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Abstract: The photodegradation of the most prescribed glucocorticoids (GCs) was studied under
relevant environmental conditions in the presence of suspended TiO2. The considered drugs in-
cluded cortisone (CORT), hydrocortisone (HCORT), betamethasone (BETA), dexamethasone (DEXA),
prednisone (PRED), prednisolone (PREDLO), and triamcinolone (TRIAM). The experiments were
carried out at concentrations (50 µg L−1) close to the real ones in freshwater samples (tap and river)
under simulated and natural sunlight, and their decomposition took place very efficiently under
natural sunlight. The reactions were monitored by high-pressure liquid chromatography coupled to
electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS). According to a pseudo-first-
order decay, all drugs underwent degradation within 15 min, following different paths with respect
to the direct photolysis. The observed kinetic constants, slightly lower in river than in tap water,
varied from 0.29 to 0.61 min−1 with modest differences among GCs in the same matrix. Among main
matrix macro-constituents, humic acids (HAs) were the most interfering species involved in GCs
degradation. The photogenerated primary products were identified by HPLC-ESI-MS/MS, allowing
to elucidate the general photochemical path of GCs. Finally, a comparison with literature data
obtained using different advanced oxidation processes (AOPs) highlights the treatment efficiency
with TiO2/solar light for removing such persistent aquatic contaminants.

Keywords: glucocorticoids; TiO2-solar light degradation; freshwater pollution; photoproducts;
matrix constituents

1. Introduction

The role of glucocorticoids in biochemistry is difficult to exaggerate. The many
possible configurations and the various chemical functions present explain the variety
of reactions they catalyze in the cell and the sophisticated machinery that, starting from
the regulation of glucocorticoid secretion by the hypothalamic-pituitary-adrenal (HPA),
governs virtually all of the physiological processes, such as metabolism, immune and
cardiovascular functions, skeletal growth, reproduction, and cognition [1,2]. Specifically,
glucocorticoids (GCs) can inhibit immunological, inflammatory, and allergic processes
in our body in response to an outer stimulus. Since their coming in the 1950s, many
synthetic molecules have been synthesized to increase pharmacological activity and reduce
side effects [3].

Due to their therapeutic properties and low cost, GCs are currently the most frequently
used class of drugs to treat rheumatic and inflammatory diseases. As recently reported,
the yearly number of prescribed GCs largely exceeds that of estrogens and androgens [4],
although their use as doping agents and prophylactic in husbandry was banned by the
World Anti-Doping Agency and by the Council Directive 96/22/EC, respectively [5,6].

Their occurrence in freshwaters, mainly as the initial drugs or slightly metabolized
compounds, suggests that urban wastewater treatment plants (WWTPs) cannot remove
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them quantitatively [7]. Indeed, just as many other drugs, they have been detected world-
wide in the aquatic environment. River concentrations are in the ng L−1 or sub-ng L−1

range in European [4,8–11] and non-European countries [12–16]. On the other hand, signif-
icantly higher levels, ranging from few tens to some hundred nanograms per liter, have
been measured in WWTPs and hospital wastewaters [17]. In particular, influent WWTPs
contain massive GCs amounts, up to 2 µg L−1. Besides, some tens of ng per gram have
been found in sewage sludge samples [9,18].

These concentrations are high enough to cause a negative eco-toxicological impact
on various aquatic organisms, as demonstrated by the plethora of papers devoted to this
issue. Under these conditions, reproduction, growth, and development of aquatic biota are
affected by chronic exposure to low levels of GCs [19–22]. It was also reported that GCs
act additively [22] and have cumulative effects in mixture with other steroid classes [20].
Depollution is a critical issue because of their negligible volatility and low biodegradability
in urban WWTPs [7].

Due to the above, new strategies to abate GCs and those emerging contaminants of the
aquatic environment that affect endogenous steroid actions have to be taken into account.
In a recent paper [23], we studied the possibility of addressing this issue through direct
photolysis in natural water. However, GCs photoreactivity under environmental conditions
was found to be almost negligible due to their rigid cyclopetaperhydropenathrene structure
and their limited light absorption in such highly diluted solutions, also when a more
absorbing moiety, such as cross-conjugated chromophore in ring A, was present in the
structure (see Scheme 1, X = H, F, Y = OH, O).

Scheme 1. The general structure of glucocorticoids (GCs).

We then decided to explore the possibility of improving the light-driven depollution
process by adding a photocatalyst into the equation. Photocatalytic degradation of organic
pollutants, such as drugs, has already demonstrated to be a highly effective process, also
compared with other advanced oxidation processes (AOPs), and titania semiconductors
are the benchmark in terms of efficiency and efficacy compared with other semiconduc-
tor oxides, under both UV-A and solar light ([24–26] and references therein). To date,
the effectiveness of TiO2 photocatalysis for removing GCs under actual conditions, viz.
low-level concentrations and natural waters, has not yet been investigated. Only a few
studies are available dealing with the TiO2-photocatalytic degradation of DEXA [27], CORT
acetate [28], and PREDLO [29] under experimental conditions (mg per liter concentration,
ultrapure water), quite different from the ones mentioned above.

In this work, a range of GCs was chosen among the largely prescribed natural and
semisynthetic drugs (see Scheme 2) and were submitted to irradiation using a solar sim-
ulator and natural sunlight, in tap and river water at micrograms per liter concentration
(50 µg L−1).
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Scheme 2. Structures of the GCs examined in this study.

The potential effect due to some of the main matrix constituents on GCs-TiO2 photore-
action was also investigated.

Further experiments were carried out at mg per liter concentration (10 mg L−1) to
identify the primary photodegradation products by HPLC-ESI-MS/MS and elucidate the
general photochemical path of GCs.

Finally, the sunlight TiO2-photocatalytic efficiency for GCs removal was highlighted
and compared with other advanced oxidation processes recently proposed [30–36].

2. Materials and Methods
2.1. Reagents and Materials

All the chemicals were of reagent grade or higher in quality and were used without any
further purification. GCs standards (CORT, HCORT, BETA, DEXA, PRED, and PREDLO),
acetic acid (99–100%), High-Performance Liquid Chromatography (HPLC) gradient–grade
acetonitrile (ACN), CaSO4 (99%), MgNO3 hexahydrate (97%), and Humic acid sodium salt
(MW = 100,000–150,000) were purchased by Merck (Milan, Italy). TRIAM was supplied by
Farmabios (Gropello Cairoli, Italy). Methanol and water for Liquid Chromatography-Mass
Spectrometry (LC/MS) were purchased by Carlo Erba Reagents (Cornaredo, Milano, Italy).
GCs stock solutions of 10 mg L−1 were prepared in tap water and stored in the dark at
4 ◦C for a maximum of a week. The working solution of 50 µg L−1 was prepared daily.
Aereoxide P25 titanium dioxide (Evonik, Resource Efficiency GmbH, Germany) was used
for the photocatalytic experiments.

Nylon syringe filters (0.2 µm, 13 mm, Whatman, Milano, Italy) were used immediately
after sample collection and before HPLC injection.

Tap water was from the Pavia municipal waterworks, while river water sample was
collected from the Staffora River at 30–50 cm-depth in amber glass bottles. All the samples
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were stored in the dark (4 ◦C) before use. The physico-chemical parameters are reported
in Table 1.

Table 1. Physico-chemical characterization of tap and river water samples.

Parameters/Ions Tap Water River Water

pH 7.7 7.9
Conductivity at 20 ◦C µS cm−1 271 293

TOC * mg L−1 <2 6.9
Cl− mg L−1 5.0 4.0

NO3
− mg L−1 0.6 1.5

SO4
2− mg L−1 5.0 13

HCO3
− mg L−1 182 195

Ca2+ mg L−1 35 54
Mg2+ mg L−1 10 7.5
Na+ mg L−1 12 5.5

* TOC total organic carbon.

2.2. Analytical Determination

HPLC systems with different sensitivity and analysis modes were used. For the kinetic
experiments at 10 mg L−1, the HPLC-UV system consisted of a Shimadzu (Shimadzu
Corporation, Milano, Italy) LC-20AT solvent delivery module equipped with a DGU-20A3
degasser and interfaced with a SPD-20A UV detector. The wavelength selected for analysis
was 238 nm for all GCs. Each sample was diluted (30% v/v) with MeOH and injected
(20 µL) into a 250 × 4.6 mm, 5 µm GraceSmart RP18 (Sepachrom) coupled with a similar
guard-column. The mobile phase was ultrapure water and ACN mixture, 70:30 for CORT,
HCORT, PRED, and PREDLO; 65:35 for BETA, DEXA and TRIAM at a flow rate of 1.0 mL.
The isocratic elution was maintained for 20 min, and then, after washing with 100% ACN
for 5 min, the initial conditions were re-established. The instrumental quantification limits
were 0.3 mg L−1 for CORT, HCORT, and DEXA, 0.09 mg L−1 for BETA, 0.2 mg L−1 for
PRED, PREDLO, and TRIAM.

For the kinetic experiments at 50 µg L−1, the HPLC-ESI-MS/MS system consisted of
an Agilent (Cernusco sul Naviglio, Milano, Italy) HPLC apparatus 1260 Infinity coupled
with an Agilent 6460C ESI-MS/MS spectrometer. Each sample (5 µL) was injected into
an Agilent 120 EC-C18 Poroshell column (50 × 3 mm, 2.7 µm) with a similar guard-
column. The column temperature was maintained at 50 ± 1 ◦C. The mobile phases were
(A) ultrapure water (0.1% v/v acetic acid) and (B) MeOH (0.1% v/v acetic acid). A linear
gradient from 40% to 84% B was applied in 12 min, followed by a column re-equilibration
time of 8 min. The flow rate was 0.6 mL min−1.

GCs identification and quantification were performed in negative electrospray ion-
ization (ESI). Source parameters were set as follows: drying gas temperature 300 ◦C (N2);
drying gas flow 5 L min−1 (N2); nebulizer 45 psi; sheath gas temperature 250 ◦C; sheath gas
flow 11 L min−1; capillary voltage at 3500 V (positive mode) and 3000 V (negative mode);
nozzle voltage 500 V positive, 0 V negative; electron multiplier voltage (EMV) 0 V for both
polarities. MRM conditions (precursor ion [M + AcO]− adduct) for each compound are
reported in Table S1. MassHunter Software from Agilent was used for data processing.

The HPLC-ESI-MS/MS analyses for photoproducts identification were performed
by using a surveyor HPLC system (Thermo Finnigan, San Jose, CA, USA), equipped
with a 150 × 2.0 mm, 4 µm Jupiter 4U Proteo column (Phenomenex). The mobile phase
consisted in: (A) ultrapure water (0.1% v/v formic acid) and (B) ACN (0.1% v/v formic
acid). The starting concentration of eluent B was 2%, increased to 100% by 40 min with
a linear gradient; this concentration was maintained for 5 min to wash the column. The
flow rate was 0.2 mL min−1. The MS/MS system consisted of an LCQ ADV MAX ion-
trap mass spectrometer, with an ESI ion source operating in ion-positive mode with the
following instrument conditions: source voltage 5.0 kV; capillary voltage 46 V; capillary
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temperature 210 ◦C; tube lens voltage 55 V. Xcalibur 2.0.7 SP1 Software (Thermo Finnigan,
San Jose, CA, USA) was used for spectra processing.

2.3. Irradiation Experiments

Irradiation experiments under simulated sunlight were carried out using a solar sim-
ulator (Solar Box 1500e, CO.FO.ME.GRA, Milano, Italy) set at a power factor 250 W m−2

(equipped with a UV outdoor filter of soda-lime glass IR-treated, and with a BST tem-
perature sensor), and under natural sunlight. The incident power of natural sunlight
(Pavia, 45◦11′ N, 9◦09′ E, June–July 2017, 12.00 a.m.–3.00 p.m., 27–30 ◦C) was measured by
means of an HD 9221 (Delta OHM, 450–950 nm) and a Multimeter (CO.FO.ME.GRA, 295–
400 nm) pyranometers and resulted in the range 400–501 W m−2 (Vis) and 22–34 W m−2

(UV). The experiments were performed in a closed glass container containing 100 mL of
untreated tap or river water samples (depth 40 mm, exposed surface 9500 mm2) at native
pH, enriched with 50 µg L−1 of each drug, separately dissolved and magnetically stirred.
Aliquots (0.5 mL) of each sample were withdrawn at planned times, filtered, and injected
in HPLC-ESI-MS/MS system (multiple reaction monitoring mode, MRM) to follow the
degradation profiles.

Each kinetic experiment was performed in triplicate, and the degradation kinetic
constant (kdeg) was calculated by using dedicated software (Fig P application, Fig P Software
Corporation, version 2.2a, BIOSOFT, Cambridge, UK).

Before irradiation, each suspension (50 µg L−1 of each GC, 0.5 g L−1 TiO2) was
magnetically stirred in the dark for 20 min to promote the drug adsorption on the catalyst
surface. For each GC, a control solution with no catalyst was also measured. No changes in
GCs concentration were detected in the control samples.

To investigate matrix effects, a set of experiments, as described above, were carried
out with the addition of salts (SO4

2− 50 mg L−1, NO3
− 20 mg L−1) and humic acids (HAs,

10 and 5 mg L−1).
For identifying the photoproducts, 100 mL tap water samples were spiked with

10 mg L−1 of each GC (separately dissolved) and irradiated under simulated solar light
as described above. Aliquots (0.5 mL), treated as above, were injected into the HPLC-UV
system before performing the HPLC-ESI-MS/MS analysis (in full scan, zoom scan, and
MS/MS mode).

3. Results and Discussion

We investigated TiO2 photocatalytic degradation of seven most prescribed GCs (see
Scheme 2) under relevant environmental conditions. To better mimic the realistic GCs
degradation, a set of experiments were carried out on freshwater samples (not filtered tap
and river water samples, native pH) enriched with 50 µg L−1 of each GC under simulated
and natural sunlight. Photoproducts structures were determined by HPLC-ESI-MS/MS.

Results were discussed and compared to the most recently reported data obtained
employing different advanced degradation techniques [30–36].

3.1. Kinetic Degradation in Actual Samples

The degradation profiles of the investigated GCs (50 µg L−1) in tap (a) and river (b)
water samples under simulated solar light are shown in Figure 1.
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Figure 1. Evolution profiles of each GC (50 µg L−1) in tap (a) and river water (b) under simulated sunlight: CORT (3),
HCORT (∗), BETA ( × ), DEXA (4), PRED (�), PREDLO (+), and TRIAM (#) (see Section 2.3 for the irradiation conditions).

A pseudo-first-order equation (see Equation (1)) satisfactorily fitted all of the experi-
mental data:

Ct

C0
= e−kdegt (1)

C0 is the initial GC concentration, Ct is GC concentration at time t, and kdeg is the kinetic
degradation constant.

Table 2 shows the photolytic and photocatalytic degradation constants observed under
the different experimental conditions described above.

Table 2. Observed GCs degradation constants (kdeg) (50 µg L−1 GCs, 0.5 g L−1 TiO2, tap and river water, simulated, and
natural sunlight).

Photolysis Photocatalysis
Simulated Solar Light Simulated Solar Light Natural Sunlight

Compound Tap Water
kdeg (min−1)

River Water
kdeg (min−1)

Tap Water
kdeg (min−1)

River Water
kdeg (min−1)

River Water
kdeg (min−1)

CORT 0.00106(5) 0.00128(3) 0.35(3) 0.300(8) 0.39(1)
HCORT 0.00246(9) 0.0033(2) 0.38(1) 0.315(8) 0.38(2)

BETA 0.0115(6) 0.0114(1) 0.336(9) 0.32(1) 0.35(2)
DEXA 0.0117(1) 0.0097(6) 0.386(9) 0.314(7) 0.61(1)
PRED 0.0185(9) 0.0186(6) 0.431(9) 0.33(1) 0.474(9)

PREDLO 0.024(1) 0.0199(4) 0.51(1) 0.336(4) 0.52(1)
TRIAM 0.0139(3) 0.0099(4) 0.355(9) 0.29(1) 0.38(1)

In brackets, the standard deviation values (sd), R2 values in the range 0.992–0.999.

The most relevant result is that GCs direct photolysis occurred slowly, particularly
for those GCs that scarcely absorb solar light (CORT and HCORT), with no significant
difference between tap and river waters. On the contrary, TiO2-assisted photocatalysis
appeared to be independent of the chemical structure of the GCs. It was much faster than
the direct photolysis, one order of magnitude for the less persistent studied GCs (PRED
and PREDLO) and up to two orders of magnitude for the more persistent ones (CORT
and HCORT). Both observations are well in accord with the drug initial adsorption on the
TiO2 granule surface, which is known to happen mostly through the carbonyl function (see
Scheme 3), with no considerable effect on the rest of the molecule.



Appl. Sci. 2021, 11, 2486 7 of 13

Scheme 3. Initial adsorption of the drugs on the TiO2 granule surface through the carbonyl function.
As it is generally assumed, within TiO2 crystals the titanium nuclei are bound to six oxygen anions in
a bipyramid. However, the outermost titanium ions are not fully compensated by the oxygen charge
and bear some positive charge. Complexation then involves a Ti3+ ion on the surface of the TiO2

granule and the n orbital in the carbonyl function, as it happens in the acid catalysis of the addition
to α, β-carbonyl onto the β (a) or carbonyl (b) functions [37,38].

As previously reported in the literature [29], GCs degradation is then expected to
proceed mainly via the photocatalytic oxidation of the adsorbed molecules on the catalyst
surface. This reaction is initiated on the surface of the catalyst, but the generated reactive
intermediates are susceptible to a cascade of oxidative processes, which may happen both at
the catalyst surface and in the nearby solution where photoproduced OH radicals also play
a role. Likewise, the decrease in the decomposition rate, observed when a fluorine atom is
introduced on the GC scaffold, well fits with the proposed mechanistic scheme (Scheme 3).

No significant difference in the order of reactivity was observed in the photocatalytic
GCs degradation at mg per liter concentration; a quantitative GCs removal (≥95%) under
actual conditions (natural pH, untreated water sample, and simulated sunlight) occurred
in 15 min for all GCs. The observed kinetic degradation constants (kdeg) calculated for each
GC are shown in Table 3.

Table 3. Degradation constants (kdeg) for each GC (10 mg L−1) in tap water under simulated sunlight (see Paragraph 2.3 for
the irradiation conditions) and comparison with other AOPs.

GC AOP Matrix Kinetic Constant, % Removal,
Degradation Time Ref

DEXA 2-50 mg L−1
Gamma ray,

gamma ray with H2O2
or Fenton

Pure water, pH 7.2 5 × 10−4 – 4.7 × 10−3 Gy−1 ,
8 × 10−4 – 1.6 × 10−3 Gy−1 [35]

PRED 50 mg L−1
Electrochemical

oxidation process
20 mA cm−2

Pure water, pH 11,
Na2SO4 1 g L−1

0.1052 mg h−1, 78% removal
4 h

[33]

PRED acetate 5 mg L−1 O3 50 mg min−1 Pure water, pH 3 0.0595 min−1, 90% removal
30 min

[32]

PREDLO 3.6 mg L−1 UV/chlorine, 254 nm
Phosphate buffer pH 7,

artificial fresh water
pH 6

5.53 × 10−3 s−1 [31]

PREDLO 100 mg L−1 UV-Fenton, 360 nm Pure water, pH 3 Quantitative removal 15 min [30]

DEXA 5 mg L−1
ZrO2 1.5 g L−1, 365 nm

WO3 0.5 g L−1,
>380 nm

Pure water, pH 3

ZrO2 0.0078 min−1, 76%
removal 180 min

WO3 0.0277 min−1, 100%
removal 80 min

[34]
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Table 3. Cont.

GC AOP Matrix Kinetic Constant, % Removal,
Degradation Time Ref

BETA
phosphate 30 mg L−1

ZnO 0.44 g L−1, 254 nm
ZnO 0.44 g L−1,

persulfate, 254 nm
Pure water, pH 9 Removal 63%, 180 min

Removal 98%, 180 min [36]

PREDLO 25 mg L−1 TiO2 P25 1 g L−1, 365
nm or solar light

Pure water, pH 6.7 Removal 94%, 1 h solar light
Removal 73%, 1 h 365 nm [29]

CORT acetate 10 mg
L−1

TiO2 P25, 375 nm, air
saturated,

TiO2 P25, 375 nm,
persulfate air saturated

Different buffer
solution, air saturated

0.040 min−1, quantitative
removal 100 min, 0.071 min−1,
quantitative removal 30 min

[28]

DEXA 10 mg L−1 TiO2 P25 0.2 g L−1,
simulated solar light

Pure water, air
saturated Quantitative removal 15 min [27]

CORT, HCORT, BETA,
DEXA, PRED,

PREDLO,
TRIAM

10 mg L−1

TiO2 P25 0.5 g L−1,
simulated solar light

Tap water, natural pH

0.184(5), 0.230(7), 0.19(1),
0.206(5), 0.177(7), 0.224(3),

0.24(1) min−1

Removal >95% 15 min

[This work]

These results are particularly informative for evaluating the validity of TiO2 remedia-
tion in real matrices under UV-A or solar light compared with other advanced oxidation
processes, such as ZnO [36] WO3 and ZrO2 [34] semiconductors, ozone [32], gamma irra-
diation [35], UV/chlorine process [31], photo-Fenton [30] and electrochemical oxidation
process [33]. For example, ZnO has a low stability in aqueous solutions at natural pH [36];
WO3 and ZrO2 require strong acidic conditions to work [34]. Other AOPs, such radiol-
ysis [35] or photo-Fenton [30], need the addition of a sacrificial oxidizing agent (H2O2,
S2O8

2−, etc.) to improve their photocatalytic performance; ozonization [32] and electro-
chemical oxidation process [33] require acidic and alkaline solutions, respectively, and
UV/chlorine process [31] occurs under UV-C irradiation.

None of the above-mentioned AOPs is competitive in terms of GCs degradation rate
if compared to TiO2, and, importantly, they have never been applied to GCs degradation at
µg L−1 levels in environmental conditions.

3.2. Matrix Effects: Salts and Humic Acids

As opposed to photolysis, GCs TiO2-mediated photodegradation took place slightly
slower in river samples than in tap water samples. It was faster under natural sunlight
in river water than simulated light (see Table 2), proving the process efficiency despite
changeable environmental factors, such as incident power [39]. Despite the similar qual-
itative composition of the two considered matrices (see Table 1), a decrease in kdeg was
observed for all GCs in river water samples than in tap water samples under the same
experimental conditions (see Table 2). We attempted to evaluate the potential matrix
contribution to this effect, although, in general, this is a challenging task, especially in
real matrices where the many species present may interact with each other and also with
several other xenobiotics [40].

Among the various macro-constituents, nitrate and sulfate were investigated because
they are more abundant than others in the considered river water sample (see Table 1) and,
at the same time, are known to affect drug photodegradation [40], including GCs. Indeed,
some previous works reported the influence of SO4

2− and NO3
− on the AOPs degrada-

tion rate of GCs. In particular, SO4
2− was found to reduce the photodegradation rate of

BETA [36], PREDLO [31], and PRED [32], acting directly as hydroxyl radical scavenger to
form the respective anion radicals; NO3

− was reported to slow down the decomposition
rate of DEXA decreasing OH radical concentration indirectly via NO2

− [35]. Other impor-
tant interferents naturally present in river water are humic acids (HAs); these ubiquitous
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species can act both as photo-sensitizers or compete in absorbing solar light [40,41]. Recent
studies examined the inhibition effect of natural organic matter (NOM) on the degradation
rate of PREDLO [31] and showed that increasing the NOM concentration, kdeg decreased.

Based on the kdeg values reported in Table 2 and on the GCs structures, three model
GCs, viz. CORT, PREDLO, and TRIAM were selected, and their photodegradation was
investigated in tap water fortified with the above-mentioned inorganic salts and HAs,
following the procedure described in Section 2.3. Salt concentrations (some tens of mg per
liter) higher than those measured in the river water samples were specifically added to
evidence their potential impact on the GCs degradation rate, while HAs levels, correspond-
ing to 7.5 mg L−1 of total organic carbon (TOC), were added to mimic the natural organic
matter present in the river sample (see Table 1). Irradiation was carried out in tap water by
a solar light simulator. The degradation rates were calculated and reported in Table 4.

Table 4. Photodegradation constants (kdeg) determined in tap water under simulated sunlight in the
presence of inorganic salts and humic acids (HAs).

Compound CORT PREDLO TRIAM

Matrix kdeg (min−1)

tw 0.35 (3) 0.51 (1) 0.355 (9)
tw + SO4

2− (50 mg L−1) 0.41 (3) 0.539 (5) 0.31 (1)
tw + NO3

− (20 mg L−1) 0.28 (1) 0.45 (1) 0.37 (1)
tw + HAs (10 mg L−1) 0.10 (1) 0.10 (1) 0.08 (1)

As showed in Table 4, the added SO4
2− (50 mg L−1) had a small or no effect on the

degradation rates of the chosen GCs, while NO3
− (20 mg L−1) slightly affected the degrada-

tion rates, in the order CORT > PREDLO > TRIAM. On the contrary, HAs (10 mg L−1) had
the most significant impact on all drugs, from 4- to 5-fold decrease of the rate. Interestingly,
no significant differences in kdeg were observed in a more diluted HAs solution (5 mg L−1)
for the considered GCs. As expected, competitive light absorption by dissolved organic
matter deviated significantly the process from the photocatalytic path.

3.3. Identification of Photoproducts

As mentioned above, all the studied GCs underwent a fast decomposition both in tap
and river water.

HPLC-ESI-MS/MS qualitative analysis revealed many photoproducts (see Supplementary
Materials), and some trends can be identified based on the structure of the starting GCs. Six
main reaction pathways can be described, involving either the hydroxyacetyl side chain or
the steroid ring (see Scheme 4) and two of them, viz. (iv), cyclohexadienone isomerization,
only available for those GCs containing a second conjugated double bond, and (v), the
photooxidation of C17 side chain, have been already described as the main reaction paths
in the direct photolysis of glucocorticoids ([23] and references therein). Nonetheless, the
products coming from these two routes are now a minority among the identified degra-
dation mechanisms, and we were able to characterize byproducts from path (iv) only for
TRIAM (see Supplementary Materials), while the importance of path (v) is highly reduced
with respect to direct photolysis, especially for those GCs having a second conjugated
double bond on ring A.
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Scheme 4. Paths followed in the photocatalytic degradation of GCs.

Among the remaining four main pathways, route (i) is a minority process only ob-
served for CORT, HCORT, and PRED, and it comes from the formal reduction of the
carbonyl at C17. The same is true for path (iii), which led to the reductive dehalogenation
of DEXA. The latter reaction has been previously described for DEXA-phosphate photo-
chemistry in the presence of a reducing agent [42]. Both path (i) and (ii) can be related to
the free electrons generated on the catalyst surface upon irradiation reacting with adsorbed
GCs at the catalyst surface. Nevertheless, most of the identified photoproducts are peculiar
of the photocatalytic process, not produced under direct photolysis [23], and can be directly
linked to OH radicals photo-generated from the irradiated TiO2 catalyst. This powerful
oxidant can then attack the steroid backbone either on C4=C5 double bond on ring A, path
(vi), leading to double bond hydration followed by ring-opening, as already reported in the
literature for PREDLO [29], then starting a cascade reaction (path vii, viii, and ix), ultimately
yielding highly degraded products, or via OH insertion on the internal rings, (ii) producing
hydroxylated byproducts [27]. The preference toward one or more of these degradation
paths for the seven studied GCs can be rationalized by looking at their molecular structure,
where the not-conjugated CORT and HCORT prefer to undergo path (ii) or (v), so reacting
either at the C17 hydroxyacetyl side chain or via OH insertion on the inner steroid rings,
while the GCs bearing a second double bond on ring A shift the preferred OH attack to this
site (path vi), resulting in a C5–OH pivotal intermediate which then further reacts (path vii,
viii, and ix) forming several different oxidized byproducts. Nonetheless, path (ii) and (v) do
not completely disappear but contribute to the overall photodegradation process to a lesser
extent. In accordance with the proposed mechanism, we saw that the addition of NO3

−

(20 mg L−1) to tap water impacts the degradation rates in the order CORT > PREDLO >
TRIAM; this can be tentatively rationalized based on NO3

− scavenging effects on both OH
radicals and photogenerated eaq

−, involving mostly the single conjugated CORT chemistry
where the lack of the second double bond impairs competitive degradation paths, viz.
double bond hydration (vi) and cyclohexadienone isomerization (iv). On the contrary,
the effect of HAs is independent of the chemical structure of the studied GCs and can
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be explained with HAs competing both with TiO2 for light absorption and with GCs for
the adsorption sites on the catalyst surface. As previously mentioned, other secondary
processes are still available for those GCs having particular structures, viz. reductive
defluorination for DEXA, cyclohexadienone isomerization for TRIAM.

4. Conclusions

The present study proves that TiO2-assisted photocatalysis effectively removes various
GCs present in freshwaters at µg per liter levels. Degradations occurred within 15 min
for all GCs, and they were found to be from one to two orders of magnitude higher than
direct photolysis, also in the case of CORT and HCORT that scarcely absorb solar light.
The photoproducts formed during the first steps of the photocatalytic process, with a
lifetime comparable to that of their parent compounds, were identified and allowed to
elucidate the general mechanistic path. As indicated above, two main paths, different from
those observed in the direct photolysis experiments, dominate the GCs photooxidation,
involving either the unsaturated ketone moiety in ring A, especially for those GCs having
a second conjugated double bond, or the C-H bonds on the steroid ring, with a limited
number of isomers, which ultimately demonstrate that the process initiates from the TiO2-
drug complex.

In contrast to what was seen from photolytic experiments, we found that GCs pho-
todegradation in the presence of TiO2 proceeds slightly faster in tap water than in river
water due to natural interferents such as HAs and inorganic anions more abundant in
the latter. Nonetheless, TiO2 photodegradation remained effective and faster than direct
photolysis, also in the presence of matrix constituents, such as natural organic matter and
salts, ubiquitous species in freshwaters. Furthermore, the reaction was shown to be efficient
under natural solar light thanks to the photocatalyst ability to absorb in a wide range of
wavelengths. The degradation mechanism is dominated by OH radicals generated on
the catalyst surface, which then react with adsorbed GCs following different paths based
on the particular chemical structure of each drug, while products from direct photolysis
are still present but as a minority. Furthermore, even if the kinetic reaction constants are
comparable across all the studied GCs, from an environmental point of view, it is important
to underline that those compounds bearing a second conjugated double bond on ring A
have access to a wider range of degradation paths, leading in the end to the formation of
more degraded byproducts which mostly lost the pharmacologically active steroid ring.

Once again, photocatalysis was shown to be the method of choice for water depollu-
tion. The mechanism may change somewhat, but the great stability of the titania crystals
under irradiation, coupled with the good adsorption properties and catalytic activity,
overcome any other method.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076
-3417/11/6/2486/s1, Table S1: Optimized MRM conditions for the HPLC-ESI-MS/MS analysis,
Table S2: Fragmentation of photolytic products of CORT ([M + 1]+ = 361), Table S3: Fragmentation of
photolytic products of HCORT ([M + 1]+ = 363), Table S4: Fragmentation of photolytic products of
BETA ([M + 1]+ = 393). Table S5: Fragmentation of photolytic products of DEXA ([M + 1]+ = 393),
Table S6: Fragmentation of photolytic products of PRED ([M + 1]+ = 359), Table S7: Fragmentation of
photolytic products of PREDLO ([M + 1]+ = 361), Table S8: Fragmentation of photolytic products of
TRIAM ([M + 1]+ = 435).
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