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as visible-light capturing photoactive materials for fast and
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Abstract. We report the first of its kind synthesis of CeO2/La2O3 nanocomposites that are with integrated mesoporous
TiO2 monoliths, with well-defined structural and surface properties, to act as visible-light responsive photocatalysts. The
structural features of the photocatalyst materials are defined using HR-TEM, p-XRD, FE-SEM, SAED, EDAX, XPS, PLS,
TGA, IR, UV–Vis–DRS and BET/BJH analyses. The stoichiometric infusion of CeO2/La2O3 nanocomposites with the
monolithic TiO2 network reduces the bandgap energy from 3.26 to 2.52 eV, thus promoting excellent visible-light
photocatalysis. To evaluate the photocatalytic efficiency of the proposed photoactive materials, two antimicrobial drugs
namely, moxifloxacin and ciprofloxacin are selected as target pollutants. It is observed that the uniform and continuous
porous monolithic network ensures easy transport of pollutant molecules to the photoactive sites, thereby felicitating their
faster dissipation. The influence of various physico-chemical parameters has been studied by photolysis and photocatalysis procedures, and the extent of drug degradation is quantitatively analysed by using a robust HPLC-DAD method.
The photocatalysis results reveal that the monolithic photocatalyst can serve efficiently for environmental remediation
applications, with excellent reusability character.
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Introduction

In the past few decades, there is a dramatic increase in the
release of antibiotic drugs into various environmental
resources, from industrial and domestic activities [1,2]. In
this line, fluoroquinolone (FQ)-based antimicrobial drugs are
the one that are widely employed for the treatment of bacterial infections [3,4]. Ciprofloxacin (CIP) and moxifloxacin
(MOX) belong to the second and third generation of FQ
drugs, respectively, which are two widely employed against a
broad spectrum of Gram-positive/-negative bacteria, owing
to their high antimicrobial efficacy [5,6]. Upon administration to humans and animals, these drugs undergo partial
metabolism and are mostly excreted in their parent form that
are discharged into various terrestrial and aquatic sources
[7,8]. In the past few decades, the presence and raise of these
antibiotics are reported in surface waters, ground waters, soil,
human food and animal feed [9–13]. In addition, these FQ
drugs are capable of inducing severe kidney and liver damages, as potential side effects [14,15]. Considering the nonbiodegradable nature of FQ drugs, in addition to their
extensive usage and disposal activities, there is a potential
risk in terms of emergence of resistant bacteria that could
endanger the efficacy of these antibiotics [16–18]. However,
multinational companies are producing these drugs in metric

tonnes every year, and the fate of the expired or unused drugs
remains unknown. Moreover, the removal of these drugs
from the natural cycle requires considerable amount of time
and effort and hence most of the nations are unable to succeed in this process [19,20]. However, the bioavailability of
these FQ-based antibiotics are very relatively lesser when
subjected to light-induced degradation [21,22]. Moreover,
most of the literature reports are related to the photodegradation of first- and second-generation FQ drugs, such as
norfloxacin, ofloxacin, levofloxacin, enrofloxacin, etc. Hence,
considering the growing utility of both CIP and MOX drugs,
along with the limited reports on their degradation profile, it
has been decided to study the photocatalytic degradation
efficacy of CIP and MOX drugs. In fact, the available literature reports for the photodegradation of MOX and CIP are
based on the UV light-induced photolysis process [23–26].
Moreover, the photolysis processes are inefficient in dissipating/eliminating these FQ drugs. Hence, the need of the
hour is to look for smart and efficient methodologies that
could provide fast solutions towards the dissipation/elimination of these persistent pharmaceutical organic pollutants.
In the recent decades, the use of advanced oxidation
processes are gaining significance owing to their ability to
generate highly reactive oxygen species, such as superoxide
(O2•), hydroperoxyl (HO2•) and hydroxyl radicals (OH•),
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that are involved in the dissipation/mineralization of pollutant species [27]. Among the advanced oxidation processes, the concept of heterogeneous photocatalysis that
involves the use of photoactive materials for the generation
of reactive oxygen species is considered as the most efficient technique. In this line, TiO2-based photocatalyst
materials find wide utility owing to their process efficiency,
low-cost and non-toxicity. The working mechanism
involves the excitation of electrons to conduction band of
TiO2 from its valence band, upon light irradiation, thereby
creating electron–hole pairs. These electrons and holes
interact with the water molecules to create highly reactive
oxygen radicals that subsequently mineralizes/dissipates the
organic pollutants. Most of the photocatalysis literature
reports are based on TiO2 nanoparticles that are both
nanotoxic and non-recoverable. Furthermore, there are
only few literature reports that are available for the
photocatalytic degradation of pharmaceutical compounds.
On the contrary, there are several literature reports on the
various analytical methods for the quantification of
xenobiotics [28–33].
Mesoporous monoliths are continuous and ordered porous network materials with extraordinary structural properties, in terms of their surface area and pore dimensions in
comparison to micro-/macro-porous materials. These
structural features are important in the field heterogeneous
catalysis, where the effective adsorption and interaction of
chemical species across the surface of the catalyst is a
crucial factor [34]. Hence, in this current research article,
we provide a detailed discussion on the facile synthesis of
crack-free mesoporous TiO2 monoliths that are stoichiometrically doped and co-doped with CeO2 and La2O3,
respectively, through a sol–gel method followed by a temperature-controlled calcination process. To study the photocatalysis properties of the photo-active monolithic
materials, photocatalytic degradation studies are carried out
using two commercial antimicrobial drugs namely, MOX
and CIP. The effect of various physico-chemical parameters
on the drug photodegradation kinetics and photocatalyst
process efficiency has been analysed. The photocatalytic
studies reveal that the synergetic amalgamation of dopant/
co-dopant ratio accompanied by the superior surface morphology and structural features of monolithic photocatalyst
exhibits fast photodegradation results, thereby proving to be
an encouraging concept towards a new-age heterogeneous
photocatalysts towards environmental remediation applications. The photocatalytic degradation of MOX and CIP has
been validated through a robust HPLC methodology.

2.
2.1

Materials and methods
Chemicals

The chemicals employed for preparation of mesoporous
monolithic photocatalyst materials are of AR grade and are
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used without any further purification. Ti(OiPr)4 (SigmaAldrich, 97%) is used as the precursor source for the
preparation of titania monolith. Likewise, Ce(NO3)36H2O
and La(NO3)36H2O (Sigma-Aldrich) are used as the dopant
and co-dopant precursors, respectively. Pluronic F127
(Sigma-Aldrich) is used as the structure directing agent, and
n-dodecane (Merck) is used as the swelling agent. Standard
drug powders (CIP and MOX) are purchased from CDH
chemicals, Mumbai.

2.2

Instrumentations

A Bruker (D8 Advance model) powder X-ray diffractometer is used for X-ray diffraction (p-XRD) pattern. To
analyse the surface morphology and structural features of
the monolithic photocatalysts, a scanning electron microscope interfaced with energy dispersive X-ray spectrometer
(SEM-EDAX, Hitachi S-4000 model) and a transmission
electron microscope coupled with selected area electron
diffractometer (TEM-SAED, Fischione M3000 model) are
employed. The oxidation states and surface composition of
the proposed photocatalysts are analysed using an X-ray
photoelectron spectrometer (XPS, PHI 5000 Versa Prob-II
model). To ascertain the monolithic network, a Fourier
transform infrared spectrophotometer (FT-IR, Nicolet iS10
model) is deployed. For energy bandgap measurements, a
UV–visible spectrophotometer with diffused reflectance
mode (DRS, Perkin-Elmer Lambda 35 model) is used.
A Cary spectrofluorometer (Agilent, Eclipse model) is
deployed for photoluminescence spectroscopic (PLS) studies. A nitrogen adsorption–desorption isotherm analyzer
(Quanta chrome Autosorb iQ model) is deployed for BET
(surface area) and BJH (pore-size) analyses. To evaluate the
hydrophilic character of the monolithic photocatalysts, a
thermogravimetric analyzer (TGA, Seiko SII 7200 model)
is used. A temperature-controlled muffle furnace (Nabertherm B10-LT5/11 model) is employed for the calcination
of monolith materials. An annular-type photoreactor (Heber
Scientific, HIPR model MP400) fitted with a visible-light
source is used for photocatalysis experiments. The drug
degradation is monitored using an Agilent HPLC 1260
infinity series instrument that is equipped with a quaternary
pump along with a diode array detector.

2.3 Synthesis of mesoporous monolithic La2O3/CeO2/TiO2
composite photocatalysts
The worm-like designed monolithic framework of TiO2embedded La2O3–CeO2 nanocomposites are prepared by
varying the dopant/co-dopant concentrations, through a
simple surfactant templated sol–gel-based microemulsion
method. The surfactant (5.28 g; Pluronic F-127) is dissolved
in 25.7 ml of water and stirred continuously for 15 min.
Further, a 20.4 ml of 2 M HCl is added to the mixture under
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constant stirring for 15 min. To this homogenous mixture, a
0.53 ml of n-dodecane is added and stirred for another
30 min. To this resulting mixture, 11.25 ml of Ti(OiPr)4 is
added drop-wise with vigorous stirring to complete the
hydrolysis process, which is followed by the addition of
dopant and co-dopant precursors in appropriate quantities
after 15 min. The solution mixture is stirred continuously
and the resulting sol is transformed to a gel, upon ageing for
6 h at 60C. The gel is subjected to temperature controlled
gradient-based calcination for 10 h at 450C, to remove the
organic/inorganic impurities and a pale yellow coloured
CeO2/La2O3 co-doped TiO2 monolith is obtained. From the
analytical characterization and photocatalysis experiments,
it is noticed that the use of (2 mol%) CeO2/(0.5 mol%)
La2O3 co-doped TiO2 monolithic photocatalyst provided
the
best
visible-light
responsive
photocatalytic
performance.
3.

Results and discussion

3.1 Characterization of mesoporous CeO2/La2O3
co-doped TiO2 monoliths
The phase crystallinity of the undoped, CeO2 doped and
CeO2/La2O3 co-doped TiO2 monolithic photocatalysts are
characterized using p-XRD, as depicted in figure 1, which
reveals that the calcination of TiO2 monolith at 450C
displays the pure existence of anatase phase through
diffraction peak at (2h) 25.3 that correspond to the hkl (1 0 1)
reflections. It is known that the anatase phase of TiO2
exhibits a better photocatalytic activity owing to its indirect
energy bandgap that induces a longer lifetime for the photoexcited electron/hole pairs. The p-XRD studies for CeO2/
La2O3 (different mol%) co-doped TiO2 monoliths reveal a
strong anatase phase peak with characteristic diffraction

Figure 1. p-XRD spectra of TiO2 monolith doped and co-doped
with varying stoichiometry of CeO2 and La2O3.
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pattern. Interestingly, the intensity of anatase phase
diffraction peaks of TiO2 increases with increase in CeO2/
La2O3 co-doping, which is attributed to the lattice distortion
of TiO2 due to the surface dispersion of CeO2 and La2O3. In
addition, a slight shift in the diffraction peaks for the CeO2/
La2O3 co-doped TiO2 monoliths is attributed to the lattice
distortion of the crystalline structure of TiO2. The absence
of diffraction peaks pertaining to CeO2/La2O3 nanocomposites is ascribed due to their relatively low content with
respect to TiO2.
The FE-SEM images of mesoporous CeO2/La2O3/TiO2
monoliths are depicted in figure 2a–c, which reveals that the
surface morphology and pore dimensions of the prepared
materials are influenced by the dopant/co-dopant stoichiometry. The high-resolution images show a highly porous globule of TiO2 with mesoporous framework. These
images resemble a spherical cocoon-like structure comprising of a globular shell that is encapsulated by a dense
porous monolithic core. This structural design enables the
materials to offer high surface area in addition to a continuous porous network. The HR-TEM images of CeO2/
La2O3 co-doped TiO2 monoliths manifests the presence of
uniform mesoporous worm-like network, as shown in figure 2d and e. The lattice fringes of CeO2/La2O3/TiO2
reveals a d-spacing of 0.347 nm, thus confirming the anatase phase (TiO2). The SAED (figure 2f) pattern substantiates the crystalline character of monolithic nanocomposite,
and also confirms the non-existence of rutile phase of TiO2.
The elemental mapping of the CeO2/La2O3 co-doped TiO2
nanocomposite confirms the uniform distribution/dispersion
of both dopant (CeO2) and co-dopant (La2O3) across the
monolithic framework, as shown in figure 2g–j. The EDAX
elemental composition analysis of La2O3/CeO2/TiO2 clearly
indicates the stoichiometric existence of La3? and Ce4?, as
represented in figure 2k.
The surface area and porosity features of TiO2, CeO2/
TiO2 and La2O3/CeO2/TiO2 monoliths are studied using
isotherm analysis, as shown in figure 3a–c. The isotherm
analysis reveals a H1 hysteresis loop with a type-IV isotherm for the undoped, doped and co-doped monoliths,
thereby confirming their mesoporosity. Besides, the hysteresis loop pattern confirms the existence of orderly
mesopores across the monolithic framework. The surface
area for the pure (undoped) TiO2 monolith is found to be
59.79 m2 g–1, which eventually decreases to 27.17 and
26.81 m2 g–1, for CeO2/TiO2 and CeO2/La2O3/TiO2,
respectively. The decrease in surface area of TiO2 during
the doping (CeO2) and co-doping (La2O3) process is
attributed to the surface dispersion of CeO2 and La2O3
across the titania framework owing to the greater ionic radii
of Ce4? (1.01 Å) and La3? (1.06 Å) with respect to Ti4?
(0.74 Å). The surface dispersed CeO2/La2O3 nanocomposites blocks the pores of the TiO2 monolithic framework,
thereby decreasing its surface area. Besides, the BJH plot
shows a pore volume of 0.15, 0.10 and 0.12 cm3 g–1 for
the undoped, (2.0 mol%) CeO2 doped and (2.0 mol%)
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Figure 2. (a–c) FE-SEM images, (d–f) HR-TEM and SAED pattern, (g–j) elemental mapping and (k) EDAX analysis of (2 mol%)
CeO2/(0.5 mol%) La2O3/TiO2 monolith.

CeO2/(0.5 mol%) La2O3 co-doped TiO2 monolith, which
also confirms the blockage of pores by the surface dispersed
CeO2/La2O3 nanocomposites. The slight enhancement in
the pore volume and diameter for CeO2/La2O3/TiO2
monoliths felicitates the favourable conditions for the
greater adsorption of organic pollutants on the photoactive
site, thereby enhancing the photocatalytic degradation process. In general, the surface dispersion of CeO2 and La2O3
imparts significant changes to the surface properties of
monolithic titania, thereby enhancing its photocatalytic
properties.
The XPS analysis of mesoporous CeO2/La2O3/TiO2
monoliths confirms the elemental presence and the corresponding oxidation states of Ti, O, La and Ce, as shown in
figure 3d. The deconvoluted Ti2p spectra (figure 3e) reveal
two intense peaks at 455.8 and 461.7 eV, respectively,
which reflect to the Ti2p3/2 and Ti2p1/2 orbital states
thereby confirming the presence of Ti4?. The

deconvoluted O1s spectra (figure 3f) reveal a predominant
peak at 531.02 eV that represents the O2– unit of TiO2
lattice, in addition to a shoulder peak at 532.08 eV that is
associated to the surface O–H group (Ti–OH). Figure 3g
shows the high-resolution XPS data for Ce3d core level
that consists of three Ce-3d5/2–3d3/2 doublets, which is
characteristic of CeO2, thereby confirming the tetravalent
oxidation state of Ce. Figure 3h shows the La3d binding
energy peaks at 832.0 and 850.0 eV for La3d5/2 and
La3d3/2 orbital states, respectively, thereby confirming the
existence of La2O3 in its trivalent state.
The visible-light absorption properties of the monolithic
photocatalysts are analysed by UV–Vis–DRS by transforming the reflectance spectral data into Kubelka–Munk
function. Figure 4a shows that the changes in the energy
bandgap for TiO2 monolith with respect to increasing
dopant (CeO2) content, with a maximum decrease in
bandgap energy (2.80 eV) observed for 2.0 mol% of
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Figure 3. (a) N2 isotherm analysis, and (b and c) BJH pore-size distribution for undoped, (2 mol%) CeO2–TiO2 and (2 mol%) CeO2/
(0.5 mol%) La2O3 co-doped TiO2 monolith. (d) Full-range XPS spectra, and (e–h) High-resolution XPS spectra for Ti2p, O1s, Ce3d
and La3d orbitals, of (2 mol%) CeO2/(0.5 mol%) La2O3 co-doped TiO2 monolith.

CeO2-doped TiO2, from the initial value of 3.26 eV (undoped TiO2). Furthermore, with the introduction of La2O3
as the co-dopant, a significant narrowing in the energy
bandgap (2.52 eV) is observed with (2.0 mol%) CeO2/(0.5
mol%) La2O3 co-doped TiO2. The red shift in the absorption band narrows the energy bandgap, thereby favouring
the formation of photogenerated charge carriers even under
irradiation with lower energy photons in the visible-light
region. The surface dispersed CeO2/La2O3 nanocomposites
are capable of accepting electrons from the conduction band
of TiO2 through their intermediate energy levels, thereby
resulting to a red shift in the absorption spectra. The narrowing of energy bandgap works efficiently in bringing out
visible light-induced photocatalysis through the generation
of e–/h? pairs, which paves way for the formation of
reactive oxygen radical intermediates for the dissipation of
organic pollutants. Figure 4b represents the light emission
properties of the undoped, CeO2 doped and CeO2/La2O3
co-doped TiO2 monolithic materials, studied through photoluminescence measurements to monitor the e–/h? pair

recombination effect. The charge trapping efficiency of the
synthesized monolithic photocatalysts is studied through
their relative photoluminescence intensity that directly
reciprocate to the e–/h? pair recombination. The photoluminescence spectra for varying stoichiometry of CeO2doped and La2O3/CeO2 co-doped TiO2 monoliths reveal
an emission peak at 375 nm. It is noticed that the (2.0
mol%) CeO2/(0.5 mol%) La2O3 co-doped TiO2 monolith
exhibits the lowest photoluminescence emission intensity, thereby indicating its better charge (e–/h? pair)
separation.
Figure 4c shows the FT-IR spectra for pure, (2.0 mol%)
CeO2 doped and (2.0 mol%) CeO2/(0.5 mol%) La2O3
co-doped TiO2 monoliths with an intense broad band
3408.36 cm–1, which is ascertained to the –OH stretching
vibration of the surface Ti–OH group and its corresponding
bending vibration frequency occurring at 1623.00 cm–1. The
Ti–O–Ti vibrational stretching frequency for TiO2 and
CeO2/TiO2 appears at 553.61 and 536.59 cm–1. In the case
of CeO2/La2O3/TiO2 monolith, the Ti–O–Ti vibration
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Figure 4. (a) UV–Vis–DRS plot, and (b) photoluminescence spectra for different mole ratios of La2O3–CeO2 co-doped TiO2
monoliths. (c) FT-IR spectra, and (d) TGA plot for undoped, (2 mol%) CeO2–TiO2 and (2 mol%) CeO2/(0.5 mol%) La2O3 co-doped
TiO2 monolith.

frequency appears at 513.03 cm–1. The shift in the vibrational frequencies during the doping/co-doping process
substantiates the surface dispersion of CeO2 and La2O3 on
the TiO2 monolith.
TGA curve (figure 4d) shows a first stage (30–150C)
weight loss of 1.06, 4.05 and 4.10% for the undoped,
(2.0 mol%) CeO2-doped and (2.0 mol%) CeO2/(0.5 mol%)
La2O3 co-doped TiO2 monolith, respectively. The resulting
weight loss has been ascertained to the dehydration of the
adsorbed water molecules from the mesoporous monolithic
photocatalyst. In addition, the TGA data highlights the
greater water holding capacity of CeO2/TiO2 and La2O3/
CeO2/TiO2 in comparison to undoped TiO2. The enhanced
hydrophilic character of La2O3/CeO2/TiO2 photocatalyst
favour greater interaction of organic pollutants with the
photoactive sites through the mesoporous channels, thus
enhancing the photocatalytic degradation kinetics. The

second stage (150–450C) shows a weight loss of 0.72, 2.01
and 2.13% for undoped, CeO2-doped and La2O3/CeO2 codoped TiO2 monolith, respectively, which is attributed to
the thermal decomposition of organic and inorganic precursors that are employed during the synthesis of the photocatalyst. At the third stage (C450C), no significant
weight loss is observed, thereby confirming the thermal
stability of the mesoporous monolithic photocatalyst.

3.2 HPLC-DAD method development for drug
quantification
The preliminary method development studies involve a
series of experiments using standard drug concentrations
that are injected on a C18 column. A gradient elution procedure with varying mobile phase composition is employed
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for the separation and quantification of CIP and MOX. An
Eclipse XDB C18 reverse phase column (150 9 4.6 mm i.d.,
5 lm) is used as the stationary reverse phase, with a mobile
phase-A consisting of pH 3.0 (0.002% TEA) and a mobile
phase-B (100% CH3CN). A mobile phase flow rate of 1.0
ml min–1 is maintained and the separations of drug molecules are performed using a gradient programming, at a
column temperature of 25C, using a sample injection
volume of 50 ll. The detection and quantification of CIP
and MOX is carried using a diode array detector (DAD), at
278 and 290 nm, respectively. The proposed HPLC-DAD
method is validated by optimizing various analytical
parameters, such as concentration range, accuracy, intermediate precision, precision, percentage recovery, detection
limit (LOD) and quantification limit (LOQ), as tabulated in
table 1.

3.3

Photocatalysis and photolysis studies

The photocatalytic activity of the prepared photocatalyst
materials are studied using 10 ppm of COP and MOX
solutions, under visible-light irradiation. In this study, a
50 ml of the target drug solution under optimized solution
pH is drawn into the photoreactor tube and a known
quantity (50 mg) of the photocatalyst is added. The drug
solution is equilibrated with the photocatalyst under dark
condition for a period of 0.5 h, prior to visible-light irradiation. The drug solutions are subjected to photocatalysis
studies and during this process a known aliquot (100 ll) of
drug solutions are withdrawn at regular time intervals to

Table 1.
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monitor the extent drug degradation using HPLC-DAD.
Likewise, photolysis (visible light) studies are also carried
out with the target drugs in the absence of photocatalyst
materials.
To monitor the impact of solution pH on the photolytic
and photocatalytic dissipation of CIP and MOX drugs, a
series of experiments are performed under various solution
pH. For the photocatalytic studies, 50 mg of (2 mol%)
CeO2/(0.5 mol%) La2O3 co-doped TiO2 photocatalyst is
individually equilibrated with a 50 ml volume of 10 ppm of
CIP and MOX solutions. The equilibrated drug solutions (at
different solution pH) are visible-light irradiated using a
300 W cm–2 tungsten filament lamp. Similarly, the photolysis experiments are performed identically (excluding the
photocatalyst), and the results are shown in figure 5a–d. It is
observed that an optimum pH range of 6.0–7.0 provides the
best performance in terms of drug degradation by photocatalysis process. This is attributed to the fact that under
acidic and alkaline conditions, the protonated (TiOH2?) and
deprotonated (TiO–) surface charges, respectively, offer
only partial interaction/adsorption of the drug molecules to
the photoactive sites. However, under neutral conditions,
due to zwitterionic form of TiO2 monolith (TiO2 ZPC pH
6.8) there exists a favourable interaction with the cationic
and anionic centres of the photocatalyst with the functional
moieties of the CIP and MOX molecules, thereby facilitating better adsorption and faster photocatalytic dissipation. However, during photolysis studies, a time duration of
6 h is required for the complete photodegradation of CIP
solution, and for MOX solution, only 24% of degradation is
observed even after 6 h of photolysis. However, in the

Validation summary of the proposed HPLC-DAD method for the quantification of CIP and MOX.

Validation parameter
Specificity
System precision (n = 5)
Method precision (n = 6)
Intermediate precision (n = 6)
Linearity
LOD
LOQ
Accuracy
LOQ (0.15 ppm, n = 3)
25% (2.5 ppm, n = 6)
50% (5.0 ppm, n = 6)
75% (7.5 ppm, n = 6)
100% (10.0 ppm, n = 6)
150% (15.0 ppm, n = 6)
Robustness
Temperature range: 20–35C
Flow rate range: 0.5–1.5 ml min–1
pH range: 2.8–3.2

Acceptance criteria

CIP

MOX

No interference from diluents
% CV B 2.0
% CV B 10.0
% CV B 10.0
R2 C 0.999

No interference
0.1
2.5
0.9
0.9998
0.05 ppm
0.15 ppm

No interference
0.3
2.4
2.6
0.9994
0.05 ppm
0.15 ppm

Recovery range: 50.0–150.0%

97.9
97.3
98.5
98.7
99.4
99.9

97.2
97.9
99.4
101.3
102.5
99.3

0.1
0.1
0.2–0.6

0.2–0.3
0.1–0.3
0.2–0.3

Recovery range: 90.0–110.0%

% CV B 2.0 (n = 5)
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Figure 5. Effect of solution pH on (a) photolysis, (b) photocatalysis of ciprofloxacin and (c) photolysis, (d) photocatalysis of
moxifloxacin.

Table 2.

Effect of light intensity on the photolytic and photocatalytic degradation of CIP and MOX.

Time (h)
0.5
1.0
1.5
2.0
3.0
4.0
5.0
6.0
Light intensity (W cm–2)

Photolysis (CIP %
degradation)
2.2
11.4
20.3
43.1
68.3
81.7
86.4
90.1
150

5.4
18.4
34.6
65.5
82.5
91.1
95.2
99.3
300

Photocatalysis (CIP %
degradation)

9.1
31.4
49.4
79.1
93.8
99.7
100
—

43.4
69.2
81.3
91.3
96.3
100
—
—

66.7
94.2
98.1
100
—
—
—
—

81.3
97.2
100
—
—
—
—
—

500

150

300

500

Photolysis (MOX %
degradation)
0
2.3
4.1
7.3
9.5
10.2
12.2
14.6
150

2.2
6.4
8.5
10.1
12.1
13.5
15.3
27.2
300

3.4
9.1
13.6
16.4
19.2
24.4
27.4
41.5
500

Photocatalysis (MOX %
degradation)
39.6
63.4
76.3
87.3
92.1
96.4
99.3
—
150

58.4
92.1
98.6
99.2
100
—
—
—

79.1
95.4
100
—
—
—
—
—

300

500

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
Present work
2h
C2 h
C2 h
2h
C1.5 h
C2 h
C1.5 h
C1.5 h
C1.5 h
1.5 h
TiO2/montmorillonite nanocomposite
g-C3N4/TiO2/kaolinite
ZnO/SnS2
Ag@P-doped/g-C3N4/BiVO4
Ag/Ag2S/rGO
ZnO/ZnAl2O4/rGO
NiFe-layered double hydroxide/rGO
Ce2(WO4)3@g-C3N4
Au/CuS/CdS/TiO2 nanobelts
Mesoporous CeO2/La2O3/TiO2 monolithic
nanocomposite

16 W cm–2 (UV lamp)
90 W cm–2 (Xe lamp)
200 W cm–2 (Quartz tungsten halogen lamp)
300 W cm–2 (Xe lamp)
300 W cm–2 (Xe lamp)
800 W cm–2 (Xe lamp)
10 W cm–2 (LED lamp) and ultrasound (36 kHz, 150 W)
150 W cm–2 (Tungsten lamp)
35 W cm–2 (Xe lamp)
300 W cm–2 (Tungsten lamp)

Ciprofloxacin
Ciprofloxacin
Ciprofloxacin
Ciprofloxacin
Ciprofloxacin
Ciprofloxacin
Moxifloxacin
Moxifloxacin
Moxifloxacin
Ciprofloxacin and
Moxifloxacin

References
Target pollutants
Degradation kinetics
Light source
Photocatalyst

Table 3.
reports.

Comparison of photocatalytic efficiency of the proposed work with respect to the photocatalytic degradation of ciprofloxacin and moxifloxacin drugs with various literature
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presence of 50 mg of (2 mol%) CeO2/(0.5 mol%) La2O3/
TiO2 photocatalyst, C98% of drug degradation is achieved
for both CIP and MOX, within 1.5 h of visible-light
illumination.
Similarly, the effect of light intensity on the photolysis
and photocatalysis process has been studied using CIP and
MOX, and the data are depicted in table 2. For this, varying
visible-light intensities (150, 300 and 500 W cm–2) are
employed for photolysis/photocatalysis studies under optimized experimental conditions. The results clearly indicate
that the photocatalysis process is significantly influenced by
the intensity of the light source that is impinging on the
photocatalyst surface that eventually reciprocates on the
voluminous generation of e–/h? pairs, through the absorption of energy from the visible-light photons. However, in
the photolysis process, the drug degradation kinetics is
relatively slower due to the direct absorption of visible-light
photons rather than the generation of reactive oxygen radical intermediates for the disintegration of drug molecules.
It is inferred that the drug molecules such as MOX, which is
stubborn towards photolytic degradation, can be easily
dissipated by photocatalysis. Interestingly, the drug degradation kinetics is accelerated by using a porous monolithic
photocatalyst with the appropriate choice of dopant/codopant compositions, for efficient visible-light harvesting. It
is also important to note that the photocatalytic studies are
repeated by reusing the photocatalyst materials for a period
of 2 months and the obtained data reflect on the excellent
data reproducibility and process efficiency. This confirms
the data reliability and material reusability features of the
proposed photocatalyst. The superior photocatalytic performance of CeO2/La2O3/TiO2 monolithic photocatalyst
towards the dissipation of the target pollutants is compared
with various photocatalyst materials that are reported in the
literature [35–43], as tabulated in table 3. It is observed that
the literature reported photocatalysts are capable of dissipating B92% of target drug solutions, in comparison to a
degradation efficiency of C98% with the proposed
photocatalyst.

3.4 Photocatalytic mechanism of CeO2–La2O3 co-doped
mesoporous TiO2 monolith
The visible–light-induced photocatalysis mechanism for
CeO2/La2O3 co-doped TiO2 monolith has been proposed, as
shown in figure 6. It is evident that the intrusion of CeO2
(dopant) and La2O3 (co-dopant) has created new impurity
energy levels beneath the conduction energy state of TiO2.
In the case of undoped TiO2 monolith, the photocatalytic
performance under visible-light irradiation is insignificant
due to the wide energy bandgap (3.26 eV). However, after
the co-doping process with CeO2/La2O3, a greater number
of electrons are excited to the impurity energy states from
the conduction band of TiO2 upon visible-light irradiation,
thereby promoting greater number of e–/h? pairs. The
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Figure 6. Graphical representation of the photocatalytic mechanism for (2 mol%) CeO2/(0.5 mol%) La2O3 co-doped TiO2 monolithic
composite.

photo-generated e–’s and h?’s react with the dissolved O2
and H2O, thereby resulting in the formation of reactive
radical species (OH• and O2•–) that are crucial for the dissipation of organic pollutants.

4.

Conclusion

The proposed CeO2/La2O3 co-doped mesoporous TiO2
monolithic materials exhibit outstanding visible-light photocatalytic activity. The FE-SEM and HR-TEM images
authenticate the existence of highly ordered worm-like
mesoporous monolith network. The BET/BJH analysis
reveals the high surface area and porous features of the
monolithic nanocomposite that facilitates the greater
adsorption of organic pollutants on the photocatalyst for
faster dissipation. The optimization of physico-chemical
parameters reveals that the photocatalyst exhibits excellent
photocatalysis in the solution pH range of 6.0–7.0, for the
photocatalytic dissipation (C98%) of CIP and MOX solutions, within 1.5 h of visible-light irradiation. The comparison between the photolysis and photocatalysis process
for the target pollutants reveal that the drug degradation
kinetics is much slower during direct photolysis process, as
the dissipation of pollutant is stimulated only through the
direct absorption of energy from the visible-light photons
rather than the generation of reactive radical intermediates,
which occurs in photocatalytic process. Besides, the

proposed monolithic photocatalyst materials are thermally
and chemically stable, with additional features of easy
recovery and reusability. The extent of drug degradation is
monitored by a HPLC-DAD method that has been validated
to meet the global pharmaceutical guidelines for drug
monitoring. Overall, the synthesized mesoporous monolithic photocatalyst serves as a promising strategy for the
design of smart photoactive materials for the faster disintegration of organic pollutant that are contaminating various
water resources.
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