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Abstract

Pharmaceuticals, such as dipyrone (DIP), paracetamol (PCT), and propranolol (PPN), are widely used analgesics and beta-
blockers with the greatest presence in wastewaters and, consequently, in natural waters. The present work evaluated solar
light-driven photocatalyst from petrochemical industrial waste (PW) as a strategy for the degradation of three pharmaceuticals
in different water matrices (distilled water-DW, simulated wastewater-SWW, and real hospital wastewater-RHWW). All exper-
iments were carried out in a solar photo-reactor with a capacity of 1 L and the experimental condition employed was a catalyst
concentration of 350 mg L™ at pH 5.0; these conditions were selected considering the Doehlert design validation spreadsheet and
the desirability function. All materials prepared were conveniently characterized by zeta potential, small-angle X-ray scattering
(SAXS), diffuse reflectance ultraviolet-visible (DRUV), and infrared spectroscopy. According to the results of the characteriza-
tion, significant differences have been observed between the PW and the photocatalyst such as vibrational modes, optical
absorption gap, and acid-basic characteristics on the surface, which suggests the potential use of the photocatalyst in the
degradation of contaminants of emerging concern. Based on pharmaceutical degradation, DIP showed the highest photosensi-
tivity (87.5%), and therefore the highest photocatalytic degradation followed by PPN; both compounds achieved final concen-
trations below the limit of quantification of the chromatographic method in DW. However, PCT was the most recalcitrant
pharmaceutical in all matrices. Radicals from chromophoric natural organic matter (NOM) could improve PCT degradation in
the SWW matrix (56%). Nevertheless, the results in RHWW showed a matrix effect with decreased the oxidation percentages
(DIP-99%; PPN-71%; PCT-17%); hence, the addition of an oxidant such as H,O, was studied as a pharmaceutical oxidation
boost in RHWW. PPN was the molecule most sensitive to this strategy of oxidation (98%). Furthermore, 20 transformation
products (TPs) generated throughout the treatment were identified by LC-QTOF MS using a customized TPs database.
According to quantitative structure activity relationship (Q)SAR analysis, more than 75% of the TPs identified were not
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biodegradable. About 35% of them have oral toxicity characteristics indicated by Cramer’s rules, and the DIP TPs represent high

toxicity for different trophic levels.

Keywords Pharmaceuticals degradation - Real wastewater
products - Risk assessment

Introduction

In recent years, the consumption and manufacture of pharmaceu-
tical products has grown worldwide, without legislation that con-
trols their elimination and concentrations in wastewater; due to
these, characteristics and toxicological potential are considered
such as “contaminants of emerging concern (CECs)”’(Chung and
Brooks 2019). Recent studies have shown that analgesics and
beta-blockers are the group of pharmaceuticals with the greatest
presence in hospital wastewater and wastewater treatment plants
(Santos et al. 2013; Celi¢ et al. 2019; Becker et al. 2020). The
commonly used analgesics such as paracetamol (PCT) and
dipyrone (DIP), as well as the beta-blocker propranolol (PPN),
cannot be completely eliminated in sewage treatment and present
toxicity to a wide variety of aquatic species (Pamplona et al.
2011; Nunes et al. 2014; Ribeiro et al. 2015).

The incidence of photolysis and photocatalysis on pharma-
ceuticals in different water matrices has been investigated as a
form of degradation of these CECs. The use of solar light as an
activation energy source in heterogeneous photocatalysis has
been applied in order to have more sustainable processes.
Solar light covers infrared and visible light around 96%, and
UV light around 4% (Wetchakun et al. 2019).

In heterogeneous photocatalysis, the light with a certain
energy (depending on the semiconductor band-gap) excites
the electron from the valence band to the conduction band
and creates an electron-hole pair (¢ and #"). The electrons
and holes on the surface of semiconductor participate in reac-
tions that produce reactive oxygen species (ROS) such as
hydroxyl radical (HO"), superoxide anion radical (O,™), sin-
glet oxygen (!0,), and hydrogen peroxide (H,O,) (Zeghioud
et al. 2018, 2020; Awfa et al. 2018). The main reactions of
each photo-generated active species that promote the catalytic
effect are exposed in the reactions shown in Eq. (1)—(8) below:

Photocatalyst + hv—e_, + h* (R1)
"+ H,0—HO + H* (R2)
Wt + HO —HO" (R3)
h" + Pharmaceutical—Pharmaceutical " —TPs (R4)
(02) s + G0 (RS)
Oy + H"—HO;, (R6)
¢y + Hy0,—HO' + HO (R7)
Pharmaceutical + ROS—TPs—CO, + H,0 (R8)

- Solar photocatalysis - Petrochemical waste - Transformation

Currently, several studies of catalysts with better photocat-
alytic performance are being developed, improving the effi-
ciency under solar irradiation (Tobajas et al. 2017; Khedr et al.
2019; Gémez-Avilés et al. 2019). However, in some cases, the
synthesis of the catalyst is expensive which is a disadvantage
for the process. In response to this, new perspectives in het-
erogeneous photocatalysis are focused on the synthesis of
economic materials preferably from industrial residues (de
O. Pereira et al. 2019). Thus, chemical residues from the gal-
vanic, petrochemical, photographic, and chemical industries
have been used as raw material for the synthesis of heteroge-
neous photocatalysts (da Silva et al. 2014). Nevertheless, the
application of photocatalytic treatment methods in the wave-
length region of the incident light that leads to the successful
use of solar energy has been little studied. Therefore, more
studies are required in this area to overcome the limitations of
using enough energy for the activation of the reaction in the
ultraviolet range (280—390 nm) of the solar spectrum, and the
use of this catalyst in real wastewater.

According to previous studies (da Silva et al. 2014), it was
reported that the photocatalyst from petrochemical industry
has energy band gap (Eg) of 1.78 eV, which means that less
radiation energy is required for the activation of the process
with a potential use in the visible light region. On the other
hand, the high pore volume (1.95 cm® g "), and high surface
area (280 m? g~ '), could promote diffusion of the pharmaceu-
ticals from the solution to the catalyst centers.

In this context, the present study focused on the
photodegradation of pharmaceuticals in different aqueous ma-
trices under natural solar radiation. A series of experiments
were carried out to explore the use of a solar light-driven
photocatalyst from a petrochemical waste and its application
in the pharmaceutical degradation in hospital wastewater
employing a circumneutral pH. Additionally, these results
are complemented by the identification of TPs elucidated
through LC-QTOF MS that allowed degradation pathways
proposal, and (Q)SAR analysis.

Experimental
Chemicals
All pharmaceuticals (paracetamol-PCT, dipyrone-DIP, and

propranolol-PPN) used in this work were analytical grade
(purity > 98.99%). For pH adjustment, sulfuric acid (H,SOy,,
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98%) was purchased from Synth (Sao Paulo, Brazil).
Hydrogen peroxide (Synth, 39% w/v) was used as oxidant.
All reagents used for chromatographic analyses, LC-MS
grade (Lichrosolv®) acetonitrile (ACN) and methanol
(MeOH), and formic acid (purity = 98%) were purchased from
Merck (Darmstadt, Germany).

Photocatalyst synthesis

Petrochemical waste came from industrial reactors which runs
4th generation Ziegler-Natta catalyst (alfa-olefin
polymerizaiton) based on Ti species grafted on Mg- and Si
chloro-oxide support. Composition of the waste was Ti/Si =
0.15 and Mg/Si = 0.65. Such slurry was employed for the
photocatalyst synthesis.

For the synthesis of the catalyst, modifications were made
to the method reported by da Silva et al. (2014).The
photocatalyst was synthesized in a mixture ortho-salicylic acid
and hydrochloric acid with constant stirring for 12 h. The final
waste was calcinated at 450 °C for 4 h. See the schematic
description of the experimental setup in Fig. S1 (Supporting
information).

Photocatalyst characterization

Parameters as pH, electric potential, conductance, and zeta
potential were evaluated in the petrochemical waste (PW)
and photocatalyst. The zeta potential (C) was analyzed in a
Zeta-sizer (Malvern Instruments ZEN3500) with a coherent
He-Ne at A = 632.8 nm laser as light source. The electropho-
retic mobility of each sample was measured three times, and at
least 10 runs were performed per measurements and samples
were analyzed at 25 °C. The zeta potential was deduced from
the electrophoretic mobility (UE) according to Henry’s equa-
tion and Smoluchoswski approximation (Leite et al. 2018).
Small-angle X-ray scattering (SAXS) measurements were
performed at room temperature using the D11A-SAXS line at
the Brazilian Synchrotron Light Laboratory (LNLS)
(Campinas-SP, Brazil) with wavelength of 1.488 nm. X-ray
beam was monochromatized by a silicon monochromator and
collimated by a set of slits defining pinhole geometry. Powder
samples were placed perpendicular to the X-ray beam, in a
sealed 1-mm-thick stainless-steel cell with mica windows.
The analysis was performed with X-rays of wavelength equal
to A = 0.1488 nm, and the detector/channel ratio equal to
0.158. The wave vector range was selected in the range
0.0412 nm™ < q < 4.117 nm™". The average pore radii of the
samples were obtained using the Guinier law (Zhi-Hong
2013; Odo et al. 2015). For more information, see text S1.1.
The optical characteristics of the PW and photocatalyst
samples were evaluated by diffuse reflectance ultraviolet-
visible (DRUV) and diffuse reflectance. A Shimadzu UV-
2450 spectrophotometer was used with an ISR-2200
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Integrating Sphere Attachment. The baseline in the solid-
state was obtained using BaSO, (Wako Pure Chemical
Industries, Ltd.). Kubelka-Munk expression on the diffuse
reflectance spectra (DRUV) was applied to determine the
band gap from the absorption spectra (Sanchez et al. 2016).
For more information, see text S1.2.

The spectra of samples were obtained by infrared spectros-
copy in transmittance mode, in the range from 4000 to 400
cm'l, coadding 32 scans, and resolution of 4 cm’!. The sam-
ples were measured at room temperature using the equipment
Varian 640-IR.

Experimental setup

The synthetic mix-pharmaceutical solution (1000 ug L™ of
each pharmaceutical) was prepared freshly every day by ap-
propriate dilution of the pharmaceutical stock solution (1 g
L'l) using analytical standards of DIP, PCT, and PPN in dis-
tilled water. The choice of these pharmaceuticals was due to
the fact that most of them are consumed continuously or in
specific cases without medical prescription (e.g., PCT and
DIP). Some properties of these pharmaceuticals can be seen
in Table S1.

Solar photocatalytic experiments were carried out using a
solar batch photo-reactor equipped with an open borosilicate
glass beaker (1 L) with full exposure to sunlight and magnetic
stirrer. In all experiments, the reaction was started once by
adding photocatalyst in appropriate amounts (according to
the experimental design) in the mix-pharmaceutical initial so-
lution. Previously, the pH of the initial solution was adjusted
using H,SO, (0.5 mol L™"). Before solar irradiation, the sus-
pensions were allowed to stay in the dark for 15 min under
stirring, to reach adsorption equilibrium on the semiconductor
surface. At predetermined time intervals, 10 mL aliquot was
sampled, centrifuged (5000 revolutions per minute) and then
filtered through 0.22-pum PVDF membranes.

These experiments were carried out at the Institute of
Chemistry at Universidade Federal do Rio Grande do Sul,
RS, Brazil (latitude 30° 4’ 21.0864" S, longitude 51° 7’
11.838" W) using natural sunlight irradiation on a sunny day
around noon.

The intensity of sunlight was measured by a solar energy
meter (ICEL SP-2000), which provided data in terms of inci-
dent radiation (W m™), the spectral response being in the
range 400-700 nm. The sensor was always placed in the po-
sition of maximum intensity. Every 2 min, the solar radiation
was measured, and the average was calculated for the duration
of each experiment. These data were used to calculate the
“normalized illumination time” t3gw (Miralles-Cuevas et al.
2014), with the proportion of UVA in solar radiation, based
on the visible measurement, which facilitates the comparison
with other photocatalytic experiments instead of exposition
time (t). The intensity of sunlight was almost constant during
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the experiments with a mean value of 843 W m™ with an
accumulated energy per unit of volume of 33.89 KJ L.

Experiments were carried out in three different water ma-
trixes: distilled water (DW), simulated wastewater (SWW),
and real hospital wastewater (RHWW). The composition of
SWW was adapted from OECD (1999) and simulated the
organic content of the raw hospital wastewater. The SWW
consisted of peptone 160 mg L™, beef extract 110 mg L™,
urea 30 mg L Mg,SO47H,0 2 mg L', and CaCl,2H,0O
4mg L. The RHWW consisted of raw hospital wastewater,
which was used as it was collected (without filtration). The
main characteristics of this matrix were pH 8.2, chloride
50.7 mg L, conductivity 838 uS cm’!, BOD 96 mg L! 0,,
TOC 1054 mg L', COD 246 mg L' O,, phosphate 18.5 mg
L™, total suspended solids 81 mg L™, and total solids 313 mg
L

Experiments in the presence of H,O, (50 mg L) were
performed with H,O, (39% w/v) added to the photo-reactor,
which was then exposed to sunlight. Spectral measurements
of H,O, residual were determined by NH,VO; (Nogueira
et al. 2005) method using a Cary 50 UV-Vis spectrophotom-
eter with 1-cm path length cuvette.

Experimental design

Validation spreadsheet (Teofilo and Ferreira 2006) was used
to analyze the response of the different independent parame-
ters and calculate the predicted results with the Dochlert ex-
perimental design. To investigate the operating conditions for
maximum pharmaceuticals degradation performance, pH and
photocatalyst dose with different levels were selected. Table 1
elucidates the operating levels and ranges of independent var-
iables evaluated in the present study while Table 2 shows all
experimental runs generated using Doehlert design with cen-
tral point. The pH was in the range of 5-9, and catalyst dose
was varied from 50 to 450 mg L. The response of the per-
centage decrease in the summation area of all initial com-
pounds was determined to study the influence of process var-
iables. Four replicates were conducted to calculate the impor-
tance of error during the experimental analysis. The analysis

Table1  Operating levels and ranges of independent variables evaluated
Parameters
Photocatalyst concentration (mg LY
Codified value -1 -0.5 0 0.5 1
Experimental value 50 150 250 350 450
pH
Codified value - 0.866 0 0.866
Experimental value 5 7 9

Table 2
point

Experiments generated using Doehlert design with central

Experimental design

Test Photocatalyst pH Decrease area ofall
concentration initial compounds
(mg L) (%)

1 450 7 9.62

2 350 9 1.52

3 50 7 9.13

4 150 5 0

5 350 5 14.74

6 150 9 6.96

7 250 7 11.01

8 250 7 13.18

9 250 7 10.70

10 250 7 9.20

of variance (ANOVA) was used to analyze the coefficients (p
<0.05) and the variance explained (%). STATISTICA® soft-
ware was used to establish the optimal condition through the
use of desirability function. All the experiments at this stage
were conducted in a random order.

Desirability function is a technique to concurrently deter-
mine settings of variables that can give the optimum perfor-
mance levels for one or more responses. Initially, the response
is converted into a particular desirability function that varies
from 0 to 1. The desirability 1 is for maximum and desirability
0 is for non-desirable situations or minimum. Therefore, the
main advantages of using the desirability function are to ob-
tain qualitative and quantitative responses by the simple and
quick transformation of different responses to one measure-
ment (Sakkas et al. 2009).

Analytical methods used for the quantification of
pharmaceuticals and identification of their
transformation products

Pharmaceuticals degradation and transformation products
(TPs) generated during the heterogeneous photocatalysis were
monitored by an LC system (Shimadzu Nexera X2) connected
to a QTOF mass spectrometer (Bruker Daltonics, Impact II).
The LC was equipped with a reverse-phase Hypersil Gold
C18 analytical column (2.1 mm x 150 mm X 3 pm). The
mobile phase was a mixture of MeOH acidified with 0.1%
formic acid (A) and H,O acidified with 0.1% formic acid
(B) at a flow rate of 0.5 mL/min. The QTOF-MS instrument
was operated with an electrospray ion source ESI in positive
mode. Limits of detection (LOD) and quantification (LOQ)
for quantification of pharmaceuticals during the treatment pro-
cesses were calculated based on the signal-to-noise (Table S2,
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supporting information). Data from pharmaceuticals and TPs
analysis were processed using QuantAnalysis 2.2 software
and an automated method supplied by a purpose-built data-
base developed for this application using TargetAnalysis soft-
ware (Cuervo Lumbaque et al. 2018). In most cases, possible
elemental compositions for ions with a deviation of £ 5 ppm
were assigned.

In silico (Q)SAR risk assessment

In silico (Q)SAR models were used to predict the toxic risk
estimation of the TPs formed throughout photodegradation
process. The oral toxicity (Cramer rules) was analyzed using
Toxtree (v.3.1.0) by decision tree approach (Patlewicz et al.
2008; Lapenna and Worth 2011). The ecotoxicity assessment
of TPs was measured by adopting the Structure-Activity
Relationship Model (ECOSAR V2.0). Three aquatic organ-
isms including green algae, Daphnia, and fish were chosen as
target objects for biotoxicity exposure assessments. The
chronic toxicity values (defined by ChV) of TPs were obtain-
ed by means of program calculation. Finally, the biodegrada-
tion probability of TPs was predicted through EPI-
Suite™(US EPA 2019).

Results and discussion
Photocatalysts characterization

The zeta potential distribution graph of photocatalyst is observed
in Fig S3 (Supporting information). The PW has a potential
value ¢ =— 2.68 mV at a pH value above 7.44. The values of
the photocatalyst at neutral pH are negative (C = — 11.17 mV),
unlike pH 5.0 ({ =+ 5.64 mV). On the other hand, samples were
kept under agitation for 60 minutes (in the dark), and then the
final pH was measured. PW presented significant differences in
the final pH (3.0) compared to the initial pH (7.44), and slight
changes were evident in the samples that contain the
photocatalyst, with pH values of 5.96 and 6.97 for the
photocatalyst at initial pH of 5.0 and 7.44 respectively (see
Table S3, supporting information). This result can be
interpreted considering that the surface of the PW in water has
a tendency to preferentially adsorb hydroxyl groups (HO ) that
is, to present behavior of a weak acid, the behavior for the
catalyst surface is a weak base. These acid-base characteristics
of the surface also determine the adsorption mechanism.

The SAXS analysis of photocatalyst shows two main fea-
tures, each one present on the Guinier region and the other on
the power-law region (Fig. 1(a)). First, the plot (log (I(q)-
log(q)) gives us a power-law decay. Furthermore, this
power-law decay begins with an exponential regime that ap-
pears as inflection reflecting a preferred size. As result, a frac-
tal system composed, with a slope > 4 value. Inset on Fig. 1 (a)
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Fig. 1 Characterization photocatalyst. (a) SAXS plot of the photocatalyst
sample and Guinier plot. (b) Diffuse reflectance spectra of waste and
photocatalyst according to the Kubelka-Munk equation. (c) Infrared spec-
tra of PW and photocatalyst

presents the Kratky plot, (q1(q) vs Q). Where was evaluated
the cross-sectional radius (R;) of the particles; as a result, a
value of 19 nm. According to Guinier law, the values of
5.2 nm radii of gyration, a pore diameter 14 nm, and a value
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of -9.2 of the slope of the Guinier curve were calculated,
respectively.

According to the Kubelka-Munk expression, Fig. 1 (b)
came from the relations [F(R)hv]" vs (hrv); n = 0.5 (indirect),
n = 2.0 (direct), presented band gap values of 2.28 eV
(indirect) and 3.30 eV (direct) for PW and photocatalyst
respectively.

Table S3 shows the vibrational modes of the photocatalyst
and PW samples, according to the spectra in the infrared re-
gion (Fig. 1(c)). The vibrational modes on the photocatalyst
sample on the interval 1400400 cm™ show bands at 459 cm™
attributed to Ti-O-Ti vibrations on the interconnected octahe-
dral structure, at 621 cm™', at 789 cm!, a small shoulder at 899
cm! related to Ti-O-A, which is very sensitive to the A cation
involved on the structure (Ferreira et al. 2006) like Ca(Il)
specie the value downshift at 880 cm™ or with Co(II) presence
an upshift at 916 cm™'. The stretching modes at 1008 cm™ and
1073 ¢m’! are related to the Si-O bond, and a low intensity
band is present at 1208 cm™'. Besides photocatalyst, PW sam-
ple spectrum has a band at 613 cm™, and 463 cm™" of the Ti-
O-Ti vibration mode.

Doehlert design and desirability function

The optimal condition for pharmaceutical degradation was
investigated based on Doehlert design and desirability func-
tion. The validation spreadsheet was employed to determine
the condition, which increases the removal of pharmaceuticals
in DW. According to optimization (Table 2), the optimal con-
ditions for maximum pharmaceutical degradation efficiency
(14.74%) in 15 min were 350 mg L' of photocatalyst at pH
5.0 (test number 5).

The quadratic model explained the experimental values
(89.35%); the ANOVA results revealed an excellent agree-
ment between the experimental results and predicted with high
significance. Photocatalyst dose was the most significant fac-
tor affecting pharmaceutical removal. All results obtained
from the Doehlert design, and ANOVA are presented in the
supplementary information (section 4S).

The photocatalyst showed negative charge at pH > pHpyc
while showed positive charge through at pH < pHpyc. Thus,
the solution pH can change the photocatalyst surface that is
dispersed in aqueous suspension and showed adsorption/
desorption characteristics, which effect the formation of hy-
droxyl radicals (HO"). The results in Table 2 show the basic
medium is not favorable for the pharmaceutical removal. The
maximum pharmaceutical degradation over basic pH condi-
tions was 6.96%. According to speciation of pharmaceuticals
Fig S2 (Supporting information), PCT, DIP, and PPN have a
neutral charge at pH 5.0, by increasing the pH values, the
negative charge sites in PPN and PCT gradually increases.
Hence, this could reduce the degradation of PPN and PCT
due of electrostatic repulsion. The positive effect of

photocatalyst at pH 5.0 may reduce the recombination of elec-
trons hole-pair on catalyst surface by taking the electrons from
the conduction band.

The optimization procedure was performed through the
desirability function approach (Fig. 2). On the left side of
Fig. 2 (below), the individual desirability scores for the pho-
tocatalytic efficiency of pharmaceutical degradation are illus-
trated, with desirability being 1.0 as the object value; the cur-
rent level of each factor in the model is represented in the
upper (left) part of Fig. 2. These figures allow seeing the
changes in the level of each variable and the direct incidence
of the response (% area decrease) and the general desirability,
Fig. 2 indicated that a decrease in pH values and an increase of
catalyst dose resulted in increased pharmaceutical removal.
On the basis of these estimates and choosing desirability score
of 1, software optimized 17.93% degradation of pharmaceuti-
cal with calculating the optimized model variables of
photocatalyst 450 mg L' at pH 5.0. Otherwise, 350 mg
L 'dose of catalyst is within the range of acceptable values
according to the desirability function and this value does not
represent significant differences compared to the individual
desirability score of the maximum dose of catalyst.
Therefore, decreasing the amounts of catalyst used in the re-
action reduces the cost of the process. For this reason, 350 mg
L' and pH 5 were the selected conditions for the following
stages of experiments in DW, SWW, and RHWW matrices.

Solar photocatalytic treatments

Preliminary experiments were conducted to assess the extent
of substrate (i) adsorption onto the catalyst surface, in the dark
(Fig. 3(a)), and (ii) photodegradation in the absence of catalyst
for a t3gw of 161.8 min (Fig. 3(b)).When corresponding ex-
periment was done in the dark, the efficiency in the adsorption
was negligible. This is demonstrated in Fig. 3(a), which indi-
cates only slight adsorption by PPN (10.3%), PCT (6.4%),
and DIP (2.4%) in 180 min. Given that the point of zero
charge of catalysts is 5.7, at 5.0 > pH > 5.7, there is not
electrostatic attraction between the positive charged catalyst
surface and pharmaceuticals. On the other hand, pharmaceu-
tical removal by direct photodegradation is depicted in Fig. 3
(b). As shown, direct photolysis seemed to be mostly effective
for DIP than PCT and PPN, a DIP removal close to 46% in
t30w 0f 58.7 min and after 100 min of t;oy, DIP and PPN were
degraded in 87.5% and 23.2%, respectively. The fast degra-
dation of DIP can be deduced by the photoexcitation of
pyrazole at the longest wavelengths to involve 7t*—7t excita-
tion, besides, photolysis at UVC radiation is characterized by
N-H bond fission (King et al. 2010). Gomez et al. (2008) also
confirmed the easy degradation of DIP under direct photolysis
using a solar UV Solar simulator. PPN shows greater degra-
dation after t3gw 113 min, at this time, the total accumulated
energy at the reactor turned out to be 33.89 kJ L', which
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Fig.2 Profiles for predicated values and desirability function for pharmaceutical degradation (%). Dashed line indicated current values after optimization

means that much more accumulated energy is needed to
achieve direct photodegradation of PPN. According to
Dantas et al. (2010), PPN undergoes photolysis in its proton-
ated state by the amino group, which in this structure is the
priority reaction center. In contrast, PCT photolysis is negli-
gible. According to Yang et al. (2008), degradation of PCT is
more efficient with UVC radiation (254 nm) than UVA radi-
ation (365 nm), and solar ultraviolet global irradiance (290—
385 nm) (Foyo-Moreno et al. 1999) only covers a small part of
UV radiation; consequently, a negligible amount of this phar-
maceutical product is degraded.

Effect of catalyst on pharmaceutical photo-oxidation re-
moval is shown in Fig. 3(c), and degradation of DIP and
PPN suggested that the photodegradation was related to
ROS influenced by catalyst; after an irradiation time higher
than t;gw of 58.7 min, the DIP complete removal was
achieved (less than the LOD of the method, < 0.36 ug L™)
and after of t3gw of 161.8 min, PPN degradation was accom-
plished (less than the LOD of the method, < 0.03 g L™"). This
result confirms the positive effect of catalyst on pharmaceuti-
cal photo-removal. The photolytic and photocatalytic degra-
dation can be achieved by direct reaction with photons pro-
duced by UV, and/or by indirect reaction with ROS radicals
produced by the reaction between H,O and catalyst. However,
ROS generation in photocatalysis of pharmaceutical products
is greater than photolysis.
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The solution pH influences the ionization states of catalyst
and the pharmaceuticals. This explains, in part, the results of
Fig. 3 (c) where some effects involving (i) the equilibrium of
water dissociation which, in turn, affects the level of radicals
generation, and (ii) the oxidative power of the photogenerated
holes (Ioannou et al. 2011). According to radicals generation,
the pH has an influence on the performance of ROS and other
subsequent reactions. The hydroxyl radical is generated from
reactions between adsorbed water and 4" generated by cata-
lyst activation, being the preferred radical species for the deg-
radation of pharmaceuticals due to its high redox standard
potential E°’(HO'/H,0) = 2.34 V (Collin 2019).
Notwithstanding this, when the valence band (Eyp) of the
photocatalyst is insufficient to catalyze the production of
HO’, superoxide radicals could be a dominant species (O, +
e — 0,7) (Teoh et al. 2012), despite the fact that these spe-
cies are a weaker oxidant source (E°’(0, /H,0,) =0.93 V) in
comparison with HO". Likewise, other reactive oxygen spe-
cies such as singlet oxygen (!0,), which represents an excited
state of O,, can also participate in the reactions (Diaz-Angulo
et al. 2019).

The pKa values for the hydroperoxyl radical (HO,/0,")
and hydroxyl radical (HO/O™) are 4.8 and 11.9, respectively
(Collin 2019). Therefore, relative to pH in degradation exper-
iments (around 5.0), it is probable that O, and HO" are the
most predominant species in the reaction. Some studies also
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reported the high contribution of the hole (%#"), and O, in
photocatalytic degradation of the mono-, bi-, and tri-
compound systems at circumneutral pH (Zeghioud et al.
2019).

The structural characteristics of compounds, such as ring
substitutions and the nature of the aliphatic chain, have an
impact on the susceptibility to degradation (Fathinia et al.
2015). At the same time, HO" has a strong electrophilic fea-
ture, which preferentially attacks groups or carbon atom of the
aromatic ring with high electron density (Marusawa et al.
2002; Fathinia et al. 2015). In DIP, HO® or O, attack occurs
mostly at the position of the pyrazole ring activated by the
presence of substituents. The pyrazole ring of DIP is resistant
to oxidation and reduction but the alkyl groups attached to the
ring can be oxidized by ROS to the respective acids. The
presence of both electronegative nitrogen atoms in the
pyrazole ring reduces the electron density of the C; and Cs

positions leaving electron density of C4 position unaltered;
thus, the C,4 position is vulnerable to electrophilic attack (Ji
Ram et al. 2019). This fact can be seen in more detail in
transformation product section.

In PPN, the presence of hydroxyl and alkoxy groups
(electron-donating groups) in its molecular structure can in-
tensify the resonance effect and consequently, increase the
removal efficiency of PPN. On the other hand, PCT is mainly
oxidized via hydroxylation by HO". For example, Yang et al.
(2009) described that HO" is the only oxidant that can promote
PCT degradation since the molecule does not contain a strong
electron donating group to allow degradation pathways such
as electron transfer. However, as mentioned above, heteroge-
neous photocatalysis involves the participation of other oxi-
dizing species other than HO", such as O, and 'O,. The low
percentage of PCT degradation (< 20%) is in agreement with
other studies (Diez-Mato et al. 2014; Diaz-Angulo et al.
2019), where elimination of PCT was rather limited by 102
as predominant oxidant specie in heterogeneous
photocatalysis.

Matrix effect

The effectiveness of the photocatalysts in a more realistic ap-
plication was studied using a SWW and RHWW matrices
spiked with DIP, PCT, and PPN. Photo-degradation runs are
show in the Fig. 4 (a, b). For DIP, > 99% (less than the LOD of
the method) and 99% removal were achieved for the SWW
and RHWW after t3ow 58.7 and 205.4 min, respectively,
while relatively lower removal of PPN (about 90% and
71%) was observed in SWW and RHWW. This is owing to
matrix effect, i.e., the presence of a larger number of organic
molecules compared to DW matrix compete to react with the
same concentration of HO" or are absorbed into the catalyst
blocking the flow of electrons, since organic matter (OM) is
known to be extremely stable under photocatalytic and other
advanced oxidation conditions (Dialynas et al. 2008). ROS are
partly consumed to attack OM and this explains the reduced
performance in SWW and RHWW in comparison with DW.
Furthermore, the presence of chlorides (50.7 mg L") could act
as radical scavengers (Ioannou et al. 2011), as well as the other
ions in RHWW could participate in the modification of the
surface electrical charge by ionic force (Lado Ribeiro et al.
2019).

The percentage of PCT degradation in SWW was 56%.
This higher value compared to the results obtained in DW
(22%) can be explained by ROS generated by often chromo-
phoric natural organic matter (NOM) under solar irradiation.
The urea monomers in SWW matrix, which can incorporate
water in an extensive hydrogen-bonding network, result in the
release chromophoric natural organic matter (NOM) that can
be excited by light, which increased singlet oxygen levels
(Riyajan et al. 2003). NOM absorbs sunlight to form a
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singlet-excited state ('NOM™), directly a small fraction of this
transfers to a triplet excited state (NOM*) through intersys-
tem crossing (ISC), and consecutively SNOM* reacts with
dissolved oxygen to produce singlet oxygen ('0,), following
with energy and intramolecular electron transfer for photo-
chemical formation of HO" and O,” from NOM (Xu et al.
2011; Li et al. 2017).

In addition, according to the characterization of the
photocatalyst, Ti-O-A involves cation on the structure such
as Ca(Il) and Co(II), which could react with the urea present
in the SWW. Urea could be a precursor of photocatalysts, due
to the strong interaction between metals and the solitary pair
of oxygen electrons present in this molecule; thus, metals can
capture an oxygen atom from urea promoting the generation
of ROS, providing a better response in the visible-light
(Cheng et al. 2008) and reduced charge recombination (Yan
etal. 2019).

@ Springer

Hence, PCT degradation in SWW is induced by oxidation
with ROS generated by urea. In addition to this, studies carried
out by Li et al. (2017) and Sikorski (2014) suggested that
NOM reacts with phenolic compounds to yield phenoxyl rad-
ical to the involvement of photoproduced ROS. The differ-
ence in PCT decomposition rates in SWW (56 %) and
RHWW (17%) could be due to the inhibitory effects of the
coexisting substances in RHWW explained above and the
absence of NOM.

On the other hand, according to the behavior of pharma-
ceuticals degradation, DIP degradation in all matrices and
PPN in DW showed faster initial decomposition rates and
higher degradation capacity in the first minutes of treatment,
after which the efficiencies diminished. This behavior could
be explained using the method described by Chan and Chu
(2003), resulting in coefficients of determination (R?) in the
range from 0.95 to 1.00. PCT degradation in SWW could be
explained by pseudo-second-order kinetics (R? = 0.98). In
turn, the degradation behavior of PPN in SWW presented
pseudo-first-order kinetics (R* = 0.99) and the PPN data in
RHWW fit to pseudo-second order (R?=0.97).

Effect of hydrogen peroxide addition

The effect of combining natural sunlight, photocatalyst, and
H,0, (50 mg L") as oxidant on pharmaceutical removal in
RHWW was subsequently studied. As seen in Fig. 5, the use
of additional oxidant had a slightly beneficial effect on the
degradation of PPN, while it did not clearly improve the deg-
radation of DIP and PCT compared to the respective runs
without H,O,. PPN degradation followed a pseudo-first-
order kinetic (R? = 0.99), and the degradation efficiency of
PPN is reflected in & values from 0.011 min (SWW) to
0.018 min "' (RHWW with H,0,).
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Fig. 5 Degradation of pharmaceuticals with addition of H,0,.
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However, H,O, consumption was around 20 mg L' (Fig.
5) throughout the process, which suggested that H,O, was not
effectively coupled with a photocatalyst. This could be ex-
plained by the action of the organic matter present in
RHWW that is adsorbed on the surface of the catalyst, de-
creasing the synergy between the components of the
photocatalysis. This finding is rather unexpected since H,O,
usually has a beneficial role reacting. Consequently, the addi-
tion of oxidant does not affect the electron-hole recombination
of the photocatalyst, which is reflected in a low acceptance of
electrons in the conduction band; therefore, the amount of
generation of HO™ and other oxidizing species is not efficient.
Another possible effect of the restriction of pharmaceutical
degradation with H,O, is the presence of dissolved oxygen,
since this acts as an efficient electron scavenger producing the
superoxide radical anion (E°’(0,/O,™) = — 0.33 V), which
does not significantly improve the degradation taking into
account the low oxidation potential of this species (E°’(O,"/
H,0;) =0.93 V) (Collin 2019).

Transformation products identification

In this case, up to 20 different TPs could be identified, which
are depicted in Fig. 6. Table S5 shows the measured and
calculated exact masses of the protonated ions, the error be-
tween them, and the proposed empirical formula
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* *
w 7 31
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~
Nen,
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corresponding to the compounds identified by LC-QTOF
MS. The proposals for the degradation pathways were made
based on the formation of hydroxyl radicals in the system;
however, these same TPs may have arisen from the reaction
with other ROS mentioned in previous sections.

DIP is rapidly hydrolysed to 4-methylaminoantipyrine (4-
MAA)-.This reaction is proton-dependent, facilitated in an
aqueous medium, and enhanced by the thermodynamic stabil-
ity of the product (Bacil et al. 2018). 4-MAA oxidation occurs
in the enamine moiety following three different reaction path-
ways: (i) opening of the pyrazolone ring (route I); (ii) hydrox-
ylation on the pyrazolone ring (route 1I); and (iii) formation
and oxidation of metabolites, mainly in the RHWW matrix
(route I1I) Fig. 6 (a).

In route I, the pyrazolinone moiety was continuously hy-
droxylated and oxidized to TP32 DIP found in the SWW
matrix. On the other hand, the pyrazolone ring opening was
assessed by the identification of TP7 DIP (1-acetyl-1-methyl-
2-aminomethyl-oxa-moyl-2-phenylhydrazide), which lead to
the loss of oxamoyl chain to yield TP10 DIP. On the other
hand, the loss of methyl presents in 4-MAA and its continuous
oxidation generates TP9 DIP (route II). The identification of
TP5 DIP shows a new proposal for the opening of the
pyrazolone ring. The structure suggests cleavage of the N-N
bond to provide a multiple hydroxylated derivative. This for-
mula corresponded to the addition of two oxygen atoms to the
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Fig. 6 Transformation products (TPs) identified by LC-QTOF MS in heterogeneous sunlight-driven photocatalysis. (a) DIP; (b) PPN; (c) PCT
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TP9 DIP structure and to the loss of the amino moiety. TPS5,
TP7, TPY, and TP10 DIP has been reported as TPs of DIP in
photodegradation study performed by Gomez et al. (2008).

Route III focuses on DIP metabolites and their oxidation,
4-MAA via demethylation yield to 4-aminoantipyrine (4AA).
This reaction is irreversible and pH dependent (Bacil et al.
2018). The 4AA further acetylated to acetylaminoantipyrine
(AAA); 4-formylaminoantipyrine (FAA) is generated by oxi-
dation of the n-methyl group from 4-MAA. The subsequent
opening of the pyrazolone ring and constant oxidation pro-
duces TP3 FAA. Finally, TP9 AAA could be produced from
AAA and TP3 FAA.

A plausible reaction sequence for the oxidation of PPN by
ROS was proposed based on the identified TPs. Three reaction
pathways were proposed as seen in Fig. 6 (b). The first path is
(1) hydroxylation and opening of the naphthol ring; (ii) attack
at the secondary amine group; and (iii) ether cleavage prod-
ucts. In the first path, the constitutional isomers TP12 PPN
and TP17PPN (C,6H»,NOs, m/z 276.1584), which represent
the addition of hydroxyl radical to the parent compound,
yield to monohydroxylated intermediates. TP6 PPN is a
naphthol ring-opening product from C,;¢H,,NO3, m/z
276.1584. TP6 PPN is commonly detected in solar exper-
iments (Santiago-Morales et al. 2013). Consecutive hy-
droxylation of TP6 PPN can generate a compound with
m/ z 308.1495 and CsH,,NOs, with a carboxylic acid in
its structure. This TP can be represented through two struc-
tures (TP26 PPN or TP27 PPN), and no characteristic frag-
ment was observed in MS, not allowing unambiguous
identification in this situation. TP9 PPN may originate
from TP6 PPN; the structure suggests double bond forma-
tion in the aliphatic chain.

The second pathway started by ROS attack at the second-
ary amine group, leading to the formation of di-hydroxyl
propoxyl naphthalene (TP32 PPN) (Ganiyu et al. 2017). The
oxidative cleavage of o-naftol moiety with HO™ yield TP36
PPN and TP37 PPN (phthalic acid) (Ganiyu et al. 2017); these
last both TPs can also be TPs of the other aromatic compounds
identified in the degradation pathways of PPN. The oxidative
cleavage of the aliphatic intermediates leads to the formation
of alcohol (TP2 PPN and TP3 PPN) and short-chain aldehyde
(TP1 PPN). TP2 PPN and TP3 PPN are attributed to the direct
cleavage of the ether bond of PNN and subsequent oxidation
(path IIT) or it can be caused by the rupture of the ether bond in
the TPs mentioned above. In turn, TP1 PPN could also be
attributed to the direct cleavage of the aliphatic chain of the
PPN molecule or the different TPs to obtain the corresponding
aldehyde. The TPs presented in the first and third path were
also identified by Santiago-Morales et al. (2013) in photocat-
alytic degradation of PPN using Ce-doped TiO,.

Otherwise, the TP4 PCT (Fig. 6(c)) involves attack of HO
radical onto the aromatic ring of PCT to give ortho-, meta-, or
para-hydroxylation (Moctezuma et al. 2012).
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The relative occurrence-formation of the main identified
TPs is given in Fig. S5 (Supporting information). The most
plentiful TPs obtained in photocatalytic tests were TP9 AAA,
TP7 DIP, TP10 DIP, and AAA, which are attributed to the
oxidation of DIP in pathways III and I. In contrast, TP1 PPN,
TP2 PPN, TP32 PPN, and TP36 PPN were measured in rela-
tively high intensity compared to the other TPs of PPN. This
indicates a higher amount of aliphatic and aromatic chain of
low carbon number; these compounds, therefore, are more
sensitive to biological degradation than other TPs. TP4 PCT
has a low occurrence-formation compared to the other TPs,
after t3gw of 30 min the area of this TP showed a decrease until
the final time of monitoring.

In general, degradation of pharmaceuticals through solar
light-driven photocatalyst from petrochemical waste increased
the accumulation of hydroxy and polyhydroxy intermediates,
with less formation of aliphatic products, which favors the
increase of polyhydroxylated intermediates in the matrices.
This could be attributed to the low oxidizing power of the
photocatalytic system, which increases the accumulation of
the first oxidation TPs. Most of the TPs tended to accumulate
throughout the solar process, exhibiting a significant increase
in t3pw of 30 min and a continual presence throughout the
monitored treatment time.

(Q)SAR analysis: TPs toxicity and biodegradability
assessment by using in silico predictions

(Q)SAR analysis was applied to predict chronic toxicity
values (ChVs) by ECOSAR program for previously identified
TPs (see Table S6, Supporting information).

The ChVs of pharmaceuticals and their TPs were associat-
ed according to the Chinese hazard evaluation guidelines for
new chemical substances (HJ/T 154-2004). 4-MAA is classi-
fied as chronically not harmful (ChV > 10 mg L") at all three
trophic levels. The ChVs for PPN were predicted to be
0.951 mg L' for fish, 0.227 mg L™'for Daphnia, and
0.657 mg L' for green algae. According to these values,
PPN was classified chronically toxic (0.1 < ChV < 1.0 mg
L") at all three trophic levels. The values of PCT for fish
(26.5 mg L") and green algae (37 mg L") are classified as
chronically not harmful (ChV > 10 mg L") while Daphnia
(5.12 mg L") is considered harmful (1.0 < ChV < 10 mg L™").
As shown in Table S6 (Supporting information), the DIP’s
TPs were generally more toxic to green algae compared to
the other organisms. This is explained due to the presence of
the hydrazine group in the structures of the DIP’s TPs, this
group is highly toxic to green algae (CERI 2007).

To better understand the toxicity impact of TPs formed
during the photocatalytic degradation of pharmaceuticals,
the ChV of pharmaceuticals were used to normalize TPs
(ChV) data. Figure S6 shows the normalization of more toxic
TPs (ChV < 1 mg L™"); values less than 1 represent a greater
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toxicity impact compared to the pharmaceutical. According to
Fig. S6 and Table S6, most DIP’s TPs represent more toxicity
than the 4-MAA; TP9 DIP, TP 10 DIP, AAA, and FAA are
100 times more toxic (Green algae) than 4-MAA. These TPs
at the three trophic levels showed an increase in toxicity be-
tween 10 and 100 times greater than the starting compound
and according to relative abundance; also, these TPs are abun-
dant in DIP degradation. On the other hand, the TPs of PPN
showed that the oxidation process can decrease the toxicity of
target pharmaceutical since, according to normalization, the
identified compounds values are greater than 1 Table S6
(Supporting information). Finally, TP4 PCT indicated more
relevant toxicity in fish and green algae than PCT.

Most of the TPs identified were persistent (75%) with low
biodegradation capacity, with 35% of the TPs above the
threshold of toxicological concern (TTC, Cramer class III
classification). This could suggest significant toxicity with a
significant risk to human health. Therefore, it is necessary to
further assess the environmental risk of oxidation of pharma-
ceuticals in aquatic environment matrices in future studies.

Conclusions

The petrochemical waste-based photocatalyst was studied as a
suitable material for pharmaceutical degradation in different
matrices at a pH close to neutral. According to the results of
the characterization, significant differences have been ob-
served between the PW and the photocatalyst such as vibra-
tional modes, optical absorption gap, and acid-basic charac-
teristics on the surface, which suggests the potential use of the
photocatalyst in the water and wastewater treatment. The ef-
ficient degradation was DIP> PPN > PCT, being DIP highly
sensitive to photolysis. Experiments carried out in RHWW
spiked with pharmaceuticals showed a low rate for the photo-
catalytic process compared with DW and SWW mainly to DIP
and PPN. This could be attributed to the presence of radical
scavengers but also to substances competing for surface ad-
sorption. Twenty TPs were detected by means of exact mass
measurements performed by LC-QTOF MS. The main TPs
derived from the addition of hydroxyl groups to the aromatic
nuclei or to the ring-opening attack. The (Q)SAR analysis
showed the formation of toxic TPs mostly from DIP, which
accumulated in time of experiment photocatalytic. Therefore,
it is necessary for further assessment of environmental risk of
TPs in ambient aquatic environments in future studies.
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