the exercised doping modification
strategy, the pristine base TiO2 state is maintained. The TEM images in Figure 2b,c show a
type of non-perfectly spherical, but ellipsoidal-shaped nanoparticle in a disjointed matrix
network in the unmodified TiO2 sample material (Figure 2b). Upon the addition of the Mo
dopant, a more interconnected network of the TiO2 developed, while maintaining the non-
perfect spherical ellipsoidal shape; however, in a bulgier appearance with surface deposited
spots linked to the Mo particles (Figure 2c) [11,51,52,59]. The particle size estimate from the
TEM measurement showed an improved value from 27.52 nm for the unmodified HRTiO2



Catalysts 2022, 12, 562 6 of 29

to 58.66 nm for the modified Mo/HRTiO2 material (Table 1). These values correlated with
the estimated value outcome of the average crystallite sizes of the material samples by XRD
estimation (Figure 2a, Table 1).

Table 1. Properties of unmodified and Mo modified HRTiO2 materials.

Estimated/Measured Characterization Data

Materials dXRD (nm) dTEM (nm) SBET (m2/g) Vp (cm3/g) Dp (nm) Eg (eV)

HRTiO2 16.47 27.52 9.78 0.02 7.06 3.23
Mo/HRTiO2 29.99 58.66 8.4 0.02 9.11 3.23

dXRD: Average crystallite size estimated by XRD; dTEM: Average particle size estimated by TEM; SBET: Surface area;
Vp: Total pore volume; dp: Average pore size; Eg: Energy band gap.

Comparatively and on a general note, the microstructural outlook of the modified
material for the unmodified did not present a shift from the pristine TiO2 state (Figure 2b,c).

The bonding interactions of the make-up functional groups in the sample materials
were measured by Fourier transform infrared (FTIR) spectroscopy measurement.

As can be seen from Figure 3, the FTIR spectra showed the key functional groups
known for pristine TiO2 within the 400–4000 cm−1 range, as expected. The characteristic
absorption band peaks around 640.11, 751.06, and 802.73 cm−1 are attributes of Ti–O stretch-
ing and Ti–O–Ti network linkages, which are both in the unmodified and Mo modified
HRTiO2 sample materials [11–13]. Absorption bands at 958.75, 1062.59, and 1173.54 cm−1

are attributes of Ti–OH vibrations and have been also reported to be linked to carbonates
or carboxylic (C=O) stretching mode and the unsaturated C=C stretching mode, origi-
nating from organic precursors used in the preparation of the sample materials [11,12,59].
Respective peaks at around 1400 and 1625.18 cm−1 are characteristic attributes of the
surface hydroxyl (–OH) group and the bending and stretching of the hydrogen bond
of surface absorbed physical water (H–O–H) [10–13]. While peak vibrations at 2003.56,
2210.53, and 2507.11 cm−1 have been reported for the –CH2 functional group, peak signals
at 2958.75 and 3470.13 cm−1 are attributes of –CH vibrational bond, possibly due to the
organic additives of the HRTiO2 and the broad stretching mode for the –OH functional
group affiliated with the surface adsorbed water molecule, respectively [10–13,59]. Apart
from the presence of key signal attributes of pristine TiO2 in the sample materials, the
identified peak signals around 802.73 and 958.75 cm−1 also coincided respectively with the
characteristic symmetric and asymmetric vibrations of cis MoO2 and Mo–O–Mo bridging
bonds of the modified Mo/HRTiO2 material [64,73–75]. Remarkably still, the peak signal
of around 580 cm−1 is a key indicator, confirming the presence of Mo in Mo/HRTiO2 and
attributed to the characteristic vibrational Mo2O2 entity (Figure 3) [58,73–75].

The binding interactions and chemical make-up environment of the sample materials
were elucidated by the XPS analysis. Figure 4a shows the XPS survey spectrum of the
sample materials. As expected, the constituent elemental compositions of the materials
revealed the same element components of Ti and O in the unmodified HRTiO2 sample,
while Mo in addition to the Ti and O atoms were found in the Mo/HRTiO2 modified
sample. Core C 1s, which is seen in the spectrum at ~285 eV, has been reported and
attributed to carbon with possible affiliation to C–H and or C–C, C=C, C–O–H, C=O
bond functionalities [11,14,73,75]. Figure 4b–d displays the XPS spectral images, showing
the elemental compositional peaks of the Mo/HRTiO2 material. The 2p energy level
distinguished Ti 2p3/2 and Ti 2p1/2 at respective binding energies of 458.7 and 464. 4 eV,
as expected (Figure 4b). These binding energies agree with the reported literature data,
confirming the presence of Ti4+ state in the material sample. The non-significant shift
to high BE of the Ti 2p degenerate energy levels conforms to what has already been
reported of their respective data values, with respect to the Ti 2p in the unmodified base
TiO2 [11,12,59,73]. This is a further confirmation of the non-alteration state of the pristine
HRTiO2 material after Mo addition. The O 1s resolved at binding energies of 530 and
531.4 eV (Figure 4c). These O 1s spectral resolutions respectively belong to the Ti–O bond
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and the surface hydroxyl (−OH) group, which is enhanced by the addition of the Mo
dopant onto the surface of the HRTiO2 base material [10,11,13,14,59,73–75]. Assigned Mo
3d spectral peaks were resolved at binding energies of 232.5 and 235.7 eV for Mo 3d5/2
and Mo 3d3/2 states, respectively (Figure 4d). These assigned BE values for Mo 3d states
have been reported as attributes of Mo6+ and Mo5+ excited spin state contributions for the
respective Mo 3d5/2 and Mo 3d3/2 energy states [59,73,74]. The surface residence of the
added Mo in its readiness for an established Mo6+/Mo5+ redox system alongside surface
modification addition effects is suggested to have created the existence of weakly bound
surface oxygen species in the modified Mo/HRTiO2 material [11,42,50–53]. Therefore, the
catalytic activity enhancement of the modified material over the unmodified is facilitated
and promoted by efficient charge transfer mechanism with the reactive species becoming
more accessible.
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The surface morphology and textural properties of the sample materials were mea-
sured and analyzed by scanning electron microscope coupled energy dispersive spec-
troscopy (SEM-EDS) and Brunauer-Emmett-Teller (BET) N2 adsorption-desorption isotherm
measurements, respectively. In addition, the Barett-Joyner-Halenda (BJH) application
method was used to achieve insight into the pore size distribution (PSD) of the
sample materials [50].

As can be seen from Figure 5a, the surface morphology outlook of the unmodified
HRTiO2 shows a type of loosely agglomerated and a small amount of disjointed particle
sizes from bulk matrix dense particles. The associated EDS of the SEM image revealed the
presence of O and Ti as the major contents in the HRTiO2 sample, as expected (Figure 5a,c).
The presence of the C atom in the EDS map is linked to the carbon origin [12]. Corre-
spondingly, upon the addition of Mo to HRTiO2, the surface morphology outlook of the
Mo/HRTiO2 showed a more closely packed agglomerated and distinctly improved indi-
vidual particle sizes within the HRTiO2 matrix network (Figure 5b). Likewise, the EDS
map revealed the component atomic elemental make-up of the modified Mo/HRTiO2
with an indicated presence of O, Ti, and Mo in the sample, as expected (Figure 5b,d). The
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revealed C in the EDS map of Mo/HRTiO2 is of adventitious origin [12]. The 2.8 wt%
Mo content obtained in the EDS map measurement analysis of Mo/HRTiO2 (Figure 5d)
dropped to a 1.5 wt% content in the finally obtained sample material of the coated and
calcinated ceramic substrate. In addition, it was preliminarily tested in powder with
the supported material sample after calcination and further heat treatment for the two
photocatalytic test scenarios.
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The BET surface area of the unmodified HRTiO2 sample was estimated as 9.87 m2/g,
while the modified Mo/HRTiO2 material sample was 8.40 m2/g (Table 1). The non-
significant relative reduction rather increases in the surface area of the modified sample
material in comparison with the unmodified. This is attributed to the surface anchorage of
the Mo dopants onto the HRTiO2, which led to a proportional increase in surface population
density with a consequent reduction in the surface area [72]. The dense nature of HRTiO2
as a technical grade commercial titania is also a contribution to the overall diminution of
its surface area and the base forms, which provides them with tailormade suitability for
coating applications [76]. The BET isotherm curve shape showed almost complete absence
of hysteresis loop, which is an indication of the non-porous solid nature of the material
samples (Figure 6a,b) [59,75,77]. Therefore, the measured specific surface area (SSA) can be
attributed to the external area and large pore formation as intra-particle voids, indicating an
easily accessible area of both materials. Evidently, this can be confirmed from the measured
pore size distribution (PSD) network pattern of the sample materials (Figure 6a,b) (inset).
The total pore volume of sample materials was estimated at 0.02 cm3/g of each average
pore size of 7.06 and 9.11 nm, respectively for HRTiO2 and Mo/HRTiO2 (Table 1).
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According to Equation (2) and the well-known Kubelka-Munk function theory, the
energy bandgap (Eg) estimate from Tauc’s plot was obtained as 3.23 eV for both sample
materials (Figure 7, Table 1), where F(R) is absorbance, R is reflectively, S is the scatter-
ing factor that is assumed to be a unit value, and n = 1

2 denotes the indirect bandgap
energy transition:

F(R) =
S(1 − R)n

2R
(2)

Catalysts 2022, 12, x FOR PEER REVIEW 10 of 30 
 

 

 
Figure 6. N2 adsorption-desorption isotherm curve and their respective particle size distribution 
(PSD) (inset) of (a) unmodified HRTiO2, and (b) modified Mo/HRTiO2. 

According to Equation (2) and the well-known Kubelka-Munk function theory, the 
energy bandgap (Eg) estimate from Tauc’s plot was obtained as 3.23 eV for both sample 
materials (Figure 7, Table 1), where F(R) is absorbance, R is reflectively, S is the scattering 
factor that is assumed to be a unit value, and n = ½ denotes the indirect bandgap energy 
transition:  FሺRሻ =  Sሺ1 − Rሻ୬2R  (2)

The modified Mo/HRTiO2 did not show any difference in its estimated Eg value in 
comparison with the unmodified HRTiO2 (Figure 7a,b). Surface residence of the Mo do-
pant on the HRTiO2, which created a lesser cooperative intra-active effect towards the Eg 
reduction, an appreciable amount (1.5 wt%) of the Mo dopant covering the TiO2 surface 
rather than entry into the TiO2 lattice network structure, as well as variation in the material 
preparation/synthesis protocol all contribute to the lack of change in the Eg values of the 
material samples and, in particular, the modified [58–60].  

 
Figure 7. Energy band gap (Eg) estimates for (a) unmodified HRTiO2, and (b) modified Mo/HRTiO2. 

Table 1 displays a summarized data presentation estimate of the characterized and 
measured properties of HRTiO2 and Mo/HRTiO2 materials. 
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The modified Mo/HRTiO2 did not show any difference in its estimated Eg value
in comparison with the unmodified HRTiO2 (Figure 7a,b). Surface residence of the Mo
dopant on the HRTiO2, which created a lesser cooperative intra-active effect towards the
Eg reduction, an appreciable amount (1.5 wt%) of the Mo dopant covering the TiO2 surface
rather than entry into the TiO2 lattice network structure, as well as variation in the material
preparation/synthesis protocol all contribute to the lack of change in the Eg values of the
material samples and, in particular, the modified [58–60].

Table 1 displays a summarized data presentation estimate of the characterized and
measured properties of HRTiO2 and Mo/HRTiO2 materials.

Based on the characterization measurement and data estimation outcome of the pre-
pared materials, the expected photocatalytic enhancement activity effect of the modified
Mo/HRTiO2, which is achieved by the Mo addition modification strategy of the base
HRTiO2 material, is envisaged to not have been or even completely not dependent on the
increase in the surface area nor the shrinkage of energy bandgap [58,59]. However, the
enhancement effect is suggested to have been due to some surface modification alterations
(e.g., surface defects) that enriched the catalyst material with surface reactive oxygen species
(e.g., OH−, O2−, etc.) in combination with the ones generated by photoinduction charge
mechanism/photogeneration, including the photocatalytic promotional effect of efficient
surface charge separation phenomenon [11,40,51]. This deduction can be supported as
previously explained by the surface resident Mo dopant on the HRTiO2 material base with
a reflected appreciation of average particle size (Figure 2c) as well the presence of active
surface oxygen species by the identified hydroxyl ion formation peak in the modified
Mo/HRTiO2 XPS spectral analysis measurement (Figure 4c).
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2.1.2. Development and Characterization of α-Al2O3 Ceramic Material Support

An inert ceramic support was selected as α-Al2O3. The ceramic substrate was prepared
by extrusion, drying, and subsequent sintering at 1500 ◦C. The as-obtained α-Al2O3 disk-
shaped ceramic support (40 mm diameter and 2 mm thickness) was employed without
further treatment or processing as the photocatalyst support in this study (Figure 8).
These alumina porous disks are super hydrophilic and readily wetted throughout when in
aqueous media, as previously reported [78,79].
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In summary, the technical features of the α-Al2O3 ceramic substrate for its potential
application is displayed in Table 2, including the respective information on the particle size
distribution (PSD) of the α-Al2O3 powder used, wt% by mass ingredient contents in the
ceramic material, as well as the geometrical characteristics of the final disk-shaped ceramic
support product.

Table 2. Technical features of α-Al2O3 ceramic support material.

Particle Size Distribution (PSD) Properties of α-Al2O3 Powder

D90 (µm) D50 (µm) D10 (µm) Specific surface area (m2/g)
14.1 4.7 2.6 1.38

Content ingredients of ceramic substrate by % weight in mass of α-Al2O3 powder
Ingredient wt%/mass

Al2O3 100 g
Cellulose MHPC 2000 4

Sodium stearate 2
Water 20–23

Geometrical characteristics of disk-shaped ceramic material
Shape Imposed load (KN) Geometric characteristics (mm)

Disk
Coarse Fine grain Diameter d Thickness W

7 7.5 40 2

The porosity and density of the ceramic support material sintered at 1500 ◦C as part of
the characterization measurements were determined to be 43% and 2.4 g/cm3, respectively.
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2.1.3. Preparation of Active Photocatalyst Surface Topcoat

Prior to the achievement of a functional surface topcoat, a series of titania powder
suspensions and successive dilutions (results not shown) were prepared and controlled
by surface morphology. Finally, a 1 wt% coat suspension content of the modified 1.5 wt%
Mo/HRTiO2 was employed and delivered a better surface top layer on the ceramic support.
Following support deposition, which involves the procedural steps of natural healing,
drying, and further calcination heat treatment to ensure adequate coat adherence to the
support material, ~5 mg of active titania (Mo/HRTiO2) was achieved. The surface morpho-
logical control of the topcoat at this amount and by the SEM-EDS measurement revealed a
smooth coated ceramic surface devoid of crack and correspondingly the associated elemen-
tal compositions of the coated (ceramic) and (Mo/HRTiO2) from the EDS map (Figure 9a).
In the same vein, the cross-sectional SEM revealed a micro thickness layer of the active
topcoat on the support alongside the EDS spectrum, showing the constituent elemental
composition of the active layer on the support material, as expected. Both SEM-EDS and
the cross-sectional SEM-EDS images showed the presence of carbon in their maps as an
attribute of adventitious origin (Figure 9a,b). The α-Al2O3 material, which sometimes
exists in a mixed compositional phase with traces of other atomic elements, such as Si, Na,
etc., revealed Na due to the transfection phenomenon effect during the final heat treatment
of the active topcoat layer, while the presence of Al is of the base α-Al2O3 support material
(Figure 9b).

Catalysts 2022, 12, x FOR PEER REVIEW 12 of 30 
 

 

Al2O3 100 g 
Cellulose MHPC 2000 4 

Sodium stearate  2 
Water  20–23 

Geometrical characteristics of disk-shaped ceramic material 
Shape Imposed load (KN) Geometric characteristics (mm) 

Disk 
Coarse Fine grain Diameter d Thickness W 

7 7.5 40 2 

The porosity and density of the ceramic support material sintered at 1500 °C as part 
of the characterization measurements were determined to be 43% and 2.4 g/cm³, respec-
tively. 

2.1.3. Preparation of Active Photocatalyst Surface Topcoat  
Prior to the achievement of a functional surface topcoat, a series of titania powder 

suspensions and successive dilutions (results not shown) were prepared and controlled 
by surface morphology. Finally, a 1 wt% coat suspension content of the modified 1.5 wt% 
Mo/HRTiO2 was employed and delivered a better surface top layer on the ceramic sup-
port. Following support deposition, which involves the procedural steps of natural heal-
ing, drying, and further calcination heat treatment to ensure adequate coat adherence to 
the support material, ~5 mg of active titania (Mo/HRTiO2) was achieved. The surface mor-
phological control of the topcoat at this amount and by the SEM-EDS measurement re-
vealed a smooth coated ceramic surface devoid of crack and correspondingly the associ-
ated elemental compositions of the coated (ceramic) and (Mo/HRTiO2) from the EDS map 
(Figure 9a). In the same vein, the cross-sectional SEM revealed a micro thickness layer of 
the active topcoat on the support alongside the EDS spectrum, showing the constituent 
elemental composition of the active layer on the support material, as expected. Both SEM-
EDS and the cross-sectional SEM-EDS images showed the presence of carbon in their 
maps as an attribute of adventitious origin (Figure 9a,b). The α-Al2O3 material, which 
sometimes exists in a mixed compositional phase with traces of other atomic elements, 
such as Si, Na, etc., revealed Na due to the transfection phenomenon effect during the 
final heat treatment of the active topcoat layer, while the presence of Al is of the base α-
Al2O3 support material (Figure 9b).  

 
Figure 9. (a) SEM-EDS and (b) cross-sectional SEM-EDS of active modified Mo/HRTiO2 topcoat on 
the α-Al2O3 ceramic support. 

2.2. Photocatalyst Tests Evaluation 

Figure 9. (a) SEM-EDS and (b) cross-sectional SEM-EDS of active modified Mo/HRTiO2 topcoat on
the α-Al2O3 ceramic support.

2.2. Photocatalyst Tests Evaluation

Following the characterization of the unmodified HRTiO2 and modified Mo/HRTiO2,
as well as the ceramic support active layer (Mo/HRTiO2) preparation and characterization,
the obtained materials were evaluated for their photocatalytic performance towards the
degradation of ibuprofen.

• Physicochemical Properties of Ibuprofen (IBU)

Ibuprofen (IBU) belongs to the non-steroidal anti-inflammatory drugs (NSAIDs) group
and is commonly administered as an over-the-counter medication for the alleviation of
inflammatory pains. Table 3 presents a summarized outlook of the physicochemical prop-
erties of IBU.



Catalysts 2022, 12, 562 13 of 29

Table 3. Physicochemical properties of ibuprofen (IBU).

Chemical Property/Name Ibuprofen Sodium Salt

Chemical structure
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Molecular formula C13H17O2Na
CAS no. 31121-93-4

Molecular weight, g/mol 228.26
Solubility in water, g/L 100

pKa 4.52–4.9

2.2.1. Suspension Test

In a preliminary test, the photocatalytic activity performance of the HRTiO2 and
Mo/HRTiO2 materials towards ibuprofen degradation was evaluated. Here, 1 g/L cat-
alyst dose for each of HRTiO2 and Mo/HRTiO2 were tested against 50 mg/L of initial
IBU concentration under 365 nm UV irradiation and natural (unmodified) initial pH 4
condition. As can be seen from Figure 10, while Mo/HRTiO2 degraded over 98% of the
initial 50 mg/L IBU concentration, HRTiO2 achieved about 89% degradation of the same
initial IBU concentration after 80 min of irradiation.
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and 365 nm UV irradiation.

Based on the outcome in Figure 10, the Mo/HRTiO2 photocatalyst showed a higher
photocatalytic activity performance towards IBU in comparison with the unmodified
HRTiO2. This is due to the availability of more surface reactive species following the modi-
fication of the HRTiO2 base material with Mo dopant, as already deduced from the material
characterization that facilitated the photoactivity performance of the modified material.
Therefore, the Mo/HRTiO2 has shown better performance than the unmodified HRTiO2,
and as a result, was employed for further photocatalytic test performance evaluations.
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2.2.2. Effect of pH

• The pH Point of Zero Charge (pHpzc) Value

The pH plays a vital role in the degradation of organic compound molecules in aqueous
media [10,12–14]. As part of the pH effect evaluation on the photocatalytic degradation
efficiency of Mo/HRTiO2, its pHpzc was determined with a value of 4 (Figure 11). Although
the pHpzc of pristine TiO2 lies between 5.5–6.5 [13], the shift to a low-end pH value in the
pHpzc of the Mo/HRTiO2 is due to the presence of the acidic Mo semiconductor [58]. In
addition to the initial natural (unmodified) pH 4, other pH values of 3, 5, 7, 9, and 11 were
further evaluated for their effects on the photocatalytic degradation of IBU, based on the
pHpzc of Mo/HRTiO2 and pKa value of IBU (Figure 11, Table 3).
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As can be seen from Figure 12, under the low-end acidic initial pH values of 3 and
4, 1 g/L of the photocatalyst degraded ~98% of the initial 50 mg/L IBU concentration after
80 min of 365 nm UV irradiation exposure. The initial pH values of 3 and 4 are below and
about the same value as the measured pHpzc charge of the photocatalyst (pHpzc 4) and
the pKa value of IBU (pKa 4.52–4.9). Therefore, by indication, they should result in poor
or no enhancement in the degradation of IBU by the photocatalyst under these initial pH
conditions. However, the enhanced activity performance of the photocatalyst material
under these initial pH conditions is attributed to the acidic H+ ion presence, which pro-
motes an environment that facilitated the generation of reactive species, such as hydroxyl
radical (•OH, etc.) that is responsible for organic compound degradation [12,13,80]. In
addition, the maintained final pH values of these initial pH conditions were around the
same starting values to the end of the test, and thus, guaranteed the low-end pH hydrogen
ion (H+) acidic proton enabling degradation environment (Table 4). The photocatalyst
material under the tested moderate initial pH 5 condition degraded about 93% IBU after
80 min of irradiation (Figure 12). This type of high activity performance by the photo-
catalyst at this initial pH value can well be linked partly to the acidic proton promoting
the photodegradation environment established at this point [12,13,80]. The reported IBU
carboxylic functional group ionization state at pH values higher than its pKa value, which
in turn promotes IBU molecule hydrophilicity and solubility in aqueous media to be able
to reach the active photocatalyst sites for subsequent degradation, is also responsible for
this improved photocatalyst activity at initial pH 5 [12,80–82]. The mixed outcome seen
of the photocatalyst material, where at initial pH 11 about 85% IBU (Figure 12) was de-
graded, is attributed to a higher level of anionic species of IBU at these advanced pH
values, promoting the hydrophilicity and solubility of the molecules for improved active
photocatalyst surface interaction with the organic ionic compound substrate [12,80–82].
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The photocatalyst achieved the least performance activity in IBU degradation at initial pH
values of 7 and 9, at which points 68% and 64% of 50 mg/L initial IBU concentration were
respectively removed (Figure 12). At these initial pH values, both the photocatalyst surface
and the IBU substrate molecule in aqueous media will be negatively charged. Therefore,
an induced electrostatic force of attraction will not be responsible for the rather lower
degradation rate seen at this point in comparison with the other evaluated initial pH values.
This is due to the lack of ability of the facilitative charge attraction environment neither
by the photocatalyst pHpzc point of view nor the pKa value of IBU, with respect to those
tested initial pH values (Figure 11, Table 3).
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over 50 mg/L initial IBU concentration under 365 nm irradiation, and (b) their corresponding
photocatalytic degradation rate constant (k).

However, the aqueous media ionization of the IBU carboxylic functional group at pH
values higher than its pKa (4.5–4.9) contributed to the photodegradation removal rates of
IBU seen at these initial pH conditions of 7 and 9. The enabling interactions between the
active photocatalyst surface and the solvated substrates in aqueous media also promoted
this outcome [12,80–82]. Comparatively, between the initial pH 7 and 9, the degradation
rate was higher under pH 7 as the shift to the final pH condition (Table 4) showed a pH
point of an acidic proton (H+) photocatalytic degradation process, enabling an environment
that was not the case with the initial pH 9 that rather maintained a final neutral pH ~7
(Table 4) [12,13,82]. Relatively, the outcome of the initial pH 11 in connection with its final
pH 8.64 (Table 4), is that the already higher advanced initial pH condition that favored
the degradation removal rate seen from the onset at this pH point, maintained a lesser
fluctuated final pH value that still upheld and promoted IBU aqueous media ionization: A
strong contributory factor for IBU degradation [12,80–82].

Generally, the connectivity of the obtained pHpzc 4 of the Mo/HRTiO2 photocat-
alyst and IBU pKa 4.5–4.9 with respect to the evaluated initial pH conditions did not
single-handedly explain the IBU photocatalytic degradation outcome. However, in a more
concerted way, other aqueous media pH-dependent phenomenal effects, such as acidic
proton (H+) generation, aqueous media ionization, suspension dispersion interactions,
catalyst surface charge electron donor interactions, etc., in response to the tested initial pH
conditions were in consonance with the measured final pH test outcome and supported
the understanding of the evaluated pH effect outcome, with respect to the pHpzc of the
photocatalyst and pKa value of IBU (Figures 11 and 12, Tables 3 and 4).
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Table 4. Parametric indicators for the photocatalytic activity performance evaluation of Mo/HRTiO2.
In suspension and on support tests over ibuprofen showing investigated parametric effects and their
estimated degradation rate constant k (min−1), correlation coefficient R

2
, half-life t1/2 (min), and

measured initial and final pH values.

Test
Degradation

Rate Constant
k (min−1)

R2 Half-Life t1/2
(min) pHinitial pHfinal

Preliminary test for photocatalyst material #, *, [IBU]0 = 50 mg/L
HRTiO2 0.0294 0.9934 23.54 6.35 5.11

Mo/HRTiO2 0.0414 0.9886 16.72 4.32 4.33
Mo/HRTiO2

pH effect #, *, [IBU]0 = 50 mg/L
pH natural = ~4 0.0479 0.9668 14.45 4.28 3.98

pH = 3 0.0523 0.9738 13.23 3.19 3.27
pH = 5 0.0356 0.9495 19.44 5.12 4.02
pH = 7 0.0143 0.9963 48.39 7.06 4.55
pH = 9 0.0125 0.9938 55.36 9.17 7.04
pH = 11 0.0247 0.9794 28.02 10.80 8.64

Catalyst dosage effect #, *, [IBU]0 = 50 mg/L
0.5 g/L 0.0342 0.9819 20.23 4.31 3.92
0.75 g/L 0.0361 0.9837 19.17 4.33 3.84

1 g/L 0.0444 0.982 15.59 4.31 3.82
1.25 g/L 0.0504 0.9913 13.73 4.33 3.75

Pollutant concentration effect #, *
40 mg/L 0.0607 0.9639 11.40 4.34 3.78
45 mg/L 0.0524 0.9862 13.21 4.29 3.78
50 mg/L 0.0411 0.9756 16.84 4.31 3.79
55 mg/L 0.0236 0.9973 29.32 4.33 3.9
60 mg/L 0.026 0.9939 26.62 4.32 3.99

Pollutant concentration effect #, ¤

4 mg/L 0.0022 0.9887 314.55 4.34 8.5
4.5 mg/L 0.0022 0.9916 314.55 4.29 8.91
5 mg/L 0.0025 0.9936 276.80 4.31 8.48

5.5 mg/L 0.0018 0.9916 384.44 4.33 9.08
6 mg/L 0.0017 0.9957 407.06 4.32 8.2

Single disk tablet reusability/photostability test #, ¤, [IBU]0 = 5 mg/L
1st cycle 0.0025 0.9936 276.80 4.33 9.34
2nd cycle 0.0016 0.9878 432.50 4.33 8.62
3rd cycle 0.0012 0.9944 576.67 4.3 8.55

Double disk tablet reusability/photostability test #, ¤, [IBU]0 = 5 mg/L
1st cycle 0.0045 0.9933 153.78 4.33 7.42
2nd cycle 0.0044 0.9973 157.27 4.33 7.31
3rd cycle 0.0048 0.9978 144.17 4.31 6.99

Triple disk tablet reusability/photostability test #, ¤, [IBU]0 = 5 mg/L
1st cycle 0.006 0.9915 115.33 4.3 8.09
2nd cycle 0.005 0.9878 138.40 4.33 7.88
3rd cycle 0.007 0.9968 98.86 4.31 7.58

# Tests performed under 365 nm near UV-Vis irradiation, under pH natural, and at 1 g/L catalyst dosage conditions
unless indicated otherwise, and * in powder suspension test, ¤ on support test.

The outcome in photocatalytic activity performance of Mo/HRTiO2 over IBU degrada-
tion was impressive at both low-end initial pH values of 3 and 4 (Figure 12). However, to
keep conditions as natural (unmodified) as possible, pH ~ 4 condition was finally adopted
as the initial natural (unmodified) pH condition and employed for the remainder of the
photocatalytic test evaluation measurements, while measuring the final pH value after
every performed test.
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2.2.3. Effect of Catalyst Dosage

The effect of catalyst dosage was evaluated over the photocatalytic degradation of
IBU. In addition to the already tested 1 g/L catalyst dosage, other dosages of 0.5, 0.75, and
1.25 g/L were tested for IBU photocatalytic degradation. As can be seen from Figure 13, an
increment in catalyst dosage resulted in improved photocatalytic degradation removal of
IBU. This outcome has been reported and attributed to the participation of more photocata-
lyst surface active sites at certain catalyst dosage concentrations, favoring and facilitating
the photocatalytic degradation of organic compounds [10,14]. The first 40 min of irradiation
showed the removal of ~80% IBU at 1.25 g/L catalyst dosage with a faster degradation
rate kinetics in comparison with the other tested dosages (Figure 13). However, within
a short time, photocatalytic degradation rate kinetics of the other tested catalyst dosages
appreciated as more photocatalyst surface active sites are fully activated and participate in
the photocatalytic degradation process of IBU. After 80 min of irradiation, the tested photo-
catalyst dosages degraded an average of 97% IBU and showed no significant difference in
their individual activity performances at this point (Figure 13).
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All of the tested photocatalyst dosages showed an impressive IBU degradation rate of
removal at 80 min irradiation. However, for the catalyst dosage to remain balanced, the
next test evaluating the effect of initial pollutant concentration on photocatalyst activity
performance was performed at 1 g/L dosage.

2.2.4. Effect of Initial Pollutant Concentration

In addition to the already tested 50 mg/L initial IBU concentration, initial concen-
trations of 40, 45, 55 and 60 mg/L were also tested for their effect on the photocatalyst
activity performance over IBU degradation. As can be seen from Figure 14, in response to
an increase in initial IBU concentration, the photocatalyst activity performance decreased in
accordance. This effect has been reported and attributed to the overwhelming saturation of
the available photocatalyst surface active sites at high initial pollutant concentrations [10,14].
Upon irradiation, a more facilitated photocatalytic degradation rate occurred at the lower
initial IBU concentrations of 40 and 45 mg/L (Figure 14). At 80 min of irradiation, the
photocatalyst achieved a ~99% degradation of 40, 45, and 50 mg/L initial IBU concen-
trations (Figure 14). Advanced initial IBU concentrations of 55 and 60 mg/L showed a
retarded photocatalytic degradation rate at 80 min of irradiation [10,14]. The anomaly
in the outcome, where the photocatalyst material showed more activity against 60 mg/L
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initial IBU concentration rather than in the presence of 50 mg/L initial IBU concentration, is
attributed to the surface adsorption mechanism inhibition effect at certain initial pollutant
and catalyst dosage concentrations [14].
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Figure 14. (a) Effect of initial IBU concentration on the photocatalytic degradation performance
of 1 g/L Mo/HRTiO2 under natural (unmodified) pH ~ 4 and 365 nm irradiation, and (b) their
corresponding photocatalytic degradation rate constant (k).

Tests performed in the dark (not the usual adsorption-desorption equilibrium state
prior to irradiation) in the presence of the Mo/HRTiO2 photocatalyst powder as well as
the photolysis test of IBU in the absence of Mo/HRTiO2 showed negligible adsorption
and photodegradation of IBU under the related test conditions of 50 mg/L initial IBU
concentration, 1 g/L catalyst dosage, natural (unmodified) pH ~ 4, and 80 min of 365 nm
UV irradiation (Figure 15). Likewise, the heat effect with catalyst and heat effect without
catalyst, where the photocell reactors were adequately wrapped with thin aluminum foils
to ward off light penetration interferences, did not result in any significant IBU degradation
(Figure 15).
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Figure 15. Dark effect (with 1 g/L Mo/HRTiO2), photolysis, heat effect with 1 g/L Mo/HRTiO2, and
heat effect without photocatalyst over the degradation of 50 mg/L initial IBU concentration under
natural (unmodified) pH ~ 4, and 365 nm UV irradiation.
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2.2.5. Test over Supported Mo/HRTiO2 Photocatalyst

The ~5 mg Mo/HRTiO2 supported photocatalyst was tested for its activity perfor-
mance over IBU degradation under UV irradiation. The photocatalyst amount tested on
support is about 12 times less than the 0.06 g in a 60 mL working volume, which is used to
realize the 1 g/L dosage concentration employed for the suspension test evaluation. As
part of the protocol during the support photocatalytic test evaluation, the same 60 mL work-
ing volume was adopted to ensure that the disk-shaped photocatalyst support was fully
submerged to make proper contact with the IBU pollutant in the photoreactor cell. Compen-
sation of the limited mass transfer effect, which is usually witnessed in physical/chemical
processes with confined reactants, was to an extent offset during the irradiation test by ex-
tending the exposure time window to several minutes of sampling (Figures 16 and 17) [83].
In a preliminary test, the supported photocatalyst was tested over initial IBU concentrations
of 4, 4.5, 5, 5.5 and 6 mg/L. These initial IBU concentrations are 10 times less than the initial
IBU concentrations tested in suspension with 1 g/L of Mo/HRTiO2 photocatalyst, in order
not to saturate the supported photocatalyst and facilitate mass transfer [83].
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Figure 16. (a) Photocatalytic degradation performance efficiency of ~5 mg Mo/HRTiO2 ceramic sup-
ported photocatalyst over the degradation of 4, 4.5, 5, 5.5, and 6 mg/L initial IBU concentration under
natural (unmodified) pH ~ 4 and 365 nm UV irradiation, and (b) their corresponding photocatalytic
degradation rate constant (k).

As can be seen from Figure 16, the photocatalyst degraded ~62%, 57%, 57%, 49%, and
45% of respective initial IBU concentrations of 5, 4, 4.5, 5.5, and 6 mg/L after 360 min of
365 nm UV irradiation under initial natural (unmodified) pH ~ 4. The mixed outcome,
where the photocatalyst achieved a higher degradation % efficiency over 50 mg/L initial
IBU concentration, is attributed to the favored surface adsorption mechanism at this
IBU initial concentration [14]. Apart from this outcome, the photocatalytic degradation
efficiency decreased with an increase in initial IBU concentration as the photocatalyst
surface active sites tend to be more saturated at higher initial pollutant concentration,
thereby inhibiting degradation efficiency [10,14].

As better photocatalyst activity performance was seen over 50 mg/L initial IBU concen-
tration degradation (Figure 16), further tests were performed at this initial IBU concentration.
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2.2.6. Reusability/Photostability Test of the Supported Mo/HRTiO2 Photocatalyst

In a three-cycle successive test run, the photocatalyst was tested for its reusability as
well as the evaluation of its photostability. In terms of the number of immobilized photocat-
alyst disks, single (one disk tablet), double (two disk tablets), and triple (three disk tablets)
coated photocatalysts were used to evaluate the reusability/photostability. As can be seen
from Figure 17a, after the first test run involving a single disk tablet, the photocatalyst
achieved over 60% degradation of 50 mg/L initial IBU concentration after 360 min UV
irradiation. The second and third test runs achieved a reduction of IBU photocatalytic
degradation with respective degradation of about 40% and 35% recorded by the photocat-
alyst after 360 min UV irradiation. Comparing the photocatalytic degradation outcome
amongst the single photocatalyst disk test runs, the photocatalyst activity performance
depreciated as the number of subsequent test runs increased (Figure 17a). This outcome
can be attributed to some spallation issues of the active photocatalyst top layer, which is
even reflected in a more noticeable decrease in photoactivity due to the minute deposited
catalyst amount on support [12]. Double and triple disk tablets enhanced the photocat-
alytic degradation of IBU (Figure 17a,b). The double disk photocatalyst tablet achieved
approximately 83%, 80%, and 83% IBU degradation for the respective 1st, 2nd, and 3rd
successive cycle test runs (Figure 17b). In the presence of a triple disk tablet, the photocat-
alyst removed approximately 90%, 86%, and 93% IBU degradation for the respective 1st,
2nd, and 3rd successive cycle test runs (Figure 17c). From the obtained results, increasing
the number of coated disk tablets improved and sustained the photocatalytic degradation
activity over IBU by the photocatalyst in a three-successive cycle test run and within the
irradiation time window. The addition of extra coated photocatalyst disks (double/triple
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tablets) reinforced and enhanced IBU photocatalytic degradation in a synergistic way with
an overall confirmation of the photostability of the material, while still maintaining an
impressive activity performance upon their reuse after three-cycle test runs.

The XRD measurement of tested photocatalyst supported material was performed
and compared with the material state status before the test measurement to evaluate
the structural alteration of the supported photocatalyst material. As can be seen from
Figure 18, the XRD image shows no alterations of the pristine TiO2 crystallographic phases
in all of the tested samples and related ones. Identified phases in the HRTiO2 base of the
modified Mo/HRTiO2 photocatalyst material matched the pristine TiO2 crystalline phase
peaks. Phase reflections from the uncoated α-Al2O3 substrate in the ceramic support were
also identified and in line with the expressed crystallographic planes of the unmodified
HRTiO2 and modified Mo/HRTiO2 (Figure 18). Considering that within the one disk tablet
set runs and between the three disk tablet set runs and the two disk tablet set runs the
activity performance of the photocatalyst was not significantly different, these supported
photocatalyst materials were selected for XRD measurement after exposure. The XRD
control of these representative 1st and 3rd cycle test runs from the respective one disk
tablet and three disk tablet tests of the Mo/HRTiO2 photocatalyst material, showed no
alteration in their identified crystalline peak phases. This implies that despite the usage
of the supported photocatalyst material in a three-cycle successive test run, the pristine
crystalline structural property was maintained.
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Figure 18. XRD measurement of 1st and 3rd cycle reused supported ~5 mg of Mo/HRTiO2 on ceramic
for IBU degradation in comparison with related control sample materials.

The dark test with the supported photocatalyst on ceramic as well as the test involving
bare (uncoated) ceramic support under irradiation were performed over the initial 5 mg/L
IBU concentration. As can be seen from Figure 19, the dark effect in the presence of
photocatalyst as well the photolysis effect performed with the uncoated support did not
result in a significant photocatalytic/degradation outcome in the removal of IBU. Likewise,
about 12% initial 5mg/L IBU was removed by adsorption and adsorption/photolysis,
respectively in the dark and by irradiation in the presence of uncoated ceramic support
after 360 min exposure test window (Figure 19). This confirms that the percentage of IBU
removal in the dark and by irradiation tests with/without the photocatalyst supported
on ceramic, respectively exhibited the same not significant effect on IBU photocatalytic
degradation. Therefore, the Mo/HRTiO2 material on ceramic support was the most active
ingredient in the support material to have driven the photocatalytic degradation of IBU
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under UV irradiation. Photolysis of IBU alone under UV irradiation did not have any effect
on the outcome of the photocatalytic degradation and has already been performed in the
suspension test (Figure 15).
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Table 4 depicts parametric indicators for performed tests evaluating the photocatalytic
degradation of IBU by Mo/HRTiO2 in suspension and on ceramic support based on
degradation rate constant (k), correlation constant (R2), half-life (t1/2), as well initial and
final pH condition.

3. Materials and Methods
3.1. Chemical Reagents and Material

All the chemicals used in the present study were of analytical grade and deployed
as purchased without further purification. The analytical grade chemicals from different
suppliers included titania (HRTiO2: Huntsman tioxide, Scarlino, Italy) as the coating pow-
der, ammonium molybdate tetrahydrate [(NH4)6Mo7O24·4H2O] (99.98%) (Sigma-Aldrich,
Baden-Württemberg, Germany) was employed as the precursor for Mo, ibuprofen sodium
salt (α-methyl-4-(isobutyl) phenyl acetic acid) [C13H17O2Na] (≥98%) (Sigma-Aldrich,
Baden-Württemberg, Germany) as the model CEC for photocatalytic degradation test,
Sodium hydroxide [NaOH] (≥98%), hydrochloric acid [HCl] (37% wt/v) (Sigma-Aldrich,
Darmstadt, Germany) were employed for aqueous media pH control.

The α-Al2O3 ceramic material as developed and fabricated by Materials Industrial Re-
search and Technology Centre (MIRTEC, Chalkida, Greece) has been used as the supporting
material for the photocatalyst without any further treatment. The only treatment performed
was on the deposited active layer, which involved some drying, heating, and calcination of
the topcoat layer as conditioning treatments. A summarized result outcome of the technical
specifications of the α-Al2O3 ceramic material as obtained from MIRTEC has already been
provided in Section 2.1.2 (Table 2) of the results and discussion. The development process
involved fabrication via the extrusion method with INSTON L 1477 -1003 extrusion device
from the coarse particle size substrate. The α-alumina coarse particle size determination
was carried out through granulometric analysis of large particle (coarse) with D90 value of
14.1 µm, while with the same granulometric approach, the particle size distribution (PSD)
of worked powder topcoat suspensions was obtained with the laser diffraction particle
size analyzer MASTER Sizer 3000G (Malvern Instruments, United Kingdom). The porosity
and density properties of the alumina substrate were determined using the Archimedes
method, while the mechanical strength evaluation through a change in flexion resistance of
the 4-point bending test of the coarse α-alumina (α-Al2O3) as a function of the sintering
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temperature was measured with the INSTON L 1477-1003 at a final sintering temperature
of 1500 ◦C.

3.2. Synthesis of Mo/HRTiO2 Material

The modification of HRTiO2 with Mo was achieved by means of a sonochemical
preparation route. Specifically, ammonium molybdate tetrahydrate [(NH4)6Mo7O24·4H2O]
was used as the precursor of Mo.

The precursor material was diluted in an aqueous solution of 200 mg of the pristine
titania powder (HRTiO2), calculating 1.5 wt% for the Mo-doped HRTiO2 in the final solution
prior to sonication. Sonication was performed by an UIP 500HD transducer (Hielscher) as
the ultrasound generator in a double-walled glass container cooled externally under 25 ◦C
during the whole process.

The sonication process involved a continuous U/S generation of 100 W/cm2 lasting
3 h. After the sonochemical experiment, the solution was centrifuged and the substrate
was collected and left overnight at 80 ◦C to dry. A thermal treatment under ambient
temperature up to 150 ◦C for 2 h with further calcination thermal treatment at 600 ◦C for
2 h was performed over the powder material. The obtained 1.5 wt% Mo/HRTiO2 was
finally employed for photocatalytic activity evaluation measurements.

3.3. Supported Photocatalyst Material Preparation

From the worked and optimized 1 wt% (Mo/HRTiO2) powder suspension as already
highlighted in Section 2.1.3 of the results and discussion, ~5 mg of Mo/HRTiO2 active top
layer was deposited on ceramic support by the dip-coating technique (manually executed).
Coated samples were left to dry and heal naturally over 24 h under ambient conditions.
Then, they were subjected to 1 h of heating at 60 ◦C in an electric oven and a further
2 h calcination at 600 ◦C with a ramp rate of 1 ◦C/min in an electric furnace. Finally, the
prepared coated samples remained under dry ambient conditions and were employed for
photocatalytic test evaluation measurement.

3.4. Material Characterization Instruments

Adopted techniques for the characterization of obtained photocatalyst material were
the simultaneous thermal analysis (STA) technique, involving thermal gravimetric analysis-
differential scanning calorimetry (TGA-DSC, Setram STA unit) to elucidate the extent of
mass change of samples in connection with their enthalpy of heat change under ambient
measurement conditions. Samples for the TGA-DSC analysis were placed in Al2O3 cru-
cibles, treated under oil-free air with 20 mL/min flow. The selected heating temperature
rate was fixed at 10 K/min with the final temperature set at 800 ◦C. Result elaboration
has been performed by Calisto Processing Computer Software, while the enthalpy of
the various phenomena was calculated integrating the appropriate relative peaks. X-ray
diffraction (XRD) measurement for the crystallographic phase analysis of the materials
was carried out using a Rigaku D/Max-IIIC diffractometer (RIGAKU, Corp., Tokyo, Japan)
with operational functions of CuKα radiation (λ = 0.1541 nm) over the range 2θ = 20–70◦ at
ambient temperature and 35 kV at 25 mA at the rate of 3◦/min scan speed [10–14]. Trans-
mission electron microscopy (TEM) measurement was performed with FEITecnaiG2 Spirit
(FEI, Hillsboro, OR, USA) for the particle size analysis of material samples, while Fourier
transform infrared (FTIR) spectroscopy measurement was carried out with a Perkin-Elmer
Spectrum one FTIR spectrometer (Thermo-Fischer Scientific, Leicestershire, UK) employing
the attenuated total reflection (ATR) method to understand the chemical functional groups
present in the synthesized photocatalyst materials. X-ray photoelectron spectroscopy (XPS)
measurement was performed with a PHI 5000 VersaProbe spectrometer (ULVAC PHI, Inc.,
Kanagawa, Japan) with an AlKα radiation source for the elucidation of the elemental
compositions within the chemical environment of the synthesized materials [10–14]. Scan-
ning electron microscopy (SEM) measurement for the surface morphological analysis was
conducted with Zeiss EVO LS10 (Carl Zeiss Microscopy, Hamburg, Germany), of 0.2–30 kV
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acceleration voltage and 0.5 pA-5 µA probe current, attached with energy dispersive X-ray
spectroscopy (EDS) detector (Carl Zeiss SmartEDX, Hamburg, Germany), with samples
attached to the sample holder and prepared with Au using sputter-coating (SEM coating
system machine). The surface area of materials and other related parameters of pore size
distribution was measured by the Brunauer-Emmett-Teller (BET) technique recorded on the
nitrogen adsorption-desorption isotherm at 76 K employing a Micromeritics 3 Flex version
5.00 (Micromeritics, Norcross, GA, USA) after [10–14]. The optical properties of the synthe-
sized materials were measured with UV-Vis diffuse reflectance spectroscopy (UV-Vis/DRS)
in absolute measurement employing BaSO4 as the reference plate on a Shimadzu UV-2550
(Scintek Instruments LLC., Manassas, VA, USA) [13,14].

3.5. Determination of pH Point of Zero Charge (pHpzc) of Mo/HRTiO2 Photocatalyst Material

To determine the pH point of zero charge (pHpzc) of the catalyst materials, the reported
drift method was employed [10,14]. In brief and accordingly, 50 mL of 0.01 M NaCl solution
was measured in conical flasks. The initial pH values of these solutions were adjusted and
maintained at room temperature between 2 and 12 using 1 M each of HCl or NaOH. Once
the stability of the initial pH values was achieved, 0.05 g of the catalyst powder was added
to each of the measured flask solutions, stirred for 48 h, and the final pH value of each flask
solution containing the investigated catalyst was measured by HANNA, edge pH meter
(Woonsocket, RI, USA).

3.6. Photocatalytic Test Measurement

Photocatalytic activity measurement of the sample material was performed under
365 nm irradiation wavelength cut-off. An inhouse fabricated 200◦ internal reflector for
optimal efficiency (99.9%), UV-A and visible blue wavelength range of 300–475 nm spectral
power distribution with five Philips Mercury (Hg) lamps-TL-K 40W/10R ACTINIC BL
REFLECTOR, (Hamburg, Germany) was employed as an irradiation light source for the
photocatalytic tests of the materials [10–14]. The irradiation light source intensity was
measured with Lafayette SPM-7, (Milano, Italy) at 1.2 mW/cm2 for the UV-A 365 nm
cut-off filter irradiation light source.

For both the suspension and supported photocatalyst tests, 60 mL working powder
suspension volume content of 1 g/L catalyst and 50 mg/L initial ibuprofen and 60 mL
working volume content of 50 mg/L initial ibuprofen and ~5 mg Mo/HRTiO2 coated on
ceramic support disk, respectively and under 365 nm irradiation and at initial natural
(unmodified) pH conditions were employed.

In a procedure of the photocatalytic tests evaluation, the working suspension media
in each test set (suspension and catalyst on support), containing the relevant catalyst
dosage and initial pollutant concentration of the tested IBU were first of all introduced
into a 100 mL volume capacity cylindrically shaped quartz glass sleeve reactor cells for the
suspension test and a 100 mL volume capacity bowl dish glass reactor, that remained under
mechanical agitation for 30 min to establish the adsorption-desorption equilibrium state of
the media prior to irradiation. Thereafter, the aqueous media content is maintained under
continuous mechanical agitation during light irradiation with a 30-cm distance between
the sample and light source maintained throughout with sample aliquots withdrawn at a
determined time interval of irradiation. At pre-set time intervals, about 1 mL sample aliquot
of the tested IBU under their various reaction test conditions in suspension or catalyst on
support mode, is drawn from the reactor cells, cooled, and filtered through 0.45 µm CA
filter for the high performance liquid chromatography (HPLC) analysis monitoring of the
photocatalytic process degradation of IBU.

With an ~12 min retention time of a 15-min runtime, IBU photocatalytic degradation
was monitored on a Kinetex 5 µm EVO C 18, column 150 × 4.6 mm (Phenomenex, CA, USA),
70% acetonitrile (A)/30% acetic acid (B) mobile phase composition, 0.4 mL/min flow rate,
and 223 nm wavelength quantification.
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The IBU photocatalytic degradation process is assumed to have followed a pseudo
first-order reaction kinetics with an IBU degradation reaction rate estimate performed as a
linear regression slope, according to Equation (3):

− ln
C
C0

= Kappt (3)

where Kapp, C0, and C are apparent degradation rate constant, initial concentration, and
concentration after time t, respectively.

4. Conclusions

The Mo/HRTiO2 produced by means of a sonochemical method was characterized
by its thermal, structural, textural/morphological, elemental composition, and optical
properties. The characterization data measurement and estimation results were of a mixed
outcome. The BET surface area of 9.78 m2/g for the HRTiO2 material to 8.4 m2/g for
the Mo/HRTiO2 material was registered. Total pore volume (Vp) and energy bandgap
(Eg) estimates were respectively the same for both HRTiO2 and Mo/HRTiO2 materials
at 0.02 cm3/g and 3.23 eV. While the average crystallite size was 16.47 nm for HRTiO2
and 29.99 nm for Mo/HRTiO2, the particle sizes of 27.52 and 58.66 nm were respectively
estimated for HRTiO2 and Mo/HRTiO2 materials. An average pore size (Dp) of 7.06 nm
was estimated for HRTiO2, while 9.11 nm was derived for the Mo/HRTiO2 material. De-
ductively and by virtue of the characterization data outcome, the photocatalytic activity
performance evaluation was envisaged as reliant on surface structural modification of the
Mo/HRTiO2 material rather than surface area increment or energy bandgap reduction,
which was performed over ibuprofen (IBU) degradation as a model contaminant of emerg-
ing concern (CEC). The photocatalytic activity performance evaluation took place in two
different modes: In suspension and on support.

For the in-suspension mode test evaluation, 1 g/L Mo/HRTiO2 photocatalyst showed
an enhanced activity performance degrading over 98% initial 50 mg/L IBU concentration
in comparison with 89% achieved by the unmodified HRTiO2 in 80 min of 365 nm UV
irradiation and under natural (unmodified) pH condition. Effects of pH, catalyst dosage,
and initial pollutant concentration on the photocatalytic degradation performance of the
photocatalyst material over IBU were all investigated and discussed accordingly.

By the manual dip-coating technique, ~5 mg Mo/HRTiO2 was realized and supported
on α-Al2O3-based ceramic material, developed, fabricated, and characterized by MIRTEC.
SEM-EDS and cross-sectional SEM measurements confirmed the elemental/material com-
position and active coat layer thickness of 2.5 µm, respectively, as expected.

The photocatalyst on-support mode test evaluation achieved about 60% degradation
of initial 5 mg/L IBU concentration in the 1st cycle of a three successive cycle test run in the
presence of one coated disk tablet. Photocatalyst activity performance was enhanced and
sustained with appreciated 83%, 80%, and 83% IBU degradation, respectively for 1st, 2nd,
and 3rd cycles in a three successive test run and in the presence of two coated disk tablets.
Higher photocatalytic activity performance was significantly clear in the presence of three
coated disk tablets, where the photocatalyst degraded 90%, 86%, and 93% of 5 mg/L initial
IBU concentration for respective 1st, 2nd, and 3rd cycle tests in three successive test runs.
As part of the reusability and photostability test confirmation, XRD measurement showed
non-pristine alteration in the crystallographic phase reflections of the tested photocatalyst
material in comparison with the non-tested reference sample material.

The impressive performance of the Mo-doped HRTiO2 demonstrated in this study and
in comparison, with the already reported studies involving the same atom as a modifier for
TiO2-based photocatalyst, confirms a highly potential efficient photocatalyst material for
the abatement of CECs from aqueous systems.



Catalysts 2022, 12, 562 26 of 29

In the future, the promising performance of Mo/HRTiO2 especially on support will be
extended for a full study in the visible or near infrared (NIR) region for the photocatalytic
abatement of other classified CEC compounds. As a surface-decorated photocatalyst, it
will be exciting to investigate the involved charge transfer mechanism in this material
and explore perhaps its potential application in energy harvesting systems. Although the
Mo/HRTiO2 material showed excellent photoactivity towards IBU degradation, further
studies are required in the identification and ecotoxicity evaluation of the resultant IBU
degraded products. As in many cases, the transformation products (TPs) are more toxic
and of concern than the parent compound to the environment.
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