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M. Pefias-Garzén, A. Gomez-Avilés, C. Belver*, J.J. Rodriguez, J. Bedia

Chemical Engineering Department, Universidad Auténoma de Madrid, Campus Cantoblanco,

E-28049 Madrid, Spain

*Corresponding author. E-mail address: carolina.belver@uam.es

Keywords: Activated carbon; TiO,/carbon-heterostructures; solar photocatalysis; water

treatment; pharmaceutical degradation pathways.

Abstract

This work deals with the degradation of three emerging contaminants (acetaminophen,
ibuprofen and antipyrine) in water under simulated solar light using different catalysts of
TiO,/activated carbon heterostructures. The heterostructures, based on anatase phase, were
successfully synthesized following three different methods (solvothermal, microwave-
assisted and sol-gel), using lignin as carbon precursor. The sol-gel photocatalyst only
yielded 50% conversion of acetaminophen and a low mineralization (15%), probably due
to the higher crystal and particle sizes and lower surface area of this heterostructure, as a
consequence of the higher temperature reached during the heat-treatment included in this
synthesis route to achieve anatase crystallization. In contrast, the heterostructure prepared
by the microwave-assisted procedure achieved complete conversion after 6 h of reaction.
Regarding the contaminants, ibuprofen was the most easily removed, requiring 3 h for
complete disappearance, while antipyrine showed the highest resistance to
photodegradation, not being completely removed after 6 h. The photocatalytic
performance was also evaluated for a mixture of these three pharmaceuticals at different
initial pH. The fastest and highest mineralization (ca. 50 %) occurred around neutral pH.
The study proposes the oxidation degradation pathways of the three pharmaceuticals under

solar-simulated irradiation from the analysis of the reaction intermediates.
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1. Introduction

The awareness about the presence of contaminants of emerging concern (CECs) in water
bodies is strongly increasing, especially in the last two decades. This type of compounds,
also known as emerging contaminants due to recent detection and quantification in water
streams, are considered to be biologically active, altering the metabolism of living beings,
despite they are usually detected in very low concentrations [1-5]. CECs include, among
other species, pharmaceuticals and personal care products that are considered endocrine
disruptors and can cause negative effects on health and aquatic environments due to their
continuous release [6,7]. They are commonly present in sewage and wastewater treatment
plants (WWTPs) allow only partial removal in most cases, so that continuous municipal
discharges give rise to accumulation in the receiving water bodies. The average removal of
antibiotics in WWTPs has been reported in the range of 40-60% and close to 25-55% in
the case of analgesics and anti-inflammatories [8,9]. These species can be also present in
the wastewaters from pharmaceutical plants, in this case at substantially higher
concentrations, in the order of mg-L™". The growing concern about water quality promotes
action plans by United Nations [10] and research efforts on the development of efficient
and sustainable technologies for the abatement of those pollutants, in general of hazardous

character.

Several advanced treatments have been investigated for the removal of CECs [11,12],
including advanced oxidation processes (AOPs), which degrade contaminants via
generation of reactive oxygen species (ROS). Among the AOPs, heterogeneous
photocatalysis has been widely reported for the removal of many different types of
contaminants [13]. In this technology, ROS can be generated upon light absorption in a
semiconductor (being TiO, the most used so far) giving rise to separation of electron-hole
charges. Nowadays, there is a growing trend to use solar light as renewable and
sustainable energy source, reducing the operation costs [8]. In spite of the wide use of
Ti0O; (due to its well-stated physical and chemical properties), this material has the main
drawbacks of low adsorption capacity, limited photocatalytic activity under visible light
and difficult recovery from the aqueous medium, especially in the case of commercial
TiO; [14]. Supporting TiO, on porous materials, as activated carbons (ACs), zeolites or
clays, can partly overcome these drawbacks [15,16]. ACs are characterized by their
relatively low cost, high surface area and well-developed porosity. Moreover, activated

carbons can be prepared from almost any carbonaceous waste, providing a way of
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valorization of those residues. Lignin, a biopolymer with relatively high carbon content is
a main component of lignocellulosic biomass. Different types of modified lignin are
produced in huge amounts from cellulose pulp manufacture, being mostly used by its fuel
value. The future development of biorefinery is expected to generate high quantities of
waste lignin whose valorization becomes mandatory. Regarding valorization possibilities,
lignin has been studied as precursor for the synthesis of activated carbons and other
carbon-based materials [17-26]. In a recent work [27], our research group investigated the
use of different activating agents (FeCl;, ZnCl,, H;PO4 and KOH) in the preparation of
activated carbons from lignin for synthesizing TiO,/activated carbon heterostructures. It
was observed that the photocatalyst obtained with FeCls-activated carbon yielded higher
removal of acetaminophen (around 29, 42 and 74% higher than those obtained with
KOH-, H3PO4- and ZnCl,-derived carbons, respectively, after 3 h under solar light). In
that previous research, the photocatalytic performance of bare TiO, was already studied,
being higher than the synthesized TiO,/AC heterostructures, which was attributed to a
better contact of contaminant with non-supported TiO, as corroborated in literature [28].
However, the photocatalyst obtained with FeCls-activated carbon showed around 5-fold
increment in the initial settling velocity compared to bare TiO,, and therefore it is much

easily recovered from the reaction media.

The preparation of the TiO,/AC heterostructures can be addressed by different methods
[29-32]. The properties of these heterostructures depend on the synthesis route because of
the different conditions used. For instance, sol-gel synthesis requires high temperature
post-treatment to obtain the highly-photoactive anatase phase; solvothermal synthesis uses
lower temperatures, while microwave-assisted methodology allows a faster heating rate
and different distribution of heat involving hot spots [28]. To the best of our knowledge, a
detailed comparative study of the performance of TiO,-carbonaceous heterostructures
prepared by these three synthesis routes on the photocatalytic degradation of emerging
contaminants has not been reported before. Additionally, in many cases it has not been
established a clear difference between the contribution of adsorption and
photodegradation, despite this can be a key factor when using highly porous materials as
catalyst supports. In the current study, TiO2/AC heterostructures have been synthesized by
three different methods (solvothermal, microwave-assisted and sol-gel), being the
activated carbon previously prepared by chemical activation of lignin with FeCls;. The

synthesized heterostructures have been tested in the solar-driven photocatalytic
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degradation of three target pharmaceuticals (acetaminophen, ibuprofen and antipyrine),
paying special attention to the effect of pH and the extent of mineralization. Experiments
with three single compounds as well as with mixtures of them have been performed. In
addition to this, intermediates of the photocatalytic oxidation of individual contaminants
were identified, being proposed the degradation pathways of these pharmaceuticals under

solar-simulated light.
2. Materials and Methods
2.1. Materials

The activated carbon used was synthesized from lignin (supplied by LignoTech Iberica
S.A.) as carbon source and FeCl;-6H,O (>97%, Panreac) as activating agent. Ethanol
(EtOH; 96%, Panreac) was used as solvent in the synthesis of the heterostructures.
Titanium tetrabutoxide (Ti(OBu)4; >97%) and titanium isopropoxide (Ti(OiPr)s; >97%)
were used as titania precursors and both were supplied by Sigma Aldrich. The
photocatalytic performance was tested in the degradation of acetaminophen (ACE; >99%),
ibuprofen (IBU; >98%) and antipyrine (ANT; >99%), all purchased from Sigma Aldrich
(their chemical structures can be seen in Figure S1 of the Supplementary Information).
NaOH (>95%) and HCI (>37%) were used as pH-modifiers and purchased from Scharlau
and Sigma Aldrich, respectively. NaCl (>99.5%) was supplied by Panreac. The mobile
phase for liquid chromatography consisted of acetic acid (=99%, Sigma Aldrich) and
acetonitrile (ACN, HPLC grade, Scharlau). Finally, ultrapure water (Type I, 18.2 MQ-cm)

and deionized water (Type I1) were used throughout the work.
2.2. Preparation of activated carbon (AC)

Following our previous results on the synthesis of TiO,/AC heterostructures [27], we
selected FeCls as activating agent to prepare the lignin-derived AC [33-35]. Lignin and
FeCls (1:3 mass ratio) were physically mixed and dried at 60 °C overnight. Then, the
mixture was heat-treated using a horizontal stainless-steel tubular furnace at 800 °C
(heating rate of 10 °C-min™") for 2 h under inert atmosphere (N2, 150 cm® STP-min™).
After cooling, the resulting material was firstly washed with 0.1 M HCI at 70 °C for 2 h to
remove the residual activating agent and free the porosity. Then, it was rinsed to neutral
pH using ultrapure water at room temperature. The activated carbon was finally dried at

60 °C overnight, stored and labelled as AC.
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2.3. Synthesis of TiO,/AC heterostructures

Three different routes were followed to prepare the TiO,/AC heterostructures. In all cases,
a TiO,:AC mass ratio of 4:1 was used [27]. Other TiO,:AC mass ratios were also tested,
but 4:1 led to the best photocatalysts. The amount of water was stoichiometrically fixed to

promote the hydrolysis and condensation of the titania precursor.
2.3.1. Solvothermal (ST) route.

The solvothermal synthesis of the TiO,/AC heterostructure has been described elsewhere
[27]. Briefly, a suspension (A1) of 58 mg of AC in 45 mL of EtOH was firstly prepared at
room temperature. Then, a solution (B1), obtained by diluting 1 mL of Ti(OBu)4 in 15 mL
of EtOH, was added to Al under continuous stirring. Subsequently, 3 mL of ultrapure
water were added to 15 mL of EtOH (solution C1) dropwise to hydrolyze the Ti(OBu)a.
Finally, the mixture was stirred for 5 min, placed in a 125 mL Teflon-lined stainless-steel
autoclave and heated at 160 °C for 3 h in an oven (Memmert UN30). The resulting solid
was separated by centrifugation (5300 rpm, 10 min) and washed once with EtOH and four
times with ultrapure water. The sample was finally dried at 60 °C overnight and labelled as

TiO,/AC-ST.
2.3.2. Microwave-assisted (MW) route.

The microwave-assisted route was based on the method described by Orha et al. [32]. In
this synthesis, 37.1 mg of AC were suspended in 28.5 mL of EtOH (solution A2). Other
two solutions were prepared by diluting 0.633 mL of Ti(OBu)s in 9.5 mL of EtOH
(solution B2); and 1.9 mL ultrapure water into 9.5 mL of EtOH (solution C2). Then, A2
and B2 were mixed under continuous stirring, while C2 was further dropwise
incorporated. The final mixture was transferred to a 100 mL Teflon-lined reactor and then
inserted in a SK-15 Microwave Digestion Rotor (Milestone). The synthesis was performed
setting 175 °C as constant temperature (600 W as maximum microwave power input) for
30 min. The resulting solid was separated by centrifugation, washed and dried as
described for the previous solvothermal route. The resulting material was named as

TiOo/AC-MW.
2.3.3. Sol-gel (SG) route.

The sol-gel synthesis of TiO,/AC heterostructure was slightly modified from a previous
work of Belver et al. [16]. In this method, a suspension of 67.2 mg of AC in 12.5 mL of

5
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EtOH was firstly prepared (solution A3); then, 1 mL of Ti(OiPr),; was added to 1.9 mL of
EtOH (solution B3). Meanwhile, solution C3 was prepared adding 0.25 mL of ultrapure
water to 1.75 mL of EtOH. A3 and B3 were mixed under stirring in a 100 mL glass beaker
while C3 was slowly added favoring homogenous dispersion. The beaker was sealed with
parafilm and the mixture was then heated at 50 °C during 72 h, under stirring. During this
time, a dense gel was obtained after the spontaneous coagulation of the mixture.
Thereafter, the gel was dried at room temperature for 72 h. The resulting solid was heat-
treated at 500 °C for 2 h under inert atmosphere (N,, 150 cm’ STP-min™") inside a
horizontal stainless-steel tubular furnace. The resulting heterostructure was labelled as
TiO,/AC-SG. In this synthesis, Ti(OiPr)4 was selected as titania precursor due to the faster
hydrolyzation of Ti(OBu)s in contact with water, which gives rise to the formation of
high-size agglomerates of titanium oxyhydroxides. This precursor makes difficult
obtaining anatase phase with low crystal size. Ti(OiPr)4, whose hydrolysis rate is lower,

allowing to obtain the desired anatase with low crystal size.
2.4. Characterization of the photocatalysts.

Elemental analysis was carried out in a LECO CHNS-932 to determine the content of
carbon (C) in the synthesized samples. The quantification of TiO, in the different
heterostructures was accomplished by wavelength-dispersive X-ray fluorescence
(WDXRF) using a Bruker S8 TIGER spectrometer under inert atmosphere (He) with a
maximum voltage of 60 kV and a maximum current of 170 mA. Spectra Plus (v. 3)
software was used to determine the composition of the materials. A Bruker DS
diffractometer was used to obtain the X-ray diffraction (XRD) patterns, using Cu-Ka (A =
0.154 nm) source (20 range from 5 to 70° scan step of 5°min™). The most intense
diffraction peak (101) of anatase phase was used to estimate the average crystal size (D)
using the Scherrer’s equation. The morphology of the heterostructures was observed by
scanning electron microscopy (SEM) using a Quanta 3D Field Emission Gun (FEG)
microscope (FEI Company). The distribution of TiO, particle size was obtained from
SEM micrographs using ImagelJ software, taking several images to obtain a representative
result. A Micromeritics TriStar 123 static volumetric system was used to obtain the N,
adsorption-desorption isotherms at —196 °C after outgassing the samples under vacuum at
150 °C overnight in a Florprep 060 Micromeritics equipment. The Brunauer-Emmett-
Teller (BET) method [36] was used to obtain the specific surface area (Sggr), whereas

both microporous (Smp) and non-microporous surface area (Sgxrt) were calculated by the t-

6
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plot method [37]. Total pore volume (V1) was estimated by the amount of nitrogen
adsorbed at a relative pressure (P/Py) of 0.99. UV-vis diffuse reflectance spectra (UV-vis
DRS) were recorded in a Shimadzu 2501PC UV-vis spectrophotometer in the 250-800
nm wavelength range using BaSOj, as reference material. The band gap (E,) values of the
heterostructures were obtained from the UV-vis DRS spectra, through the Tauc Plot
method [38], considering the synthesized photocatalysts as indirect semiconductors [39].
The pH at the point of zero charge (pH,,.) was determined by the pH drift method [27,40].
The photoluminescence (PL) spectra of the powder samples were obtained in a Perkin
Elmer LS50B spectrofluorometer using an excitation wavelength of 275 nm and a sample

holder with a quartz window.
2.5. Photocatalytic performance

The photocatalytic activity of the different heterostructures was evaluated for the
degradation of acetaminophen (ACE), ibuprofen (IBU) and antipyrine (ANT) under solar-
simulated irradiation. A 500 mL Pyrex closed jacketed reactor was placed inside a Suntest
XLS+ (Atlas), under continuous stirring and controlled temperature (25 °C) with a
refrigerated/heating circulator 200F (Julabo). The irradiation intensity, provided by a Xe
lamp (765-250 W-m?) with a “Daylight” filter (restrains A < 290 nm), was fixed at 600
W-m™ (107.14 klx). In a typical experiment, the concentration of the photocatalyst was
adjusted to 250 mg-L™" of TiO,, considering to the composition of the heterostructures as
obtained by WDXRF. Thereafter, the photocatalyst was dispersed in a deionized water
solution (150 mL) of the selected contaminant at natural pH, being 6.78, 7.05 and 7.08 for
ACE, IBU and ANT, respectively. Prior to these experiments, it was observed that each
heterostructure showed different adsorption capacity. Consequently, each photocatalyst
was dispersed in solutions with different initial concentrations of each contaminant, in
order to adjust the concentration of each contaminant at 5 mg-L™ before starting the
irradiation (after adsorption equilibrium). Finally, the photocatalytic experiments were
carried out for 6 h under simulated solar light. The experiments were all performed by
triplicate and the 95% confidence interval was included. Specific experiments were carried
out with a mixture of the three pharmaceuticals, setting the initial concentration of each
compound to 5 mg-L"' and adjusting the pH values from 3 to 11 with diluted HCI or
NaOH.



—

O 00 9 O »n B~ WD

[\ T N I O R N S e e e e e e e
W NN = O O 0 NN N W N = O

24

25

26

27
28
29
30
31
32

At different irradiation times, samples of 450 puL were extracted from the reaction medium
and filtered using Whatman 0.2 um PTFE syringeless filters (Scharlau). A Shimadzu
Prominence-I LC-2030C (diode array detector (SPD-M30A)), was used to analyze the
aliquots of the reaction by High Performance Liquid Chromatography (HPLC), using a
reverse phase C18 column. A mixture of acetonitrile/acetic acid 0.1% v/v was used as
mobile phase (0.7 mL-min"). A gradient method 10/90-40/60% was used for the
quantification of ACE and ANT (detection A = 246 and 242 nm, respectively), while IBU
was determined by an isocratic 50/50% method (A = 270 nm). On the other hand, a
Shimadzu TOC-L analyzer was used to measure the total organic carbon (TOC) at the
beginning (TOC)) and end (TOCy) of each photocatalytic test. Thus, the mineralization of
the contaminants was followed by the TOC removal (%). The intermediate products from
the pharmaceuticals tested were identified by Liquid Chromatography followed by
Electrospray Ionization-Mass spectrometry (LC/ESI-MS). A Bruker Maxis II system with
electrospray ionization (ESI) was used in positive ionization mode to follow the
intermediates of ACE and ANT, whereas negative ionization mode was used for IBU (due
to the presence of the carboxylic acid group). The analyses were performed with a
capillary voltage of 3,500 V and an end plate offset of 500 V, at 300 °C and 8 mL-min™' of
dry gas flow. Experimental data were collected in the range from 50 to 3,000 m/z with a
full scan analysis of 0.1 s and a collision energy of 30 eV. Short-chain carboxylic acids
and inorganic ions they were detected and quantified by ionic chromatography (IC), using
a Metrohm 790 IC chromatograph with a Metrosep A Supp 5 (250 mm x 4 mm) column
(Metrohm). As anionic eluent was used a 0.7 mL-min' aqueous solution of

Na,CO3/NaHCO; (3.2 mM/1.0 mM) and H,SO4 (100.0 mM) as anionic suppressor.

3. Results and Discussion
3.1. TiO,/AC heterostructures characterization

Table 1 summarizes the TiO, and C contents of the different heterostructures, whose
values are quite similar to the nominally expected (Ti10,:AC mass ratio of 4:1) regardless
of the synthetic route used. The three samples showed the characteristic peaks of the TiO,
anatase phase (JCPDS 78-2486), as can be observed in the diffraction patterns depicted in
Figure 1. It is important to remark that neither solvothermal (TiO,/AC-ST) nor

microwave-assisted (TiO,/AC-MW) synthesis require of an additional high-temperature
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heating step to obtain the anatase phase of titania. No other TiO; crystalline phases (rutile
or brookite) were observed in any of the heterostructures. This result contrasts with
previous studies on microwave-assisted synthesis of TiO, on activated carbons [41,42]
that yielded titania in both anatase and rutile phases. The development of anatase as the
only crystalline phase can be attributed to the fact that the synthesis route used in the
current work was temperature-controlled, in contrast with those other studies where
power-controlled approaches were used, implying higher temperatures and further
crystallization into rutile. The average crystal size (D, Table 1) was calculated from the
Scherrer’s equation applied to the most intense peak of anatase (101). The crystal size of
TiO; in the sol-gel sample (TiO,/AC-SG) was more than two-fold the obtained for
solvothermal and microwave-assisted heterostructures, which can be ascribed to the heat-
treatment step at 500 °C required to transform the titanium oxyhydroxide of the dried gel
into titania. The TiO, crystal size in TiO»/AC-ST and TiO,/AC-MW (c.a. 10 nm) are
similar to those previously reported for other supported titania photocatalysts from

hydrothermal and microwave-assisted synthesis [30,32].

Table 1. Carbon and TiO, content, average crystal size (D) and band gap values (Eg) of

the heterostructures.

Heterostructure %C %TiO," D (nm)° E; (eV)
TiO,/AC-ST 20.1 75.9 10.1 3.38
TiO,/AC-MW 18.6 78.6 9.0 3.35
Ti0,/AC-SG 17.9 77.2 24.4 3.28

2 Obtained by WDXRF. ° From (101) anatase diffraction peak.
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Figure 1. XRD patterns of the TiO,/AC heterostructures. The characteristic diffraction
peaks of anatase phase (JCPDS 78-2486) have been included.

Low-magnification SEM-images (Figure S2, Supplementary Information) revealed that
the synthesized photocatalysts consisted of spherical TiO, nanoparticles distributed on the
activated carbon surface. Figure 2 shows higher-magnification SEM micrographs and
TiO, particle size distributions for the different heterostructures. The mean size of the
TiO, particles decreased following the order: TiO,/AC-SG (0.32 pum) > TiO,/AC-MW
(0.27 um) > TiO»/AC-ST (0.24 um). Besides the highest TiO, particle size, TiO,/AC-SG
showed a broader distribution and much more uniform surface than the other
heterostructures. These features can be ascribed to the aforementioned heat-treatment step,
which removes the organic matter of the titanium precursor and caused its
dehydroxylation, resulting in particle sinterization with a smoother surface. The TiO,
mean particle size obtained in this work by microwave-assisted route is quite similar to
those reported by Horikoshi et al. [43], who synthesized TiO; particles of ca. 0.25 pum at
180 °C. Nevertheless, the TiO; particle size of TiO,/AC-ST is higher than the reported by
Liu et al. [30] for other TiO,/commercial AC heterostructure prepared by hydrothermal

synthesis.

10
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Figure 2. SEM micrographs and TiO, particle size distributions of the heterostructures:
(a) TiO/AC-ST, (b) TiO,/AC-MW and (c) TiO»/AC-SG.

Figure 3 shows the -196 °C N, adsorption-desorption isotherms of the activated carbon
used as support and the three heterostructures synthesized. Meanwhile, Table 2
summarizes the porous textural characteristics derived from those isotherms. The AC

showed a predominantly microporous texture with some minor contribution of

11
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mesoporosity. This porous texture is comparable to the previously obtained from FeCls
activation of Tara gum [33] or sewage sludge [34]. On the other hand, both TiO,/AC-ST
and TiO,/AC-MW exhibit type IV isotherms [44], characteristic of porous materials with
contribution of both micro- and mesoporosity. It must be recalled that these
heterostructures consist of almost 80% of TiO, and around 20% of AC. Thus, most of
their porous texture is related to the porosity of the TiO, component and therefore
controlled by the conditions for synthesizing the TiO, phase. The higher Sgxr values of
Ti0,/AC-MW and TiO,/AC-ST are a consequence of the higher amount of mesopores of
these photocatalysts, as indicates the slope of their N, adsorption isotherms in the medium
to high relative pressure range. Meanwhile, the TiO,/AC-SG heterostructure showed a
type I isotherm, indicative of a microporous solid. Its much lower porosity and surface
area than the two other heterostructures, in spite of the quite similar TiO, and C contents,
can be due to the heat treatment used for the crystallization of TiO,. Martins et al. [45]

reported quite similar values for a sol-gel synthesized TiO,/activated carbon materials.
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Figure 3. -196 °C N, adsorption-desorption isotherms of the activated carbon (AC) and
the TiO,/AC heterostructures.
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Table 2. Characterization of the porous texture of the AC and the heterostructures.

(m™~g") (m™g’) (m>g) (cm-g)  (cm’g)

AC 756 738 18 0.45 0.39
TiO2/AC-ST 300 110 190 0.33 0.05
TiO/AC-MW 323 151 172 0.38 0.07
TiO2/AC-SG 130 115 15 0.08 0.05

Sget, specific surface area; Syp and Sgxt, microporous and non-microporous

surface area; Vr and Vyp, total and micropore volume.

The UV-Vis DRS absorption spectra of the photocatalysts are depicted in Figure 4a. The
samples show the absorption band in the UV region (A < 400 nm) corresponding to TiO;
and also absorb a significant amount of radiation in the visible range, due to the presence
of the activated carbon support, which confers to the samples their characteristic grey
color. The estimated band gaps values (E,) were obtained from the Tauc plots (Figure 4b),
considering the heterostructures as indirect semiconductors (like the bare TiO;). Since
TiO, 1s supported on a carbon material that absorbs light because of its dark color, the
band gaps were estimated from the extrapolation of the linear region to the background line
of the support. The respective values are included in Table 1. All the heterostructures

exhibit quite similar E, values, close to that of bare TiO, [27,46,47], indicating that the

interaction with the AC does not modify the TiO, band gap in any case.
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Figure 4. (a) UV—vis diffuse absorbance spectra and (b) Tauc plots of the TiO,/AC
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3.2. Photocatalytic performance

The different porosity and surface chemistry of the heterostructures can determine
differences in the adsorption capacity. Then, prior to the photocatalytic tests, adsorption
experiments with each target pollutant were carried out in dark for 16 h. This long-term
stage (which can be illustrated by the pseudo second order kinetics of pharmaceutical
adsorption onto the TiO,/AC-MW heterostructure, see Table S1 and Figure S3) was
performed to ensure the adsorption equilibrium of the contaminants, leading a better
comparison of the photocatalytic performances. Taking into account adsorption results,
the initial pollutant concentration was adjusted in order to have a liquid-phase
concentration close to 5 mg-L™ before irradiation. Thus, all the photocatalytic degradation
tests were performed at almost similar starting concentrations of emerging contaminant.
Figure 5 shows the evolution of ACE concentration upon irradiation time with all the
TiO,/AC heterostructures tested. A blank experiment in absence of photocatalyst was also
performed, confirming that photolysis of ACE was almost negligible. TiO»/AC-ST and
TiOo/AC-MW vyielded a very similar disappearance rate of ACE, achieving almost
complete conversion after 4 h under solar light, while TiO,/AC-SG required 6 h to reach
only ca. 50%. TOC removal after 6 h of reaction has been also included in Figure 5 (inset
Table). TiIO2/AC-MW allowed the highest mineralization, 47%, somewhat higher than the
achieved with TiO,/AC-ST, while TiO»/AC-SG yielded only 15% mineralization. This
much poorer results with TiO,/AC-SG can be initially associated to its higher crystal and
particle size and lower porosity. Nevertheless, photocatalytic performance also depends on
the transfer and recombination of the photogenerated charges. Thus, photoluminescence
(PL) studies have been carried out considering that a reduction of the fluorescence
intensity indicates a lower charge recombination rate. The resulting PL spectra are
depicted in Figure 6. As can be seen, there are no major differences among the three
heterostructures, just mention that the TiO2/AC-MW spectrum has a slightly low intensity
than that described by TiO,/AC-ST. But the difference is very small, suggesting that the
photoactivity is fundamentally controlled by the structural and textural properties. The
results so far show that the sol-gel route, although it is conventionally used for the
synthesis of TiO, heterostructures, does not seem to be the most appropriate looking at the
photocatalytic performance of the resulting material. The microwave-assisted route

appears as the best synthesis way in that respect.
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Figure 6. Photoluminescence spectra (PL) of the TiO,/AC heterostructures.
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Table 3 summarizes the values of the pseudo-first order rate constant of ACE
disappearance with these materials and other heterostructures reported in previous works,
all of them under solar light. The highest values obtained in the current study (ca. 0.50 h™)
were significantly higher than the reported for ZnO/sepiolite [48], although somewhat
lower than the corresponding to other TiO,—based photocatalysts [49-52].

Table 3. Values of the first order kinetic constant, (h™"), of ACE disappearance under solar

light with this and other work materials.

Photocatalyst Reference
Ti0,/AC-ST 0.50 This work
TiO,/AC-MW 0.47 This work
Ti0,/AC-SG 0.11 This work
ZnO/sepiolite 0.19 [48]
Zr-doped TiOy/clay 0.59 [49]
TiO,(P25)/cellulosic fibers  0.61 [51]
Ag/ZnO-TiOs/clay 0.57 [52]

Figure 7 depicts the evolution of IBU and ANT concentration upon photocatalytic
degradation with TiO»/AC-ST and TiO,/AC-MW under solar irradiation (TiO./AC-SG
was discarded due to its significantly lower photocatalytic performance). Both
heterostructures allowed almost complete IBU conversion in less than 3 h, while that was
not achieved for ANT even after 6 h. TiO,/AC-MW exhibited somewhat higher
photocatalytic activity with both pharmaceuticals. The inset Tables show the higher
mineralization achieved with this last catalyst, being the difference significantly more
pronounced for the degradation of ANT. Table 4 collects the values of the corresponding
first order disappearance rate constant. Values previously reported with other
photocatalysts have been also included for the sake of comparison. In the case of IBU the
two heterostructures of the current work provided significantly faster degradation but the
opposite was observed with ANT. It is noteworthy that the photocatalytic activity of the
Ti0,/AC-MW depends on the nature of the target compound used. Comparing the results
of Figures 5 and 7, and Tables 3 and 4, it appears that IBU is more easily degraded than
ACE and the latter more than ANT. Considering the chemical structure of these

pharmaceuticals (included in Figure S1 at Supplementary Information), it appears that
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1  nitrogenous compounds are more refractory, being much more evident for ANT due to its

2 pyrazolone group.
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Table 4. Values of the first order rate constant, (h™), of IBU and ANT disappearance

under solar light with this and other works photocatalysts.

Photocatalyst IBU ANT Reference
TiO,/AC-ST 1.10 0.15 This work
TiOo/AC-MW 1.40 0.25 This work
ZnO/sepiolite 0.38 0.13 [48]
Zr-doped TiOy/clay n.d. 0.58 [49]
Ag/Zn0O-TiO,/clay n.d. 0.55 [52]
TiO, 0.60 n.d. [53]
ZnFe-MMOs 0.95 n.d. [54]
n.d.: no data.

The TiO,/AC-MW catalyst, the one giving the best results with each individual target
compound was tested with a mixture of them. In this case, the initial concentration of each
species was fixed at the same value of 5 mg-L™" before the dark-adsorption step and so,
different concentrations were remaining in solution at the start of solar irradiation, i.e., the
photocatalytic stage. Figure 8 shows the results of this experiment. Firstly, very significant
differences can be seen regarding the amount adsorbed of each target compound prior to
the reaction, following the order ACE>>ANT>IBU. This order does not correspond with
the expected from the previously observed in the single-compound experiments. Thus,
competitive adsorption has a dramatic effect on the uptake of the individual species.
Regarding photocatalytic conversion, the rate of disappearance is quite similar to the
observed in the respective individual experiments, according to the values of the first-
order rate constant (see Tables 3-5). Close to 50% mineralization was achieved after 6 h.
An additional test was carried out using longer times, up to 24 h (Figure S4 of
Supplementary Information), but, although almost complete conversion of the three target
compounds was achieved, the TOC reduction remained almost unchanged, close to 50%,
indicating the existence of degradation byproducts refractory to this treatment. In fact, it
must also be considered that some byproducts can be adsorbed on the catalyst surface,

which would lead a decrease of the mineralization rate.
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Figure 8. Adsorption and solar photocatalytic degradation of ACE, IBU and ANT with
TiO./AC-MW (250 mg-L™" of TiO,) from an aqueous solution of the three compounds
(Intensity of irradiation: 600 W-m™).

Table 5. Values of the first order rate constant, (h™), of disappearance and TOC removal

after 6 h from the experiments of Figure 8 and 9.

TOC
Initial pH ACE IBU ANT
removal (%)

3 0.37 - 1.00 233

5 0.39 - 0.81 41.5

7.6 0.49 1.33 0.23 48.8

9 0.72 1.00 0.37 42.3

11 0.88 0.53 0.32 16.9

Similar experiments to those of Figure 8 were repeated at different initial pH values. The
results are depicted in Figure 9. As can be seen, this variable affected significantly to both
adsorption and photocatalytic degradation. At the starting concentration used, IBU was
almost completely removed from solution by adsorption at pH < 5. At alkaline pH
adsorption decreases because of the electrostatic repulsion between the anionic IBU

species (pK,=4.4) and the catalyst surface (pH,,.=7.0, Figure S5 of Supplementary
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Information). Of course, adsorption is not only determined by electrostactic forces but
dispersive interactions can be also important depending on the structure of the adsorbate
and taking into account, among other, donor-acceptor mechanisms involving mn electrons
of the aromatic ring of the target compounds (in this case) as well as of the graphene-like
layers of activated carbon. That complex force-balance could explain some discontinuities
observed in the evolution of adsorption vs pH, moreover, taking also into account the
occurrence of competitive adsorption. The size and conformation of the target compound
can also influence the adsorption capacity considering the essentially microporous texture
of the AC component of the heterostructure. Information on the chemical structure and 3D
conformation of the three pharmaceuticals has been included in Supplementary
Information (Figure S1). ACE is a p-aminophenol derivative with a planar configuration
[55], IBU is a propionic acid derivative with a flexible configuration due to the presence
of several torsional twists [56] and ANT is a pyrazolone derivative with a coplanar
configuration [57]. Apparently, the flexibility of the IBU favors its adsorption on the
surface of the catalyst. Regarding the photocatalytic performance of TiO,/AC-MW for the
degradation of pharmaceuticals mixture at different initial pH, Table 5 collects the values
of the first order kinetic constant describing the rate of disappearance of each
pharmaceutical and the overall TOC removal after 6 h of solar irradiation. As can be seen
ANT undergoes faster and complete conversion at low initial pH values while ACE
degradation is favored at high pH. IBU shows the highest degradation rate at medium pH,
but its almost complete adsorption at low pH impeded learning on its photocatalytic

degradation at these low pH values.
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Figure 9. Adsorption and solar photocatalytic degradation of ACE, IBU and ANT with
Ti0,/AC-MW at different initial pH values from aqueous solution of the three

compounds.
3.3. Photocatalytic intermediates and degradation pathway

The intermediate products in the photocatalytic degradation pathways of the three
pharmaceuticals (individual experiments at initial concentration of 100 mg-L™" and pH ~7)
using Ti0,/AC-MW were identified by LC/ESI-MS and IC. The accurate mass of the
intermediates are listed, with the corresponding proposed compounds, in Tables S2-4 of
the Supplementary Information. The assessment of the chemical species can be considered
highly confident taking into account the low mass error (mainly < +1 mDa) and the value
of ring and double bond (RDB). This last parameter corresponds to the number of rings
and double bonds existing in a molecule (e.g., parent ACE has a RDB of 5, attributed to
the aromatic ring (3 correspond to the double bonds and 1 to the ring) and the double bond
C=0 in the acetamide group).
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For ACE photodegradation, the peaks detected and their proposed identification are
collected in Table S2 and the feasible degradation pathways are shown in Figure 10. The
ring opening of ACE results in the formation of ACE-1 (protonated form with m/z
118.0857, see Table S2) and succinic and malonic acids. The presence of these acids was
also observed in previous studies [59,61,62]. Further oxidation and mineralization of these
intermediates lead the formation of acetic and formic acids, and finally CO,, NO;3™ and
H,0. In addition, the evolution of the short-chain carboxylic acids and NOj3 has been
included in the Supplementary Information (Figure S6a). It can be observed the rapid
appearance of succinic acid in the first 15 min of photocatalytic treatment, which
disappears along the reaction time, giving rise to the formation of other short-chain acids.
It is important to remark that nitrite (NO,") was never detected, being only nitrate (NO;")
the resulting mineralized product from the N-C moiety of the initial ACE. Other
intermediates identified are derived from the coupling of ACE. Two isomers of ACE-2
(m/z 301.1179) coupling product have been detected, as previously reported by Chen et al.
[63], whose photodegradation derived on other products following up to three different
pathways: 1) the loss of one of the acetamide groups followed by hydroxylation, leading to
the formation of ACE-3 (m/z 260.0914); 11) direct aromatic ring hydroxylation, giving rise
to the detected intermediates ACE-4 and ACE-5 (m/z 317.1130 and 349.1029,
respectively); and iii) further coupling reaction leading to ACE-6 (m/z 450.1653), being
identified 3 isomers. The resistance to photocatalytic oxidation of these coupled products
can explain the slight reduction of TOC observed in the long-term photocatalytic process
(Figure S4). Unlike other reported works dealing with ACE degradation, no products
derived from the direct hydroxylation of the ACE aromatic ring were identified (e.g.,

hydroquinone) [58—61].
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Figure 10. Proposed pathways for solar photocatalytic degradation of ACE with

TiO/AC-MW.

In contrast to ACE, no coupled intermediates were observed in the degradation pathways

of IBU (Figure 11 and Table S3). The hydroxylation of the parent IBU has been the most

common oxidative process reported in literature [64—67]. A first degradation pathway can

be illustrated through the hydroxylation of 'C in the original structure, resulting in the

formation of monohydroxylated ibuprofen [66], identified as IBU-1 (m/z 221.1191,

highlights that the ionization for IBU was in negative mode). According to the previous

work of Tanveer et al. [67] and Lei et al. [68], the decarboxylation of ''C in IBU-1 is

expected to result in the formation of IBU-1* (1-(4-ethyl-phenyl)-2-methyl-propan-1-ol;
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m/z 177.1285), which was not detected in our work. However, the product from
demethylation of 8C in IBU-1* was identified as IBU-2 (m/z 161.0980), as well as two
isomers of IBU-3 (m/z 133.0666), after dealkylation of ’C in IBU-2. A previous toxicity
assessment was performed by Da Silva et al.[69], showing that these ibuprofen
photocatalytic degradation intermediates had lower ecotoxicity in Artemia salina than the
parent pharmaceutical. Finally, the IC results showed that the ring cleavage of these
compounds leads to the formation of the short-chain carboxylic acids, namely succinic,
malonic, acetic and formic. As can be observed in Figure S6b, the concentration of formic
acid in the case of IBU degradation was the highest detected from the three
pharmaceuticals after 6 h under simulated solar light, consistent with the higher removal
of this compound compared to the other two contaminants tested. Further oxidation leads
to, CO;, and H,O. Ibuprofen can be also degraded by the opening of the phenyl ring,
giving IBU-4 (m/z 237.1142). It has to be remarked that this reaction intermediate has not
been previously identified in the literature. In addition, the oxidation of the —CHO groups
in this intermediate after the ring cleavage results in IBU-5 (m/z 269.1043), which can be
further oxidized up to short-chain carboxylic acids, as previously indicated. According to
the results of the LC/ESI-MS spectrometry, a third degradation route can be proposed for
the original ibuprofen, consisting in a first demethylation of the 5C, giving IBU-6 (m/z
191.1086). Then, a second dealkylation step of the *C leads to the formation of IBU-7
(m/z 149.0616), which upon further ring opening can also yield te short-chain carboxylic

acids, further mineralized.
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Figure 11. Proposed degradation pathways for solar photocatalytic degradation of IBU

with TiO,/AC-MW.

The proposed photocatalytic degradation pathways of the third pharmaceutical tested in

this work, ANT, are shown in Figure 12 (and the identified intermediates listed in Table

S4). Three degradation routes are proposed also in this case. In the first one, the loss of the

phenyl ring gives rise to the formation of ANT-1 (m/z 113.0689). This compound results

from the break of the 'N-°C bond and can be further oxidized to succinic, acetic and

formic acids and subsequently to final mineralization products (CO,, H,O and NOy) after

opening of the pyrazole ring. The evolution of the short-chain carboxylic acids can be
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followed in Figure S6c, where it can be seen a different route for the removal of succinic
acid compared to that in the case of ACE and IBU. The lower degradation of succinic acid
can be one of the possible reasons of the lower TOC removal observed for ANT compared
to the other two pharmaceuticals (as previously seen in Figures 5 and 7). On the other
hand, and as in the case of ACE, no nitrite was detected in the IC chromatograms. In the
second degradation pathway proposed, the cleavage of the pyrazole ring leads to the
formation of ANT-2 (m/z 221.0917), which can be degraded by two different ways. On
the one hand, through the loss of the oxamoyl chain, giving ANT-3 (m/z 165.1018), as
previously reported by Miao et al. [70]. In our current study, a further degradation
compound, after double methylation, was observed, listed as ANT-4 (m/z 137.0706). On
the other hand, through hydroxylation of the -CHO group in ANT-2, leading to the
formation of ANT-5 (m/z 237.0867). In addition, this intermediate can yield the
previously indicated ANT-3, after the loss of the 2-oxoacetic acid group in 'N. The third
route for the degradation of the parent antipyrine consists of its mono-hydroxylation
[70,71]. In the degradation pathway described in the current work, if the hydroxylation of
parent ANT occurs in the *C, ANT-6 (m/z 205.0967) could be formed, which can result in
ANT-5 by the cleavage of the pyrazole ring. Moreover, that can also allow the formation
of ANT-7 (m/z 393.1559), by coupling of two ANT-6 molecules. In contrast, if the
hydroxylation takes place in the aromatic ring of the original ANT, that can lead to 3
isomer structures (ANT 8, m/z 205.0963). Further hydroxylation on ANT-8 would result
in the formation of ANT-9 (m/z 221.0917). The oxidation of the listed intermediates leads
to the formation of short-chain acids and mineralized products, as previously commented.
It has to be remarked that, unlike other degradation pathways of antipyrine found in

literature [72—74], anthranilic or 1,4-benzenedicarboxylic acids were not detected.

26



Nl )

8 7 \
N
. / .
Phenyl ring loss 9 A 1N Hydroxylation
N K Antipyrine
/ 13 C1HNO
HN | MW: 188.23 + *
Pyrazole ring \
ANT-1 opening N HO/
O CsHgN20 / /\ \
MW: 112.13 N .
\ ANT-6
/ C11H12N;0, o
MW: 204.23 o Further
Pyrazole ring hydroxylation
opening
ANT-2
CitHioN0; Hydroxylation o
(HO)z\ \
4

N—

/; io
OH

o
MW: 220.22
Oxamoyl chain

loss
(¢}

2 oxoacetic acid o
NH loss ANT-5
ANT-3 C11H12N204
CoHiN,0 MW: 236.22
Double MW: 164.20
demethylation

U
NH

S .

Coupling

ANT-7

ANT-8
O CyyH1aN20,
MW: 204.23

ANT-9
O Cy1HiaN;03
MW: 220.22

ANT-4
S o OH  CyyHaoNsO4
7HgN2! MW: 392.41
MW: 136.15
* Oxidation
o o]
OH \\OH
Succinic amd Acetic acid Formic acid
C4Hg04 C.H,0 CH0:
MW: 118.09 605 4.
MW 60.05 MW: 46.03
+ Mineralization
Mineralization ~| co, H,0 NO;

Figure 12. Proposed pathways for solar photocatalytic degradation of ANT with

Ti0,/AC-MW.

4. Conclusions

Heterostructures based on TiO;, supported on activated carbon (TiO,/AC) have been

successfully synthesized through three different procedures (solvothermal, microwave-

assisted and sol-gel), using lignin as carbonaceous precursor. All the heterostructures

contained anatase as the only crystalline phase. TiO,/AC-ST and TiO,/AC-MW samples
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have similar properties, characterized by a predominantly mesoporous texture but with
significant contribution of microporosity basically associated to the AC component. They
are characterized by low TiO, crystal size (10 nm) and mean particle size close to 0.25
um, with a band gap ranging within 3.28-3.38 eV, close to that of bare TiO,. The
heterostructure synthesized by a sol-gel route showed some slight differences, such as
higher crystal and particle sizes and lower surface area, most probably due to the higher
temperature reached during the heat-treatment included in this synthesis route to achieve
anatase crystallization. Regarding the photocatalytic activity, the heterostructure
synthesized by a microwave-assisted route (TiO,/AC-MW) yielded the best performance
in the solar-driven photocatalytic degradation of the three pharmaceuticals tested (ACE,
IBU and ANT), both in terms of parent compound disappearance (conversion) and
mineralization. The best results were obtained for IBU degradation, with complete

conversion in less than 3 h, while ANT was found the most recalcitrant.

The degradation pathways proposed for ACE suggest a rapid ring opening leading to the
mineralization products (CO,, HO and NOj3'). However, this mineralization is affected by
the generation of coupled intermediates. In the case of IBU, its degradation takes place s
mainly through hydroxylation and dealkylation reactions, giving rise to easier ring
cleavage to form short-chain carboxylic acids and further mineralization products.
Meanwhile, the degradation route for ANT involves a fast opening of the pyrazole ring
instead of the phenyl one, in parallel to hydroxylation of the original structure of ANT and
the formation of coupled byproducts with apparent high resistance to photocatalytic

oxidation.

The performance of TiO,/AC-MW was also evaluated with a mixture of the three
pharmaceuticals at different initial pH values. The highest disappearance rate and overall
TOC removal occurred at pH between 7 and 9. Microwave-assisted synthesis can be
considered a fast and simple route for preparing heterostructures with promising

photocatalytic activity for the abatement of these CECs under solar light.
Supplementary Information

Table S1. Kinetic modelling results of the pseudo-first and second order adsorption of the

three contaminants on TiO,/AC-MW heterostructure.

Table S2. Accurate mass (m/z) values obtained for ACE and its proposed photocatalytic
degradation products with the TiO,/AC-MW heterostructure.
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Table S3. Accurate mass (m/z) values obtained for IBU and its proposed photocatalytic
degradation products with the TiO,/AC-MW heterostructure.

Table S4. Accurate mass (m/z) values obtained for ANT and its proposed photocatalytic
degradation products with the TiO,/AC-MW heterostructure.

Figure S1. Chemical structure and 3D conformation of acetaminophen, ibuprofen and

antipyrine, from PubChem open chemistry database, National Institutes of Health (NIH).

Figure S2. Low-magnification SEM images of (a) TiO,/AC-ST, (b) TiO,/AC-MW and (c)
Ti0,/AC-SG.

Figure S3. Experimental adsorption data of the different contaminants on TiO,/AC-MW

heterostructure.

Figure S4. Conversion values for TOC, ACE, IBU and ANT with TiO,/AC-MW at pH

7.6 from aqueous solution of the three compounds at different irradiation times.
Figure S5. Determination of pHy,. for TiO,/AC-ST and TiO»/AC-MW.

Figure S6. Evolution of short-chain organic acids and nitrate (NO;") concentration upon
solar photocatalytic degradation with TiO,/AC-MW of: a) ACE, b) IBU, ¢) ANT. (Initial

concentration of each pharmaceutical = 100 mg-L™).
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Abstract

This work deals with the degradation of three emerging contaminants (acetaminophen,
ibuprofen and antipyrine) in water under simulated solar light using different catalysts of
TiO,/activated carbon heterostructures. The heterostructures, based on anatase phase, were
successfully synthesized following three different methods (solvothermal, microwave-
assisted and sol-gel), using lignin as carbon precursor. The sol-gel photocatalyst only
yielded 50% conversion of acetaminophen and a low mineralization (15%), probably due
to the higher crystal and particle sizes and lower surface area of this heterostructure, as a
consequence of the higher temperature reached during the heat-treatment included in this
synthesis route to achieve anatase crystallization. In contrast, the heterostructure prepared
by the microwave-assisted procedure achieved complete conversion after 6 h of reaction.
Regarding the contaminants, ibuprofen was the most easily removed, requiring 3 h for
complete disappearance, while antipyrine showed the highest resistance to
photodegradation, not being completely removed after 6 h. The photocatalytic
performance was also evaluated for a mixture of these three pharmaceuticals at different
initial pH. The fastest and highest mineralization (ca. 50 %) occurred around neutral pH.
The study proposes the oxidation degradation pathways of the three pharmaceuticals under

solar-simulated irradiation from the analysis of the reaction intermediates.


http://ees.elsevier.com/cej/viewRCResults.aspx?pdf=1&docID=121449&rev=1&fileID=3373464&msid={F02854F7-CF65-4B5C-88DC-82E4416EEEA0}

O 00 9 N D KW N

I T e e e
0O I N »n B~ W NN = O

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

1. Introduction

The awareness about the presence of contaminants of emerging concern (CECs) in water
bodies is strongly increasing, especially in the last two decades. This type of compounds,
also known as emerging contaminants due to recent detection and quantification in water
streams, are considered to be biologically active, altering the metabolism of living beings,
despite they are usually detected in very low concentrations [1-5]. CECs include, among
other species, pharmaceuticals and personal care products that are considered endocrine
disruptors and can cause negative effects on health and aquatic environments due to their
continuous release [6,7]. They are commonly present in sewage and wastewater treatment
plants (WWTPs) allow only partial removal in most cases, so that continuous municipal
discharges give rise to accumulation in the receiving water bodies. The average removal of
antibiotics in WWTPs has been reported in the range of 40-60% and close to 25-55% in
the case of analgesics and anti-inflammatories [8,9]. These species can be also present in
the wastewaters from pharmaceutical plants, in this case at substantially higher
concentrations, in the order of mg-L™". The growing concern about water quality promotes
action plans by United Nations [10] and research efforts on the development of efficient
and sustainable technologies for the abatement of those pollutants, in general of hazardous

character.

Several advanced treatments have been investigated for the removal of CECs [11,12],
including advanced oxidation processes (AOPs), which degrade contaminants via
generation of reactive oxygen species (ROS). Among the AOPs, heterogeneous
photocatalysis has been widely reported for the removal of many different types of
contaminants [13]. In this technology, ROS can be generated upon light absorption in a
semiconductor (being TiO, the most used so far) giving rise to separation of electron-hole
charges. Nowadays, there is a growing trend to use solar light as renewable and
sustainable energy source, reducing the operation costs [8]. In spite of the wide use of
Ti0; (due to its well-stated physical and chemical properties), this material has the main
drawbacks of low adsorption capacity, limited photocatalytic activity under visible light
and difficult recovery from the aqueous medium, especially in the case of commercial
TiO; [14]. Supporting TiO, on porous materials, as activated carbons (ACs), zeolites or
clays, can partly overcome these drawbacks [15,16]. ACs are characterized by their
relatively low cost, high surface area and well-developed porosity. Moreover, activated

carbons can be prepared from almost any carbonaceous waste, providing a way of
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valorization of those residues. Lignin, a biopolymer with relatively high carbon content is
a main component of lignocellulosic biomass. Different types of modified lignin are
produced in huge amounts from cellulose pulp manufacture, being mostly used by its fuel
value. The future development of biorefinery is expected to generate high quantities of
waste lignin whose valorization becomes mandatory. Regarding valorization possibilities,
lignin has been studied as precursor for the synthesis of activated carbons and other
carbon-based materials [17-26]. In a recent work [27], our research group investigated the
use of different activating agents (FeCl;, ZnCl,, H3PO4 and KOH) in the preparation of
activated carbons from lignin for synthesizing TiO,/activated carbon heterostructures. It
was observed that the photocatalyst obtained with FeCls-activated carbon yielded higher
removal of acetaminophen (around 29, 42 and 74% higher than those obtained with
KOH-, H;PO4- and ZnCl,-derived carbons, respectively, after 3 h under solar light). In
that previous research, the photocatalytic performance of bare TiO, was already studied,
being higher than the synthesized TiO,/AC heterostructures, which was attributed to a
better contact of contaminant with non-supported TiO; as corroborated in literature [28].
However, the photocatalyst obtained with FeCls-activated carbon showed around 5-fold
increment in the initial settling velocity compared to bare TiO,, and therefore it is much

easily recovered from the reaction media.

The preparation of the TiO,/AC heterostructures can be addressed by different methods
[29-32]. The properties of these heterostructures depend on the synthesis route because of
the different conditions used. For instance, sol-gel synthesis requires high temperature
post-treatment to obtain the highly-photoactive anatase phase; solvothermal synthesis uses
lower temperatures, while microwave-assisted methodology allows a faster heating rate
and different distribution of heat involving hot spots [28]. To the best of our knowledge, a
detailed comparative study of the performance of TiO,-carbonaceous heterostructures
prepared by these three synthesis routes on the photocatalytic degradation of emerging
contaminants has not been reported before. Additionally, in many cases it has not been
established a clear difference between the contribution of adsorption and
photodegradation, despite this can be a key factor when using highly porous materials as
catalyst supports. In the current study, TiO2/AC heterostructures have been synthesized by
three different methods (solvothermal, microwave-assisted and sol-gel), being the
activated carbon previously prepared by chemical activation of lignin with FeCls;. The

synthesized heterostructures have been tested in the solar-driven photocatalytic
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degradation of three target pharmaceuticals (acetaminophen, ibuprofen and antipyrine),
paying special attention to the effect of pH and the extent of mineralization. Experiments
with three single compounds as well as with mixtures of them have been performed. In
addition to this, intermediates of the photocatalytic oxidation of individual contaminants
were identified, being proposed the degradation pathways of these pharmaceuticals under

solar-simulated light.
2. Materials and Methods
2.1. Materials

The activated carbon used was synthesized from lignin (supplied by LignoTech Iberica
S.A.) as carbon source and FeCl;-6H,O (>97%, Panreac) as activating agent. Ethanol
(EtOH; 96%, Panreac) was used as solvent in the synthesis of the heterostructures.
Titanium tetrabutoxide (Ti(OBu)4; >97%) and titanium isopropoxide (Ti(OiPr)s; >97%)
were used as titania precursors and both were supplied by Sigma Aldrich. The
photocatalytic performance was tested in the degradation of acetaminophen (ACE; >99%),
ibuprofen (IBU; >98%) and antipyrine (ANT; >99%), all purchased from Sigma Aldrich
(their chemical structures can be seen in Figure S1 of the Supplementary Information).
NaOH (>95%) and HCI (>37%) were used as pH-modifiers and purchased from Scharlau
and Sigma Aldrich, respectively. NaCl (>99.5%) was supplied by Panreac. The mobile
phase for liquid chromatography consisted of acetic acid (=99%, Sigma Aldrich) and
acetonitrile (ACN, HPLC grade, Scharlau). Finally, ultrapure water (Type I, 18.2 MQ-cm)

and deionized water (Type I1) were used throughout the work.
2.2. Preparation of activated carbon (AC)

Following our previous results on the synthesis of TiO,/AC heterostructures [27], we
selected FeCls; as activating agent to prepare the lignin-derived AC [33-35]. Lignin and
FeCl; (1:3 mass ratio) were physically mixed and dried at 60 °C overnight. Then, the
mixture was heat-treated using a horizontal stainless-steel tubular furnace at 800 °C
(heating rate of 10 °C-min™") for 2 h under inert atmosphere (N2, 150 cm® STP-min™).
After cooling, the resulting material was firstly washed with 0.1 M HCI at 70 °C for 2 h to
remove the residual activating agent and free the porosity. Then, it was rinsed to neutral
pH using ultrapure water at room temperature. The activated carbon was finally dried at

60 °C overnight, stored and labelled as AC.
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2.3. Synthesis of TiO,/AC heterostructures

Three different routes were followed to prepare the TiO,/AC heterostructures. In all cases,
a TiO,:AC mass ratio of 4:1 was used [27]. Other TiO,:AC mass ratios were also tested,
but 4:1 led to the best photocatalysts. The amount of water was stoichiometrically fixed to

promote the hydrolysis and condensation of the titania precursor.
2.3.1. Solvothermal (ST) route.

The solvothermal synthesis of the TiO,/AC heterostructure has been described elsewhere
[27]. Briefly, a suspension (A1) of 58 mg of AC in 45 mL of EtOH was firstly prepared at
room temperature. Then, a solution (B1), obtained by diluting 1 mL of Ti(OBu)4 in 15 mL
of EtOH, was added to Al under continuous stirring. Subsequently, 3 mL of ultrapure
water were added to 15 mL of EtOH (solution C1) dropwise to hydrolyze the Ti(OBu)a.
Finally, the mixture was stirred for 5 min, placed in a 125 mL Teflon-lined stainless-steel
autoclave and heated at 160 °C for 3 h in an oven (Memmert UN30). The resulting solid
was separated by centrifugation (5300 rpm, 10 min) and washed once with EtOH and four
times with ultrapure water. The sample was finally dried at 60 °C overnight and labelled as

TiO,/AC-ST.
2.3.2. Microwave-assisted (MW) route.

The microwave-assisted route was based on the method described by Orha et al. [32]. In
this synthesis, 37.1 mg of AC were suspended in 28.5 mL of EtOH (solution A2). Other
two solutions were prepared by diluting 0.633 mL of Ti(OBu)s in 9.5 mL of EtOH
(solution B2); and 1.9 mL ultrapure water into 9.5 mL of EtOH (solution C2). Then, A2
and B2 were mixed under continuous stirring, while C2 was further dropwise
incorporated. The final mixture was transferred to a 100 mL Teflon-lined reactor and then
inserted in a SK-15 Microwave Digestion Rotor (Milestone). The synthesis was performed
setting 175 °C as constant temperature (600 W as maximum microwave power input) for
30 min. The resulting solid was separated by centrifugation, washed and dried as
described for the previous solvothermal route. The resulting material was named as

TiOo/AC-MW.
2.3.3. Sol-gel (SG) route.

The sol-gel synthesis of TiO,/AC heterostructure was slightly modified from a previous
work of Belver et al. [16]. In this method, a suspension of 67.2 mg of AC in 12.5 mL of

5
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EtOH was firstly prepared (solution A3); then, 1 mL of Ti(OiPr)s was added to 1.9 mL of
EtOH (solution B3). Meanwhile, solution C3 was prepared adding 0.25 mL of ultrapure
water to 1.75 mL of EtOH. A3 and B3 were mixed under stirring in a 100 mL glass beaker
while C3 was slowly added favoring homogenous dispersion. The beaker was sealed with
parafilm and the mixture was then heated at 50 °C during 72 h, under stirring. During this
time, a dense gel was obtained after the spontaneous coagulation of the mixture.
Thereafter, the gel was dried at room temperature for 72 h. The resulting solid was heat-
treated at 500 °C for 2 h under inert atmosphere (N,, 150 cm’ STP-min™") inside a
horizontal stainless-steel tubular furnace. The resulting heterostructure was labelled as
TiO,/AC-SG. In this synthesis, Ti(OiPr)4 was selected as titania precursor due to the faster
hydrolyzation of Ti(OBu), in contact with water, which gives rise to the formation of
high-size agglomerates of titanium oxyhydroxides. This precursor makes difficult
obtaining anatase phase with low crystal size. Ti(OiPr)4, whose hydrolysis rate is lower,

allowing to obtain the desired anatase with low crystal size.
2.4. Characterization of the photocatalysts.

Elemental analysis was carried out in a LECO CHNS-932 to determine the content of
carbon (C) in the synthesized samples. The quantification of TiO, in the different
heterostructures was accomplished by wavelength-dispersive X-ray fluorescence
(WDXRF) using a Bruker S8 TIGER spectrometer under inert atmosphere (He) with a
maximum voltage of 60 kV and a maximum current of 170 mA. Spectra Plus (v. 3)
software was used to determine the composition of the materials. A Bruker DS
diffractometer was used to obtain the X-ray diffraction (XRD) patterns, using Cu-Ka (A =
0.154 nm) source (20 range from 5 to 70° scan step of 5°min™). The most intense
diffraction peak (101) of anatase phase was used to estimate the average crystal size (D)
using the Scherrer’s equation. The morphology of the heterostructures was observed by
scanning electron microscopy (SEM) using a Quanta 3D Field Emission Gun (FEG)
microscope (FEI Company). The distribution of TiO, particle size was obtained from
SEM micrographs using ImagelJ software, taking several images to obtain a representative
result. A Micromeritics TriStar 123 static volumetric system was used to obtain the N,
adsorption-desorption isotherms at —196 °C after outgassing the samples under vacuum at
150 °C overnight in a Florprep 060 Micromeritics equipment. The Brunauer-Emmett-
Teller (BET) method [36] was used to obtain the specific surface area (Sggr), whereas

both microporous (Syp) and non-microporous surface area (Sgxrt) were calculated by the t-
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plot method [37]. Total pore volume (V1) was estimated by the amount of nitrogen
adsorbed at a relative pressure (P/Py) of 0.99. UV-vis diffuse reflectance spectra (UV-vis
DRS) were recorded in a Shimadzu 2501PC UV-vis spectrophotometer in the 250-800
nm wavelength range using BaSOj, as reference material. The band gap (E,) values of the
heterostructures were obtained from the UV-vis DRS spectra, through the Tauc Plot
method [38], considering the synthesized photocatalysts as indirect semiconductors [39].
The pH at the point of zero charge (pH,,.) was determined by the pH drift method [27,40].
The photoluminescence (PL) spectra of the powder samples were obtained in a Perkin
Elmer LS50B spectrofluorometer using an excitation wavelength of 275 nm and a sample

holder with a quartz window.
2.5. Photocatalytic performance

The photocatalytic activity of the different heterostructures was evaluated for the
degradation of acetaminophen (ACE), ibuprofen (IBU) and antipyrine (ANT) under solar-
simulated irradiation. A 500 mL Pyrex closed jacketed reactor was placed inside a Suntest
XLS+ (Atlas), under continuous stirring and controlled temperature (25 °C) with a
refrigerated/heating circulator 200F (Julabo). The irradiation intensity, provided by a Xe
lamp (765-250 W-m?) with a “Daylight” filter (restrains A < 290 nm), was fixed at 600
W-m™ (107.14 klx). In a typical experiment, the concentration of the photocatalyst was
adjusted to 250 mg-L™" of TiO,, considering to the composition of the heterostructures as
obtained by WDXRF. Thereafter, the photocatalyst was dispersed in a deionized water
solution (150 mL) of the selected contaminant at natural pH, being 6.78, 7.05 and 7.08 for
ACE, IBU and ANT, respectively. Prior to these experiments, it was observed that each
heterostructure showed different adsorption capacity. Consequently, each photocatalyst
was dispersed in solutions with different initial concentrations of each contaminant, in
order to adjust the concentration of each contaminant at 5 mg-L™" before starting the
irradiation (after adsorption equilibrium). Finally, the photocatalytic experiments were
carried out for 6 h under simulated solar light. The experiments were all performed by
triplicate and the 95% confidence interval was included. Specific experiments were carried
out with a mixture of the three pharmaceuticals, setting the initial concentration of each
compound to 5 mg~L'1 and adjusting the pH values from 3 to 11 with diluted HCI or
NaOH.
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At different irradiation times, samples of 450 puL were extracted from the reaction medium
and filtered using Whatman 0.2 um PTFE syringeless filters (Scharlau). A Shimadzu
Prominence-I LC-2030C (diode array detector (SPD-M30A)), was used to analyze the
aliquots of the reaction by High Performance Liquid Chromatography (HPLC), using a
reverse phase C18 column. A mixture of acetonitrile/acetic acid 0.1% v/v was used as
mobile phase (0.7 mL-min"). A gradient method 10/90-40/60% was used for the
quantification of ACE and ANT (detection A = 246 and 242 nm, respectively), while IBU
was determined by an isocratic 50/50% method (A = 270 nm). On the other hand, a
Shimadzu TOC-L analyzer was used to measure the total organic carbon (TOC) at the
beginning (TOCy) and end (TOCy) of each photocatalytic test. Thus, the mineralization of
the contaminants was followed by the TOC removal (%). The intermediate products from
the pharmaceuticals tested were identified by Liquid Chromatography followed by
Electrospray lonization-Mass spectrometry (LC/ESI-MS). A Bruker Maxis Il system with
electrospray ionization (ESI) was used in positive ionization mode to follow the
intermediates of ACE and ANT, whereas negative ionization mode was used for IBU (due
to the presence of the carboxylic acid group). The analyses were performed with a
capillary voltage of 3,500 V and an end plate offset of 500 V, at 300 °C and 8 mL-min™' of
dry gas flow. Experimental data were collected in the range from 50 to 3,000 m/z with a
full scan analysis of 0.1 s and a collision energy of 30 eV. Short-chain carboxylic acids
and norganic ions they were detected and quantified by ionic chromatography (IC), using
a Metrohm 790 IC chromatograph with a Metrosep A Supp 5 (250 mm x 4 mm) column
(Metrohm). As anionic eluent was used a 0.7 mL-min” aqueous solution of

Na,CO3/NaHCO; (3.2 mM/1.0 mM) and H,SO4 (100.0 mM) as anionic suppressor.

3. Results and Discussion
3.1. TiO,/AC heterostructures characterization

Table 1 summarizes the TiO, and C contents of the different heterostructures, whose
values are quite similar to the nominally expected (Ti0,:AC mass ratio of 4:1) regardless
of the synthetic route used. The three samples showed the characteristic peaks of the TiO,
anatase phase (JCPDS 78-2486), as can be observed in the diffraction patterns depicted in
Figure 1. It is important to remark that neither solvothermal (TiO,/AC-ST) nor

microwave-assisted (TiO,/AC-MW) synthesis require of an additional high-temperature
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heating step to obtain the anatase phase of titania. No other TiO; crystalline phases (rutile
or brookite) were observed in any of the heterostructures. This result contrasts with
previous studies on microwave-assisted synthesis of TiO, on activated carbons [41,42]
that yielded titania in both anatase and rutile phases. The development of anatase as the
only crystalline phase can be attributed to the fact that the synthesis route used in the
current work was temperature-controlled, in contrast with those other studies where
power-controlled approaches were used, implying higher temperatures and further
crystallization into rutile. The average crystal size (D, Table 1) was calculated from the
Scherrer’s equation applied to the most intense peak of anatase (101). The crystal size of
TiO; in the sol-gel sample (TiO,/AC-SG) was more than two-fold the obtained for
solvothermal and microwave-assisted heterostructures, which can be ascribed to the heat-
treatment step at 500 °C required to transform the titanium oxyhydroxide of the dried gel
into titania. The TiO, crystal size in TiO»/AC-ST and TiO,/AC-MW (c.a. 10 nm) are
similar to those previously reported for other supported titania photocatalysts from

hydrothermal and microwave-assisted synthesis [30,32].

Table 1. Carbon and TiO, content, average crystal size (D) and band gap values (Eg) of

the heterostructures.

Heterostructure %C %TiO," D (nm)° E; (eV)
TiO,/AC-ST 20.1 75.9 10.1 3.38
TiO,/AC-MW 18.6 78.6 9.0 3.35
Ti0,/AC-SG 17.9 77.2 24.4 3.28

2 Obtained by WDXRF. ° From (101) anatase diffraction peak.
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Figure 1. XRD patterns of the TiO,/AC heterostructures. The characteristic diffraction
peaks of anatase phase (JCPDS 78-2486) have been included.

Low-magnification SEM-images (Figure S2, Supplementary Information) revealed that
the synthesized photocatalysts consisted of spherical TiO, nanoparticles distributed on the
activated carbon surface. Figure 2 shows higher-magnification SEM micrographs and
TiO, particle size distributions for the different heterostructures. The mean size of the
TiO, particles decreased following the order: TiO»/AC-SG (0.32 pum) > TiO,/AC-MW
(0.27 um) > TiO»/AC-ST (0.24 um). Besides the highest TiO, particle size, TiO,/AC-SG
showed a broader distribution and much more uniform surface than the other
heterostructures. These features can be ascribed to the aforementioned heat-treatment step,
which removes the organic matter of the titanium precursor and caused its
dehydroxylation, resulting in particle sinterization with a smoother surface. The TiO,
mean particle size obtained in this work by microwave-assisted route is quite similar to
those reported by Horikoshi et al. [43], who synthesized TiO; particles of ca. 0.25 pum at
180 °C. Nevertheless, the TiO; particle size of TiO,/AC-ST is higher than the reported by
Liu et al. [30] for other TiO,/commercial AC heterostructure prepared by hydrothermal

synthesis.

10
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Figure 2. SEM micrographs and TiO, particle size distributions of the heterostructures:
(a) TiO/AC-ST, (b) TiO,/AC-MW and (c) TiO»/AC-SG.

Figure 3 shows the -196 °C N, adsorption-desorption isotherms of the activated carbon
used as support and the three heterostructures synthesized. Meanwhile, Table 2
summarizes the porous textural characteristics derived from those isotherms. The AC

showed a predominantly microporous texture with some minor contribution of

11
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mesoporosity. This porous texture is comparable to the previously obtained from FeCls
activation of Tara gum [33] or sewage sludge [34]. On the other hand, both TiO,/AC-ST
and TiO,/AC-MW exhibit type IV isotherms [44], characteristic of porous materials with
contribution of both micro- and mesoporosity. It must be recalled that these
heterostructures consist of almost 80% of TiO, and around 20% of AC. Thus, most of
their porous texture is related to the porosity of the TiO, component and therefore
controlled by the conditions for synthesizing the TiO, phase. The higher Sgxr values of
Ti0,/AC-MW and TiO,/AC-ST are a consequence of the higher amount of mesopores of
these photocatalysts, as indicates the slope of their N, adsorption isotherms in the medium
to high relative pressure range. Meanwhile, the TiO,/AC-SG heterostructure showed a
type I isotherm, indicative of a microporous solid. Its much lower porosity and surface
area than the two other heterostructures, in spite of the quite similar TiO, and C contents,
can be due to the heat treatment used for the crystallization of TiO,. Martins et al. [45]

reported quite similar values for a sol-gel synthesized TiO,/activated carbon materials.
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Figure 3. -196 °C N, adsorption-desorption isotherms of the activated carbon (AC) and
the TiO,/AC heterostructures.
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Table 2. Characterization of the porous texture of the AC and the heterostructures.

(m*g") (m~g’) (m>g’) (em™g’)  (cm™-g)
AC 756 738 18 0.45 0.39
Ti0,/AC-ST 300 110 190 0.33 0.05
Ti0,/AC-MW 323 151 172 0.38 0.07
TiO,/AC-SG 130 115 15 0.08 0.05

Sget, specific surface area; Syp and Sgxt, microporous and non-microporous

surface area; V and Vyp, total and micropore volume.

The UV-Vis DRS absorption spectra of the photocatalysts are depicted in Figure 4a. The
samples show the absorption band in the UV region (A < 400 nm) corresponding to TiO;
and also absorb a significant amount of radiation in the visible range, due to the presence
of the activated carbon support, which confers to the samples their characteristic grey
color. The estimated band gaps values (E,) were obtained from the Tauc plots (Figure 4b),
considering the heterostructures as indirect semiconductors (like the bare TiO;). Since
TiO, 1s supported on a carbon material that absorbs light because of its dark color, the
band gaps were estimated from the extrapolation of the linear region to the background line
of the support. The respective values are included in Table 1. All the heterostructures

exhibit quite similar E, values, close to that of bare TiO, [27,46,47], indicating that the

interaction with the AC does not modify the TiO, band gap in any case.
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Figure 4. (a) UV—vis diffuse absorbance spectra and (b) Tauc plots of the TiO,/AC
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3.2. Photocatalytic performance

The different porosity and surface chemistry of the heterostructures can determine
differences in the adsorption capacity. Then, prior to the photocatalytic tests, adsorption
experiments with each target pollutant were carried out in dark for 16 h. This long-term
stage (which can be illustrated by the pseudo second order kinetics of pharmaceutical
adsorption onto the TiO,/AC-MW heterostructure, see Table S1 and Figure S3) was
performed to ensure the adsorption equilibrium of the contaminants, leading a better
comparison of the photocatalytic performances. Taking into account adsorption results,
the initial pollutant concentration was adjusted in order to have a liquid-phase
concentration close to 5 mg-L™ before irradiation. Thus, all the photocatalytic degradation
tests were performed at almost similar starting concentrations of emerging contaminant.
Figure 5 shows the evolution of ACE concentration upon irradiation time with all the
Ti0,/AC heterostructures tested. A blank experiment in absence of photocatalyst was also
performed, confirming that photolysis of ACE was almost negligible. TiO»/AC-ST and
TiOo/AC-MW vyielded a very similar disappearance rate of ACE, achieving almost
complete conversion after 4 h under solar light, while TiO,/AC-SG required 6 h to reach
only ca. 50%. TOC removal after 6 h of reaction has been also included in Figure 5 (inset
Table). TiIO2/AC-MW allowed the highest mineralization, 47%, somewhat higher than the
achieved with TiO,/AC-ST, while TiO»/AC-SG yielded only 15% mineralization. This
much poorer results with TiO,/AC-SG can be initially associated to its higher crystal and
particle size and lower porosity. Nevertheless, photocatalytic performance also depends on
the transfer and recombination of the photogenerated charges. Thus, photoluminescence
(PL) studies have been carried out considering that a reduction of the fluorescence
intensity indicates a lower charge recombination rate. The resulting PL spectra are
depicted in Figure 6. As can be seen, there are no major differences among the three
heterostructures, just mention that the TiO2/AC-MW spectrum has a slightly low intensity
than that described by TiO,/AC-ST. But the difference is very small, suggesting that the
photoactivity is fundamentally controlled by the structural and textural properties. The
results so far show that the sol-gel route, although it is conventionally used for the
synthesis of TiO, heterostructures, does not seem to be the most appropriate looking at the
photocatalytic performance of the resulting material. The microwave-assisted route

appears as the best synthesis way in that respect.
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Figure 6. Photoluminescence spectra (PL) of the TiO,/AC heterostructures.
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Table 3 summarizes the values of the pseudo-first order rate constant of ACE
disappearance with these materials and other heterostructures reported in previous works,
all of them under solar light. The highest values obtained in the current study (ca. 0.50 h™)
were significantly higher than the reported for ZnO/sepiolite [48], although somewhat
lower than the corresponding to other TiO,—based photocatalysts [49-52].

Table 3. Values of the first order kinetic constant, (h™"), of ACE disappearance under solar

light with this and other work materials.

Photocatalyst Reference
Ti0,/AC-ST 0.50 This work
TiO,/AC-MW 0.47 This work
Ti0,/AC-SG 0.11 This work
ZnO/sepiolite 0.19 [48]
Zr-doped TiOy/clay 0.59 [49]
TiO,(P25)/cellulosic fibers  0.61 [51]
Ag/ZnO-TiOs/clay 0.57 [52]

Figure 7 depicts the evolution of IBU and ANT concentration upon photocatalytic
degradation with TiO»/AC-ST and TiO,/AC-MW under solar irradiation (TiO./AC-SG
was discarded due to its significantly lower photocatalytic performance). Both
heterostructures allowed almost complete IBU conversion in less than 3 h, while that was
not achieved for ANT even after 6 h. TiO,/AC-MW exhibited somewhat higher
photocatalytic activity with both pharmaceuticals. The inset Tables show the higher
mineralization achieved with this last catalyst, being the difference significantly more
pronounced for the degradation of ANT. Table 4 collects the values of the corresponding
first order disappearance rate constant. Values previously reported with other
photocatalysts have been also included for the sake of comparison. In the case of IBU the
two heterostructures of the current work provided significantly faster degradation but the
opposite was observed with ANT. It is noteworthy that the photocatalytic activity of the
Ti0,/AC-MW depends on the nature of the target compound used. Comparing the results
of Figures 5 and 7, and Tables 3 and 4, it appears that IBU is more easily degraded than
ACE and the latter more than ANT. Considering the chemical structure of these

pharmaceuticals (included in Figure S1 at Supplementary Information), it appears that
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1 nitrogenous compounds are more refractory, being much more evident for ANT due to its

2 pyrazolone group.
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Table 4. Values of the first order rate constant, (h™"), of IBU and ANT disappearance

under solar light with this and other works photocatalysts.

Photocatalyst IBU ANT Reference
TiO,/AC-ST 1.10 0.15 This work
TiOo/AC-MW 1.40 0.25 This work
ZnO/sepiolite 0.38 0.13 [48]
Zr-doped TiOy/clay n.d. 0.58 [49]
Ag/Zn0O-TiO,/clay n.d. 0.55 [52]
TiO, 0.60 n.d. [53]
ZnFe-MMOs 0.95 n.d. [54]
n.d.: no data.

The TiO,/AC-MW catalyst, the one giving the best results with each individual target
compound was tested with a mixture of them. In this case, the initial concentration of each
species was fixed at the same value of 5 mg-L™" before the dark-adsorption step and so,
different concentrations were remaining in solution at the start of solar irradiation, i.e., the
photocatalytic stage. Figure 8 shows the results of this experiment. Firstly, very significant
differences can be seen regarding the amount adsorbed of each target compound prior to
the reaction, following the order ACE>>ANT>IBU. This order does not correspond with
the expected from the previously observed in the single-compound experiments. Thus,
competitive adsorption has a dramatic effect on the uptake of the individual species.
Regarding photocatalytic conversion, the rate of disappearance is quite similar to the
observed in the respective individual experiments, according to the values of the first-
order rate constant (see Tables 3-5). Close to 50% mineralization was achieved after 6 h.
An additional test was carried out using longer times, up to 24 h (Figure S4 of
Supplementary Information), but, although almost complete conversion of the three target
compounds was achieved, the TOC reduction remained almost unchanged, close to 50%,
indicating the existence of degradation byproducts refractory to this treatment. In fact, it
must also be considered that some byproducts can be adsorbed on the catalyst surface,

which would lead a decrease of the mineralization rate.
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Figure 8. Adsorption and solar photocatalytic degradation of ACE, IBU and ANT with
TiO./AC-MW (250 mg-L™" of TiO,) from an aqueous solution of the three compounds
(Intensity of irradiation: 600 W-m™).

Table 5. Values of the first order rate constant, (h™), of disappearance and TOC removal

after 6 h from the experiments of Figure 8 and 9.

TOC
Initial pH ACE IBU ANT
removal (%)

3 0.37 - 1.00 233

5 0.39 - 0.81 41.5

7.6 0.49 1.33 0.23 48.8

9 0.72 1.00 0.37 42.3

11 0.88 0.53 0.32 16.9

Similar experiments to those of Figure 8 were repeated at different initial pH values. The
results are depicted in Figure 9. As can be seen, this variable affected significantly to both
adsorption and photocatalytic degradation. At the starting concentration used, IBU was
almost completely removed from solution by adsorption at pH < 5. At alkaline pH
adsorption decreases because of the electrostatic repulsion between the anionic IBU

species (pK,=4.4) and the catalyst surface (pH,,.=7.0, Figure S5 of Supplementary
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Information). Of course, adsorption is not only determined by electrostactic forces but
dispersive interactions can be also important depending on the structure of the adsorbate
and taking into account, among other, donor-acceptor mechanisms involving mn electrons
of the aromatic ring of the target compounds (in this case) as well as of the graphene-like
layers of activated carbon. That complex force-balance could explain some discontinuities
observed in the evolution of adsorption vs pH, moreover, taking also into account the
occurrence of competitive adsorption. The size and conformation of the target compound
can also influence the adsorption capacity considering the essentially microporous texture
of the AC component of the heterostructure. Information on the chemical structure and 3D
conformation of the three pharmaceuticals has been included in Supplementary
Information (Figure S1). ACE is a p-aminophenol derivative with a planar configuration
[55], IBU is a propionic acid derivative with a flexible configuration due to the presence
of several torsional twists [56] and ANT is a pyrazolone derivative with a coplanar
configuration [57]. Apparently, the flexibility of the IBU favors its adsorption on the
surface of the catalyst. Regarding the photocatalytic performance of TiO,/AC-MW for the
degradation of pharmaceuticals mixture at different initial pH, Table 5 collects the values
of the first order kinetic constant describing the rate of disappearance of each
pharmaceutical and the overall TOC removal after 6 h of solar irradiation. As can be seen
ANT undergoes faster and complete conversion at low initial pH values while ACE
degradation is favored at high pH. IBU shows the highest degradation rate at medium pH,
but its almost complete adsorption at low pH impeded learning on its photocatalytic

degradation at these low pH values.
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Figure 9. Adsorption and solar photocatalytic degradation of ACE, IBU and ANT with
Ti0,/AC-MW at different initial pH values from aqueous solution of the three

compounds.
3.3. Photocatalytic intermediates and degradation pathway

The intermediate products in the photocatalytic degradation pathways of the three
pharmaceuticals (individual experiments at initial concentration of 100 mg-L" and pH ~7)
using Ti0,/AC-MW were identified by LC/ESI-MS and IC. The accurate mass of the
intermediates are listed, with the corresponding proposed compounds, in Tables S2-4 of
the Supplementary Information. The assessment of the chemical species can be considered
highly confident taking into account the low mass error (mainly < +1 mDa) and the value
of ring and double bond (RDB). This last parameter corresponds to the number of rings
and double bonds existing in a molecule (e.g., parent ACE has a RDB of 5, attributed to
the aromatic ring (3 correspond to the double bonds and 1 to the ring) and the double bond

C=0 in the acetamide group).
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For ACE photodegradation, the peaks detected and their proposed identification are
collected in Table S2 and the feasible degradation pathways are shown in Figure 10. The
ring opening of ACE results in the formation of ACE-1 (protonated form with m/z
118.0857, see Table S2) and succinic and malonic acids. The presence of these acids was
also observed in previous studies [59,61,62]. Further oxidation and mineralization of these
intermediates lead the formation of acetic and formic acids, and finally CO,, NO;3™ and
H,0. In addition, the evolution of the short-chain carboxylic acids and NOj3 has been
included in the Supplementary Information (Figure S6a). It can be observed the rapid
appearance of succinic acid in the first 15 min of photocatalytic treatment, which
disappears along the reaction time, giving rise to the formation of other short-chain acids.
It is important to remark that nitrite (NO,") was never detected, being only nitrate (NO5")
the resulting mineralized product from the N-C moiety of the initial ACE. Other
intermediates identified are derived from the coupling of ACE. Two isomers of ACE-2
(m/z 301.1179) coupling product have been detected, as previously reported by Chen et al.
[63], whose photodegradation derived on other products following up to three different
pathways: 1) the loss of one of the acetamide groups followed by hydroxylation, leading to
the formation of ACE-3 (m/z 260.0914); 11) direct aromatic ring hydroxylation, giving rise
to the detected intermediates ACE-4 and ACE-5 (m/z 317.1130 and 349.1029,
respectively); and iii) further coupling reaction leading to ACE-6 (m/z 450.1653), being
identified 3 isomers. The resistance to photocatalytic oxidation of these coupled products
can explain the slight reduction of TOC observed in the long-term photocatalytic process
(Figure S4). Unlike other reported works dealing with ACE degradation, no products
derived from the direct hydroxylation of the ACE aromatic ring were identified (e.g.,

hydroquinone) [58—61].
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Figure 10. Proposed pathways for solar photocatalytic degradation of ACE with

TiO/AC-MW.

In contrast to ACE, no coupled intermediates were observed in the degradation pathways

of IBU (Figure 11 and Table S3). The hydroxylation of the parent IBU has been the most

common oxidative process reported in literature [64—67]. A first degradation pathway can

be illustrated through the hydroxylation of 'C in the original structure, resulting in the

formation of monohydroxylated ibuprofen [66], identified as IBU-1 (m/z 221.1191,

highlights that the ionization for IBU was in negative mode). According to the previous

work of Tanveer et al. [67] and Lei et al. [68], the decarboxylation of "C in IBU-1 is

expected to result in the formation of IBU-1* (1-(4-ethyl-phenyl)-2-methyl-propan-1-ol;

23



O 0 9 AN N B~ W N -

|\ I N R e e e e T e e T e T
— O O 0 N N B kA WD = O

m/z 177.1285), which was not detected in our work. However, the product from
demethylation of 8C in IBU-1* was identified as IBU-2 (m/z 161.0980), as well as two
isomers of IBU-3 (m/z 133.0666), after dealkylation of ’C in IBU-2. A previous toxicity
assessment was performed by Da Silva et al.[69], showing that these ibuprofen
photocatalytic degradation intermediates had lower ecotoxicity in Artemia salina than the
parent pharmaceutical. Finally, the IC results showed that the ring cleavage of these
compounds leads to the formation of the short-chain carboxylic acids, namely succinic,
malonic, acetic and formic. As can be observed in Figure S6b, the concentration of formic
acid in the case of IBU degradation was the highest detected from the three
pharmaceuticals after 6 h under simulated solar light, consistent with the higher removal
of this compound compared to the other two contaminants tested. Further oxidation leads
to, CO;, and H,O. Ibuprofen can be also degraded by the opening of the phenyl ring,
giving IBU-4 (m/z 237.1142). It has to be remarked that this reaction intermediate has not
been previously identified in the literature. In addition, the oxidation of the —CHO groups
in this intermediate after the ring cleavage results in IBU-5 (m/z 269.1043), which can be
further oxidized up to short-chain carboxylic acids, as previously indicated. According to
the results of the LC/ESI-MS spectrometry, a third degradation route can be proposed for
the original ibuprofen, consisting in a first demethylation of the 5C, giving IBU-6 (m/z
191.1086). Then, a second dealkylation step of the *C leads to the formation of IBU-7
(m/z 149.0616), which upon further ring opening can also yield te short-chain carboxylic

acids, further mineralized.
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Figure 11. Proposed degradation pathways for solar photocatalytic degradation of IBU

with TiO,/AC-MW.

The proposed photocatalytic degradation pathways of the third pharmaceutical tested in

this work, ANT, are shown in Figure 12 (and the identified intermediates listed in Table

S4). Three degradation routes are proposed also in this case. In the first one, the loss of the

phenyl ring gives rise to the formation of ANT-1 (m/z 113.0689). This compound results

from the break of the 'N-°C bond and can be further oxidized to succinic, acetic and

formic acids and subsequently to final mineralization products (CO,, H,O and NOy) after

opening of the pyrazole ring. The evolution of the short-chain carboxylic acids can be
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followed in Figure S6c, where it can be seen a different route for the removal of succinic
acid compared to that in the case of ACE and IBU. The lower degradation of succinic acid
can be one of the possible reasons of the lower TOC removal observed for ANT compared
to the other two pharmaceuticals (as previously seen in Figures 5 and 7). On the other
hand, and as in the case of ACE, no nitrite was detected in the IC chromatograms. In the
second degradation pathway proposed, the cleavage of the pyrazole ring leads to the
formation of ANT-2 (m/z 221.0917), which can be degraded by two different ways. On
the one hand, through the loss of the oxamoyl chain, giving ANT-3 (m/z 165.1018), as
previously reported by Miao et al. [70]. In our current study, a further degradation
compound, after double methylation, was observed, listed as ANT-4 (m/z 137.0706). On
the other hand, through hydroxylation of the -CHO group in ANT-2, leading to the
formation of ANT-5 (m/z 237.0867). In addition, this intermediate can yield the
previously indicated ANT-3, after the loss of the 2-oxoacetic acid group in 'N. The third
route for the degradation of the parent antipyrine consists of its mono-hydroxylation
[70,71]. In the degradation pathway described in the current work, if the hydroxylation of
parent ANT occurs in the *C, ANT-6 (m/z 205.0967) could be formed, which can result in
ANT-5 by the cleavage of the pyrazole ring. Moreover, that can also allow the formation
of ANT-7 (m/z 393.1559), by coupling of two ANT-6 molecules. In contrast, if the
hydroxylation takes place in the aromatic ring of the original ANT, that can lead to 3
isomer structures (ANT 8, m/z 205.0963). Further hydroxylation on ANT-8 would result
in the formation of ANT-9 (m/z 221.0917). The oxidation of the listed intermediates leads
to the formation of short-chain acids and mineralized products, as previously commented.
It has to be remarked that, unlike other degradation pathways of antipyrine found in

literature [72—74], anthranilic or 1,4-benzenedicarboxylic acids were not detected.
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4. Conclusions

Heterostructures based on TiO;, supported on activated carbon (TiO,/AC) have been

successfully synthesized through three different procedures (solvothermal, microwave-

assisted and sol-gel), using lignin as carbonaceous precursor. All the heterostructures

contained anatase as the only crystalline phase. TiO,/AC-ST and TiO,/AC-MW samples
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have similar properties, characterized by a predominantly mesoporous texture but with
significant contribution of microporosity basically associated to the AC component. They
are characterized by low TiO, crystal size (10 nm) and mean particle size close to 0.25
um, with a band gap ranging within 3.28-3.38 eV, close to that of bare TiO,. The
heterostructure synthesized by a sol-gel route showed some slight differences, such as
higher crystal and particle sizes and lower surface area, most probably due to the higher
temperature reached during the heat-treatment included in this synthesis route to achieve
anatase crystallization. Regarding the photocatalytic activity, the heterostructure
synthesized by a microwave-assisted route (TiO,/AC-MW) yielded the best performance
in the solar-driven photocatalytic degradation of the three pharmaceuticals tested (ACE,
IBU and ANT), both in terms of parent compound disappearance (conversion) and
mineralization. The best results were obtained for IBU degradation, with complete

conversion in less than 3 h, while ANT was found the most recalcitrant.

The degradation pathways proposed for ACE suggest a rapid ring opening leading to the
mineralization products (CO,, H;O and NOs’). However, this mineralization is affected by
the generation of coupled intermediates. In the case of IBU, its degradation takes place is
mainly through hydroxylation and dealkylation reactions, giving rise to easier ring
cleavage to form short-chain carboxylic acids and further mineralization products.
Meanwhile, the degradation route for ANT involves a fast opening of the pyrazole ring
instead of the phenyl one, in parallel to hydroxylation of the original structure of ANT and
the formation of coupled byproducts with apparent high resistance to photocatalytic

oxidation.

The performance of TiO,/AC-MW was also evaluated with a mixture of the three
pharmaceuticals at different initial pH values. The highest disappearance rate and overall
TOC removal occurred at pH between 7 and 9. Microwave-assisted synthesis can be
considered a fast and simple route for preparing heterostructures with promising

photocatalytic activity for the abatement of these CECs under solar light.
Supplementary Information

Table S1. Kinetic modelling results of the pseudo-first and second order adsorption of the

three contaminants on TiO,/AC-MW heterostructure.

Table S2. Accurate mass (m/z) values obtained for ACE and its proposed photocatalytic
degradation products with the TiO,/AC-MW heterostructure.
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Table S3. Accurate mass (m/z) values obtained for IBU and its proposed photocatalytic
degradation products with the TiO,/AC-MW heterostructure.

Table S4. Accurate mass (m/z) values obtained for ANT and its proposed photocatalytic
degradation products with the TiO,/AC-MW heterostructure.

Figure S1. Chemical structure and 3D conformation of acetaminophen, ibuprofen and

antipyrine, from PubChem open chemistry database, National Institutes of Health (NIH).

Figure S2. Low-magnification SEM images of (a) TiO,/AC-ST, (b) TiO/AC-MW and (¢)
Ti0,/AC-SG.

Figure S3. Experimental adsorption data of the different contaminants on TiO,/AC-MW

heterostructure.

Figure S4. Conversion values for TOC, ACE, IBU and ANT with TiO,/AC-MW at pH

7.6 from aqueous solution of the three compounds at different irradiation times.
Figure S5. Determination of pHy,. for TiO»/AC-ST and TiO»/AC-MW.

Figure S6. Evolution of short-chain organic acids and nitrate (NO;) concentration upon
solar photocatalytic degradation with TiO,/AC-MW of: a) ACE, b) IBU, ¢) ANT. (Initial

concentration of each pharmaceutical = 100 mg-L™).
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