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Photocatalytic degradation of carbamazepine, ibuprofen, acetaminophen and phenol was studied in the presence
of anatase photocatalyst, exposing three different crystal facets in the majority of {0 0 1}, {1 00} or {1 0 1}. It
was found that octahedral anatase particles exposing {1 0 1} facets allow to achieve the best degradation and
mineralization of all persistent organic pollutants. This confirms that the previous findings, showing high {1 01}
activity, are not limited to phenol and could be generalized for other water pollutants. Based on the obtained re-
sults, a correlation model including exposed TiO, crystal facet and chemical hardness of the pollutant was devel-
oped to predict the degradation rate of pollutants with a possibly diverse electronic structure. The structure-
activity analyses, based on the reactivity predictors obtained from the DFT calculations for all tested compounds,
have shown that pollutants with higher chemical hardness react faster with the photocatalyst. Alternatively, a
similar effect was observed for the higher HOMO-LUMO energy gap of the compound. This relation indicates that
for compounds with a low energy position of LUMO orbital, e.g., carbamazepine, process efficiency is not strictly
dependent on the stability of h* generated organic radical, which is often pointed out as an initial reactive form.
Based on these results, a correlation model was developed for the first time to quantitatively describe the effect of
the facet-pollutant interactions based on their independent electronic properties. Finally, this was followed by
the detailed degradation study of the pharmaceuticals mixture, showing the impact of the total concentration

and role of active species on the degradation efficiency over facet-engineered TiO, photocatalysts.

1. Introduction

A growing human population has led to a significant increase in the
consumption of pharmaceuticals. Commonly used pharmaceutical com-
pounds such as carbamazepine (CBZ), ibuprofen (IBU) and aceta-
minophen (ACT, also known as paracetamol) are currently detected in
the aqueous environment worldwide [1,2]. The occurrence of some
pharmaceuticals in surface waters presents a global challenge consider-
ing their potential for bioaccumulation and biomagnification. For ex-
ample, the removal efficiency of carbamazepine from wastewater treat-
ment plant effluents is about 10% due to low sorption properties on ac-
tivated sludge microorganisms. Therefore, compounds like carba-
mazepine are not susceptible to biodegradation using conventional wa-
ter treatment processes [2,3]. For carbamazepine, the environmental
concentrations are close to the threshold value affecting plasma 11-
ketotestosterone concentration in male fish, while for ibuprofen, it ex-
ceeded the threshold for decreasing fish egg fertilization (about
100 ngedm~3 for IBU [3] and 500 ngedm—3 for CBZ [4]). Bioaccumula-
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tion of both carbamazepine and ibuprofen is reported to easily occur in
mussels, achieving 90 (CBZ) and 460-fold (IBU) concentration increase
in the tissue [5]. Parolini et al. reported that even acetaminophen con-
centrations as low as 1.5 pgedm~3 could induce a cyto-genotoxic effect
on zebra mussels [6]. Furthermore, the study by Galus et al. has shown
that chronic exposure to ACT and CBZ induces histopathological
changes in zebrafish kidneys, as well as increases embryo mortality [4].
Finally, in the case of carbamazepine, toxic by-products, especially acri-
dine, and acridone, can form during the photolysis process, which in-
creases the toxicity of the aqueous phase [7,8]. In this regard, all these
compounds are considered pharmaceutical active compounds (PhACs),
belonging to the group of emerging pollutants of major concern. There-
fore, there is a need to develop effective technologies that allow a more
significant reduction of toxic PhACs, which are not susceptible to
biodegradation, to solve the current water pollution problem.
Photocatalysis is one of the successful methods that remove persis-
tent organic pollutants and is also classified as green technology. How-
ever, although a great effort was made in the field of photocatalytic wa-

E-mail addresses: dudziakszy@gmail.com (S. Dudziak), annjurek@pg.edu.pl (A. Zielifiska-Jurek).

https://doi.org/10.1016/j.jece.2023.109553

Received 22 December 2022; Received in revised form 8 February 2023; Accepted 18 February 2023

2213-3437/© 20XX

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0]

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.



https://doi.org/10.1016/j.jece.2023.109553
https://doi.org/10.1016/j.jece.2023.109553
https://doi.org/10.1016/j.jece.2023.109553
https://doi.org/10.1016/j.jece.2023.109553
https://doi.org/10.1016/j.jece.2023.109553
https://doi.org/10.1016/j.jece.2023.109553
https://doi.org/10.1016/j.jece.2023.109553
https://doi.org/10.1016/j.jece.2023.109553
https://www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
mailto:dudziakszy@gmail.com
mailto:annjurek@pg.edu.pl
https://doi.org/10.1016/j.jece.2023.109553
https://doi.org/10.1016/j.jece.2023.109553
https://creativecommons.org/licenses/by-nc-nd/4.0/

A\ MOST

S. Dudziak et al.

ter purification, including (i) photocatalyst composition [9-14], (ii)
process optimization [15,16], and (iii) reactor design [17,18], there are
still some challenges concerning detailed photocatalyst design for the
particular application in photocatalytic process. This especially con-
cerns the surface structure of the photocatalyst, which can be modified
by the exposition of suitable crystal facets [19,20]. Furthermore, photo-
catalytic reactions are still difficult to describe precisely through model
development due to the complexity of the involved reactions. More re-
cently, computational simulations allowed to study elementary steps of
these processes on a fundamental level, providing a general description
of how the overall process could be initiated [21-23]. However, regard-
ing photocatalytic water treatment from emerging contaminants, a re-
lationship between observed process efficiency and the results obtained
from the computational studies is generally not present in the literature
so far. Recently, we have studied such an approach and observed that
phenol and toluene degradation efficiency as model organic pollutants
over the different anatase facets depend mostly on the probability of
trapping electrons and holes on the surface atoms [24]. This probability
is proportional to the reported “trapping energy” for these surface
structures [25], which is the energy gain of the system when an electron
or hole becomes localized on the surface atoms. Therefore, the degrada-
tion process over the TiO, photocatalyst is mostly controlled by the dis-
tribution of surface trapped states, specific for each crystal facet (high-
est density for the {1 0 1} facets and the lowest for {0 0 1} one). Follow-
ing the previous findings for the phenol degradation, the observed per-
second rate constant (k) can be described with the following Eq. (1)
[24]:
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where A and B are fitted constants, E,y is the surface energy of the
dominant facet, nq, is the number of the trapping centers on the sur-
face of the photocatalyst (calculated from the photocatalyst’s mass, BET
surface area and atomic model of the dominant facet [25]), Myoyyeant is @
number of pollutant molecules at the start of the process, Ey, is a sum
of trapping energies reported for both holes and electrons for the domi-
nant facet [25], kT is a product of Boltzman constant and temperature
and k, is spontaneous photolysis of the pollutant. This specific relation
showed a very good correlation with the degradation rate of phenol,
however, due to a large number of possible contaminants, it seems nec-
essary to further investigate the accuracy of the model with respect to
the different water-phase pollutants.

In this regard, in the present study, TiO, photocatalysts exposing the
majority of {0 01}, {1 00}, and {1 0 1} crystal facets were synthesized
and systematically studied in the degradation of carbamazepine,
ibuprofen, and acetaminophen. The novelty of the present work is fo-
cused on three aspects: (i) cross-investigation of the facet-pollutant in-
teractions, based on the electronic properties of both of them; (ii) quan-
titative description of these interactions through the development of
the statistical model and (iii) degradation experiments of the pharma-
ceuticals mixture, using facet-engineered photocatalysts. The combina-
tion of real-life water pollutants with TiO, exposing specific crystal
facets allowed us, for the first time to show and discuss the photocat-
alytic activity concerning both photocatalyst surface structure and
chemical structure of the pollutant. Furthermore, photocatalytic studies
were completed with the phenol (PHE) degradation analyses as a rela-
tive comparison with previous works. Finally, degradation tests of the
pharmaceuticals mixture using facet-engineered photocatalysts were
also performed to validate the results obtained for the single-pollutant
case.
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2. Experimental
2.1. Photocatalyst preparation

Photocatalyst preparation was performed under solvothermal con-
ditions according to the previously reported procedures [20,27,28].
Briefly, synthesis of the {0 0 1} sample was made solvothermal from
17 cm?3 of titanium tert-butoxide in the presence of 3.4 cm? of 50% wt.
HF solution and 30 cm? of n-butanol. All substrates were mixed and
placed inside a 200 cm? Teflon-lined reactor at 210 °C for 18 h. Sample
exposing {1 0 0} facets was prepared in a two-step reaction, starting
from the 1 g of commercial TiO, P25, which was etched at 120 °C for
20 h using 40 cm?® of 10 M NaOH solution inside the 100 cm3 reactor.
The obtained Na-titanate product was washed with water until pH
equaled 10.5 and immediately separated into two equal parts. Each part
was mixed with 100 cm? of water inside the 200 cm3 reactor and was
left to react at 210 °C for 24 h. Sample exposing {1 0 1} facets was pre-
pared analogically to the {1 0 0}, except that 8.5 M solution of KOH
was used in the first reaction, and the obtained K-titanate product was
washed until pH reached approximately 7. In the second step, 0.4 g of
the dried K-precursor was mixed with the 100 cm?® of NH,OH/NH,Cl
buffer with concentrations of 0.3/0.3 M (pH approximately 9) and left
to react at 210 °C for 16 h. All prepared samples were centrifuged,
washed with water 4 times, dried, and hand-grounded in the agate mor-
tar before further characterization and photocatalytic studies.

2.2. Photocatalyst characterization

Obtained photocatalysts were investigated concerning their crystal
structure, diffuse reflectance UV/Vis absorbance spectra (DR-UV/vis),
Brunauer-Emmett-Teller surface area (BET), and morphology. The crys-
tal structure was analyzed based on the X-ray diffraction pattern (XRD)
in the 20 range 10-80°, collected using Rigaku MiniFlex diffractometer
with the scan speed and step being 2°-min~! and 0.05° respectively. The
crystallinity of the prepared samples was analyzed using highly crys-
talline NiO as an internal standard. The DR-UV/vis absorbance spectra
were recorded using ThermoFisherScientific Evolution 220 spectropho-
tometer with BaSO, as a standard in the A range between 200 and
800 nm. The Fourier-transformed infrared (FTIR) absorption spectra
were measured using a Thermo Fisher Scientific Nicolet iS10 spectrom-
eter in the wavenumber from 1500 to 4000 cm~!. Before measure-
ments, the analyzed sample was mixed with the KBr, and the pellet was
made using a hydraulic press. The BET surface area was analyzed based
on the N, adsorption isotherm in the 77.15 K between the p/p, = 0.05
and 0.3, and the samples were degassed at 200 °C for 2 h prior to the
measurement. The morphology of the samples was observed under the
FEI Quanta FEG 250 scanning electron microscope (SEM). The surface
composition of the samples was analyzed based on the X-ray photoelec-
tron spectroscopy (XPS) measurements performed with the PHI 5000
VersaProbe (ULVAC-PHI) spectrometer.

2.3. Photocatalytic degradation analysis

Firstly, the photocatalytic degradation experiments in the presence
of faceted TiO, were performed in 15 cmS3 reactors at constant tempera-
ture (25 °C), with magnetic stirring using a high-pressure Hg lamp as an
irradiation source with 15 mWecm~2 of UVA flux at the reactor border.
Moreover, control experiments were made using commercial TiO, P25
as a standard material. These experiments were performed for a single
solution of each pollutant (with the initial concentration of 20 mg-dm—3
for acetaminophen, ibuprofen, and phenol and 14 mg-dm-3 for carba-
mazepine), as well as for the mixture of examined pharmaceuticals. Be-
fore irradiation, each solution was stirred for 30 min in the dark to en-
sure adsorption equilibrium between the photocatalyst and the organic
pollutant. After this time, irradiation with light was started, and sam-
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ples were taken at given intervals and filtered through syringe filters
(¢ = 0.2 um) for the removal of photocatalyst particles. Furthermore,
the pharmaceuticals mixture degradation using facet-engineered photo-
catalysts was performed and the stability of the photocatalyst was ana-
lyzed in the subsequent cycles of degradation. Moreover, the trapping
experiments in the presence of the active species scavengers were per-
formed to discuss their role in the degradation process (5 mmoledm—3 of
isopropanol as «OH scavenger, 1 mmoledm~3 of benzoquinone as «O,
scavenger or 5 mmoledm~3 of ammonium oxalate as h* scavenger). Ad-
ditionally, the relative «OH generation ability was tested using
50 pmoledm~3 coumarin solution and determined the initial formation
rate of 7-hydroxycoumarin for the obtained photocatalyst samples.
Quantification of the 7-hydroxycoumarin was performed based on the
calibrated emission intensity at 454 nm after exciting solution with the
332 nm wavelength using a Shimadzu RF-6000 spectrofluorometer. Fi-
nally, degradation experiments using an alternative set-up with a
300 W Xe lamp were performed to discuss the possible effect of light.
During these experiments, the measured UVA flux at the reactor border
was 25 mWecm~2. Besides the coumarin-based tests, the concentration
of all pollutants was evaluated with the high-pressure liquid chro-
matography method using a Shimadzu LC-6A system equipped with a
pump (LC-20 CE), autosampler (SIL-20AHT) and diode array detector
(SPD-M20A). During all measurements, the Phenomenex Kinetex C-18
column (150 X 4.6 mm, 2.6 um) was used for separation. An isocratic
method was used for every examined pharmaceutical, but flow rate, the
composition of the eluents and wavelengths of detection varied depend-
ing on the compound; details are presented in Table 1. Mineralization
of the pharmaceuticals was determined as a removal of the total organic
carbon (TOC) and measured using a Shimadzu TOC-L analyzer. Degra-
dation rate constants were calculated assuming a first-order reactions
model. In the case of a visible change in the observed rate in the initial
and late part of the process, the final rate constant was calculated as a
mean between different linear regions.

2.4. Computational details and structure-activity relationship

Computational studies of the analyzed pharmaceutical molecules
were performed with the density functional theory (DFT) calculations
using Orca 5.0.3 software [29,30]. All calculations were performed us-
ing the hybrid exchange-correlation B3LYP functional [31] with aug-cc-
PVDZ basis set. Such a combination was recently reported to be reliable
in predicting some molecule parameters, such as a dipole moment, un-
der a reasonable computational time [32]. Each molecule was opti-
mized to its relaxed geometry, and the true energy minimum was con-
firmed with the vibrational frequencies (no negative frequencies)
analysis. Geometry optimization was followed with the analysis of
HOMO and LUMO orbitals for each molecule. All computations were
performed using the CMCP model of continuum solvation.

Based on the performed calculations, a set of parameters represent-
ing each molecule was obtained and used for further structure-activity
analysis. Specifically, the HOMO and LUMO energies, HOMO-LUMO
gap, dipole moment, total Gibbs energy, chemical potential, electroneg-
ativity, chemical hardness, softness, and electrophilicity index were se-
lected to represent each pollutant. The values of HOMO and LUMO en-
ergies (Eyonmo and E; o), HOMO-LUMO gap (AE), dipole moments (d),
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and total single-point energies (G) were obtained directly from the com-
puted results. The chemical potentials (1), electronegativities (y), ab-
solute hardness (#), softness (S), and electrophilicity indices (w) were
calculated for each molecule based on the original definitions by Parr
and Pearson [33,34] under the assumptions of Koopman theorem [35]
with further improvement by Tozer and De Proft concerning the exact 5
value [36]. The final equations are:

E, +E
_ Erumo - HoMO) _ g, ®))
E -E
7= ( LUMO 5 H()MO) + Eyopo +1= é 3
I=Ey_—Ey @
2
Y%
_n 5
o=t (5)

where I is vertical ionization potential, Ey is the energy of the con-
sidered molecule and Ey.; is the energy of the same molecule with one
less electron.

3. Results and discussion
3.1. Photocatalyst structure and properties

Characterization of the prepared photocatalysts was started from
the analysis of their crystal structure and UV-vis absorption properties,
as presented in Fig. 1. All samples are single-phase TiO, with the reflec-
tions corresponding to the anatase crystal structure. Moreover, in the
case of sample {0 0 1} prepared with the addition of HF as a stabilizing
agent, visible broadening of the (0 0 4) and (1 0 5) reflections can be
observed, which results from the thickening of the nanocrystals along
the c crystallographic direction.

Simultaneously, this sample had about 20% wt. of the amorphous
phase, as shown in Table 2, based on the additional measurements with
NiO as the internal standard. Noteworthy, the crystallinity of the TiO,
can influence its photocatalytic activity, however it was shown previ-
ously that its effect is not significant in phenol degradation (crys-
tallinity between ~10-85%) [37]. Furthermore, our recent study has
also shown that particularly in the case of different samples with ex-
posed {0 O 1} facets, their ability to degrade phenol is not connected
with the presence of amorphous phase content (crystallinity between
~34-81%), but depend mostly on the surface development and surface
defects [20]. In this regard, the determined 20% presence of the amor-
phous phase is not expected to be decisive for the comparison of the
samples. Comparing to the {0 0 1} exposed one, samples {1 0 0} and {1
0 1} did not show visible amorphous phase content.

Furthermore, as shown in Fig. 1b, the absorbance spectra of all sam-
ples are similar and negligible below 400 nm. The bandgap energies are
shown in Fig. 1c and were about 3.22 eV for all samples, which is a
value characteristic of the pure anatase structure. Finally, the SEM im-
ages presented in Fig. 1d confirmed morphology differences, character-
istic for each exposed facet (rectangular plates in the case of {0 0 1} ex-
position, rectangular rods for {1 0 0} and octahedrons in the case of {1
0 1}). Corresponding BET surface areas are shown inset of SEM images.

Table 1
HPLC methods parameters.
Parameter Acetaminophen Carbamazepine Ibuprofen Phenol
Wavelength (nm) 244 285 219 272
Flow rate (cm3-min~1) 0.8 1.5 0.5 0.3
Injection volume (uL) 10 10 10 10
Temperature (°C) 45 45 45 45
Mobile phase (v/v) MeOH/H,0/HCOOH H,0/ACN/H3PO, 68/31.6/0.4 ACN/H,0/H3PO, ACN/H,0/H3PO,
30/69.9/0.1 70/29.5/0.5 70/29.5/0.5
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Fig. 1. Basic characteristics of the obtained photocatalysts, including XRD patterns (a), UV-vis absorption spectra (b), calculated bandgap values (c), and SEM mor-

phology of the samples with obtained BET surface areas (d). Scale bars are 1 pm.

Table 2
Summation of the XPS results and crystallinity of the prepared samples (LOD
stands for “limit of detection™).

Sample Ti4* Ti3+ Fads F/Ti  Amorphous
(485.5 eV) (486.5 eV) (684.5 eV) content

{00 100% Below LOD 100% 0.19 at. 20%
1}

{10 100% Below LOD Below LOD Below LOD
0}

{10 100% Below LOD Below LOD Below LOD
1}

Furthermore, the surface hydroxylation of the samples was analyzed
based on the performed FTIR analysis, as presented in Fig. 2. The pres-
ence of adsorbed water is observed for all samples, with a broad peak in
the range of 3650-3000 cm~! and a sharp one at 1635 cm™!, corre-
sponding to the stretching and bending vibrations of the H,O [38].
Noteworthy, sample {1 0 0} showed visible enhancement of the absorp-
tion near 3100 cm~!, suggesting that some amount of H,O is bound
stronger to the surface [39].

This is in some agreement with the known stabilization of the {1 0
0} facets through increased hydroxylation [40], which might suggest
stronger TiO,-H,0 interactions. Nevertheless, the overall amount of ad-
sorbed H,O is similar for {1 0 0} and {1 0 1} samples and is only
slightly higher for the {0 0 1} one, as observed for the 1635 cm~! signal.
Since the analysis was performed for the controlled, similar amount of
samples, this is in agreement with the determined surface development,
which should affect the number of possible adsorption sites. Therefore,
surface hydroxylation seems similar between the samples, with absorp-
tion proportional to the surface development.

Considering the possible surface defects, XPS analyses were per-
formed, and the results are summarized in Table 2. As observed, no sur-
face Ti3+ was noticed for the prepared samples, suggesting the absence
of structural surface defects. Combined with the UV-vis spectra pre-
sented in Fig. 1, this shows that the overall structure is defect-free.
Moreover, in the case of samples {1 0 0} and {1 0 1}, their overall char-
acteristics are very similar, and therefore, differences in the exposed
facets are expected to be the main factor affecting their photocatalytic
performance. Some differences are observed only in the case of the sam-
ple with exposed {0 0 1} facets. However, it should be noted that the


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

S. Dudziak et al.

{001} —{100y —{101}

3420 cm’ I 3100 em’”’ 1635 cm’' I

.’tu

é

Absorbance (arb. units)

3000 2500 2000 1500

Wavenumber (cm™)

4000 3500

Fig. 2. FTIR spectra of the prepared TiO, samples.

preparation route of this sample is based on the previously optimized
procedure [20]. In this regard, it should be a good representative of the
material exposing the majority of the {0 0 1} facets. The final notewor-
thy observation for this sample is the presence of surface-adsorbed fluo-
rine, which is typical for the materials prepared in the presence of HF.
The calculated atomic ratio between F/Ti is 0.19, which might influ-
ence the electronic structure of the (0 0 1) surface. However, it is ex-
pected that partial fluorination of the {0 0 1} facets is inhibiting to their
photocatalytic activity [41-43]. Particularly, 2D samples prepared at
very analogical conditions have not shown a negative effect of surface
fluorination between F/Ti = 0.13 and 0.18 [20]. Moreover, the final
activity of these samples could be improved with a suitable post-
treatment. However, these effects are reported to be within the range of
a 20% activity increase [24,44]. As it will be shown later, differences in
the activity observed between prepared samples are a few times larger
than this, suggesting the predominant effect of the exposed facet.
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3.2. Degradation study of single pharmaceutical compounds

Obtained materials were analyzed for photocatalytic degradation of
selected pharmaceuticals; carbamazepine (CBZ), ibuprofen (IBU) and
acetaminophen (ACT) in water to determine possible interactions be-
tween their structure and the exposed facet of the photocatalyst. Fur-
thermore, the degradation of phenol (PHE), a widely used model or-
ganic pollutant, as well as TiO, P25 as a standard photocatalytic mater-
ial, were performed as control experiments for other analyses. As shown
in Fig. 3 and Table 3, all of the TiO, nanostructures can induce degrada-
tion of the tested compounds, while the spontaneous photolysis is low.
Furthermore, visible differences between specific pollutant-
photocatalyst reactions are noticeable. First of all, carbamazepine and
ibuprofen appear to be more prone to adsorb on the photocatalyst sur-
face in the absence of light. This is especially visible for ibuprofen and is
in agreement with its expected anionic form in neutral conditions (pKa
= 5.2), which can promote its interactions with the TiO, surface.

These differences, observed without light, are generally followed by
the degradation efficiency under the UV-vis light, with the highest
rates observed for carbamazepine and ibuprofen, followed by aceta-
minophen and lastly phenol photodegradation. In all cases, sample ex-
posing {1 0 1} facets exhibit the highest activity, while nanosheets ex-
posing {0 0 1} revealed the lowest photoactivity. The weak perfor-
mance of the sample with exposed {0 0 1} facets is even more notice-
able when considering its relatively large surface area compared to the
remaining two (approx. 3 times larger). This is in agreement with our
recent studies, showing higher activity of the {1 0 1} facets than {00 1}
for phenol degradation [19,20]. However, it especially confirms that
this observation is not limited to phenolic compounds and could also be
expected for other water pollutants. Furthermore, it is also in agree-
ment with the control experiments of the «OH radicals generation, using
7-hydroxycoumarin (7-OHC) as the fluorescent probe [45], directly
connecting observed pharmaceutical degradation rates with the ability
to generate hydroxyl radicals (7-OHC generation rates were
36 nMemin-! for {0 0 1} sample, 52 nMemin~! for the {1 0 0} and
74 nMemin~! for the {1 0 1} one). Noteworthy, the sample exposing{1

o— {00 1} exposed —O0— {10 0} exposed —O— {1 01} exposed —p— P25
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Fig. 3. Observed photocatalytic degradation of the acetaminophen (ACT), carbamazepine (CBZ), ibuprofen (IBU) and phenol (PHE) over prepared TiO, samples.
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Table 3
Detailed values of the observed rate constants and initial concentrations.
Compound Carbamazepine Ibuprofen Acetaminophen Phenol

Cy (mgedm=3) 13.0 20.6 19.5 189
ko (s71) 0.36.104 0.28.10~* 0.03.104 0.11.10~*
k013 571 5.82010~4 6.73010~4  3.42.10-* 3.40.104
ki1 00y (s7V) 8.064104 7.45¢10~4 6.26+10~4 4.19.104
k(1013 (s 18.20.10~4 12.78.10~4 13.33+10~* 11.19.10~
kpas (s™1) 10.20.10~4 7.62.10~4 4.73.104 2.68.10~*

0 1} facets revealed higher photocatalytic activity than commercial
TiO, P25, despite a few times lower surface area.

Degradation tests were followed by the measurements of total or-
ganic carbon (TOC) before and after 60 min of the process to verify the
possible mineralization of the target compound. As shown in Fig. 4, the
observed removal of the organic carbon between the samples is in gen-
eral agreement with their degradation rates and follows the order {1 0
1} > {100} > {00 1}. The only exception is carbamazepine degrada-
tion over the {1 0 0} facets, which achieved the highest TOC removal.

However, the value is very close to the {1 0 1} one. Regarding the
pollutant type, some discrepancy might be seen between the observed
degradation rate and final TOC removal, which generally is quite high
for phenol and acetaminophen. This might result from the fact that
their molecules are relatively smaller than carbamazepine and ibupro-
fen, which might promote their faster breaking into CO,, despite rela-
tively slow transformation at the beginning of the process (number of
carbon atoms per one molecule is 15 for CBZ, 13 for IBU, 8 for ACT and
6 for PHE).

Finally, it is also visible that the mineralization of ibuprofen is visi-
bly slower than other pollutants, suggesting that the degradation rates
of further transformation products are low for this compound. Rela-
tively low TOC removal during the ibuprofen degradation by TiO, was
reported previously [46,47], and generally, additional reagents such as
ozone are known to enhance the degradation of possible intermediates
[48]. Compared to the facet-engineered TiO, samples, commercial TiO,
P25 revealed higher TOC reduction efficiency only for IBU degradation.
This suggests that either higher surface development or charge carriers
separation might be crucial for IBU mineralization (P25 is composed of
both rutile and anatase phases and therefore, improved separation of
the generated e and h* between both components is possible in this
case).
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3.3. Analysis of facet-pollutant interactions with respect to pollutant
structure

Obtained results showed that regardless of the pollutant structure,
the {1 0 1} facets are the most active, in each case recreating the same
trend as previously observed for phenol [24]. Therefore, the activity or-
der of the exposed facets is not dependent on the exact pollutant struc-
ture. Moreover, since ibuprofen is present in its anionic form during the
process (pKa = 4.91), even a specific charge on the pollutant molecule
seems to be less important, not influencing the overall trend. In this re-
gard, experimental data was compared with the modeled results ob-
tained using a previously optimized Eq. (1). Details of the model para-
meter, based on the studies focused on the analysis of the TiO, surfaces
[24-26], are presented in Table 4.

However, as shown in Fig. 5a, such rate constants, predicted with-
out considering the pollutant structure, do not follow the experimental
results strictly. Furthermore, some series fit better to the initial model
when grouped by the pollutant type, while ibuprofen and carba-
mazepine show the highest deviation (Fig. 5b). Although the exposed
TiO, crystal facet primarily determines the overall activity, the predic-
tion of the degradation rate without taking into account pollutant struc-
ture can lead to relatively high error, especially when comparing the
degradation of different compounds. Therefore, identification of the
pollutant-specific features that determine the observed activity might
be desirable to better describe TiO,-pollutant interactions.

In this regard, to describe the effect of the pollutant structure, the
initial model (1) was rearranged to focus on the g,/ Myoitan: term since
all others are either constant (k,) or depend strictly on the photocata-
lyst nature and not on the pollutant (Eg,s and Ey,). Therefore, the ana-
lyzed relation could be presented as described in Eq. (6).

-4 < ntmp ) ¢
=4,
1 ) npollutant (6)

k—k,

0.02766'Eyrgp
Esurf e kr -

where the left side of the equation is known, while A; and C are new
fitted factors. It should be noted that previously the C was found to be
Y in the case of phenol degradation, however it is not obvious if this
will be true for other pollutants as well. Therefore, the analysis was
started by considering C = '%; 1 and 2 and looking for possible A; val-
ues.

Fig. 6 presents the obtained relations, showing that overall the C
= 1 gives the best accuracy between all pollutants. In this regard, the
values of A; fitted for this case (C = 1) and presented in Table 5 were
taken for further analysis.

The actual pollutant structure-activity analysis was started with
computational simulations of each pollutant under the DFT theory level
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Fig. 4. Calculated degradation rate constants and removal of the total organic carbon (TOC) for the investigated compounds in the presence of different TiO, nanos-
tructures; (a) as observed and (b) after normalization with the surface area of the photocatalyst. Column order from left to right match the one in the legend.
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Table 4
Detailed values introduce to the initial model, considering different TiO,
facets.

Facet Egup Joem™2)  Epqp (J) Nyqp density (m=2) A B
{001} 0.90 0.77-1071°  6.96+10'8 3.327.10~%  0.02766
{100} 053 2.30-1071 9.25.1018
{101} 0.44 3.80-1071° 1.03 «10'°

with CMCP solvation model. The optimized structures of each molecule
in their dominant aqueous form (ibuprofen as an anion) are presented
in Fig. 7, together with their HOMO and LUMO maps and energies.
Based on these results, a set of global reactivity predictors [49] was de-
termined, as described in the experimental section. The exact values of
each predictor are shown in Table 6. Based on the values presented in
Table 6, the correlation between the predictors and A; value, deter-
mined as a slope from Fig. 6 for C = 1, was studied assuming simple lin-
ear relation.

The values of the observed R? parameters for different A; expres-
sions, including single predictor or their combinations and squared val-
ues, are presented in Table 7. The full analysis included each predictor
independently, as well as their interactions (multiplication of two pre-
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dictors) and squared values. Obtained results have shown a very strong
correlation between the fitted A; parameter and the chemical softness/
hardness, as well as the HOMO-LUMO energy difference (AE). At this
point, it should be noted that these predictors are directly related (Eq.
(3) in the experimental section), so similarities are not unexpected.

Concerning the hardness/softness relations, the softness value is an
inverse of the hardness and the correlation is slightly more accurate for
the hardness (7). As a result, it is observed that “harder” compounds re-
act faster with the photocatalyst. The same relation is true for the
higher HOMO-LUMO gap. In both cases, the best accuracy is observed
for the squared values of 7 and AE, presented in Fig. 8.

Ultimately, we propose that within the investigated range of # and
AE, A; can be described using both of these predictors (Egs. (7) and
(8)), considering their values in J:

A, =2.73231-10%3 .y —9.21375 - 107> @)
A, = 6.86473 - 10%2 - AE? — 1.48052 - 1074 (8)

For both of the possible A; equations, the final model might be visi-
bly improved, as shown in Fig. 9 for the case of 5? relation (combination
of Eq. (7) with Eq. (1)). Here, the only point that visibly stands out is
ibuprofen degradation over {1 0 1} sample. However, it can be noticed
that this is a special case. As mentioned, in the neutral conditions,

00 05 10 15 20 25 30
k model (7107

Fig. 5. Results of modeling the degradation rate constant based on a model developed for phenol degradation over different TiO, facets (a); as well as their further di-

vision with respect to the pollutant (b).
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Fig. 6. Linear relations between the pollutant-independent part of the model (OY axis) and the ratio between the number of photocatalyst trapping sites and the num-

ber of pollutant molecules, including different C exponents.
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Table 5
Detailed values of the A; parameter obtained for C = 1.

Carbamazepine Ibuprofen Acetaminophen Phenol

A;  2.06889.10~* 4.07053¢104 3.22663+104 4.48345.10~4

ibuprofen is present in its anionic form, while {1 0 1} facets are specifi-
cally reductive and prefer to accumulate electrons during the photocat-
alytic process, in contrast to both {0 0 1} and {1 0 0} [25]. In this re-
gard, under UV light irradiation, electrostatic interactions might specif-
ically hinder the process for this particular case, which is observed as k
being visibly lower than predicted.

However, it should also be noted that for pollutants with possibly
low values of  and AE, for example dyes, the introduction of Egs. (7)
and (8) could result in negative A; values, which is not reasonable. In
this regard, for such compounds, modified relations (9) and (10) could
be used.

A =1.9263-10% . 42 9
A, = 4.04836 - 10°2 . AE? 10)

This is further justified by control experiments of methyl orange
(MO) degradation. MO is known to have a small HOMO-LUMO gap of
2.01 eV, which under the Koopman theorem, corresponds to the chemi-
cal hardness value of about 1.005 eV. Therefore, as shown in Table 8,
the introduction of Egs. (7) and (8) results in a negative value of A; and,
in consequence, a negative value of k, which is meaningless. On the

|buprofen anion

HOMO E = -5,964 ¢V

i

LUMOE = -1.661 eV

LUMO E = -0.326 eV

L

o

o Rl
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other hand, scaling the relation down to (0, 0) with Egs. (9) and (10) re-
sults in the final predicted k being already close to the experimental re-
sults. Moreover, it is noteworthy that both predicted and observed rate
constants are the order of magnitude lower than in the case of other
compounds. This is in agreement with the general trend that lower 5 or
AE should result in slower degradation.

3.4. Interpretation of the model

The final model shows that the observed photocatalytic degradation
rate of different organic pollutants in water depends mostly on three
factors: (i) the ratio between surface trapping centers of the photocata-
lyst and the number of pollutant molecules, (ii) the trapping energy of
charge carriers on the photocatalyst surface and (iii) chemical hard-
ness, or alternatively HOMO-LUMO energy gap, of the degrading pollu-
tant. In each case, an increase in the numerical value of the factor re-
sults in an increase in the observed degradation rate constant. The first
one of the factors is right now well understood during the photocat-
alytic processes, and an increase of the k with an increasing number of
the surface active centers is expected. Furthermore, we have recently
reported that for a faceted TiO,, the probability of charge carriers trap-
ping on the surface, defined with trapping energy, is crucial for the
degradation of organic compounds. Therefore, the combination of fac-
tors (i) and (ii) describes the probability of charge carriers trapping at
the surface and the actual number of possible trapping centers per num-
ber of reacting molecules, and their further interpretation seems unnec-

Acetaminophen Phenol
L™ |
o1
LF
™ o

HOMOE = -5.812 eV HOMO E = -6, 289 eV

%]

LUMO E = -0.602 aV LUMOE = -0.513 aV

Fig. 7. Visualization of the optimized geometry for each pollutant, as well as their HOMO and LUMO maps and corresponding energies. Grey, white, cyan and
red spheres are C, H, N and O atoms, respectively. In the case of ibuprofen, only the geometry of R enantiomer is shown since no significant difference was ob-
served for the S structure, however the HOMO and LUMO energies are presented as mean.

Table 6
Detailed values of the reactivity predictors describing each of the analyzed molecules.

Compound G (Ha) d (D) Egomo (€V) Epymo (eV) AE (eV) u (eV) x (eV) 7 (eV) S (eV) w (eV)
CBZ -763.22 6.09 -6.123 -1.661 4.462 -3.892 3.892 2.046 0.489 3.702
ACT -515.28 7.29 -5.812 -0.602 5.210 -3.207 3.207 2.475 0.404 2.077
PHE -307.34 1.82 -6.289 -0.513 5.775 -3.401 3.401 2.766 0.362 2.091
[IBU] - (mean) -655.92 18.36 -5.964 -0.326 5.638 -3.145 3.145 2.653 0.377 1.864
[IBU]- R -655.92 18.28 -5.959 -0.327 5.632 -3.143 3.143 2.649 0.378 1.864
[IBU]- S -655.92 18.45 -5.970 -0.325 5.645 -3.147 3.147 2.657 0.376 1.864
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Table 7

Detailed values of the R? parameters describing the linear correlation be-
tween the determined predictors (independent and including 2-factor interac-
tions) and observed A; values.

R? G d Egomo Erymo AE  p x L] S ©
matrix

Single 0.56 0.02 0.05 0.81 0.99 0.54 0.54 0.98 0.96 0.76
G 0.59 < 0.01 0.57 0.85 0.23 0.73 0.73 0.20 0.77 0.83
d 0.09 0.02 0.75 0.04 < 0.01 <0.01 0.05 < 0.01 0.06
Exomo 0.05 0.79 0.97 0.31 0.31 0.97 0.84 0.70
E;umo 0.79 0.78 0.79 0.79 0.77 0.83 0.79
AE 0.99 045 045 0.99 0.74 0.60
H 0.56 056 0.61 0.83 0.72
x 0.56 0.61 0.83 0.72
n 0.99 0.02 0.56
S 0.95 0.82
w 0.76

essary. However, to our best knowledge, factor (iii) is reported for the
first time, and in this regard, we will discuss its interpretation further.

Firstly, it is noteworthy that compared to other studied reactivity
predictors, both # and AE depend on the energetic stability of the pollu-
tant when an electron is added or removed from the molecule. This is
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presented in Fig. 10, where additional calculations were performed for
the molecules with a number of electrons N + 1 and all results are pre-
sented relative to the energy in the ground state. In this figure, higher
points on the OY axis are less stable, indicating possibly fast subsequent
transformation. Therefore, the relative stability of the investigated
compounds in their N-1 state is ACT > IBU > CBZ > PHE, while in
their N + 1 states, it goes CBZ > IBU ~ ACT > PHE. This ordering
leads to the observation that the stability of neither N + 1 or N-1 state
correlates with the experimental degradation data. Under the Koopman
theorem, this is further true for the HOMO and LUMO energies. Alter-
natively, n and AE describe the relative stability of both N-1 and N + 1
states together, specifically being the second derivative of the E(N)
function [33] or a difference between N-1 and N + 1 energies (please
note that initially, all E values are negative and only in Fig. 10 for clar-
ity they are presented with different signs). For example, low stability
of both N + 1 and N-1 states for phenol results in the highest  and AE
values, while for carbamazepine very stable N + 1 state decreases both
predictors. In this regard, although it should be noted that the introduc-
tion of exact E values for the N-1, N, N + 1 states, HOMO and LUMO
energies, chemical hardness calculated using Eq. (3) or as a derivative
of the curve presented in Fig. 10 give a bit different results in each case,
they always create a reasonable trend with the experimentally observed
results. Therefore, only when the stability of both oxidized and reduced
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Fig. 8. Observed correlation between the fitted value of A, and calculated chemical hardness (n) or HOMO-LUMO energy gap (AE) of the pollutant.
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Fig. 9. Accuracy of the final model, after the introduction of the squared chemical hardness of each analyzed pollutant, presented as direct model-observation cor-

relation (a), the absolute value of the residuals (b) and relative error (c).
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Validation of the model for methyl orange degradation. The experimental conditions were unchanged, the initial concentration of MO was about 200 pmolsdm~3,

similar to phenol.

Facet MO 5 (Jo10-19) MO AE (J+10-19)  A;Eq. (7)#? A;Eq. (8) AE?

AEq. (9) 72 A;Eq. (10) AE?

Kmoder 11 (s7101075) Kmodet AE (s711075) Kobservea

(s~1e10-5)

{001}
{101}

1.61 3.22 -2.13¢10°5 -7.69¢105

4.99.10-5

4.20.105 3.43
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Fig. 10. Detailed results of the energy change as the function of electron num-
ber (N) obtained from the DFT simulations for investigated compounds.

molecules is considered can the final rate constant be predicted with
improved accuracy.

The observations are also in agreement with the degradation mecha-
nisms reported for different organic compounds, which usually cannot
distinguish a single, well-defined degradation pathway [50-52]. Al-
though it is commonly accepted that such processes are initiated by the
hole transfer from the photocatalyst to pollutant or direct attack of «OH
[53-55], it is known that electron transfer is also important for the
overall process efficiency. This is either due to the involvement of the
*0y,, or other reduced species [56,57], in the process or due to the possi-
ble occurrence of the back reactions of organic radicals [58]. In this re-
gard, the relative stability of the N-1 state for PHE, IBU and ACT agrees
with the final degradation rate for these compounds, where less stable
radical implies faster transformation. However, CBZ stands out from
this simple relation. Based on the described results, this is correlated
with the low position of the LUMO orbital and, therefore, the high sta-
bility of the N + 1 state of CBZ. This suggests that, especially for carba-
mazepine, interactions with excited electrons might be responsible for
slowing down the process, either by promoting back reactions of inter-
mediate radicals or, hypothetically, as the result of increased interac-
tions between e and CBZ itself. In this regard, a detailed study on the
interactions between charge carriers on the TiO, surface and carba-
mazepine, or other pollutants with a low position of LUMO orbital,
might give a better insight into how the degradation process differs
compared to the phenolic compounds. The differences are expected
since the simple position of the HOMO orbital, corresponding to the ox-
idized radical state in the initial part of the process, cannot explain the
lower degradation rate of CBZ, observed independently for all three in-
vestigated TiO, facets.
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3.5. Degradation of the pharmaceuticals mixture

Finally, obtained photocatalysts and TiO, P25 were studied in the
degradation process of the pharmaceuticals mixture, including total
pollutants concentrations of 50 mg-dm-3, 13 mg-dm~3 and 5 mg-dm~3
(the fraction of carbamazepine, ibuprofen, and acetaminophen was
1:1:0.5). Obtained results of the degradation rate for each individual
pollutant are presented in Fig. 11a in comparison with the single-
pollutant system. In the case of the 50 mg-dm~3 mixture, the initial con-
centration of each pharmaceutical is the same for individual degrada-
tion tests, and the degradation rates are decreased, which is expected
due to the increased total concentration of pollutants [59].

Furthermore, two main effects can be noticed when all pollutants
are present together. First of all, ibuprofen degradation is almost always
in favor, showing a strong preference to react in the more complex sys-
tem. This is especially visible for the {1 0 0} and {1 0 1} series, which
are characterized by lower surface area. Secondly, the efficiency of ac-
etaminophen degradation is different for each photocatalyst. Interest-
ingly, despite lowering the total concentration, ACT degradation is not
increased in the case of {1 0 0} and {1 0 1} samples between the
50 mg-dm~3 and 13 mg-dm~3 mixtures. A further increase is observed
only when the total concentration decrease to 5 mg-dm~3.

However, in the case of the {1 0 1} sample, the process is still hin-
dered compared to the ACT alone. These results clearly showed that
there is a preference about which pharmaceutical had a “priority” to be
degraded during the process, and this follows the order of ibuprofen
> carbamazepine > acetaminophen. Interestingly, acetaminophen
degradation can be visibly enhanced for the {0 0 1} and {1 0 0} sur-
faces, but only when concentration is low enough. This relation is in
agreement with the observed adsorption of the pollutants on the TiO,
surfaces, which especially favors ibuprofen and acetaminophen the
least. Therefore, pre-irradiation adsorption determines the observed
degradation rate when multiple pollutants are present in the solution.
This implies that a sufficiently high photocatalyst surface area should
be desirable to enable the efficient degradation of all pharmaceuticals.
In other cases, such as ACT degradation over the {1 0 0} and {1 0 1}
facets for high total concentrations, the degradation rate of some com-
pounds might be hindered due to the preference of other pollutants to
react first. Similar observations are noticed for TiO, P25, which showed
a significant increase in the degradation rate only for the lowest con-
centration of the pharmaceuticals mixture of 5 mgedm-3. Therefore,
when the concentration of pollutants is relatively higher (50 mg-dm—3
or 13 mg-dm~3), the sample exposing {1 0 1} facets generally revealed
the highest photocatalytic activity, especially when comparing the
available surface area of samples.

Based on these results, it could also be suggested that during the ac-
tual process, a mixture of different photocatalysts might be optimized
to obtain the best performance for the mixture of pollutants with the
lowest concentration of 5 mg-dm-3. For example, the {1 0 0} sample
showed better ACT degradation than {1 0 1} with a similar surface
area, but not for the CBZ and IBU. Moreover, as shown further in Fig.
11b, these photocatalytic activities are similar for all prepared samples
during three subsequent cycles of degradation.

As presented in Table 9, these results are generally followed by the
removal of total organic carbon (TOC), which achieved the highest val-
ues for the {1 0 1} exposing sample (18%, 31% and 51% of the removal
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Table 9
Results of the TOC removal for the degradation of the pharmaceuticals mix-
tures.

Sample Total organic carbon removal (%) after 1 h of the process

Mixture
50 mgedm~3 13 mgedm—3

Mixture Mixture 5 mgedm—3

Cycle Cycle Cycle CycleIll Xe
1 I it (3h) lamp
{00 3 20 41 9 41 62 17
1}
{10 14 26 24 51 25 37 48
0}
{10 18 31 51 62 55 83 81
1}
P25 11 17 69 n.d. n.d. n.d. n.d.

after 1 h, depending on the concentration). Only in the case of the low-
est concentration of pharmaceuticals, TiO, P25 achieved better TOC re-
moval efficiency of 69%. However, after the third extended cycle of
degradation (3 h), the sample exposing {1 0 1} facets achieved 83% of
the TOC removal, which gives the residual value in the range of the
pure water matrix (approximately 1 mgedm-3). However, it is also note-
worthy that for the {0 0 1} and {1 0 0} exposing samples, higher differ-
ences were observed for the TOC removal during the cycling processes.
This suggests that the final activity of these samples is more sensitive to
the process conditions. Nevertheless, it doesn’t influence the conclu-
sions.
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Furthermore, Fig. 12 shows observed degradation rates when spe-
cific scavengers of the active species are added to the reaction system
(5 mgedm~3 of pharmaceuticals). As observed, «OH, «O," and h* were
found to be important for the degradation process. Nevertheless, some
additional observations are noticeable. Interestingly, h* seems to be
least important for carbamazepine degradation, especially over {0 0 1}
and {1 0 0} facets. This is in agreement with the lack of correlation be-
tween CBZ degradation rate and stability of the [CBZ]* molecule, de-
scribed in the previous section. On the other hand, h* are most impor-
tant for ibuprofen removal, which also agrees with its preferred surface
adsorption and negative charge. Therefore, direct h* transfer from the
surface to the pollutant seems as a relatively important process for IBU.
Finally, acetaminophen degradation is specifically sensitive to benzo-
quinone presence, which suggests the importance of the «O," radicals in
its degradation process. In all cases, «OH is shown to play an important
role in the photocatalytic reaction.

Finally, Fig. 13 shows the comparison between the degradation
rates of the 5 mgedm—3 mixture, obtained using a set-up with UV light
and the alternative set-up, utilizing a lamp emitting UV-vis light. As ob-
served, set-up with UV-vis light allowed to achieve of similar or higher
degradation rates, especially affecting the transformation of CBZ and
ACT over the {1 0 0} and {1 0 1} exposing samples. Noteworthy, rela-
tive degradation rates of the different pollutants over {1 0 1} sample
under the UV-vis light irradiation match closely results obtained for the
single compounds presented in Figs. 4 and 11a. As the nature of the
photocatalyst and photogenerated active species is not expected to
change depending on the UVA light source, it is shown that preferred
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Fig. 13. Comparison of the degradation rates observed for the 5 mgedm~3 using a different light sources (a), as well as scheme of the reaction set-up (b).

IBU degradation is sensitive to the parameters of the set-up itself. In this
regard, two differences can be highlighted. First, utilized set-up 2 with
a Xe lamp emitting UV-vis light possessed higher UVA photon flux
(mWecm—2?) than set-up with a UV lamp (15 mWecm~2), which gener-
ally might stimulate reaction rates. However, in this case, the effect
should be uniform for all samples, which is not consistent with the ob-
served activity for the sample exposing {0 0 1} facets. On the other
hand, both photocatalytic set-ups also differ in the reactor geometry,
which mostly connects with the elongated profile and slightly shorter
optical length of the UV lamp reactor. From these factors, the first one
seems to have a possible effect, as the long profile of the reactor results
in less homogeneous mixing between the bottom and the top of the so-
lution (this could be observed during the stabilization period of the sus-
pension). In this regard, more homogeneous mixing and mass transfer
achieved in the reactor equipped with UV-vis light (xenon lamp) might
be responsible for more uniform degradation rates observed for the
samples with lower surface area, resulting in the relative degradation
rates being more similar to the pure compounds. Ultimately, this al-
lowed to achieve the highest photocatalytic activity of the {1 0 1}, with
a 3-times faster TOC removal, compared to a set-up equipped with a UV
lamp.

4. Conclusions

The overall results present important conclusions for further studies.
First of all, photocatalytic degradation of all tested emerging pollutants
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occurs most efficiently for anatase octahedral particles exposing {1 0 1}
facets when studied independently. This proves that the efficiency of
such a process depends on the density of surface trapping sites of the
TiO,, which should be high for this facet rather than its surface energy.
Therefore, it confirms our previous observations made for phenol
degradation, this time for a bigger set of real water pollutants with di-
verse chemical structures. Furthermore, after taking into account the ef-
fect of exposed crystal facets, it is observed that pollutants with higher
chemical hardness (or higher HOMO-LUMO energy gap) react faster
with the photocatalyst. The same correlation was not observed for the
simple HOMO energy level, which would correspond to the stability of
the h* generated organic radical, since carbamazepine significantly
stands out from such a relation. This is correlated with the very low po-
sition of the LUMO orbital for CBZ, which mathematically affects value
only for the 5 and AE predictors. In this regard, it is expected that de-
tailed interactions between CBZ (or other compounds with lower LUMO
position) and charge carriers on the TiO, surface might be different
than for phenolic compounds. For the remaining compounds, the en-
ergy of the oxidized molecule gives a reasonable trend, which is in
agreement with a possible process initiation by h*. However, based on
the overall results, we propose that chemical hardness or energy gap
are better predictors for a diverse set of organic pollutants with differ-
ent electronic properties.

Furthermore, analysis of the photocatalytic degradation of the phar-
maceuticals mixture has shown that for a more complex matrix final
degradation rate starts to depend on both total concentration, the pollu-
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tant type and the exposed crystal facet and reactor/lamp configuration.
Specifically, ibuprofen degradation was preferred, while aceta-
minophen degradation was hindered for the {1 0 0} and {1 0 1} facets.
The preference for the degradation of ibuprofen is in agreement with
the preferred adsorption during the pre-irradiation stabilization period.
Therefore, the surface presence of the pollutant determines degradation
efficiency, which suggests that all of the investigated pharmaceuticals
react strictly on the photocatalyst surface. The results imply that for
specific processes with a complex matrix, a mixture of different photo-
catalysts might be possibly optimized to achieve higher degradation ef-
ficiencies. Alternatively, a sufficiently high surface area of the photo-
catalyst or optimized process conditions might be needed to effectively
induce the degradation of all compounds over a single photocatalyst.
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