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egradation of ibuprofen using
titanium oxide: insights into the mechanism and
preferential attack of radicals†

Maicon Oliveira Miranda,ab Wesley Eulálio Cabral Cavalcanti,a

Felipe Fernandes Barbosa,a José Antonio de Sousa,c Francisco Ivan da Silva,d

Sibele B. C. Perghera and Tiago Pinheiro Braga *a

The present work studied ibuprofen degradation using titanium dioxide as a photocatalyst. Mechanistic

aspects were presented and the preferred attack sites by the OHc radical on the ibuprofen molecule

were detailed, based on experimental and simple theoretical-computational results. Although some

previous studies show mechanistic proposals, some aspects still need to be investigated, such as the

participation of 4-isobutylacetophenone in the ibuprofen degradation and the preferred regions of

attack by OHc radicals. The photodegradation was satisfactory using 0.03 g of TiO2 and pH ¼ 5.0,

reaching 100% decontamination in 5 min. The zeta potential curve showed the regions of attraction and

repulsion between TiO2 and ibuprofen, depending on the pH range and charge of the species,

influencing the amount of by-products formed. Different by-products have been identified by GC-MS,

such as 4-isobutylacetophenone. Ibuprofen conversion to 4-isobutylacetophenone takes place through

decarboxylation reaction followed by oxidation. The proposed mechanism indicates that the degradation

of ibuprofen undergoes a series of elementary reactions in solution and on the surface. Three different

radicals (OHc, O2
�c and OOHc) are produced in the reaction sequence and contribute strongly to the

oxidation and mineralization of ibuprofen and by-products, but the hydroxyl radical has a greater

oxidation capacity. The simple study using the DFT approach demonstrated that the OHc radical attacks

preferentially in the region of the ibuprofen molecule with high electronic density, which is located close

to the aromatic ring (C]C bond). The presence of the OHc radical was confirmed through a model

reaction using salicylic acid as a probe molecule.
1 Introduction

Contaminants or emerging pollutants belong to a group of
substances oen found in the environment, where their effects
are not well known, but they can bring serious risks to the
ecosystem.1 In general, there is no strict legislation to monitor
the release of these products into the environment.2

Pharmaceutical products, steroids and hormones are some
types of water pollutants.3 The drugs have been found in several
aquatic systems in many countries,4 and their release into the
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environment occurs mainly through domestic and hospital
waste. Considering that the human body is unable to fully
metabolize these substances, they were excreted through feces,
urine and sweat.5

Nonsteroidal anti-inammatory drugs, designated as
NSAIDs, are the most consumed class of drugs in the world
because, usually, they do not need a medical prescription.
Consequently, they are an important group regarding the
contamination environmental impact by drugs. Ibuprofen is
among the most widely NSAIDs used on a global scale, and it
has been found in several regions of the planet.6

Pharmaceutical wastes can easily found in the water system
because the vast majority of sewage treatment plants lack the
ability to retain or degrade these substances.7–10 Therefore, it is
necessary to develop new methods of removing or deplete these
products from the environment. An alternative to this issue is
the advanced oxidative processes (AOPs).

The AOPs use the production of oxidants such as hydroxyl
(OHc), peroxyl (O2

�c) and hydroperoxide (HO2c) radicals to
degrade the organic materials and mineralize the contaminant
to carbon dioxide and water.11–14 Heterogeneous photocatalysis
© 2021 The Author(s). Published by the Royal Society of Chemistry
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is an excellent example of AOPs using light as an irradiation
source. One of the best-known photocatalysts is titanium
dioxide due to its efficient photoactivity, its electron–hole
recombination rate, high stability, low cost, and safety to the
environment and humans.15 When the photocatalyst surface is
irradiated, the absorption energy equal to or higher than the
band-gap is able to overcome the energetic barrier, promoting
an electron from the valence band (VB) to the conduction band
(CB) and creating an electron–hole pair.16 This combination
promotes redox reaction on the photocatalyst surface,
producing radicals such as hydroxyl species (OHc).17,18 The
hydroxyl radical is a strong oxidative agent, but is not selective,
thus, it can react with several compound classes. The presence
of these radicals initiates a series of reactions capable of
oxidizing organic matter, justifying its importance in advanced
oxidative processes for environmental decontamination.19

The identication of intermediates and mechanism pathway
specifying the participation of oxidants radicals are considered
fundamental aspects to understand in detail the oxidation
process by photocatalysis such as TiO2.20 For example, Wang
et al. investigated the mechanism of TiO2 and ZnO catalysts
applied in the ibuprofen degradation using UV-LED light.21

Greater degradation was observed using lower pH values. TiO2

and ZnO photocatalysts were very efficient for ibuprofen
degradation in a much shorter time in comparison to H2O2,
peroxomonosulfate (PMS) and potassium peroxodisulfate
(PDS). In the presence of UV irradiation using only H2O2,
hydrogen peroxide generates hydroxyl radicals that attack the
ibuprofen molecule, obtaining 38.93% of degradation in the
highest concentration of H2O2 and generating different by-
products. However, in the presence of PMS and PDS, which
have greater redox potential than peroxide, reached 74% and
55% of degradation, respectively. These compounds provide the
formation of sulfate ion during the oxidation process that
occurs in the photocatalytic degradation mechanism. However,
in the presence of TiO2, the light excites the electrons on the
catalyst surface and the generated hydroxyl radical acts as an
oxidizing agent against ibuprofen, achieving 100% of degrada-
tion. In another work, Wang et al.22 investigated through DFT
approach the conversion mechanism of various intermediates
and selected the appropriate radicals to degrade Ibuprofen. It
was mentioned that the reaction activity of cNO2 with ibuprofen
is lower than OHc, since the free energy barrier is higher.
Furthermore, hydroxylation products can be generated by
radical formation and hydrogen abstraction transfer. Thus, O2

is important in the formation of hydroxylation products,
reacting with the free radical intermediate formed by the
addition reaction and promoting the formation of the nal
hydroxylation products. Lin et al.23 applied TiO2 combined with
boron nitride in the photocatalytic ibuprofen degradation and
investigated the mechanisms, formation of products and
intermediates. The involvement of boronitride in TiO2

improved the light absorption efficiency, in addition to the
specic surface area, consequently improved e�–h+ pair sepa-
ration efficiency. Another interesting fact is that the presence of
boron nitride collaborated with the breakdown of Ibuprofen
degradation intermediates.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Although some studies describe the differentmechanistic steps
in the degradation of ibuprofen showing the different possible
oxidants radicals and their action in the solution and surface
steps,24–26 insights indicating the preferred oxidant to attack the
ibuprofen molecule and the most favorable region of oxidant
attack by OHc radical in the functional groups of the ibuprofen
structure remains an interesting approach to be investigated.
Furthermore, some reaction pathways for ibuprofen degradation
need to be further investigated such as the conversion of the 4-
isobutylacetophenone intermediate to CO2 and H2O.

Theoretical-computational calculations through DFT theory
combined with experimental results are interesting tools to
understand the interaction between the polluting molecule and
oxidants radicals.26,27 Few studies have investigated the degra-
dation mechanism of ibuprofen using TiO2-based photo-
catalysts with the aid of a DFT approach.22,28 Although there are
some studies that detail the mechanism for ibuprofen degra-
dation using experimental and theoretical results, detailed
information regarding the preferred oxidant species to degrade
ibuprofen and the preferred interaction between the radical and
the functional groups present in the structure of ibuprofen
using computational approaches remain scarce.

Thus, in the present work, the photocatalytic degradation path-
ways of ibuprofen are studied by using a combination of experimental
and simple computational investigations. In a rst part, ibuprofen
degradation was evaluated using different experimental conditions of
pHandmass combinedwith some experimental characterizations. In
a second part, the different elementary steps in solution and on the
surface for the degradation of ibuprofen were proposed, based on the
experimental results obtained, showing the formation of by-products
and indicating the role of oxidants radicals in the mineralization of
ibuprofen. Finally, the third part consists in understanding the
preferred oxidant to attack ibuprofen and the most likely sites of
interaction between the radical and the ibuprofen molecule using
a simple computational calculation through DFT theory.

2 Materials and methods
2.1 Photocatalytic tests

Commercial TiO2 solid was used for all tests (Vetec, 98% of purity
and average particle size of 100 nm). The photocatalytic reaction was
performed at room temperature and atmospheric pressure. The
processwasmade by irradiating amercury lamp (125W) through the
ibuprofen solution. The wooden photocatalytic systemwas internally
covered with aluminum foils to make better use of all radiation
emitted. Themixture was kept in the dark for 30min to establish the
adsorption–desorption equilibrium of the solution before light irra-
diation. The rst degradation test was performed using only the light
effect without the catalyst using 100mL of ibuprofen 10�4Mwith an
initial pH ¼ 7. Then, the different variables were evaluated using
titaniumdioxide. Three differentmasses of TiO2were analyzed in the
following proportions 0.1, 0.3, and 0.5 g of photocatalyst per liter of
ibuprofen solution. Aerwards, in order to evaluate the pH effect on
the photodegradation, tests with 100 mL of ibuprofen solution and
0.03 g of TiO2 using pH of 3.0, 6.0, and 9.0 were carried out.

The photodegradation reaction was followed by UV-VIS charac-
terization using a UV-VIS Spectrophotometer Shimadzu 1800. The
RSC Adv., 2021, 11, 27720–27733 | 27721
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absorbance from 200 to 350 nm was measured. For this analysis,
aliquots of 3 mL were collected at predetermined times. The
aliquots were collected with a syringe using a hose from solution to
the external part of the photoreactor. Filters of 0.20 mmwere used to
lter the ibuprofen solution with TiO2 from each collected aliquot.
The degradation rate was calculated according to eqn (1).

Degradation rateð%Þ ¼ C0 � Ct

C0

� 100% (1)

2.2 Photocatalyst characterization

TheX-ray diffraction analysis (XRD)weremade by using a BrukerD2
Phaser Diffractometer with CuKa (l ¼ 1.54 Å) radiation. The anal-
ysis was taken at a 2q angle between 10 and 90�. The phase iden-
tication was made by using X-Pert HighScore Panalytical soware
and database JCPDS-ICDD 2003.29,30 Rietveld renement was per-
formed by operating MAUD and GSAS soware31 using EXPGUI
interface,32 aer determining instrumental widening through the
renement of LaB6 standard sample. The modied Pseudo-Voigt
function (Thompson–Cox–Hastings) was chosen to adjust the
diffraction peaks proles of the identied crystalline phases.33

For TiO2 band-gap energy determination, it was used a UV-
Vis-NIR Agilent Cary 5000 Spectrophotometer, which is equip-
ped with a 150 mm diameter integration sphere on the external
reectance accessory (DRA-2500). The reectance signals were
obtained in a wavelength range from 200 to 900 nm. To nd the
band-gap energy, it was used the Tauc model for indirect tran-
sitions. Eqn (2) was used for the transition conversions. This
model is represented by the curve of energy quantities hv versus
the quantities (ahn)1/n. The band-gap energy is determined from
the extrapolation of the straight line to the abscissa axis (hv).34

(ahv)1/n ¼ b(hv � Eg) (2)

where a is the material absorption coefficient, h and v are
respectively, plank constant and the light frequency, n is relative to
transition nature (n¼ 2 for indirect allowed transitions and n¼ 1/2
for direct allowed transitions), b is parameter constant from each
band tail, and Eg is the band-gap optical energy. Normally, to
obtain the band-gap energy by the Tauc method, it is necessary to
obtain the absorbance and transmittance from spectra, however,
as it was used the reectance results, it was necessary to readapt,
by using the Kubelka–Munk model, shown in eqn (3).

[F(RN)hv]1/n ¼ A(hv � Eg) (3)

where the expression F(RN) is a Kubelka–Munk function,
proportional to absorption coefficient a, and A is the absorption
parameter. To determine the F(RN) value, it was used eqn (4),
where R is the reectance values.

FðRÞ ¼ ð1� RÞ2
2R

(4)

The Tauc model was adapted and it was plotted the spectra
of [F(RN)hv]1/n versus hv, consequently, the band-gap energy
was found by extrapolating the line in F(R) ¼ 0.
27722 | RSC Adv., 2021, 11, 27720–27733
The N2 adsorption–desorption isotherm was performed at 77 K
using a Micrometrics sortometer equipment, model ASAP 2020,
with a turbomolecular pump. The sample was previously degassed
at 200 �C for 2 h. The specic surface area (SBET) was obtained by
Brunauer, Emmet and Teller (BET) method,35 using the adsorption
data and taking into account the IUPAC recommendations.36 The
total pore volume (Vp) was obtained by the Gurvich rule.37

The zeta potential analysis was performed using a Stabino
particle charge titration analyzer (Colloidmetrix), adjusting the pH
along the measurements. This equipment uses an oscillating
piston design. It is necessary to use a cylindrical PTFE chamber
with an oscillating piston, both carrying anionic charge at the
surface. A fraction of the particles was immobilized at the surface.
Thus, the mobile cloud was pushed up and down with the piston
movement. The oscillating ion cloud generated an alternating
voltage at the electrodes, which is related to the zeta potential. 40
mL of a NaOH solution was added every 15 s until the pH is 12.0,
and HCl solution was added until the pH is 2.0. The created
potential is detected andmeasured by the two electrodes, enabling
a zeta potential plot to be obtained as a function of pH. The
isoelectric potential of the solid was determined from this curve.

Gas chromatography-mass spectrometry (GC-MS) were per-
formed to identify the by-products formed from the photo-
catalytic degradation of ibuprofen, model GC-2010 Plus from
Shimadzu, with polar column (30 m � 0.25 mm � 0.25 mm) and
automatic injection model AOC-20i. The photocatalyst was
separated from the ibuprofen solution using lters 0.20 mm
aer 5 min of photodegradation. Then, the solutions were
treated with a ethanol : ibuprofen ratio of 2 : 1 and 1 mL (split
less) was injected. A heating ramp from 100 �C to 270 �C with
a heating rate of 15 �C min�1 was used. The injector tempera-
ture was 270 �C. The NIST library (National Institute of Stan-
dards and Technology) was used to identify the by-products.

A model reaction using salicylic acid as probe molecule was
performed and accompanied by UV Vis spectroscopy analysis to
assess the presence of the hydroxyl radical. A photocatalytic
reaction was performed using a 5.0 � 10�4 M solution of sali-
cylic acid applying a similar methodology to photocatalytic
tests. The same catalyst was used, in the proportion of 0.3 g per
liter of solution, the same irradiation source, the same aliquot
volume and the same lter. Aliquots were withdrawn at inter-
vals of 5, 15, 30 and 60 min. The photoreaction was followed by
UV-VIS spectroscopy in the range of 250–400 nm using the
Shimadzu 1800 UV-VIS Spectrophotometer.
2.3 Theoretical-computational calculation (DFT approach)

All optimization and energy calculations were obtained using a DFT
approach in gas phase through the B3LYP,38 B3LYP-D3,39 cam-
B3LYP,40 B3P86,41 wB97X-d,42 MN12-L,43 MN12sx,44 PBE,45 PBE0 (ref.
46 and 47) and TPSSH48 methods with the 6-31G(d, p) base set49 in
order to evaluate the ibuprofen experimental infrared spectra data
and predict the best model that describes the structure. The error
calculation was obtained from the sum of theoretical wavelengths
minus the sum of the experimental wavelength divided by the sum
of experimental wavelengths,50 according to eqn (5).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Error ð%Þ ¼
P ðtheoretical wavelengthÞ �P ðexperimental wavelengthÞP ðexperimental wavelengthÞ 100% (5)
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It was determined the molecular electrostatic potential map
for ibuprofen in gas phase to observe the regions of greater
electronic density. Furthermore, the DFT method that obtained
the smallest deviation from the experimental data was the
method chosen to study the spontaneity of the ibuprofen
reaction interacting with OHc radical in seven different posi-
tions in gas phase using the free energy of each position. The
calculations in the same seven positions were also performed
taking into account the solvent (water) using the polarized
continuummodel (PCM). All calculations were performed using
Gaussian 09 soware.51

3 Results and discussion
3.1 X-ray diffraction (XRD)

Titanium dioxide may have three possible crystalline phases,
anatase, rutile and brookite, depending on the synthetic
conditions employed. XRD was used to identify which of these
phases were present in the photocatalyst. The diffractogram is
presented in Fig. S1a.†

The presence of the anatase and rutile phases was observed.
The rst phase related to anatase can be identied with 2q
peaks values of 25.22�, 37.76�, 47.90�, 53.96�, and 54.98�, which
Miller indices (hkl) are (101), (004), (200), (105), and (211),
respectively. The second phase concerning the rutile can be
identied by 2q peaks values of 27.42�, 35.99�, 41.21�, and
56.58� with Miller indices Miller (hkl) (110), (101), (111), and
(220), respectively.

In order to quantify each phase observed, a renement was
performed from diffractogram using Rietveld method. The
results are presented in Fig. S1b.† It was observed that sample
has 84.85% of TiO2 in the anatase phase and 15.15% in rutile
structure. The higher quantity of the anatase phase compared to
rutile is very interesting for photocatalysis applications, since
this phase has better photocatalytic properties due to its smaller
recombination of electron–hole pair.15

3.2 Band-gap energy

The curve related to [F(RN)hn]1/n versus hn spectra is shown in
Fig. S1c.† It was determined the band gap energy using the Tauc
model adapted by the Kubelka–Munk model. In this case, it was
considered n ¼ 1/2 for indirect allowed transition, which,
according to the literature, is predominantly titanium dioxide.34

The TiO2 band gap energy obtained by the extrapolation of the
line was 3.29 eV as expected, which is in accordance with
previously described values for rutile and anatase phases.52

3.3 Textural properties

N2 adsorption/desorption analysis was performed to investigate
the textural properties of TiO2 oxide. The result is shown in
© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. S1d.† A non-signicant hysteresis curve, a type III isotherm
with SBET area of 8 m2 g�1 and pore volume (Vp) of 0.02 cm3 g�1

were observed. Type III isotherm is related to non-porous or
macroporous solids. Low surface area values are typical of pure
titanium oxide.53 Considering that TiO2 has low porosity, the Vp
value is certainly due to the interaction between particles.
3.4 Thermal stability study

In order to evaluate the impact of the temperature in the
ibuprofen degradation, a 10�4 M solution was heated at
temperatures of 30, 40, 50 and 60 �C. The results of the wave-
length and absorbance are exhibited in Fig. S2.†

The band used for ibuprofen thermal stability evaluation is
at approximately 220 nm. One can notice that this band did not
have any change with the temperature increase up to 60 �C.
Considering that in the photocatalytic medium used in this
work there is a temperature increase of 5 �C in relation to the
room temperature, the temperature effect cannot lead to the
ibuprofen degradation. Therefore, the photocatalysis results
discussed, are caused exclusively by the light effect with or
without the catalyst and it was not affected by the temperature.
3.5 Effect of mass on photodegradation

The degradation was accompanied by a decrease in the
ibuprofen band at 222 nm according to the UV-Vis absorption
spectra results. It is essential to mention that this decrease does
not necessarily mean that the drug has been totally mineralized,
since it may be converted in other molecules as well, generating
different by-products. To prevent adsorption effects in photo-
catalytic tests, before starting each reaction, the solution-
catalyst mixtures were stirred in the dark, until equilibrium
was reached. Similar adsorption capacities were observed for all
cases, with an average of 3.8%. The low adsorption capacity
demonstrates that this step does not signicantly interfere in
the results of photocatalytic reactions.

The Fig. S3† shows the maximum absorbance for each band
and the time of radiation exposure. The spectra related to the
wavelength versus absorbance are in the ESI.† One can notice in
Fig. 1a that the absorbance decrease is faster when one
increases the catalyst mass. The degradation kinetics presented
the following increasing order <0.01 g of TiO2 <0.03 g of TiO2

<0.05 g of TiO2. This observation can also be made by analyzing
the degradation rate shown in Fig. 1b.

Fig. 1b conrms the efficiency of titanium dioxide for
ibuprofen degradation reaction. It was veried that the reac-
tions using 0.01 g of photocatalyst reach 100% of degradation in
30 min, while the reaction with 0.05 g of TiO2 was the fastest
solid, which it was necessary only 10 minutes to achieve
maximum degradation, corroborating with the positive effect of
RSC Adv., 2021, 11, 27720–27733 | 27723
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Fig. 1 (a) Influence of different photocatalyst masses on ibuprofen degradation; (b) ibuprofen (10�4 M) degradation rate versus irradiation time
for the different masses; (c) pseudo-first order reaction for ibuprofen degradation.
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the mass increase in the degradation time. In the photolysis
without the presence of photocatalyst, 30 min are needed to
obtain only 12.40% of the degradation, and for the time of
120 min, 46.43% of degradation was observed, demonstrating
that the light effect alone is not enough to degrade ibuprofen
and the presence of the TiO2 is essential to complete drug
degradation.

The ibuprofen degradation reaction follows a pseudo-rst-
order kinetics (Fig. 1c), which is in agreement with previously
published studies.54–56 Thus, it is possible to calculate the
pseudo-rst kinetic constant (K0) and the half-life times (T1/2) for
each reaction using eqn (6) and (7), and plotting the graph of ln
[C/C0] versus time (Fig. 1c) based on eqn (7), where k is the slope
of the generated line and C is the concentration in each time, C0

is the initial concentration and t is the time. The half-life for
each reaction was also calculated using the eqn (7).

ln

�
C

C0

�
¼ �kt (6)

t1=2 ¼ ln 2

k
(7)

Table S1† shows the correlation coefficient (R2), the pseudo-
rst rate constant (k0), and the half-life time (t1/2). It is possible
to notice that the reaction occurs faster when one increases the
catalyst mass. The presented values indicated that for the
greater the TiO2 mass used, it was obtained a higher rate
constant and a smaller half-life time. Greater mass of solid
27724 | RSC Adv., 2021, 11, 27720–27733
used, greater is the number of active sites, and consequently,
photocatalytic activity is higher.
3.6 pH inuence on photocatalytic activity

The pH can directly inuence the photocatalytic degradation
according to previously published works.57,58 To analyze the pH
effect on the photoreactions, it was used for all cases the
following parameter: 0.03 g of TiO2 in 100 mL of 10�4 M
ibuprofen solution. The pH was controlled by HCl (0.01 M), and
NaOH (0.01 M) solutions. Fig. 2 shows the photodegradation
behavior of ibuprofen using a pH of 3.0, 5.0, 7.0 and 9.0,
respectively.

The reaction at pH 5.0 presented the best photocatalytic
performance, which the disappearance of band at 222 nm was
observed within 5 min, reaching 100% degradation. This
behavior can be explained by correlating the surface charge of
the catalyst with the predominant charge in the solution. The
surface charge of the catalyst depends on the chemical nature
and the pH, which is related to the point of zero charge
(pHpzc).58 For pH values below the pHpzc, the catalyst particles
are protonated and are positively charged, while pH above
pHpzc, the catalyst is deprotonated and are negatively charged.

The pHpzc is between 3.8 and 6.5 for TiO2, depending on the
particles size according to previous study.57,58 Ibuprofen is
a weak acid with a pKa of 4.91. At a pH value below the pKa,
ibuprofen molecule is protonated, while at a pH above pKa,
ibuprofen is in its anionic form.57 Thus, situations in which the
pH is lower than the pKa or higher than the pHpzc, both catalyst
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Influence of pH on ibuprofen photodegradation; (b) ibuprofen (10�4 M) degradation rate versus irradiation time for the different pHs; (c)
pseudo-first order reaction for ibuprofen degradation.

Fig. 3 Zeta potential for TiO photocatalyst.
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and ibuprofen will have positive and negative charge, respec-
tively, promoting an electrostatic repulsion between them,
which may cause a decrease in its photodegradation power.
This behavior can be seen in Fig. 2 for pH 3.0 and 7.0. On the
other hand, the medium at pH 5.0 is within a range where the
pH is higher than pKa and lower than pHpzc, therefore, the
solution is in anionic form and the photocatalyst is positively
charged, causing an electrostatic attraction, which contributes
to better adsorption of the ibuprofen molecule on the TiO2

surface, favoring a greater degradation performance. For this
pH, it was observed the best photocatalytic result.

However, the results for pH ¼ 9 do not follow the justica-
tion presented above, since it was expected smaller perfor-
mance compared to pH ¼ 7.0. An explanation proposal for
greater efficiency is due to the larger amount of OH� present in
the medium that can provide increased production of hydroxyl
radicals, main responsible species for the photodegradation,
compensating the electrostatic repulsion. The highest efficiency
in alkaline medium was found for photolysis at different pH
according to previously results.56

Zeta potential analysis was carried out in order to conrm
the information described above. The result is shown in Fig. 3.
The point where the surface charge density is equal to zero is
designated as point of zero charge (PZC),57,58 while the point
where the zeta potential is equal to zero is named isoelectric
point (IEP) and the catalyst surface is neutral on these points.59

If there is no interference from specic adsorption on the catalyst
surface, the PZC and IEP present the same result.59,60 It is known that
the TiO2 particle show negative surface charge or zeta potential when
© 2021 The Author(s). Published by the Royal Society of Chemistry
pH values are higher than pHIEP, while for pH lower than pHIEP the
charge on the titaniumdioxide surface is positive,57,58 as seen in Fig. 3.

The isoelectric point was found at pH ¼ 5.2. This obtained
value corroborates with the degradation results presented in
Fig. 2, which the best results were observed at pH ¼ 5.0. In this
case, the pH of the medium is below the pHIEP of TiO2 and
higher than the pKa of ibuprofen (4.85), consequently, the
catalyst surface has negative charges while ibuprofen is posi-
tively charged, generating an electrostatic attraction, which
contributes to greater drug adsorption on the photocatalyst
surface, increasing the efficiency in photodegradation. The
interaction between the charges of titanium dioxide and
2

RSC Adv., 2021, 11, 27720–27733 | 27725
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Fig. 4 (a) By-product formation versus irradiation time for the different masses used; (b) influence of pH on by-products formation.
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ibuprofen for different pH ranges is presented in Scheme S1,†
illustrating the regions of attraction and repulsion depending
on the pH range, charges of ibuprofen and TiO2. The adsorption
capacity for the process in the absence of light was also evalu-
ated for reactions at different pHs, Fig. 2a. The average
adsorption capacity for the different pHs was 8.3%. The highest
adsorption capacity was observed at pH 5, reaching values of
11.7%, corroborating the zeta potential results. The low
adsorption capacity once again demonstrates that this step does
not signicantly inuence the photocatalysis results.

Fig. 2c conrms that the ibuprofen degradation reaction
follows a pseudo-rst order kinetics due to the linear behavior of
the graph ln[C/C0] against time, corroborating previous studies.54–56

Table S2† shows the values of correlation coefficient (R2), half-life
(t1/2), pseudo-order rate constant (k0), varying the pH. The values
showed that besides the mass effect, pH also affects the kinetic
parameters obtained. The reaction at pH ¼ 7 showed a higher
degradation rate compared to pH ¼ 3, which are in accordance
with the degradation results present in Fig. 2b.
Scheme 1 Proposal formation of by-products through ibuprofen photo

27726 | RSC Adv., 2021, 11, 27720–27733
The TiO2 photocatalyst activity was compared with other
previously published works which studied the ibuprofen
degradation, taking into account the different reaction condi-
tions used.18,61–67 The different results are shown in Table S3.† It
is observed that the present study indicated high performance
and, mainly, shorter time for complete ibuprofen degradation
compared to other similar solids, which is related to the low
band gap energy and the small particle size.
3.7 Effect of the mass and pH on the by-product formation

The UV spectra are present in Fig. S4† for the different reaction
times varying the pH, supplementary material. One can noticed
the presence of a new band around 225 nm in which the
intensity increases over time, while the band at 222 nm con-
cerning the ibuprofen decreases. This characterizes an
appearance of by-products from the oxidation of the organic
molecule, indicating that, initially, the ibuprofen degradation is
not promoting the complete mineralization, but producing
intermediate species. This behavior can be seen in Fig. 4a and b.
degradation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4a is related to the band increases at 225 nm for the
different masses, showing the formation of by-products. It is
noted that, for the smallest and largest mass of TiO2, the results
are similar; however, for an intermediate amount of catalyst
using 0.03 g, the band increase is less signicant. Another
interesting aspect observed in Fig. 4a, is related to the fact that
in 30 min of reaction, the band at 225 nm disappears for the
three masses. This may be an indication that aer this period,
the mineralization process is more pronounced.

Fig. 4b shows a discrepancy among the absorbance values
obtained for the different pHs studied. In acidic pH, there is
a tendency to form higher quantities of by-products, while in
neutral or in alkali pH is less pronounced. Cory et al. proposes
that the by-product responsible for the appearance of the band
at 255 nm is 4-isobutylacetophenone.67 The process occurs
through decarboxylation reaction followed by oxidation. Other
works58–60 showed the mass spectra for ibuprofen degradation,
which it was possible to identify the presence of 4-iso-
butylacetophenone among all the degradation products. It is
shown in Scheme 1 the possible reaction pathways for the
ibuprofen conversion to 4-isobutylacetophenone. In this case,
the reactions involving the formation of hydroxyl radical in the
presence of oxygen.

The by-product formed may be inuenced by pH, which is
more favorable in an acid medium, corroborating with the
observations presented in Fig. 4b. In addition, it can be seen that
the absorbance band at 255 nm disappears in 30 min of reaction,
indicating that ibuprofen was totally degraded. However, the
degradation rate may be superior at pH 7.0 or 9.0, since in 30 min
of reaction there are not observable bands, while for lower pH the
by-product band at 255 nm remains present.
Table 1 By-products identified during the photocatalytic degradation o

By-products Molecular weight (g mol�1) Structure

Ibuprofen 206

4-Isobutylacetophenone 176

3-Phenyl-2-butanone 148

p-Isobutylbenzaldehyde 162

4-Phenyl-benzylacetone 148

4-Methyl-2-phenyl-1-penten-3-ol 176

© 2021 The Author(s). Published by the Royal Society of Chemistry
A sequence of reactions was described to understand the
degradation pathway of ibuprofen in the presence of the
titanium-based photocatalyst. Reaction (8) refers to the begin-
ning of the reaction process, which the formation of electron–
hole pair occurs caused by the action of irradiation, light.
Subsequently, reactions (9)–(12) show the interaction of the
contaminant with the catalyst surface forming three possible
radicals due to the breakdown of the initial molecule (IBU*,
IBU**, IBU***). As previously reported,56,57 a band with
a maximum value around 255 nm increases the intensity during
the degradation of ibuprofen with UV irradiation according to
the ultraviolet (UV)-visible spectroscopy results, which has been
related to the generation of by-products such as decarboxylated,
hydroxylated, dihydroxylated and demethylated species68 and
justies the formation of radicals. Among the main by-products
formed, 4-isobutylacetophenone has shown prominence
according to the reaction sequence described in Scheme 1. The
main by-products identied are present in Table 1 and Fig. S5†
according to the GC-MS results, conrming the formation of
species 4-isobutylacetophenone, p-isobutylbenzaldehyde, 4-
methyl-2-phenyl-1-penten-3-ol, 4-phenyl-benzylacetone and 3-
phenyl-2-butanone.

Reaction (12) shows the capture of electrons by the oxygen
present in the medium, forming superoxide radicals. The
superoxide radicals formed react with the acid medium to form
another radical species (HO2c), reaction (13). Reaction (14)
describes the dimerization of the hydroperoxide radical, form-
ing the hydrogen peroxide molecule, which decomposes into
OHc and OH� species according to reaction (15). In addition,
reaction (16) demonstrates the attack of the hydroxyl radical on
activated ibuprofen species to drive their complete degradation.
f ibuprofen by GC-MS

% similarity with NIST Major ions

94 41, 77, 91, 119, 145, 161, 191, 206

91 43, 77, 91, 119, 134, 161, 178

77 43, 77, 105, 106, 148

72 43, 65, 91, 120, 136, 162

80 43, 77, 105, 106, 148

81 43, 77, 105, 106, 133, 176

RSC Adv., 2021, 11, 27720–27733 | 27727
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Reaction (17) describes the neutralization of acid-base species.
Finally, reaction (18) represents the global process by elimi-
nating several species represented in reactions between 1 and
10, consequently, obtaining CO2 and H2O as products, leading
to the mineralization of the organic pollutant.

Surface steps

3hn + 3TiO2 / 3h+ + 3e� (8)

h+ + IBU / IBU* + H+ (9)

h+ + IBU / IBU** + H+ (10)

h+ + IBU / IBU*** + H+ (11)

Solution steps

2e� + 2O2 / 2O�
2 c (12)

2O�
2 c + 2H+ / 2HO2c (13)

HO2c + HO2c / O2 + H2O2 (14)

H2O2 + e� / OHc + OH� (15)

IBU* + IBU** + IBU*** + 2OHc / H2O + CO2 (16)

Acid and base reaction (neutralization)

OH� + H+ / H2O (17)

Global reaction

3IBU + 2O2 + 3hn / H2O + CO2 (18)

In order to complement the described reaction sequence,
a possible reaction pathway for the photocatalytic oxidation of
ibuprofen is shown in Scheme 2, indicating the different
oxidants radicals possible to degrade ibuprofen. Initially, the
incidence of radiation on the titanium dioxide-based surface
Scheme 2 Illustrative mechanism for the photodegradation reaction of

27728 | RSC Adv., 2021, 11, 27720–27733
leads to the creation of electrons and holes represented by e�

and h+, respectively, already described in reaction (8), which
react with water on the surface and generate strong oxidants
species (HO2c, O

�
2 c and OHc) and it can also react with the

contaminant forming various by-products, as represented in
reactions (9)–(11), respectively. It is worth mentioning again
that the by-products formed were identied by GC-MS accord-
ing to Table 1 and Fig. S5.† The oxygen molecules react with the
photogenerated electron to form the peroxyl radical (O2

�c),
reaction (12), which can react with H+ forming the hydroper-
oxide radical (HO2c), reaction (13), or it can directly attack by-
products from the ibuprofen degradation. On the photo-
catalyst surface, water molecules react with positive vacancies to
generate OHc radicals. In this step, the solid surface abstracts
an electron and, consequently, the regeneration of the active
phase occurs. The regeneration of the solid was conrmed by
XRD analysis aer photoreaction, which showed a similar XRD
prole before the reaction, Fig. S6.† Finally, the photo-
generated radicals (O2

�c, HO2c, OHc) with high oxidation
capacity are able to oxidize the pollutant molecule and its by-
products into lighter compounds and most of these light
compounds undergo more oxidation reactions and are eventu-
ally converted to CO2 and water, thus, they are mineralized.

As already presented in Scheme 2 and described in the
different elementary steps of the mechanism, the three possible
radicals capable of degrading the ibuprofen molecule are
hydroperoxyl (HO2c), peroxyl (O2

�c) and hydroxyl radical (OHc).
It is worth mentioning that the formation of these radicals is
triggered by the formation of the electron–hole pair. The
hydroxyl radical, with a one-electron reduction potential of
+2.33 V, is a powerful oxidant reacting with organic species such
as ibuprofen compared to hydroperoxyl (�0.88 V) and peroxyl
radical (�2.40 V).69,70

Salicylic acid can be used as a probe molecule to experi-
mentally identify the presence of hydroxyl radical.71–75 The
model reaction between salicylic acid and OHc radical forms
two primary products, designated as 2,3-dihydroxybenzoic acid
ibuprofen using TiO2-based catalyst.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Map of electrostatic potential for ibuprofen in two different
positions showing carboxyl groups in the (a) front and (b) back views.
The color scale indicates the electron rich and poor regions.

Fig. 5 UV-Vis spectra referring to the photoreaction of salicylic acid
with the OHc radical catalyzed by TiO2.
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and 2,5-dihydroxybenzoic acid, shown in Fig. S7.† This reaction
can be observed using UV-Vis spectroscopy.75 Fig. 5 shows the UV-
Vis spectra for the photocatalytic reaction of salicylic acid in the
presence of TiO2. Initially, it is possible to observe the salicylic acid
spectra with a characteristic band at approximately 300 nm. Aer
starting the reaction, a change is noted in two regions of the
spectra. The decrease in the intensity of the salicylic acid band can
be seen related to the decrease in its concentration. Furthermore,
there are a small shis in this band to longer wavelengths, as well
as the increase in absorbance intensity in the region between 320
and 400 nm during the reaction time. According to previous
studies,47 these changes characterize the presence and increased
concentration of 2,3-dihydroxybenzoic acid and 2,5-dihydrox-
ybenzoic acid products, therefore, it is possible to conrm the
production of hydroxyl radicals by irradiating UV light on the TiO2

surface in solution.
A simple theoretical-computational study was carried out in

order to determine the preferred positions of attack by OHc

radical in the ibuprofen molecule. The results presented aer
Fig. 6 Optimization and error calculations of the ibuprofen structure
using different methods.

© 2021 The Author(s). Published by the Royal Society of Chemistry
calculations of the chosen DFT methods designated as B3LYP,
B3LYP-d3, B3P86, B3PW91, CAM-B3LYP, MN121, MN12SX,
PBELPBE, TPSSH, WB97X-D are represented in Fig. 6. Compu-
tational data were compared with ibuprofen wavenumbers of
864, 937, 1074, 1178, 1228, 1327 and 1419 cm�1 extracted from
FTIR experimental results50 in order to obtain an efficient
simulation approach.

It is observed that all the highlighted methods have an
approximation above 99% based on the chosen experimental
parameters, enabling a large number of acceptable alternatives
for calculations. However, the B3PW91 method showed
a smaller deviation from the experimental data, thus, it was the
method chosen to perform all calculations.

In addition, for a better understanding of the interaction
between ibuprofen and oxidants radicals, an analysis of the
density-to-potential map for the ibuprofen was performed and
their possible chemical bonding points were observed, Fig. 7. It
was visualized in the density map based on the electrostatic
potential that the regions with the highest electron density are
in red around oxygen and with a slight yellow color around the
carbon–carbon double bond from aromatic ring. It is important
to mention that free radicals such as OHc prefer to attack
regions with higher electron density, which is located around
the aromatic ring.

Aerward, it was analyzed seven different interaction posi-
tions between the OHc radical and ibuprofen in gas phase,
specically in the sites where a higher electron density was
observed according to the electrostatic potential map (Fig. 7).
Gibbs free energy was obtained for each position. The obtained
results are shown in Fig. 8. The results of free energy extracted
were�101.27,�101.37,�101.74 and�102.16 kcal mol�1 for the
positions 1, 2, 3 and 4, respectively, concerning the interaction
of the hydroxyl radical with the aromatic ring. The values were
quite similar in the four different positions; however, it was
possible to infer that position 4 presented the most favorable
energy due to the lowest value of free energy and, therefore, it is
characterized as the most thermodynamically favorable inter-
action. On the other hand, the results of free energy in positions
5, 6 and 7 were �42.69, �93.44 and �92.48 kcal mol�1,
respectively. The interaction of hydroxyl radicals with the
RSC Adv., 2021, 11, 27720–27733 | 27729
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Fig. 8 Schematic representation of ibuprofen/cOH radical system in gas phase after optimization used to calculate free energy for the seven
different positions.
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carboxyl groups present in the ibuprofen molecule (position 5)
is less thermodynamically favorable compared to other posi-
tions, showing the highest value of free energy. Thus, the
hydroxyl radicals can effectively break double bonds (C]C),
degrade hydrocarbons and ring opening of aromatics due to
electrophilic nature of OHc, consequently, can promote the
degradation andmineralization of ibuprofen, corroborating the
sequence of elementary reactions and Scheme 2 described
above.

Similar calculations were performed taking into account the
presence of the solvent, water. The results are shown in Fig. S8.†
The same spontaneity order was observed, in which position 4
was the most favorable, conrming that the OHc radical pref-
erentially attacks the aromatic ring. The small difference in free
energy values is due to the presence of water.

4 Conclusion

Insights into the mechanism for degradation of ibuprofen,
mentioning the formation of by-products, were presented and
aspects related to the preferential attack by oxidants radicals in
different sites of the ibuprofen molecule were also mentioned
based on experimental and simple theoretical-computational
results. It was observed the presence of the anatase (84.4%)
and rutile (15.6%) phases with the band-gap energy value of
3.29 eV for the photocatalyst used in all tests.

Photoreaction was favored at pH 5.0 due to the electrostatic
attraction between TiO2 and ibuprofen, considering that in this
pH range the species have opposite charges. The concentration
of by-products formed depends on the reaction conditions such
as pH and a high degradation rate referring to the reduction of
the ibuprofen absorption band does not necessarily mean
a high mineralization rate, which depend on the intensity of the
bands related to the by-products. The different by-products
formed were identied by GC-MS, which can highlight pres-
ence of 4-isobutylacetophenone.
27730 | RSC Adv., 2021, 11, 27720–27733
The degradation and mineralization of ibuprofen follows
a sequence of elementary reactions in solution and on the
surface, producing a series of oxidants radicals such as O2

�c,
HO2c and OHc capable of degrading the organic matrix. The
simple computational theoretical study showed that OHc radi-
cals preferentially attack the region with the highest electronic
density of the ibuprofen molecule located around the aromatic
ring close to the C]C bonds, which is related to electrophilic
character of OHc. The presence of OHc was experimentally
conrmed by measuring hydroxyl radicals using salicylic acid as
probe molecule.
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