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Abstract: Co-doped titanium dioxide was synthesized by doping with manganese (Mn) and
cerium (Ce) through a sol-gel method for the degradation of diclofenac (DCF). The
synthesized products were successfully characterized by X-ray diffraction (XRD), Raman
spectroscopy, Transmission electron microscopy (TEM), Scanning electron microscopy
(SEM), Nitrogen physisorption at 77 K, X-ray photoelectron spectroscopy (XPS), UV-Vis
diffuse reflectance (UV-DRS), photoluminescence spectroscopy (PL) and total organic carbon
(TOC). It was shown that co-doping increased the specific surface area, improved the visible
light absorption and extended the lifetime of photogenerated charge carriers. Furthermore, the
results of the photocatalytic experiments show that the photodegradation rate of diclofenac
can be approached by pseudo first-order kinetics and it followed the Langmuir-Hinshelwood
model very well. The co-doped catalyst with 0.6 % Mn and 1 % Ce molar ratios appeared to
be the most photoactive catalyst with 94 % of DCF removal and an apparent rate constant of
0.012 min™.
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Introduction

Concern about the water pollution is growing due to the presence of emerging contaminants
in water, which disrupts the aquatic ecosystem and threatens our health. In the last years, the
increasing of pharmaceuticals compounds in wastewater is considered as an emerging
environmental problem due to their toxic effects to the survival of aquatic animals and plants
or even human health and persistence into the aquatic medium [1-4]. Among these
compounds, diclofenac is a non-steroidal anti-inflammatory drug (NSAID) used to reduce
inflammation and to treat the painful disease of rheumatic and non-rheumatic origin. It is one
of the most frequently detected pharmaceuticals in many municipal sewage treatment plants
(STP), effluents and in the receiving aquatic bodies since its biodegradation and natural
attenuation are limited due to its antibacterial nature and chemical stability under normal
environmental conditions [5-7]. Generally, NSAIDs such as diclofenac (DCF) have the
capacity to bio-accumulate in the tissues of organisms, thus affecting the endocrine functions
of aquatic biota like mussels and fishes [8]. The investigations concerning diclofenac impact
on aquatic species indicated that DCF can be accumulated in liver kidney, gills and muscle
tissues of rainbow trouts and causes cytological alterations after 28 days of exposure even at
concentration of 1 uL™ [9]. In an exposure study to diclofenac, Lee et al. found that DCF
adversely affected the growth in egg phase of fish Japanese medaka and resulted in significant
reduction of hatchability and delay in hatching [10]. Due to these harmful effects, in 2015
diclofenac was included in the European Union (EU) first watch list for emerging water
pollutants [11]. Thus, there is a considerable need to treat diclofenac contaminated wastewater
effluents and detoxification before discharging them to various bodies [12].

The conventional wastewater treatment methods are not designed to completely remove the
recalcitrant contaminants. Consequently, a more promising technology-based on Advanced
Oxidation Processes (AOPs) has been studied for handling and achieving a complete
decontamination of such effluents [13]. These processes are based on the formation of
reactive species, which have a high oxidizing power to degrade a wide variety of pollutants
[14-15]. Among the various AOPs, heterogeneous photocatalysis is one of the most
effectively processes used in the degradation of organic pollutants containing in wastewater.
Thereby, various catalysts have been applied in the removal of persistent pollutants from
water [4, 16-18]. Among them, titanium dioxide was broadly used in heterogeneous
photocatalysis as a suitable semiconductor owing to its various merits such as, high oxidizing

power, photostability and nontoxicity nature [19]. The photodecomposition and
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mineralization of DCF in water by UV-A/TiO2 were reported by Achilleos et al. to elucidate
the effect of various parameters [20]. Martinez et al. have studied the catalytic degradation of
diclofenac using TiO2 nanostructured materials under near UV and UV light irradiation and
investigated the factors affecting the kinetics of the photolysis such as, type and load of
catalyst, the addition of H.O> and the presence of dissolved O,. They also proposed a detailed
DCF mechanism [21]. In other studies, Hua et al. studied the degradation of diclofenac by
TiO2 nanotube arrays electrode by surface sensitization with copper nanoparticles. In addition
to that, they described a possible photoelectrocatalytic pathway [22]. Unfortunately, the
efficiency of TiO catalyst is hindered by its wide band gap energy (3.2 eV) and the fast
recombination rate of the free generated charge. In this respect, many researchers are working
on the promotion of the efficacy of titanium oxide in photocatalysis. One of the promising
ways is the modification of TiO2 by doping with various elements [23-24]. In particularly,
transition metals and rare earth metals ions have been attempted as potential dopants to
enhance the performance of titania [25-26]. Among these metals, manganese has been
explored by many researchers due to its ability to introduce defect levels into the forbidden
gap of TiO2, which leads to extend the visible light absorption. Deng et al. attributed the high
visible light photocatalytic activity of the Mn-doped TiO2, nanopowders to the narrow band
gap, smaller average grain sizes and the increase of the lifetime of charge carriers [27].
Kamble et al. founded that Mn?* doped TiO. nanoparticles increase the degradation of
malachite green dye upon UV and visible light irradiation [28]. Cerium has also been proved
to be an effective dopant for improving the response of TiO2 by efficient band gap narrowing
and hindering the electron-hole recombination, which increase the quantum yield in
photocatalytic process. In addition, cerium doping can improve the surface adsorption of the
catalyst and increases the number of oxygen vacancies [29]. Nguyen et al. reported that the
enhanced visible light absorption resulting from the specific 4f electronic configuration of
cerium plays a vital role in the production of electron-hole pairs to promote the visible light
response of TiO, [29]. Touati et al. prepared Ce doped TiO, catalysts with different molar
percentage through a sol-gel method and demonstrated that the highest photodegradation of
textile wastewater was achieved with 1 % Ce, which mainly due to the weaker band gap

energy and an efficient charge separation [26].

It has been shown by earlier studies that the introduction of different dopants or the co-doping
of TiOz is always better compared to single doped catalyst due to the positive synergistic

effect between the dopants. For instance, Myilsamy et al. showed that indium and cerium co-



doped mesoporous TiO2 nanocomposites exhibited excellent activity in the decomposition of
methylene blue and the results were confirmed by total organic carbon analysis [30]. It has
been reported that titania co-doped with La and V showed higher photocatalytic activity on
the degradation of Reactive Blue 52 than mono-doped TiO; [31]. Thota et al. demonstrated
that the photodecomposition of Orange-11 under visible light was greatly enhanced by the co-

existence of manganese and phosphorus on the TiO, matrix [32].

Inspired by the positive effects of the manganese and cerium in photocatalytic degradation of
organic pollutants, we selected Mn/Ce as co-dopants to improve their cumulative effect on the
removal of diclofenac. In the present study, we report the effect of manganese and cerium co-
doping on the degradation of diclofenac from aqueous suspensions by the TiO2 photocatalysis
process. The catalysts were prepared by the sol-gel method, since it offers considerable
advantages in terms of excellent control of textural and structural properties, high purity and
homogeneity of the materials [33-35]. Subsequently, the obtained nanomaterials were
characterized by conventional characterization techniques, including X-ray diffraction,
Raman spectroscopy, Transmission electron microscopy, Scanning electron microscopy,
Nitrogen physisorption at 77 K, UV-Vis diffuse reflectance, photoluminescence spectroscopy,
X-ray photoelectron spectroscopy and total organic carbon. Finally, the performance of these

catalysts and their photodegradation kinetics were discussed.
2. Experimental
2.1 Materials

Titanium (1V) isopropoxide [(Ti(OCH(CHz3)24)], cerium (IlI) nitrate hexahydrate (Ce
(NO3)3-6H20) and manganese (ll) nitrate hexahydrate (Mn(NOs)2-6H20) were used as
precursors for Ti, Ce, Mn, respectively and bought at Aldrich. Ethyl acetoacetate (CeH1003,
from Fluka), absolute ethanol (C2HsOH, from Merck) and nitric acid (HNOs, from Sharlab)
were added during the preparation of the photocatalysts. Diclofenac sodium salt (DCF) (98
%) was supplied from Sigma-Aldrich and ultrapure water was also employed throughout the

all experiments.
2.2 Synthesis of photocatalysts

For doped TiO. preparation; manganese (Il) nitrate hexahydrate (0.6 % Mn molar ratio
Mn/TiOz) or cerium (I11) nitrate hexahydrate (1 % molar ratio Ce/TiO2) were first dissolved in

12.5 mL of absolute ethanol, followed by the addition of 1.6 mL of ethyl acetoacetate as a
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complexing agent, and then 3.8 mL of titanium (1V) isopropoxide was added into the solution.
The whole mixture was kept under stirring at room temperature for 30 min. Then 1.25 mL of
nitric acid (0.1 mol L) was added drop wise into the above mixture for hydrolysis and
condensation reaction, the stirring was continued until a yellow gel was obtained. Thus, the
resulting gel was dried in an autoclave under supercritical ethanol conditions (T =243 °C, P =
63 bar). The aerogel was crushed to get a fine powder and further calcined in O at 500 °C for
3 hours to obtain the catalyst. The co-doped materials were prepared following the same
procedure as monodoped materials but with a molar ratio of Mn/TiO2 at 0.6% of manganese

and 1 or 2 % Ce molar ratios of Ce/TiOx.
2.3 Physical characterization

The crystalline phases of the prepared samples were identified by powder X-ray diffraction
(PXRD, XPERT-PRO) with Cu K, source (1 = 1.54 A) and the High Score Plus Software.

The average crystallite size (D) was calculated using the Scherrer equation:
D =kA/B cos ©

Where D is the average crystallite size, k is Scherrer constant (0.89), 1 is the wavelength of
the X-ray radiation (Cu K, = 1.54 A), g is the full width at half maximum of the diffraction
peaks and 0 is the diffraction angle. Raman spectra were recorded with a LabRam HR
instrument (Horiba Jobin-Yvon) in the range of 100-1000 cm™ at 20 °C with spectral
resolution of 4 cm™. A 514 nm Ar-Kr 2018-RM laser and a CCD detector cooled at -75 °C
were used. The average power at the surface of catalysts was set at 1 mW. Transmission
Electron Microscope (TEM) images were obtained using a JEOL 1210 TEM operating at 120
kV. Scanning Electron Microscope (SEM) and Energy-dispersive X-ray spectroscopy (EDS)
methods were performed with a QUANTA FEI 200 FEG-ESEM. Nitrogen adsorption-
desorption isotherms at 77 K were recorded on a Micromeritics ASAP 2020 nitrogen
adsorption apparatus. Prior to analysis, the samples were degassed at 200 °C for 4 h. The
specific surface area was determined using the Brunauer-Emmett-Teller (BET) method and
the pore-size distribution was investigated by the Barret-Joyner-Halenda (BJH) method. UV-
Visible diffuse absorption spectra were measured with Perkin ElImer Lambda 54 spectrometer
equipped with an integrating sphere (RSA-PE 20) for band gap energy measurements. BaSO4
was used as a reference standard. Photoluminescence (PL) spectra of the catalysts were
obtained on a Perkin—-Elmer-Lambda S55 (LS55) spectrophotometer using a xenon lamp as
the excitation source with a wavelength of 320 nm. X-ray photoelectron spectroscopy (XPS)
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analyses were recorded using a SPECS system equipped with an Al anode XR50 source
operating at 250 W and a Phoibos 150 MCD-9 detector. The pass energy of the hemispherical
analyzer was set at 20 eV and the energy step was set at 0.1 eV. All the binding energy (BE)
values were referenced to the C1s peak located at 284.8 eV as a reference standard. Ce and
Mn leaching after a typical experiment were measured with 5100 ICP-OES from Agilent
Technologies. In order to investigate the extent of mineralization, total organic carbon (TOC)
measurements were done using a Shimadzu TOC-VCPH analyzer. The TOC conversion was

calculated with the following equation before and after photodegradation:
TOC conversion (%) = (TOC ) — TOC @)/ TOC (g x 100

Where TOC (o) and TOC ) are the initial TOC of DCF solution and after a specific reaction
time (t) of irradiation, respectively.

2.4 Photocatalytic reaction experiments

The photocatalytic activity of the catalysts was evaluated by studying the decomposition of
diclofenac in aqueous solutions. In a typical procedure, the initial concentration of diclofenac
was fixed at 10 mg L and 50 mg L' of catalyst was added to the suspension. The
experiments were performed at natural pH (ca. 6) in a circular glass reactor with a water
circulation arrangement to maintain the constant temperature of the reaction medium. A 30 W
ultraviolet lamp (VL-215LC) with a wavelength of 254 nm was employed as UV light source.
Prior to irradiation, the suspension was magnetically stirred in darkness for 1 hour to attain
adsorption-desorption equilibrium of DCF molecules on the catalyst surface. Aliquots of the
suspension (5 mL) were withdrawn at time intervals of 30 min and were analyzed after
filtration (pore size: 0.45 pm) to remove the catalyst particles. The concentration of
diclofenac solution was ascertained by a spectrophotometer (SHIMADZU UV-vis-1800
apparatus) at a wavelength of 276 nm, the maximum diclofenac absorbance in the visible

region. The percentage of the photodegradation was calculated with the following equation:
Removal of diclofenac (%) = (Abs () — Abs () / Abs (o) X 100

Where Abs (o) is the initial absorbance of DCF solution and Abs ) is the absorbance after

irradiation at various time intervals.

3. Results and discussion



3.1 Physicochemical characterization of photocatalysts
Crystal structure

The effect of co-doping on the crystal phase of TiO> was investigated by PXRD. The PXRD
patterns of the as-products are displayed in Fig (1). All the patterns revealed characteristic
diffraction peaks at 26 = 25.3, 37.9, 48.1, 54.0, 55.2, 62.7 and 68.9 ° assigned to the (101),
(004), (200), (105), (211), (204) and (116) crystal faces of tetragonal anatase TiO. form
(JCPDS No. 21-1272). The diffraction peaks are sharp and intense, proving a good
crystallinity of the materials. No peaks attributed to the presence of other metal phases are
detected. This is understandable as these catalysts contain very small amounts of dopants (0.6
% Mn and/or 1% or 2 % Ce). The intensity of the diffraction peaks slightly decreased when
compared to undoped titania. Previous works show that the lattice distortion and the
formation of the defects can lead to a loss of the crystallinity [36-37]. On the other hand, a
slightly variation in the lattice parameters was observed, probably due to the creation of

surface oxygen vacancies to maintain charge neutrality condition [38-39].

Based on XRD data the crystallite sizes were calculated from the diffraction plane of anatase
[101] using the Debye-Scherrer equation. The results regrouped in the Table (1) showed that
the size decreased through the addition of dopants. Reflecting that doping with Mn and Ce
species induced an inhibition effect on the crystallite growth of TiO2, which can be caused by
the formation of Mn-O-Ti and Ce-O-Ti bounds on the catalyst surface [30, 40-41].

Raman spectra

Raman analysis was carried out to validate the previous crystal structural results. The Raman
spectra of undoped TiO2 and 1%Ce-0.6%Mn/TiO, are reported in Fig (2). The dominated
peaks located at 145, 198, 398, 516 and 640 cm™ are relative to the specific vibrational modes
Eig, E2g, B1g, A1g+Big and Eg, respectively [42]. These findings are certainly indicating only
the presence of pure anatase TiO2 phase [43] which are in complete agreement with the XRD

results.
TEM and SEM analyses

TEM and SEM images of 1%Ce-0.6%Mn/TiO> catalyst are shown in Fig (3). As it can be
seen it is morphologically well-dispersed and highly homogeneous. The most of the particles

are of spherical shape and the average particle size is found to be about of 10 £ 1 nm. The



EDS pattern confirms the presence of Ti, Mn, Ce and O elements on the co-doped sample.
Furthermore, the SEM-EDX elemental mapping analysis (Fig (4)) reveals the homogeneous
distribution of titanium (Ti), cerium (Ce), manganese (Mn) and oxygen (O) on the

nanocomposite surface.
Textural features

The textural properties of the synthesized catalysts were obtained from nitrogen physisorption
analyses at 77 K. Fig (5) shows the N2 adsorption-desorption isotherms and pore size
distribution curves of the samples. It can be observed that all the isotherms belong to type IV
according to IUPAC classification with a type H2 hysteresis loop, characteristics of
mesoporous solid whose surface is uniform and structured [44]. In addition, the pore size
distributions obtained from the desorption branch indicate that the samples were
homogeneous. The physical properties listed in Table (1) show that these products elaborated
via sol-gel method demonstrate an important specific surface area (Sger) which varied in the
range of 135 - 171 m? g. Moreover, it seems that manganese and cerium co-doping increases
the Sget having a synergistic effect. Among all the catalysts, the 1%Ce-0.6%Mn/TiO; catalyst
exhibits the largest BET surface area (171 m? g*) and a high pore volume (0.49 cm?g™), thus
improving the ability for organic pollutant adsorption [45]. However, at high cerium content
(2 %), the surface area tends to slightly decrease, probably due to the blocking of the pores by

the loading of cerium ions.
Optical features

The optical properties of the photocatalysts were evaluated by UV-Vis diffuse reflectance
spectroscopy to assess the effect of co-doping on light absorption. The UV-Visible diffuse

absorption spectra of the products are depicted in Fig (6).

Pure mesoporous TiO> represents an absorption edge in the ultraviolet region, corresponding
to the charge transfer between O and Ti*" [46]. It is worth noting that co-doping caused a
notable red shift in the absorption edge towards the visible region with the increase in cerium
amount, due to the synergistic effect of the two dopants on the electronic structure of TiO>
[47]. This shift is also accompanied by a narrowing of the band gap energy of TiO2 network.
Previous studies have described that this reduction of the band gap is attributed to the creation
of new impurity energy levels in the band gap of the semiconductor [30, 36].



In the case of 0.6%Mn/TiO- catalyst, the red shift is purely related to manganese doping. The
charge-transfer transition between the d electrons of Mn?* and the conduction/valence band of
TiO> results in the absorption edge in the visible region. In the case of 1%Ce/TiO2 and co-
doped samples, the mutual interaction between Ti** and Ce3* with the specific 4f electronic
configuration further contributes to increase significantly the absorption in the visible region
[40, 48]. It was found that both doped and co-doped TiO> catalysts show a reduction of the
band gap energy when compared to pure one (Table (1)). The 1%Ce-0.6%Mn/TiO2 and
2%Ce-0.6%Mn/TiO, catalysts exhibit band gap energies equal to 2.43 eV and 2.38 eV,

respectively.

Photoluminescence analysis

The charge recombination process of the semiconductors was stated by photoluminescence
emission spectra. The PL spectra of the as prepared catalysts are represented in Fig (7).
Tripathi et al. reported that the PL spectrum of anatase TiO; is ascribed to three types of

physical origins: surface states, self-trapped excitons and oxygen vacancies [43].

It is found that the spectra of all samples showed emission peaks at 420 nm and 452 nm,
probably attributed to luminescence from the localized surface state due to the recombination
of excited electrons-holes [49-50]. The band at 482 nm corresponds to the self-trapped
excitons on TiOs octahedral [51] while the emission peaks at the longer wavelength can be

assigned to the color centers associated to oxygen vacancies [52].

The rate of charge recombination is directly proportional to the PL emission spectra of the
catalysts. For our samples it was also observed that the PL spectra showed a change in the
emission intensity of their spectra. The maximum intensity was obtained for undoped TiOz,
indicating the higher recombination of electron and hole pairs. After doping and co-doping,
the whole intensity of the PL spectra decreased significantly following this order: TiO, >
1%Ce/TiO2 > 0.6%Mn/TiO2 > 2%Ce-0.6%Mn/TiO2 > 1%Ce-0.6%Mn/TiO,. The co-doped
sample 1%Ce-0.6%Mn/TiO presents the lowest PL intensity, suggesting that it owns the
highest effective charge separation among the prepared materials [53]. However, as Ce
concentration increases, the PL intensity again increases. This would indicate that higher
cerium concentration would allow the formation of recombination centers or new trap sites on
the surface of the catalyst [50]. In fact, the excited electrons can be trapped by dopant ions

and transferred to the catalyst surface, thus inhibiting the recombination process and favoring



the production of a high number of hydroxyl radicals during the photocatalytic process, which

hence improves the photocatalytic yield [26].
XPS characteristics

In order to study the chemical states of the different species on the surface of TiO,, XPS
analyses were recorded. The representative XPS survey spectra of pure TiO. and 1%Ce-
0.6%Mn/TiO2 indicate the presence of Ti, O, C, Ce and Mn elements (Fig (S1) and Fig (S2)).
The presence of carbon might be attributed to the adventitious carbon based contaminant. The
Ti 2p XPS spectra show two peaks located at 458.9 eV and 464.6 eV, correspond to Ti 2pap
and Ti 2p12, which indicate that Ti excites in the form of Ti** [54]. For O 1s spectra, the peak
at about 530 eV is related to the lattice oxygen in TiO2. According to the literature, the broad
Mn 2p spectrum shows two spin-orbit doublet peaks for Mn 2ps;z and Mn 2p1/2 located at BE
of 641 eV and 652 eV respectively, indicating presumably the existence of Mn*" and Mn**
oxidation states [27-54]. The XPS spectrum of Ce 3d can be assigned to 3ds, and 3dz spin-
orbit states denoted as U and V, respectively. The peaks U, U*’, U*”’, V, V’> and V’”’ can be
attributed to the chemical state of Ce**, while U’ and V’ correspond to Ce®" state [55]. Thus,
the cerium species present in both form of Ce** and Ce®*" on the surface of TiO,. The atomic
ratio Mn/Ce of the 1%Ce-0.6%Mn/TiO, sample estimated from XPS analyses was 0.42.

3.2 Photocatalytic removal of diclofenac
Preliminary studies
Effect of adsorption

Diclofenac adsorption on catalyst surface was studied in darkness previous to initiate the
photocatalytic experiments (Fig (8)). The results show that the adsorption removal of
diclofenac reaches its maximum after 60 min and then it is quite constant, due to the
saturation of the active sites of TiO. with the organic pollutant. Thus, to achieve the
adsorption equilibrium the suspension was magnetically stirred for 1 h in the dark before to
irradiate with UV light. It was noticed that the adsorption in the dark was quantitatively
insignificant in the presence of TiO, without irradiation. This finding indicates that the drug

was adsorbed on the catalyst surface instead of undergoing degradation.

Effect of direct photolysis (UV) and photocatalysis (UV/TiO2)
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As shown in Fig (8), the effect of the photolysis and the photocatalysis on the degradation of
10 mg L initial DCF concentration. The experimental data for the photolysis demonstrate
that diclofenac can be photodegraded when it is exposed to UV light in the absence of TiO>
catalyst, showing that the presence of UV light source may also produce free radicals in the
reaction medium able to degrade the target compound. Nevertheless, the percentage of the
degradation does not exceed 14 % upon UV irradiation. The addition of mesoporous TiO>
nanoparticles ameliorates the photodegradation rate of DCF achieving about of 35 % of DCF
degradation after 120 min and 51 % after 240 min. In other study, Alalm et al. reported a 68
% removal of 50 mg L initial DCF concentration after 180 min of solar irradiation using 0.4
g Lt of TiO2 [56]. Therefore, we can conclude that the DCF removal requires the introduction

of a photocatalyst in the reaction medium.

Actually, the absorption of a photon by TiO» permits the excitation of an electron to the empty

conduction band and generates a positive hole in the valence band, according to Eq. (1):

Catalyst + hv (.= 254nm) — h*vB) + €°(CB) (1)

The electron can be trapped by molecular oxygen adsorbed on the surface of TiO, for
producing superoxide radical anions (Eq. (2)). These generated superoxide anions can then
react with adsorbed water and H* to form a hydroperoxyl radicals (HOO®) and hydroxyl ions
(OH) (Ea. (3)) and (Eq. (4)) [32]:

O2+ecey —» 'O (2)
‘07 +H,0 —»HOO" +OH 3)
‘07 +H*  —» HOO' 4)

Photodegradation kinetics of DCF molecule

To assess the photocatalytic activities of the different products, experiments were conducted
at 10 mg L? initial diclofenac concentration under UV(ss nm) irradiation at ambient

temperature, 50 mg L catalyst loading and inherent solution pH (= 6) in a reactor system.

The photodegradation rate of diclofenac can be expressed by a modified Langmuir-
Hinshelwood (L-H) kinetic model [21]:
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ac C KDCF
D= —%=K0pcr = kot
dt ODCF 1+C KDCF

(5)

Where, D is the rate of degradation (mg L™ min™), C is DCF concentration (mg L), k is the
reaction rate constant (mg L™ min™), Kpcr is the adsorption equilibrium constant (L mg™) and
Opcr is the fraction of the site covered by diclofenac molecules. At low concentration of a
pollutant in water (1 + C Kpcr < 1), the L-H equation (Eq. 5) can be simplified to a first order
kinetic model as follows:

D= k KDCF C= Kapp C (6)
(o
Ln% = Kapp t @)

Where Kapp (Mint) represents the pseudo-first order rate constant, C) and Cy are the
concentrations of diclofenac at t = 0 and time t, respectively. The apparent rate constants

values were obtained from the slope of the plot Ln (C()/C() versus time.

The kinetics results of DCF photo-oxidation are depicted in Table (2). By comparing the
Kinetics data, the highest rate constant (0.012 min™) was observed for 1%Ce-0.6%Mn/TiO;
and then decreased with the increase of cerium content (2%Ce-0.6%Mn/TiO2 ) which may be
due to the reduction of surface area. As illustrated in Fig (9) the as-synthesized catalysts are
active and have demonstrated higher activities towards the photodecomposition of diclofenac

within 240 min under UV light illumination than pure TiOs.

In comparison to pure and mono-doped titania, the co-doped nanocomposites with manganese
and cerium ions have better catalytic efficiency for DCF decomposition due to the enhanced
specific surface area, high adsorptivity of pollutant molecules, reduction of band gap energy
and an effective charge separation. The highest catalytic performance was observed when the
cerium and manganese contents were 1 % and 0.6 %, respectively (sample: 1%Ce-
0.6%Mn/TiO2) and yielded about 94 % of degradation with an apparent rate constant of 0.012
mint. Besides, the obtained results for the total organic carbon analysis (Table (2)) were in
good agreement with the results of the diclofenac photodegradation and the 1%Ce-
0.6%Mn/TiO catalyst possesses also the highest percentage of TOC conversion (89 %)
compared to the other materials.

Proposed mechanism

12



The proposed mechanism for the diclofenac degradation under UV irradiation in the presence
of Mn-Ce/TiO> catalyst is illustrated in Scheme (1). It is well known that the co-doping plays
an important role for enhancing the catalytic activity of TiO».

During the photocatalytic process, the excited e/h* can be trapped by doped ions and then
transferred to the adsorbed O» and “OH molecules on the catalyst surface to form a large
number of reactive species such as hydroxyl radicals and superoxide radicals, through the

following reactions:

M™ + e cg —» MOD (8)
M* D+ Opagy —» M™ + Oy 9)
M* D 4 htyg) —p MM (10)
M™ + OH(assy —» M ™D + *OH (11)

M*-D = Ce¥* Mn®*
M"™ = Ce**, Mn*

Likewise, the generated holes can oxidize the adsorbed water molecules and/or can be
captured by hydroxyl ions (OH") on the surface of the catalyst to produce also hydroxyl
radicals as shown in reactions (Eg. (12)) and (Eqg. (13)).

H2O@ds) + h*ovey —» H™ + *OH (12)
"‘OH@as) + h*vsy —» "OH (13)
Stability

Catalyst stability is very important for their potential applications. The cyclic photocatalytic
stability of 1%Ce-0.6%Mn/TiO2 was evaluated by repeating the experiments four times under
the same reaction conditions. As shown, in Fig (10), the performance of the recycled catalyst
after four successive cycles still remains an excellent photocatalytic response for the DCF
degradation. And no leaching was observed for Ce and only 0.08 mg/L for Mn after 4 h of
reaction. Thus, we can conclude that the 1%Ce-0.6%Mn/TiO catalyst was stable during the
photocatalytic degradation of diclofenac.
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4. Conclusions

The findings of this work proved that co-doping with manganese and cerium enhanced the
physicochemical and the photocatalytic features of TiO. The structural results showed only
anatase form of TiO; for the as-prepared catalysts. The textural and optical characterizations
revealed that the co-existence of manganese and cerium species reduced the gap energy and
increased significantly the surface area when compared to mono-doped and bare TiO2. From
PL analysis, the co-doping seemed to prolong the lifetime of electron/hole pairs for the co-
doped sample. Moreover, kinetics analyses demonstrated that the photodegradation rate
followed a pseudo first order kinetics according to Langmuir-Hinshelwood. The highest
apparent rate was 0.012 min? and the maximum diclofenac removal besides the highest
percentage of mineralization were achieved when using the co-doped TiO2 with 0.6%Mn and
1% Ce. The improved activity of 1%Ce-0.6%Mn/TiO, sample was mainly attributed to its
large surface area, the reduced band gap energy and the effective recombination delay of

photo-induced charge carriers.
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Fig (2): Raman spectra of the samples.
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Fig (4): (a)SEM image and (b)-(e) EDX elemental mapping analysis of 1%Ce-0.6%Mn/TiOs.
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Fig (5): (a) N2 adsorption-desorption isotherms and (b) the BJH pore size distributions of the

different samples.
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Fig (8): Effect of the adsorption, photolysis and the photocatalysis on the photodegradation of
DCF, [DCF] =10 mg L, mcar=50 mg L, pHpce= 6, A = 254 nm.
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Fig (10): Cycling runs for photocatalytic degradation of diclofenac over 1%Ce-0.6%Mn/TiO>
catalyst, [DCF] = 10 mg L%, mcar=50 mg L™, pHoce= 6, A = 254 nm.
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Scheme (1): Proposed photocatalytic mechanism of Mn-Ce/TiO, catalyst under UV light

irradiation.
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