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In the present study, susceptibility to photocatalytic degradation of etodolac, 1,8-diethyl-1,3,4,9 – tetrahydro
pyran - [3,4-b] indole-1-acetic acid, which is a non-steroidal anti-inflammatory drug frequently detected in an
aqueous environment, was for the first time investigated. The obtained p-type TiO2-based photocatalyst coupled
with zinc ferrite nanoparticles in a core-shell structure improves the separation and recovery of nanosized TiO2

photocatalyst. The characterization of ZnFe2O4/SiO2/TiO2, including XRD, XPS, TEM, BET, DR/UV–Vis, impedance
spectroscopy and photocatalytic analysis, showed thatmagnetic photocatalyst containing anatase phase revealed
markedly improved etodolac decomposition and mineralization measured as TOC removal compared to photol-
ysis reaction. The effect of irradiation and pH range on photocatalytic decomposition of etodolacwas studied. The
most efficient degradation of etodolac was observed under simulated solar light for a core-shell ZnFe2O4/SiO2/
TiO2 magnetic photocatalyst at pH above 4 (pKa = 4.7) and below 7. The irradiation of etodolac solution in a
broader light range revealed a synergetic effect on its photodegradation performance. After only 20 min of deg-
radation, about 100% of etodolac was degraded. Based on the photocatalytic analysis in the presence of scaven-
gers and HPLC analysis, the transformation intermediates and possible photodegradation pathways of etodolac
were studied. It was found that ∙O2

− attack on C2-C3 bond inside pyrrole ring results mostly in the hydroxylation
k).
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of the molecule, which next undergoes -CH2COOH detachment to give 1,9-diethyl-3,4-dihydro-pyrano[3,4-b]
indol-4a-ol. The obtained compound should further undergo subsequent hydropyran and pyrrole ring breaking
to give a family of benzene derivatives.

© 2018 Published by Elsevier B.V.
1. Introduction

Etodolac, 1,8-diethyl-1,3,4,9–tetrahydro pyran-[3,4-b] indole-1-
acetic acid is used worldwide as an anti-inflammatory, analgesic and
antipyretic drug to treat rheumatoid arthritis, chronic soft tissue inflam-
mation (vessels, tendons), nerve inflammation and osteoporosis
(Gadade et al., 2017; Brocks and Jamali, 1994). This pharmaceutical
agent is metabolized in the liver. Although only 1% of etodolac is ex-
creted unchanged from the human body by the kidneys in the urine
and 16% in the feces, etodolac is frequently detected in the aqueous en-
vironment, e.g., rivers, lakes or surface waters (Hoshina et al., 2011;
Temussi et al., 2011; Saxena et al., 2016). In 2011, etodolac (ETD) was
detected in river water samples in Hyogo in Japan at a concentration
of 0.3 ng·dm−3 (Hoshina et al., 2011). In 2019, Guzel et al. reported
its presence in the concentration of 47.35 ng·dm−3 in the Ceyhan
River in south Turkey (Guzela et al., 2019). ETD has a negative effect
on aquatic organisms such as alga, daphnid, and fish. Causing disorders
in normal development or impairing already formed living organisms
(Watanabe et al., 2016). Passananti et al. investigated the parent com-
pound ETD and its derivatives for toxicity to aquatic organisms such as
rotifers, algae, and crustaceans (Passananti et al., 2015). It was reported
that the concentration of 25mg·dm−3 for crustaceans and 10mg·dm−3

in long-term exposure to algae does not lead to mortality but disturbs
and even inhibits the reproduction of the aquatic individuals. The ade-
quate concentration of etodolac in living organisms depends on the
level of education of the living organism. However, what is particularly
important, etodolac and its' derivatives, are susceptible to bioaccumula-
tion (Howard and Muir, 2011).

The bicyclic indole system present in the structure of etodolac is
found in many biological molecules (Passananti et al., 2015). Therefore,
etodolac is resistant to biological degradation but undergoes photolysis.
Saxena et al. studied the degradation of etodolac in acid and base hydro-
lysis, hydrogen peroxide oxidation, thermal degradation, and photolysis
(Saxena et al., 2016) and observed complete degradation after 8 h in
acidic conditions (5 M HCl) and a temperature of 60 °C. Passananti
et al. focused on the photochemical properties of etodolac under UV-B,
UV-A, and direct exposure to sunlight. Direct photolysis involves the
transformation of xenobiotic molecules resulting from the direct ab-
sorption of radiation. The efficient degradationwas observed by photol-
ysis under UV-B irradiation, while negligible degradation of etodolac
occurred using UV-A and solar radiation (Passananti et al., 2015).More-
over, the photochemical study proved the oxygen involvement in
etodolac transformation mainly by oxygen attack to the C2–C3 bond
of the pyrrolic ring (Passananti et al., 2015). In this regard, advanced ox-
idation processes (AOPs), where nonselective free radical species chem-
ically oxidize pollutants, occurred to be a promising method for
degradation of etodolac in the aqueous phase. Free radical species pro-
duced in-situ in AOP processes, e.g., hydroxyl radical (HO•), superoxide
anion radical (•O2¯, hydroperoxyl radical (HO2•), alkoxyl radical (RO•) or
single oxygen (1O2) can initiate AOPs to degrade active pharmaceutical
ingredients (APIs) to simple and non-toxic molecules. Among the ad-
vanced oxidation processes, heterogeneous photocatalytic oxidation
has resulted in the efficient degradation of different pharmaceuticals
and their removal from water and wastewater (Kanakaraju et al.,
2018). As far as we know, the photocatalytic decomposition of etodolac
has not been studied yet.
Titanium(IV) oxide is themost commonly used photocatalyst for en-
vironmental applications due to its non-toxic nature, chemical stability,
insolubility in the medium, low cost, and high photocatalytic activity
(Ohtani, 2010). However, in a technological process, there are several
problems with cyclic utilization of the powdered nano-TiO2 particles
suspended in the treated water. Owing to nanometric particle size, the
TiO2 could be recovered from the treatedwastewater mostly by ultrafil-
tration (Lee et al., 2001) Another possibility is the immobilization of
semiconductors' particles on a solid substrate, which can result in a sig-
nificant decrease in a specific surface area and thus decrease the photo-
catalytic activity. Moreover, the TiO2 layer is often unstable and
undergoes abrasion during the photodegradation reaction (Folli et al.,
2010).

Recently, magnetic photocatalysts, where semiconductor nano-
particles, usually TiO2 and ZnO, are deposited on the surface of ferrite
(Fe3O4, Fe2O4, CoFe2O4, ZnFe2O4, BaFe12O19) allowing easy separa-
tion of a photocatalyst from the system after the purification process,
are considered as the most perspective (Zielińska-Jurek et al., 2017a;
Mishra et al., 2019). Mostly, the described in literature activity of
magnetic nanocomposites' is focused on the organic dyes' degrada-
tion (Meng et al., 2018). Previously, Zielińska-Jurek et al. studied
the structural, photocatalytic, and magnetic properties of Fe3O4@
SiO2/TiO2 nanocomposites in organic compounds (pyridine, phenol,
4-heptanone) degradation as well as their mineralization in the
flow back fluid after hydraulic fracturing process (Zielińska-Jurek
et al., 2017b). Abdel-Wahab et al. (Abdel-Wahab et al., 2017) focused
on the degradation of paracetamol over magnetic flower-like TiO2/
Fe2O3 core-shell nanostructures. Its completemineralizationwas ob-
served after 90 min of irradiation.

Similarly, the Fe3O4/TiO2 core structure - Ni/Co doping - coating
nanocomposites used in Amlodipine drug photodegradation allowed
for pharmaceutical compound decomposition after 90 min of expo-
sure in the UV–Vis range (Teimouri et al., 2019). However, to our
knowledge, data on the photocatalytic degradation of etodolac
using TiO2-based magnetic photocatalyst have not been reported in
the literature.

In this regard, for the first time, the present work reports about pho-
tocatalytic degradation of etodolac in the presence of ZnFe2O4/SiO2/TiO2

magnetic photocatalyst. ZnFe2O4-based hybrid photocatalysts possess
magnetic properties that allow effective separation in the externalmag-
netic field after degradation reaction (Lee et al., 2001). Zinc ferrite core
was coated with silica layer to (i) increase the surface area of the com-
posite material allowing better adsorption of degraded pollutants and
(ii) prevent photodissolution of iron as well as phase transformation
of ZnFe2O4 during the photocatalytic reaction. The external photocata-
lytic layer based on TiO2 is directly responsible for the oxidation of
etodolac.

Etodolac direct photolytic decomposition and its photocatalytic deg-
radation in the presence of magnetic photocatalyst under UV and Vis
light at different pH values were studied. The reaction kinetics were
interpreted with the molecular structures of the chemicals and the
characteristics of the UV–Vis wavelengths. The reusability of ZnFe2O4/
SiO2/TiO2 magnetic photocatalyst was studied in the six subsequent cy-
cles of etodolac degradation. Based on the obtained results, a possible
mechanism for the photocatalytic decomposition of etodolac was
proposed.

http://mostwiedzy.pl
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2. Experimental

2.1. Preparation of ZnFe2O4/SiO2/TiO2 magnetic photocatalysts

Titanium butoxide (pure p.a.) was purchased from Aldrich and used
as a titanium(IV) oxide source. Zinc chloride, iron sulfate heptahydrate,
sodium hydroxide were purchased from Aldrich. Firstly, to obtain zinc
ferrite particles, FeSO4∙7H2O and ZnCl2 were dissolved in stoichiometric
2:1 (Fe: Zn) molar ratio in distilled water under stirring (500 rpm) for
30 min. Afterward, the metals were precipitated from the homogenous
solution by adding 5 M NaOH at room temperature until a pH was 12.
The reaction mixture was hydrothermally treated in an autoclave at
200 °C for 5 h. Subsequently, the solid product of the reaction wasmag-
netically separated and purifiedwith deionizedwater several times. The
final product was dried at 100 °C to dry mass.

Furthermore, the magnetic particles were re-dispersed in ethanol,
and tetraethyl orthosilicate (TEOS) was added to the suspension to ob-
tain a silica layer. Afterward, ammonia water was added. The molar
ratio of TEOS to ZnFe2O4 and NH4OH to TEOS was equal to 8:1 and
16:1, respectively. The ZnFe2O4/SiO2 particles were magnetically sepa-
rated, washed with ethanol and deionized water, and dried at 60 °C to
dry mass.

Following that, ZnFe2O4/SiO2 particles were dispersed in
isopropanol ethanolic solution, and titanium(IV) butoxide (TBT) was
added. The rate of TBT addition was kept at 0.5 cm3·min−1. Finally,
the obtained gel was treated in a Teflon-lined autoclave at 200 °C for
24 h, resulting in the preparation of the ZnFe2O4/SiO2/TiO2_I
photocatalyst. The obtained composite material was calcined at 400 °C
(sample ZnFe2O4/SiO2/TiO2_400) as well as at 650 °C for 1 h (sample
ZnFe2O4/SiO2/TiO2_650_I).

Additional samples of magnetic photocatalysts ZnFe2O4/SiO2/TiO2_II
and ZnFe2O4/SiO2/TiO2_650_II were prepared by adding cationic surfac-
tant (CTAB) into the solution during the preparation of magnetic core -
photocatalytic layer composite at alkaline conditions (pH of 8). In this
regard, ZnFe2O4/SiO2 particles were dispersed in isopropanol, and
CTAB ethanolic solution added dropwise into a mixture, with the
molar ratio of TiO2 to CTAB equaled to 1:1. Then, titanium(IV) butoxide
(TBT)was addedwith a rate kept at 0.5 cm3·min−1. Finally, the suspen-
sion was treated in a Teflon-lined autoclave at 200 °C for 24 h resulting
in the preparation of the core-interlayer-shell ZnFe2O4/SiO2/TiO2

photocatalysts. The obtained product was separated and purified with
deionized water several times to remove the surfactant before drying
at 60 °C (sample ZnFe2O4/SiO2/TiO2_II) and calcination at 650 °C for
1 h (sample ZnFe2O4/SiO2/TiO2_650_II).

2.2. Characterization of ZnFe2O4/SiO2/TiO2 magnetic photocatalysts

X-ray powder diffraction (XRD) analysis was performed using
Rigaku MiniFlex 600 X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan). The patterns were obtained in step-scanning mode (Δ2θ =
0.01°) in the range from 20° to 80° 2θ. The crystalline and amorphous
phase content was analyzed using an internal standard (NiO, Aldrich,
Germany).

The magnetic properties of coated ferrite nanocomposites were in-
vestigated using the Physical Properties Measurements System (Quan-
tum Design, San Diego, CA, USA) at the temperature of 293 K and in
the range of 0–3 T. The diffuse reflectance (DR) spectra were analyzed
using a Thermo Scientific Evolution 220 spectrophotometer (Waltham,
MA, USA) with an integrating. Nitrogen adsorption-desorption iso-
therms were analyzed using the Micromeritics Gemini V instrument.
Surface charges (zeta potential) and particle size were measured using
Nano-ZS Zetasizer dynamic light scattering detector (Malvern Instru-
ments, UK) equipped with a 4.0 mW internal laser. The fluorescence
spectra of the ZnFe2O4/SiO2/TiO2 photocatalysts were measured using
a fluorescence spectrophotometer (Perkin Elmer LS55). The morphol-
ogy of the prepared photocatalysts was determined by high-resolution
transmission electron microscopic analysis (HR-TEM) using an electron
microscope (TEM, FEI Europe, Tencai F20 X-Twin. For TEM analysis,
ZnFe2O4/SiO2/TiO2 particles were dispersed in ethanol and placed in
an ultrasound bath for 1 min. Subsequently, a few drops of suspension
were deposited on Lacey Carbon microgrid. XPS spectrophotometer
(Escalab 250Xi, Thermofisher Scientific)was used to determine the sur-
face composition of the photocatalyticmaterial. Electrochemical imped-
ance spectroscopy (EIS) was studied using the potentiostat-galvanostat
(AutoLab PGStat302N system, Utrecht, The Netherlands) under GPES/
FRA software control. Electrochemical impedance spectroscopy (EIS)
analysis was perfomed in a three-electrode cell in 0,2 K2SO4 solution
using the potentiostat-galvanostat (AutoLab PGStat302N system,
Utrecht, The Netherlands) under GPS/FRA software control. As a refer-
ence electrode Ag/AgCl in 0.1 M KCl was applied, while platinum
mesh was used as a counter electrode. The spectra were run at the fre-
quency range from 20 kHz to 0,1 Hz with a 50 mV amplitude of the al-
ternating current.

2.3. Photocatalytic degradation of etodolac

The photocatalytic activity was studied as examining the rate of
etodolac degradation. In this regard, 0.05 g of the photocatalysts' parti-
cles was added to a quartz reactor containing 25 cm3 of etodolac (ETD)
solution with an initial concentration of 15 mg·dm−3. The suspension
was stirred and aerated. During the photocatalytic process, the reactor
was irradiated using a 300 W Xenon lamp (Photonics Hamamatsu,
Japan), as ultraviolet-visible (UV–Vis) light source. To assess the degra-
dation in visible light, a GG filter that transmitted light wavelength
N400 nm was used. During the photocatalytic process, samples of
1 cm3 of the suspension were collected at regular time intervals. The
pharmaceuticals' degradation rate was measured as a pharmaceutical
concentration decrease using HPLC chromatograph Shimadzu LC-6A
(Kyoto, Japan) combined with (SPD-M20A) photodiode array detector.
During themeasurements, a mobile phase consisting of 1:1 (v/v) aceto-
nitrile and 0,1 M KH2PO4 solution mixture was used at 1 cm3·min−1

flow, together with Phenomenex Gemini 5 μm C18; 150 × 4,6 mm col-
umnworking at 45 °C. Etodolac identification and further quantification
were based on a standard compound and performed external calibra-
tion for a characteristic 273 nm signal.

3. Results

3.1. Characterization of ZnFe2O4/SiO2/TiO2 photocatalysts

The physicochemical characteristics of the magnetic photocatalysts
e.g., crystallite sizes, indirect band gap values, BET surface areas are
given in Table 1.

The composition of the crystalline phasewas examined by XRDanal-
ysis for both as-obtained ferrite and its further modifications, and the
results are shown in Fig. 1. Formation of pure ZnFe2O4 was confirmed
by the presence of the signals at 2θ of 18.16°; 29.8°; 35.2°; 42.8°;
53.1°; 56.5° and 62.1°, which corresponds to JCPDS card No. 82-1042.
The broad reflections indicated the formation of fine ferrite crystallites
with a size of about 10 nm (see in Table 1). The deposition of both
SiO2 and TiO2 layers resulted in a visible weakening of ZnFe2O4 signals.
However, most of the composite material remained amorphous (~80%)
before calcination.

Calcination of ZnFe2O4/SiO2/TiO2_I sample at 400 °C resulted in both
the appearance of more intense TiO2 signals and crystallites growth to
approximately 11.5 nm. The reflections at 2θ of 25.3°; 36.9°; 37.7°;
48.0°; 53.9°; 62.7° corresponded to anatase crystal planes (101),
(103), (004), (200), (105), (204), respectively (JCPDS card No. 89-
4203). The sample ZnFe2O4/SiO2/TiO2_400 composed of anatase (39%)
and amorphous phase of TiO2 and SiO2 (48.5%), without rutile. The for-
mation of the rutile phase occurs above 600 °C (Mansour, 2019; Ohtani
et al., 1997). In this regard, to enhance charge carrier separation, the

http://mostwiedzy.pl


Table 1
Characteristics of the obtained ferrite particles and magnetic composite materials.

Sample
label

TiO2

Source
Preparation
condition

Crystallite size
[nm]

Phase content
[%]

BET Surface
Area
[m2/g]

Vpor

[cm2/g]
Eg
[eV]

Surfactant Calcination
temperature
[° C]

Anatase Zinc
ferrite

Anatase Rutile Zinc
ferrite

Amorphous
phase

ZnFe2O4 – – – – 10 – – 58.5 41.5 25 0.012 1.68
ZnFe2O4/SiO2 – – – – 10 – – 34 66 62 0.030 1.88
ZnFe2O4/SiO2/TiO2_I TBT – – 2 10 5 – 15 80 187 0.092 3.33
ZnFe2O4/SiO2/TiO2_II TBT CTAB – 2 10.5 5 – 15 80 106 0.051 2.98
ZnFe2O4/SiO2/TiO2_400 TBT – 400 11.5 11 39 – 12.5 48.5 75 0.037 3.13
ZnFe2O4/SiO2/TiO2_650_I TBT – 650 20 12 46 3 19 32 50 0.025 3.18
ZnFe2O4/SiO2/TiO2_650_II TBT CTAB 650 31.5 12 47 4.5 8.5 40 18 0.009 3.25
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obtained magnetic photocatalyst particles were also calcined at 650 °C.
Previously, for the most photocatalytic active TiO2 powder (P25,
Evonik), Ohno et al. proofed that the fairly high photoreactivity of this
material results from the creation of heterojunction between anatase-
rutile particles (Ohno et al., 2001). The fine rutile crystallites facilitate
the e− transport to anatase trapping sites and thus forming photocata-
lytic hot spots at the rutile-anatase interface (Gambarotti et al., 2012).
The diffraction peaks at 2θ of 35.2°; 53.9°; 56.7°; 62.2° demonstrates
the possible presence of rutile clusters (JCPDS, No. 76-1940). For the
samples ZnFe2O4/SiO2/TiO2_650_I and ZnFe2O4/SiO2/TiO2_650_II con-
taining anatase phase (~46-47%) with a small amount of rutile
(3–4.5%), higher crystallinity (60–68%) than for ZnFe2O4/SiO2/
TiO2_400 (~51.5%) was observed.

Moreover, no crystallites growth of ZnFe2O4 was observed, suggest-
ing that formed ferrite particles should be tightly covered with SiO2/
TiO2 layer, which prevents it from further growth (approx. crystallites
size of 10 nm, and 11 nm for the as-obtained ZnFe2O4 and after 400 °C
calcination, respectively). Finally, no crystallization of silica was ob-
served, suggesting that SiO2 remains an amorphous layer. Crystalliza-
tion of SiO2 is kinetically difficult and starting above 600 °C (Tomita
and Kawano, 1993).

The specific surface area of bare zinc ferrite was 25 m2·g−1 and in-
creased after coating with SiO2 layer to 62 m2·g−1. Further, for
ZnFe2O4/SiO2/TiO2_I and ZnFe2O4/SiO2/TiO2_II samples coated with
TiO2 layer, the specific surface area increased to 187 m2·g−1 and 106
Fig. 1. XRD diffraction patterns of the as-prepared ZnFe2O4, ZnFe2O4/SiO2, and
m2·g−1, respectively, and finally decreased for samples calcined at
400 °C and 650 °C. The BET area of ZnFe2O4/SiO2/TiO2_400 and
ZnFe2O4/SiO2/TiO2_650_I decreased from 75 m2·g−1 to 50 m2·g−1

with increasing calcination temperature from 400 °C to 650 °C and ana-
tase crystallite size increased from 11.5 nm to 20 nm, respectively. In-
creased crystallites size observed for the annealed samples results
from the crystallization of the TiO2 structure from amorphous precursor
as well as from minimalization of the surface energy as the grain/crys-
tallites boundary is reduced through their growth. The amorphous
phase is metastable, and the surface formation is always accompanied
by the energy barrier, which should tend to minimize both factors
(Porter et al., 1995; Zhang et al., 2000). At higher temperatures, themo-
bility/diffusion of atoms inside solids is facilitated by the temperature. In
this regard, the observed behavior for the obtained samples is consistent
with the basic mechanisms of crystallization. For ZnFe2O4/SiO2/
TiO2_650_II core-shell photocatalyst obtained in the presence of cat-
ionic surfactant, which acts as a binder of ZnFe2O4/SiO2 and TiO2 layer,
further reduction in specific surface area to 18 m2·g−1 and increase of
anatase crystallite size to 30 nm was noticed. Regarding the literature,
the use in this study excess of cationic surfactant (2-times higher than
CMC value) may lead to the formation of the second layer of surfactant
and cylindrical micelles containing several core-shell nanoparticles in
crystalline structure (Liu et al., 2013).

The TEMmicroscopy analysis, shown in Fig. 2, confirmed the forma-
tion of the core-shell structure of ZnFe2O4/SiO2/TiO2 nanoparticles with
ZnFe2O4/SiO2/TiO2 magnetic photocatalysts calcined in 400 °C and 650 °C.
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Fig. 2. Morphology (TEM images) (a), EDS and EDS-line measurements (b-c) of ZnFe2O4/SiO2/TiO2_650_II photocatalyst.

Fig. 3.Magnetic hysteresis loop of ZnFe2O4 and ZnFe2O4/SiO2/TiO2 photocatalyst.
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 the total composite particle size of about 50–60 nm (Fig. 2a). The aver-
age particle size of the samples is larger than nanocrystals size calcu-
lated based on XRD measurements, which confirmed that the zinc
ferrite core (~10 nm) is coated with a TiO2 shell (~30 nm). The particles
were spherical and uniformly distributed, and agglomeration of grains
was caused by the magnetic attractions. Additional TEM images of the
prepared magnetic photocatalyst are shown in the Supplementary ma-
terials (Fig. S1). The Energy Dispersive Spectroscopy (EDS) revealed the
presence of Zn, Fe, Si, O, and Ti in the structure of the as-prepared pho-
tocatalytic material (Fig. 2b). Moreover, the EDS line scanning profiles
(Fig. 2c–d) across the particle also showed that it consisting of zinc fer-
rite core and titania shell. The signals for Zn and Fe occurred in the same
area inside the structure, while the signals for Si, O, and Ti outside the
structure of the magnetic particle.

It can be concluded from EDX analysis that all basic elements of
ZnFe2O4/SiO2/TiO2 exist in the prepared composite nanomaterial, as
confirmed by XRD characterization, as well.

The survey of XPS spectra of ZnFe2O4/SiO2/TiO2_650_II photocatalyst
recorded in the binding energy (BE) range of 0 to 1300 eV is presented
in Fig. S2 in the Supporting materials. Several peaks associated with Ti,
O, and a trace amount of Si, Zn, Fe are detected, as well as a signal iden-
tifiedwith the C 1s peak. Fig. S2b shows that binding energy of 458.5 eV
corresponds to the peak of Ti 2p3/2, whereas binding energy of 464.3 eV
is associatedwith Ti 2p1/2. The Ti 2p binding energies indicate the incor-
poration of Ti into the lattice of TiO2 as Ti4+.Moreover, theAuger signals
assigned to the Ti LMV transition were observed. As presented in
Table S1 in the Supplementary materials, the titanium content was
about 27 at.%. Exhibited in Fig. S2c are the O 1s components with the
binding energies at 529.7 eV, 531.8 eV, and 532.9 eV, which are associ-
ated with different types of oxygen bonds. Two of the most intense
peaks corresponded to lattice oxygen (Ti\\O groups) and oxygen in hy-
droxyl groups (Ti–OH), respectively. Thepeak at about 103 eV, shown in
Fig. S2d, could be assigned to Si–O-Si from the O 1s spectrum. The oxy-
gen content was 49.7 at.%. The iron content was on the verge of noise
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detection (see in Fig. S2e), while the Zn 2p3/2 and Zn 2p1/2 components
characteristic of a low amount of Zn2+ are located at 1021.2 eV and
1044.3 eV, respectively. The zinc content was 1.4 at.%. The origin of car-
bon presents (~13.9 at.%) is mainly attributed to atmospheric
contaminants.

As shown in Fig. 3, as-obtained ZnFe2O4 ferrite particles exhibited
strong ferrimagnetic properties with a saturation magnetization (Ms)
of 40 emu·g−1 and can exhibit superparamagnetic behavior due to
small coercivity (Hc) and remanent magnetization (Mr) values.

The obtained results are consistent with the reported for ZnFe2O4,
revealing it as a soft ferromagnetic material with an extensive range of
possible magnetization values (Yao et al., 2007). For an ideal magnetic
particle, the Ms value should decrease together with the particle size
due to the development of the surface area and possible defects, leading
to the magnetic moments' misalignment. It was shown in detail far
compounds like magnetite Fe3O4 (Lee et al., 2015; Mascolo et al.,
2013). However, ZnFe2O4 behaves differently due to the preference to
form a normal spinel structure in its bulk form, which was found to be
antiferromagnetic (Yao et al., 2007; Lee et al., 2015; Mascolo et al.,
2013;Mozaffari et al., 2010). Because of this, visiblemagnetic properties
of zinc ferrite aremostly observed for its nanoparticles, for which cation
distribution is usually at least partially inverted. The finalmagnetization
of the ZnFe2O4, therefore, depends on both particle size and specific cat-
ion distribution, whichwas found to depend on particle shape, size, and
specific preparation conditions e.g., pH (Mozaffari et al., 2010; Kurian
and Mathew, 2018; Shanmugavani et al., 2014). After the formation of
both SiO2 and TiO2 layers, themagnetization of the composite decreased
to 25 emu·g−1, as shown in Fig. 3 for ZnFe2O4/SiO2/TiO2 photocatalyst.
It was expected since ZnFe2O4 make up only a small fraction of the final
material. As revealed by the XRD and XPS analysis, TiO2 and SiO2 are the
predominant in both ZnFe2O4/SiO2/TiO2_650 samples, and therefore the
magnetization decrease should be proportional to their content.

The DR/UV–Vis spectra were measured to study the optical absorp-
tion properties of the magnetic photocatalysts. As shown in Fig. 4, all
samples absorb UV light due to the sp-d interaction between valence
band electrons of O and d electrons of Ti or Zn/Fe atoms in TiO2 and
ZnFe2O4 structures, respectively. The absorption properties decreased
after the coating of ZnFe2O4 with SiO2, indicating that the SiO2 layer
Fig. 4.Diffuse reflectance spectra of ZnFe2O4, ZnFe2O4/SiO2, pure TiO2 used as a reference, ZnFe2
400 °C and 650 °C.
remarkably influenced the UV–Vis absorption ability of zinc ferrite par-
ticles, protecting them fromphotodissociation during thephotocatalytic
reaction. The light absorption edge in the ultraviolet region for nano-
composites was close to that of the pure titania particles. For all the
ZnFe2O4/SiO2/TiO2 composites, the absorption was markedly red-
shifted after the coating of ZnFe2O4 ferrite with SiO2 and TiO2 layer. Ob-
tained spectra were transformed into the Kubelka-Munk function, and
the Tauc transformation was used to determine the band gap energy.
As expected, the ZnFe2O4 ferrite sample exhibited low band gap energy
of 1.68 eV, and it widened after coating with silica to 1.88 eV, see in
Table 1. According to literature, the band gap of pure TiO2 particles de-
pends on the polymorphs and is reported at ~3.0 eV for rutile and
3.2–3.3 eV for anatase (Amtout and Leonelli, 1995; Tang et al., 1995).
The band gap energies for ZnFe2O4/SiO2 composite coated with TiO2

particles after annealing process varied from 3.13 eV to 3.25 eV.
Widening of the bandgap regionmay lead to various defects and dis-

crete energy states. Therefore, it is important to study the radiative re-
combination transitions occurring in the prepared nanomaterial. In
this regard, the fluorescence spectroscopy analysis of the obtained
photocatalysts was performed and shown in Fig. 5.

The photoluminescent emission of the photocatalyst is a result of
photoinduced electron-hole pairs recombination. The lower PL intensity
indicates (i) inhibition of charge carriers recombination, therefore, the
higher photocatalytic activity of ZnFe2O4/SiO2/TiO2_650_I and
ZnFe2O4/SiO2/TiO2_650_II photocatalysts can be attributed to enhanc-
ing charge carriers' separation (Zhu et al., 1998). The PL emission spec-
tra of ZnFe2O4/SiO2/TiO2 photocatalysts calcined at 400 °C and 650 °C
has examined in thewavelength range of 350 to 700 nm. In the spectra,
several emission regions can be distinguished. The emission band from
390 to 400 nmresults from the photoexcited charge carriers recombina-
tion of TiO2 (Mathew et al., 2012). The intensity of PL in this region is
higher for pure TiO2 and the sample ZnFe2O4/SiO2/TiO2_400 calcined
at 400 °C than for sample ZnFe2O4/SiO2/TiO2_650_I annealed at
650 °C. The emission peaks at 420; 440 and 455 nm can be ascribed to
a shallow-trap state near the absorption band edge, which results
from the presence of oxygen vacancies (Zhu et al., 1998). The emission
peak at 530 nm can be assigned to deep-trap states related to the pres-
ence of oxygen vacancies in the TiO2 structure (Tehrani et al., 2012).
O4/SiO2/TiO2 without thermal treatment and ZnFe2O4/SiO2/TiO2 photocatalysts calcined at
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Fig. 5. Photoluminescence spectra of ZnFe2O4/SiO2/TiO2 photocatalysts at room temperature: (a) ZnFe2O4/SiO2/TiO2_650_II; (b) ZnFe2O4/SiO2/TiO2_400 and (c) ZnFe2O4/SiO2/TiO2_650_I.
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3.2. Photolytic and photocatalytic degradation of etodolac in the presence of
ZnFe2O4/SiO2/TiO2 nanocomposites

3.2.1. The effect of radiation range
The effective utilization of solar energy (UV–Vis) plays an important

role in photocatalysis. Therefore, photolysis reaction and photocatalytic
degradation of etodolac were performed under simulated solar light by
using a 300W Xenon lamp. The cut-off filters were applied to measure
the photoactivity under UV light (optical filter UG transmitted light in
the range of 250÷400 nm; max. 330 nm), and Vis light (optical filter
transmitted light of wavelength N400 nm).

In order to study the effect of dark reaction of the magnetic
photocatalyst, their components, and bare TiO2 as the reference sample,
the photodegradation analyses under UV–Vis irradiation proceeded.
The adsorption-desorption equilibrium was established for 30 min in
the absence of light. As shown in Fig. S3 in the Supporting materials,
the adsorption ratio for the ZnFe2O4/SiO2/TiO2_II photocatalyst was
equal to 13% after 30min. Similarly, the etodolac adsorption on the sur-
face of the magnetic core ZnFe2O4 amounted to 11%. For ZnFe2O4/SiO2
Vis
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Fig. 6. The effect of irradiation range (Visλ N 420 nm; UV 250 nm b λ b 400 nm; simulated
solar light (UV–Vis) on photodegradation of etodolac.
particles with a developed specific surface, the adsorption ratio
exceeded 30%. The reference sample of TiO2 powder obtained an equiv-
alent result.

As presented in Fig. 6, all the obtained photocatalysts promoted the
effective photodegradation of etodolac.

The ability of light in photolysis to reduce etodolac concentration
depended on the range of the light spectrum. Therewas no progress ob-
served in etodolac photolytic degradation under Vis light irradiation. As
shown in Fig. S4 in the Supporting materials, the extension of the pho-
tocatalytic process up to 60 min does not make a positive contribution
into etodolac degradation under Vis light irradiation.

The efficiency of etodolac photolytic degradation after 30min under
UV light exceeded 60%, however, the highest degradation rate was ob-
served under UV–Vis irradiation. Thus, it can be assumed that irradia-
tion under a wide light range may reveal a synergetic effect on
etodolac degradation efficiency. Compared with photolysis, the degra-
dation of etodolac in the presence of ZnFe2O4/SiO2/TiO2_400 and
ZnFe2O4/SiO2/TiO2_650_II photocatalysts was significantly improved
under UV and visible light irradiation (N420 nm).

For the photocatalytic reaction in the presence of ZnFe2O4/SiO2/
TiO2_650_II about 100% of etodolac was removed within 20min of irra-
diation underUV andUV–Vis light (see in Fig. 7a). It isworth noting that
the mineralization by ZnFe2O4/SiO2/TiO2 photocatalyst was markedly
higher compared to the photolytic reaction, as shown in Fig. 7b. The
highest TOC removal was observed under UV–Vis light for photocata-
lytic degradation in the presence of ZnFe2O4/SiO2/TiO2_650_II
photocatalyst containing anatase phase with a small amount of rutile
(3–4.5%).
3.2.2. The effect of initial pH on the photocatalytic performance
The initial pH of the aqueous phase is one of the most important pa-

rameterswhich affects photocatalytic activity. The UV–Vis spectroscopy
was used to determine the pH effect on etodolac stability, as presented
in Fig. 8. The UV–Vis spectrum of etodolac showed an absorption band
with a maximum at the wavelength of about 220 nm and a shoulder
of 270 nm. The results showed that there was no effect of pH on the ab-
sorption spectrum of etodolac.
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The stability of etodolac in the dark reactionwas analyzed at 20 °C at
pH 4, 7, and 9. These pHs are usually considered environmentally rele-
vant (Valenti et al., 2009). There was no degradation of etodolac ob-
served after 1 h of mixing. The influence of initial pH in the range of 4
to 9 on the etodolac photocatalytic degradationwas studied, and the re-
sults are presented in Fig. 9.
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Fig. 8. UV–Vis spectra of etodolac at different pH values.
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Fig. 9. The effect of initial pH on the etodolac removal under Vis light (a) under UV light
(b) and the TOC removal fraction as a function of pH for ZnFe2O4/SiO2/TiO2_650_II
under UV light irradiation (c).
It was observed that a pH above 4 and below 7 facilitated the
etodolac removal. Under visible light, the highest efficiency of
etodolac degradation was observed at pH= 4. After 30 min of irradi-
ation, about 7% and 84% of etodolac were removed in photolytic and
photocatalytic reactions, respectively (see in Fig. 9a).

The highest photodegradation of etodolac was noticed at a pH of 4
and 7 in the presence of UV light, as shown in Fig. 9b. The photolytic re-
moval of etodolacwas 58% at pH=4 and 78% at a pH of 7 during 30min
of irradiation. At the same time, after 20 min of irradiation, the photo-
catalytic performance at pH = 4 was 97% and increased to 100% at
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Fig. 10. The efficiency of etodolac degradation in thepresence of ZnFe2O4/SiO2/TiO2_650_II
photocatalyst measured in the six subsequent cycles of degradation.

Fig. 11. Photocatalytic degradation of etodolac for ZnFe2O4/SiO2/TiO2_650_II photocatalyst
in the presence of e−, h+, •O2

−, and •OH scavengers.
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pH= 7. However, as the pH value further increased to 9, the photocat-
alytic activity decreased due to thequenching effect of carbonates under
alkaline conditions. The presence of CO3

2– and HCO3
– presence results in

adsorption and inorganic layer formation on the photocatalyst surface,
and therefore hindering adsorption of other species (Farner Budarz
et al., 2017; Guillard et al., 2005). Moreover, carbonate anions could
act as a scavengers of the generated hydroxyl radicals, which reacts
with the active species produced in the photocatalytic reaction and re-
duce the photocatalytic performance (Zhang et al., 2015). Scavenging
of photogenerated hydroxyl radicals may especially explain almost full
inhibition of TOC removal at alkaline conditions, as shown in Fig. 9c. Fi-
nally, at pH = 9 both etodolac and the surface of ZnFe2O4/SiO2/
TiO2_650_II magnetic photocatalyst are expected to be negatively
charged, which should promote their repulsion through electrostatic
interactions.

Etodolac is a weakly acidic pharmaceutical agent having a pKa of
4.65. Its solubility depends on the pH of the aqueous phase and in-
creases significantly above the pKa value. The pH of isoelectric point
(pHIEP) for ZnFe2O4/SiO2/TiO2_650_II was about 4.7, as shown in
Fig. S5 in the Supporting materials. The photocatalyst surface was posi-
tively charged at pH b pHIEP and negatively charged at pH N pHIEP. At
acidic conditions below pHIEP, the photocatalyst was positively charged
and was facilitated for the attraction of electron-rich aromatic nucleus
or the oxygens of the etodolac molecule. The higher stability of suspen-
sion was noticed at pH above 6 and below 4. In this regard, the highest
efficiency of etodolac removal was observed at pH above pKa value and
below 7.

The most active in the reaction of etodolac degradation
photocatalyst ZnFe2O4/SiO2/TiO2_650_II was selected for the reusability
studies. In order to examine the photocatalytic effectiveness of themag-
netic photocatalyst after its recovery, the six subsequent cycles were
carried out, as can be seen in Fig. 10. At the end of each run of etodolac
degradation, ZnFe2O4/SiO2/TiO2_650_II nanoparticles were separated
from reaction slurry by an external magnetic field and then treated
etodolac solution was discharged. Afterward, the separated
photocatalyst was reused without any treatment. High efficiency of
photocatalytic degradation was maintained after six subsequent cycles,
without any loss in etodolac degradation and photomineralization.
Mean TOC reduction TOC0-TOCt/TOC0 for each cycle amounted to
0.62 ± 0.05.

3.3. Degradation mechanism and pathway

To verify the mechanism of photocatalytic activity the fluorescence
spectra analysis of 3 mM terephthalic acid (TA) solution under UV–Vis
was performed. A fluorescent product of TA photocatalytic reaction
with ∙OH is 2-hydroxyterephthalic acid (2-HTA), which emits fluores-
cence at 426 nm, as shown in Fig. S6 in the Supporting materials.
There was no peak observed for the TA before irradiation indicating
that fluorescencewas linked only to the 2-HTA presence. The character-
istic fluorescence of 2-HTA increasedwith the irradiation time, suggest-
ing that the ZnFe2O4/SiO2/TiO2_650_II photocatalyst can produce ∙OH
under UV–Vis irradiation.

Furthermore, to provide insight into the mechanism of etodolac re-
moval, oxidative species participating in the photocatalytic reaction
have been investigated by reference experiments in the presence of
scavengers. Photocatalytic activity of ZnFe2O4/SiO2/TiO2_650_II in reac-
tion of etodolac degradation in the presence of tert-butanol (hydroxyl
radicals (∙OH) scavenger,), benzoquinone (superoxide radical anion
(•O2

−) scavenger), ammonium oxalate (hole (h+) scavenger) and silver
nitrate (electron (e−) scavenger) are presented in Fig. 11. The etodolac
photocatalytic degradation determined without scavengers served as a
reference sample.

The introduction of t-BuOH trapping the photogenerated hydroxyl
radicals had little effect on the efficiency of etodolac degradation and
its mineralization. The photocatalytic performance was significantly
suppressed in the presence of benzoquinone, indicating that •O2
¯ plays

an important role in photodegradation or competes with the potential
active species involved in the degradation process. In the presence of
ammonium oxalate, which was introduced as the scavenger of
photogenerated holes (h+), the photodegradation reaction was sup-
pressed by 10%, suggesting that h+ also played a role in the degradation
of etodolac. The 2-times lower mineralization measured as TOC inhibi-
tion efficiency was observed for the photoreaction proceeded with the
addition of ∙O2

− scavenger and h+ scavenger.
To further study the photocatalytic degradation mechanism, the

HPLC/MS analyses of photooxidation and photodegradation products
were performed.

The initial steps of etodolac photolysis in the presence of UV-A, UV-B
or sunlight irradiation reported by Passananti et al. suggest the genera-
tion of twomain photoproducts in the formof spiro (product 3) and lac-
tam (product 4) compounds, respectively (Guzela et al., 2019). As
presented in Fig. 12, the transformation of etodolac is initiated by reac-
tive oxygen species attack on the C2-C3 bond of pyrrole ring in the ex-
cited molecule, which is also characteristic for the oxidation of indoles
in other processes (Xu et al., 2019; McClay et al., 2005; Iesce et al.,
2005). Obtained radical intermediate should further undergo series of
spontaneous rearrangements to possibly give products 2, 3 and 4,
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Fig. 12. The proposed mechanism of initial etodolac photodegradation under UV–Vis.

10 E. Mrotek et al. / Science of the Total Environment 724 (2020) 138167

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

from which 3 and 4were identified as main stable derivatives, withm/
z = 304 and 320, respectively.

The compound with m/z = 304 was observed for both photolytic
and photocatalytic processes. Moreover, in the presence of ZnFe2O4/
SiO2/TiO2_650_II photocatalyst, an additional signal with m/z = 302
was found, which can be the product of compound 4 dehydration,
marked as 5. The analogical process was already observed by Afsah
et al. in their study on the reactivity of dibenzo-azonines (Afsah et al.,
2015), where compounds similar to lactam 4 underwent
cyclodehydration under the Schmidt reaction conditions (NH3/H+).
The formation of both possible byproducts during the photocatalytic
process corresponds well with the observed role of •O2¯ species in the
degradation of etodolac and suggested formation of hydroperoxide 1a
after initial oxygen addition to the double bond of the pyrrole ring of
etodolac (compound 1). According to literature, a spiro derivative 3
with m/z = 304 should absorb UV light with a maxima at 225 nm and
255 nm (Passananti et al., 2015). In this study, no similar compound
was observed. Instead, the formation of a derivative 2 with three max-
ima at 215 nm, 256 nm, and 292 nm was detected. Since compound 2
is presented as a parent for a spiro, it is suggested that it wasmainly ob-
served as m/z= 304 compounds. Stabilization of a structure 2 occurred
Fig. 13. The suggested further steps of e
due to a lack ofmineral acid catalyst, whichwas required to perform the
described transformation in a quantitative yield, as described by Mateo
and co-workers (Mateo et al., 1996). Therefore, the formation of com-
pound 2 as the main oxidation product of photocatalytic degradation
was observed.

Both compounds 2 and 5 can later undergo -CH2-COOH detach-
ment to form compounds with m/z = 246 and m/z = 244, deriva-
tives 6 and 7, respectively. Product 6 was observed on the MS
spectrummainly during the photocatalytic process, while the forma-
tion of compound 7was foundmostly during the photolysis of ETD in
acidic conditions. The transformation was based on a hydroxyl attack
on α‑carbon, relative to carboxyl moiety, which was also found to be
promoted in the presence of ∙OH radicals in citric acid (CA) oxidation
(Zeldes and Livingston, 1971; Meichtry et al., 2011).

Further, compounds 6 and 7 can undergo breaking of hydropyrane
ring. This results in the formation of 7-ethyl-tryptophol derivative
(structure 8 in Fig. 13) or other indolic compounds, togetherwith corre-
sponding ketones as byproducts.

Indeedmainly at acidic conditions, spontaneous formation of a com-
poundwith board single absorptionmaximumat 274nmwas observed,
which corresponds to 2-butanone (Lee et al., 1988; Schütze and
todolac degradation under UV–Vis.
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Herrmann, 2004). Its formation was additionally promoted under visi-
ble light irradiation,what's shown in Fig. S7 in the Supportingmaterials,
suggesting that similar transformation could be crucial for increased
TOC removal under the UV–Vis spectrum, rather than UV only.

The presence of 2-butanone was mainly found in photolytic degra-
dation at pH = 4, while during the photocatalytic process the com-
pound quickly disappeared, suggesting its further efficient
mineralization. It can be reasoned that photocatalyst presence can pro-
mote similar process to photolysis but with more efficiency, either
through formation of reactive oxygen species (•O2

−, •OH) aswell as pos-
itively charged states of TiO2 by h+ trapping on the surface or because of
Lewis-acidic active sites, that are characteristic for anatase structure
(Pérez-López et al., 2018; Martra, 2000). The involvement of ROS and
photogenerated holes in the mechanism of etodolac degradation was
confirmed, since the significant effect of h+ and •O2¯ scavenging on
TOC removal was observed.

Furthermore, the Mott-Schottky analysis was performed to deter-
mine the location of flat band energy (Efb) by measuring the space
charge region capacitance (Csc) at electrode/electrolyte interface, ac-
cording to Eq. (1).

Csc ¼ −
1

Z00ω
ð1Þ

Csc – capacitance of the space charge region, Z" – imaginary imped-
ance, ω – angular frequency.

Model Mott-Schottky plots of the ZnFe2O4/SiO2/TiO2_650_II sample
are presented in Fig. S8 in the Supporting materials. The capacitance
of the space charge regionwas calculated for three different frequencies,
resulting in three different values of Efb. The differences in Mott-
Schottky plots for various data series are observed due to the electrode
porosity and increasing faradaic current influence on the current distri-
bution at low-frequencies (Scribner, 1990).

The Mott-Schottky plots indicated that the analyzed photocatalyst
acts as the p-type semiconductor. The flat band potential of
photocatalyst was estimated at 1.7 V vs. Ag/AgCl (0.1 M KCl), therefore
Fig. 14. Schematic representation of the energy positions of the conduction band (CB) and
flat band energy (EF) with corresponding valence band (VB) of ZnFe2O4/SiO2/TiO2_650_II
photocatalyst.
for the p-type material, the valence band edge is expected to be placed
slightly lower to its flat band potential (Babu et al., 2014). The position
of conductive band edge was estimated as the difference between the
flat band edge position (1.7 V vs. Ag/AgCl (0.1 M KCl), equal to
1.988 V vs. NHE) and the band gap value Eg (3.25 eV) and amounted
−1.212 V vs. NHE. Fig. 14 shows the proposed value of the conductive
band edge (CB) and the respective position of the flat band (EF) with
corresponding energy of valence band edge (VB). According to the esti-
mated results of CB and VB position, the examined photocatalyst can ef-
ficiently oxidize H2O into oxygen and reduce oxygen particles into
superoxide radicals. The presented results correspond with the photo-
catalytic analysis conducted in the presence of reactive oxygen species
scavengers, where the photocatalytic activity of ZnFe2O4/SiO2/
TiO2_650_II photocatalyst was significantly suppressed in the presence
of •O2

¯ scavenger.
Although TiO2 is widely considered to be an n-type semiconduc-

tor, p-type semiconductivity of TiO2 was already reported
(Nowotny et al., 2010; Conrado et al., 2013). Acceptor dopants,
such as cations with a lower valence than Ti4+, can act as acceptors
of electrons and shift the n-type to p-type transition. P-type behavior
of TiO2-based photocatalysts may results from the formation of tita-
nium vacancies (acceptor-type defects). Kaariainen et al. obtained p-
n junction in TiO2 between p-type anatase and n-type rutile. The
polycrystalline materials revealed enhanced photocatalytic perfor-
mance compared to the n-type TiO2, which indicates that superior
photoactivity results from the formation of p-n heterojunction
(Conrado et al., 2013).

4. Conclusions

In summary, the TiO2/SiO2/ZnFe2O4 magnetic photocatalysts were
synthesized successfully and used for the first time in the
photodegradation of etodolac. This study provides new insight into
the application of heterogeneous photocatalysis, where pollutants are
chemically oxidized by nonselective free radical species, for degradation
of xenobiotics under simulated solar light.

The significantly enhancement of photocatalytic activity can be at-
tributed to the p-n junction in TiO2 of the TiO2/SiO2/ZnFe2O4_650_II
composite material. The trapping experiments revealed that h+, •O2¯,
and •OH were ROS involved in ETD photocatalytic degradation. The PL
spectra analysis showed the lower intensity for ZnFe2O4/SiO2/TiO2mag-
netic photocatalysts than for pure TiO2_400, which indicates lower
electron-hole recombination rate and higher photocatalytic activity.
The photocatalytic tests in the present of ROS scavengers as well as
the Mott-Schottky analysis confirmed that the studied magnetic
photocatalyst can efficiently oxidize H2O into oxygen and reduce oxy-
gen particles into superoxide radicals.

The effect of irradiation range on the ability to reduce etodolac con-
centration in photolysis and photocatalytic degradation was confirmed.
There was no progress observed in etodolac photolytic degradation
under Vis light irradiation.

The highest efficiency of etodolac removal was observed at pH
above the pKa value of etodolac and below pH = 7 under UV and
UV–Vis light. Compared with photolysis, the degradation of etodolac
in the presence of ZnFe2O4/SiO2/TiO2 photocatalysts was markedly
improved under UV and visible light. After 20 min of irradiation,
about 100% of etodolac was decomposed. Based on HPLC/DAD and
HPLC/MS analysis six intermediates were determined both in pho-
tolysis and photocatalytic reaction and the degradation pathway of
photodegradation was proposed.
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