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Synthesis, characterization, and application of micro- and
nanomaterials for the removal of organic contaminants from
groundwater and wastewater

By

Carolina Orona Navar

Abstract

The increasing presence of chemicals and pharmaceuticals in the aquatic
environment represents a latent threat both to ecosystems and to human health.
Conventional treatment methods for water hardly eliminate these pollutants,
which are usually dissolved in low concentrations (ugl! or nglil). Because of
their physicochemical characteristics, the use of micro- and nanomaterials in
advanced treatment processes represents a feasible alternative to eliminate this
kind of persistent pollutants.

In this study, different methods were applied to enhance the performance
of micro- and nanomaterials for water treatment applications. Specifically,
titanate nanotubes were synthesized, characterized, and successfully used for
the adsorption of six organic pollutants of interest. First and second order kinetic
models as well as, adsorption isotherms of Freundlich and Langmuir were
investigated. Also, the photocatalytic activity of different bismuth-based
materials was investigated. For instance, the photocatalytic efficiency of BiVO4
was enhanced through rare-earth doping (Gd3*) and a series of
Bi203/rGO/MonOsn-1 all-solid-state ternary Z-scheme were synthesized as well.
The synthesized photocatalysts were studied through photocatalytic degradation
of selected contaminants and the photocatalytic experiments were carried out in
different water matrices such as pure water, groundwater, or urban wastewater
effluent. Also, different light sources were applied during photocatalytic
processes to evaluate and compare the performance using conventional and LED
light sources. To better understand the properties of the synthesized materials,
scanning electron microscopy (SEM), X-ray diffraction (XRD), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), and diffuse reflectance
spectroscopy (DRS) among other techniques, were applied.

All the synthesized materials, after being modified in their physical or
chemical form, showed a better performance than the pristine materials during
adsorption or photocatalysis treatments for the removal of persistent organic
contaminants in the water.
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Chapter 1

Introduction



1.1 Introduction

Water pollution is not a local problem, but a global one. It is known that the
availability of water resources is strongly linked to water quality since the
presence of contaminants in water resources can prohibit different types of water
uses [1]. Every day tens of million cubic meters of wastewater are discharged to
water bodies in the world, and significant volumes of the discharged wastewater
1s not treated [2]. In recent years the threat to water resources quality as well as
surrounding ecosystems has aroused scientific interest in presenting solutions
through the development of treatment systems that are both effective and
profitable [3,4].

Generally, treatments to obtain purified water require the use of physical,
chemical, and/or biotechnological processes, which need to consume both
resources and energy. Although the side effects on the use of such technologies
have not been directly measured, there is no efficient method that does not
contribute in a collateral way to environmental pollution.

A wide variety of chemical compounds have been detected in water bodies
worldwide [5]. Among them, pollutants of emerging concern (PECs) have been
widely studied since, although its adverse effects on ecosystems are known, the
magnitude of such effects is still unknown [6,7]. Furthermore, most PECs are
not considered within any regulatory framework so far [8]. PECs are often
classified as persistent organic pollutants (POPs), veterinary drugs, endocrine
disrupting compounds, pharmaceutically active compounds, food additives, and
personal care products among others [7]. Within these categories,
pharmaceutically active compounds represent a wide range of contaminants,
since most of them are not completely assimilated within the organism and once
they are excreted eventually reached water bodies as their original chemical
form or as metabolites [9]. On the other hand, there are a variety of industrial
compounds used for example, as additives, disinfectants, flame retardants, and
plasticizers among others [10]. Many articles have reported the presence of such
contaminants at low concentrations in water bodies, including rivers,
groundwater, and effluent streams from WWTP. However, it should be noted
that the conventional treatment methods seldom eliminate those contaminants

which are found dissolved in wastewater in concentrations as low as ug/L or ng/L
[11].

Therefore, the 1implementation of effective, economic, and
environmentally benign water treatment technologies that complement the
conventional treatment process is desirable.
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There are several approaches to apply nanotechnology for removing
organic pollutants from water. Among the most used methods that incorporate
micro and nanomaterials are adsorption, photocatalysis, catalytic ozonation,
membrane filtration, and electrochemical processes among others [12,13]. For
this study, adsorption and photocatalytic processes were selected as water
treatments to study the characteristics of different materials to evaluate their
potential and efficiency in pollutants removal from water.

Adsorption is a process in which generally particles of a gas or liquid
(adsorbate) adhere to a solid surface (adsorbent). Adsorption and absorption are
two different processes. In adsorption, the interaction occurs on the surface,
while, in the absorption, the adsorbate molecules are immersed in the adsorbent
(Figure 1).

Figure 1. Adsorption vs absorption.

Adsorption depends on the type of interaction of the adsorbed molecules and the
adsorbent surface. Those interactions can be either chemical (chemisorption) or
physical (physisorption). In chemisorption, the formation of chemical bonds is
favored due to the electron transfer. Chemical adsorption is limited to a
monolayer and has stronger interactions than physical adsorption, which
presents weaker interactions such as Van der Waals forces. In physisorption, the
equilibrium is normally reached quickly and multilayer formation is possible.
Adsorption processes are reversible (desorption). The adsorption is a function of
the concentration of the adsorbate and the temperature of the solution [14].
Because adsorption occurs on the surface, the surface properties of adsorbent
materials are very important (e.g. surface area).

The adsorption of a molecule on a solid surface is the fundamental
principle that gives rise to a wide range of chemical and technological
applications [15]. Adsorption is considered a universal water treatment
technique that can be applied for the removal of contaminants which are soluble
and insoluble in water.
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Photocatalysis is a process in which a photoreaction is started and accelerated
upon irradiation of light in the presence of a solid material known as a
photocatalyst.

Photocatalytic processes in water follow five main steps:

1.- Transfer of reactants in water to the surface of photocatalysts.

2.- Adsorption of reactants onto the surface of the photocatalyst.

3.- Photonic activation of the surface of photocatalyst and reaction in the
adsorbed phase.

4.- Desorption of reaction products.

5.- Elimination of reaction products from the interface region.

The formation of electron-hole pairs occurs when photocatalyst adsorb the
light with energy equal to or greater than the band gap energy of photocatalyst.
Thus, electrons (e-) in the valence band (VB) jump to the conduction band (CB)
leaving a positively charged hole (h*) in the VB. Then, the photogenerated
electrons and holes promote a series of redox reactions on the surface of the
semiconductor (Figure 2). These reactions can be summarized as follows:

Photocatalyst + hv — h*ypt+ + ecs

h*ve + e-cB — energy (heat)

H>O+ h*vs + — *OH (hydroxyl radical) + H*

02 + e'ce — O2*~ (superoxide radical)

*OH + pollutant — Intermediate products — H2O+CO2
02"~ + pollutant — Intermediate products — HaO+ COq

Reduction
(_'02 te&eg —™ -02
Conduction 8 B & & @ & @ 8 @&
Band . -
0O; +pollutant — H,0 + CO,

h

v E,
Oxidation

Valence
Band h* h* h* h* h* h* HyO+h*yg — "OH+H*
l ‘OH + pollutant — H,0 + CO,

Figure 2. Mechanism of photocatalysis.

One of the main advantages of the photocatalytic processes have in comparison
with other advanced treatments i1s that in an efficient process complete
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mineralization could be reached leaving carbon dioxide and water as final
products. Moreover, by taking advantage of solar applications or LED light
sources, the processes may become affordable and benign to the environment.

In general, nanotechnology can play an important role in solving many of
the problems related to water purification and quality. For this purpose, certain
nanomaterials may be subject to modifications in their shape (spheres,
nanotubes, thin films), size, composition (doping and composites), and/or
structure (solid or mesoporous) to enhance their performance, specificity, and
efficiency in complex pollutant removal processes. Thus, the applications of
nanomaterials in water treatment are varied [13,16,17]. Nano-scale materials
are generally favorable for heterogeneous photocatalysis since a higher specific
surface area can be obtained with smaller particle size [18].

In this thesis, different micro- and nanomaterials such as titanate nanotubes,
bismuth vanadate, and bismuth oxide were investigated as potential adsorbents
or photocatalysts for efficient removal of a variety of organic pollutants including
disrupting endocrine compounds, pharmaceutically active compounds,
pesticides, and plastic additives among others.

1.2 Motivation

Water is one of the most valuable resources we have, however its quality and
availability have been strongly affected by the presence of organic pollutants.
These types of contaminants are seldom eliminated in conventional wastewater
treatments.

The motivation for this research is focused on the enhancement of micro- and
nanomaterials through physical and chemical modifications in order to be
applied in advanced wastewater treatment processes. A combination of
conventional and advanced water treatment could be adequate to efficiently
remove most of the contaminants present in the water. Contributing to
improving the quality and availability of water through efficient, profitable, and
eco-friendly processes are our final goal.

1.3 Problem Statement and Context

The presence of emerging contaminants in the environment has become a critical
issue worldwide. A variety of persistent organic pollutants such as
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pharmaceuticals, personal care products, pesticides, flame retardants, and
industrial additives, are released and dispersed into the water bodies every day
[19,20]. Conventional treatment processes are not able to completely eliminate
these contaminants, which are usually present in low concentrations (mg L1 or
ng L1) causing negative impacts on the environment and human health [6,7].

Heterogeneous photocatalysis, alone or combined with other processes, is a clear
candidate to improve the current technological options for wastewater
treatment. Semiconductors represent, by far, the most representative and widely
investigated photoactive materials [21]. However, the main drawbacks of the
mentioned photocatalytic semiconductors are that most of them are not ideal for
solar photocatalytic applications due to its wide band gap, causing that less than
5% of the total solar energy can be utilized [22]. Moreover, the rapid
recombination of electrons and holes is also a problem, since they recombine
before arriving at the surface to initiate reactions, which sacrifices their
performance [23].

Different approaches have been explored to avoid problems such as
recombination and non-visible light active photocatalysts. For instance, it is
possible to increase the concentration of charge carriers and suppress electron-
hole recombination by making modifications on semiconductors band gap
structure through doping, and/or the formation of heterojunctions [24,25].

1.4 Objectives

This thesis is focused on improving the performance of micro and nanomaterials
through physical and chemical modifications for the efficient removal of organic
pollutants in water through adsorption and photocatalytic processes. To achieve
the goal set, the following specific objectives have been considered:

I. To synthesize pristine materials for water treatment applications.
Specifically, titanate nanotubes as adsorbents and bismuth-based
materials as photocatalysts.

II. To evaluate the feasibility of physical and chemical modifications to
synthesized materials to enhance its potential as adsorbents or
photocatalysts in the removal of organic contaminants.

III. To perform physicochemical characterizations of pristine and modified
materials by Raman spectroscopy, X-ray diffraction (XRD), nitrogen (N2)
sorption analysis, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and UV-Vis diffuse reflectance spectroscopy
(DRS) among others.
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IV. To study the effect that morphology control, chemical modification,
doping, and formation of heterostructures have on the efficiency of the
synthesized materials through quantitative analysis of contaminants
degradation/transformation in adsorption or photocatalytic processes.

V. To investigate the photocatalytic activity as well as the kinetics of the
prepared bismuth-based photocatalysts for the degradation of organic
pollutants from water using UV, UV-LED, visible, and visible-LED light
sources.

VI. To investigate adsorption capacity and kinetics of the prepared titanate
nanotubes for the removal of organic pollutants in water.

VII. To investigate the stability and the recyclability of the prepared
adsorbents and photocatalysts through cycling use experiments.
VIII. To propose the degradation/transformation mechanism of the pollutants
studied and to evaluate the possible formation of by-products.

IX. To evaluate the efficiency and applicability of the synthesized materials
in a real water matrix such as groundwater and wastewater trough
analysis using techniques such as UV-Vis spectroscopy and high
performance liquid chromatography (HPLC) with UV-Vis detector or
coupled with mass spectroscopy.

1.5 Hypothesis

The physical and chemical modifications that are made to the materials will
improve their efficiency during the adsorption or photocatalytic treatment for
the removal of organic pollutants both in synthetic water samples and in complex
matrices such as wastewater and groundwater.

1.6 Outline

This thesis is structured as follows:

Chapter 2 corresponds to the publication of [Orona-Navar et. al.,2018], which
presents the adsorptive removal of six organic pollutants using unmodified
titanate nanotubes as well titanate nanotubes modified by using a surfactant.
The nanomaterials were synthesized, characterized, and analyzed as potential
adsorbents of 2,4,6-trichlorophenol, oxytetracycline, 2,4-dichlorophenol,
tolazamide, captopril, and metformin in water reaching a maximum adsorption
percentage of 83%, 78%, 54%, 43%, 30%, and 47% respectively. First and second-
order kinetic models, as well as, adsorption isotherms of Freundlich and
Langmuir were investigated. The adsorption studies were carried out both in
pure water and groundwater matrix.
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Chapter 3 This chapter shows the investigation of the effect on photocatalytic
efficiency of bismuth vanadate doped with different concentrations of gadolinium
(Gd3*). The photocatalytic performance of doped materials was evaluated
through the decomposition of bisphenol A in water using an LED-visible light
source. It was found that 4% of Gd3* in molar mass showed the best
photocatalytic efficiency. Decomposition of bisphenol S and bisphenol AF was
studied using the photocatalyst with the optimal concentration of Gd3*, reaching
decomposition percentages up to 44.36% + 2.74, and 74.11% + 5.09, respectively
after three hours of reaction. Reactive species were identified by scavenging tests
and kinetic studies were performed. A decomposition pathway was proposed for
the three studied pollutants.

Chapter 4 presents the article [Orona-Navar et. al., 2020]. The mentioned
article is focused on testing the most efficient synthesized photocatalyst (BiVO4
doped with Gd3* 4% in molar mass) on a real municipal wastewater effluent
where 22 different pharmaceutically active compounds (PhACs) were detected.
High photocatalytic removal efficiency (80 — 100%) was observed for some of the
studied PhACs (e.g. naproxen and furosemide) whereas moderate efficiency (40
— 70%) was observed for others (e.g. acetaminophen and azithromycin) after 180
min (UVA dose = 139.5 Wh m-2, tsow = 279 min-!). Some of the studied PhACs
like clarithromycin and Ibuprofen showed poor removal efficiency (< 30%). In
addition to photocatalytic removal of PhACs, disinfection tests were performed
to investigate the inactivation of Total coliforms, Escherichia coli, Enterococci,
and Klebsiella pneumoniae naturally present in the effluent.

Chapter 5 presents the publication [Rubio-Govea, Orona-Navar C. et.al., 2020],
which investigates the photocatalytic activity of the ternary z-scheme composite
Bi203/rGO/Mo0,0O3n.1 in the degradation of bisphenol A and acetaminophen under
UV and visible light in both pure water and groundwater matrices. Through this
study, it was found that the presence of reduced graphene oxide. plays an
important role in the composite material since it helps in delaying the
recombination time of photogenerated electron/hole (e/h*) pairs, greatly
improving the photocatalytic activity of the photocatalyst.

Chapter 6 Presents the general conclusion derived from this research. Also, the

main contributions of this work have been highlighted. Finally, future work on
this research line has been proposed.
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1. Introduction

In the last few decades, a wide variety of chemical compounds have been detected
in water bodies worldwide [1]. Some of them are known as pollutants of emerging
concern (PECs) and have been extensively studied since they are considered a
threat both to the aquatic ecosystems and to the human health [2,3]. The concern
around PECs lies in the lack of knowledge about the magnitude of the negative
effects that these pollutants might have on ecosystems; moreover, most of PECs
are not considered within any regulatory framework so far [4].

PECs have been classified as persistent organic pollutants (POPs), veterinary
drugs, endocrine disrupting compounds, pharmaceuticals, food additives and
personal care products among others [5]. Within these categories,
pharmaceuticals cover a wide range of compounds, which have been originally
developed to promote a biological effect in the human body. However, they are
seldom completely assimilated within the organism. Therefore, most
pharmaceuticals are excreted either in their original chemical form or as
metabolites, reaching water sources in different ways [6]. On the other hand,
there are industrial compounds such as chlorophenols, which are widely used as
additives for wood, antiseptics, disinfectants, as well as, to produce pesticides.
Among all possible chlorinated phenolic compounds, 2-chlorophenol, 2,4-
dichlorophenol and 2,4,6-trichlorophenol are most likely to affect water,
producing chlorination by-products in wastewater treatment plants (WWTP) [7].

Many articles have reported the presence of PECs at low concentrations in
water bodies, including rivers, groundwater and effluent streams from WWTP
among others. The conventional methods used in WWTP, such as biological
treatments, are not efficient enough to eliminate PECs [8]. Antidiabetic
Metformin drug, for instance, is one of the most prescribed pharmaceuticals, it
has been detected in surface water, groundwater and wastewater at maximum
concentrations of 2.64, 1.58 and 222.10 pgL-! respectively [9-11]. Likewise,
antibiotics like oxytetracycline, captopril, as well as phenolic compounds such as
2,4-Dichlorophenol have been found at concentrations around 6.79, 13.34 and
230 pgL! respectively [12—14].

In parallel to efforts aimed at assessing the toxicological behavior of these
pollutants, there is also arduous research work, focused on their removal from
surface and groundwater bodies. Among the most popular alternative techniques
used to remove PECs, advanced oxidation processes (AOPs) based on ozone, UV
radiation, and gamma radiation, as well as electrochemical processes have been
extensively studied; nonetheless, the main drawback of these advanced
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treatments is usually a generation of toxic by-products [15]. Removal by
adsorption processes have also been widely investigated by using diverse
adsorbent substances, such as nanomaterials [16,17]. In this context, carbon
nanomaterials (e.g. carbon nanotubes) have been used to adsorb a variety of
chemicals with high efficiencies [18,19]. Nevertheless, obtaining these carbon
nanomaterials involves high costs, complex production processes, as well as
bioaccumulation and toxicity effects in biota exposed to this material [20,21].

Titanate nanotubes (TNTs) have shown an extraordinary sorption capacity,
because of its porosity, surface area, and ion exchange capacity; making them
suitable candidates to adsorb organic molecules [22,23]. The TNTs surface is
apparently positively-charged in acidic solution and negatively charged in
alkaline solution. However, if the TNT's surface is modified with a surfactant or
other organic cations, a positive surface charge can be induced by both acid and
alkaline solutions, and then, anionic compounds can also be adsorbed [24,25].

In this work, the adsorption behavior of 2,4-dichlorophenol, 2,4,6-
trichlorophenol, Tolazamide, Captopril, Oxytetracycline, and Metformin was
studied for the first time using TNTs and modified titanate nanotubes (TNTs-
CTAC) as adsorbents. Experiments were carried out in both ultrapure water and
groundwater samples, in order to evaluate the effect of a complex matrix
(groundwater) on the removal of these organic pollutants.

2. Methods and Instrumentation

2.1 Materials

High purity grade standards of 2,4-dichlorophenol (2,4-DCP), 2,4,6-
trichlorophenol (2,4,6-TCP), tolazamide (TLZ), metformin (MET), captopril
(CTP), and oxytetracycline (OTC) were obtained from Sigma Aldrich, USA.
Acetonitrile and ethanol (HPLC grade) were supplied from Tedia. Titanium
oxide nanoparticles (Ti0g2) (Degussa, P25) were supplied by Sigma-Aldrich; and
finally, Hexadecyltrimethylammonium chloride (CTAC) from Sigma.

2.2 Synthesis of TNTs and TNTs-CTAC

TNTs were obtained via a hydrothermal method. Typically, 2 g of TiO2
nanoparticles were mixed with 50 ml of 10 M NaOH solution; and followed by a
hydrothermal treatment of the mixture at 150°C in a Teflon-lined autoclave for
36 h. The precipitate was washed with deionized water and 0.001 N HCI aqueous
solution until the pH value of the rinsing solution was nearly neutral.
Afterwards, the TNTs were immersed into 200 ml HCI aqueous solution (0.1 N)
for 24 h, then washed with deionized water and finally dried at 105°C for 24 h
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and stored in glass vials at room temperature. According to Chung-Kung Lee et
al. [26], under these conditions a nanotubular structure with high surface area
as well as high pore volume is ensured.

In order to obtain TNTs with a positively charged surface, a methodology similar
to the suggested by Chung-Kung Lee et al. [22] was followed. Briefly, 1 g of TNT's
were dispersed in 100 ml of deionized water, then CTAC was added to the solid
suspension in a weight ratio of CTAC: TNTs (0.5:1) and remained in agitation
for 6 h to promote a cation exchange between Na*and CTAC ions. Finally, the
TNTs were washed, freeze-dried and stored in glass vials until used. These
modified TNTs were denoted as TNTs-CTAC.

2.3 Characterization of nanomaterials (TNTs and TNTs-CTAC)

Scanning electron micrograph (SEM) images of TNTs and TNTs-CTAC were
recorded on a JSM-7800 (JEOL) electron microscope operating at 15 kV. An X-
ray powder diffractometer (Empyrean) with Cu Ka radiation source was used to
determine the crystalline structure of the adsorbents. Specific surface area and
mesoporous structure were characterized by nitrogen adsorption-desorption
isotherms using the Autosorb-1 (Quantachrome) at 77 K. Surface area was
determined from the Brunauer-Emmett-Teller (BET) equation, and pore size
distribution was analyzed by using the Barrett-Joyner-Halenda (BJH) method.
Raman spectra were acquired with a Renishaw inVia Raman spectrometer.
Sample excitation was carried out with an 830nm diode laser with a nominal
output of 100mW.

2.4 Organic Pollutants

Certain persistent organic compounds were selected to be adsorbed onto TNTs
and TNTs-CTAC. All the selected compounds with purities greater than 95%
were obtained from Sigma Aldrich. All the standard solutions were prepared in
ultra-pure water. An antibiotic (Oxytetracycline), a B-blocker (Captopril), two
antidiabetics (Metformin, Tolazamide) and two phenolic compounds (2,4-
dichlorophenol, 2,4,6-trichlorophenol) were selected for these adsorption studies.
Their chemical structures are shown in Fig. 1.
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Figure 1. Chemical structures of organic pollutants.
2.5 Adsorption study

Adsorption experiments were performed at constant temperature (27 + 1 °C) and
stirring (550 rpm). Adsorption kinetics were first performed to find the
equilibrium adsorption time. Thus, based on Xiong et al. [27] 0.05 g of adsorbent
nanomaterial were suspended in water by ultrasound and added to a 100 ml
solution with an initial concentration of 30 mg L1 of a particular pollutant
(adsorbate). For all the studied pollutants this adsorbent/adsorbate ratio is
adequate to gradually observed the saturation of adsorption sites until
equilibrium is reached. Aliquots were withdrawn from prepared solution at
different contact time intervals and centrifuged at 13500 rpm for 5 minutes. The
supernatant was filtered with a 0.45 um PTFE membrane and analyzed by high
performance liquid chromatography (HPLC). According to previous tests (data
not shown), where the concentration of pollutant standard solutions was
measured before and after passing them through a PTFE syringe filter, it was
demonstrated that there was not adsorption during the filtration process.
Chromatographic analysis was carried out with a ZORBAX Eclipse XDB C18
(150 mm x 4.6 mm, 5u) column at room temperature using an Agilent 1200 series
with a UV visible detector. The mobile phase, flux, and time were varied
depending adsorbate characteristics (Table 1).
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Table 1. HPLC parameters for analysis of selected organic pollutants.

2.4-
Tolazamide Metformin Captopril chhlg Izlog_henol Oxytetracycline
Triclorophenol
A: 90% .
A: 90% Acetonitrile A: Water (0.1% A: Water (0.1% formic
Eluents Acetonitrile. A: K:HPO, B: 10% ’ Formic acid). acid).
B: 10% B: Methanol Acet. n tr'lo H B: Acetonitrile B: Acetonitrile (0.1%
Acetonitrile pH 3 ceto g Lep (0.1% formic acid). formic acid).
Elution Gradient Isocratic: Isocratic: Gradient: Isocratic:
Mode 0 min—A 10% A - 40% A -50% 0 min — A 50% A 85‘V'
5 min — A 35% B - 60% B-50% 11 min— A 10% B—15%
15 min — A 90% 15 min — A 50% ’
Flux: 1 Flux: 0.8
Flux: 0.5 ml/min ml/min ml /I:ﬂiI.l Flux: 1 ml/min Flux: 1 ml/min
Analysis Time: 25 min Time: 10 min Time: 10 min Time: 16 min Time: 10 min
Conditions Injection: 20 pl Injection: 20 In'ecti.on' 920 ul Injection: 20 pl Injection: 20 pl
A=225nm ul ! s A =280 nm A =360 nm

A =230 nm A =225 nm

Kinetic experiments revealed that 180 min were required to reach the
equilibrium at the adsorption system. Thereby, the amount of pollutant adsorbed
onto TNTs or TNTs-CTAC at equilibrium (ge) and at time ‘t’ (qt), were calculated
by equations (1) and (2), respectively. Where, Co is the initial concentration and
Ct 1s the concentration at time t (mg L) of the adsorbates in aqueous solution,
V is the volume (L) of the liquid phase and m is the mass (g) of the adsorbent.
The removal efficiency (R), was calculated according to equation (3).

ge = (Co —Ce) V/m Eq. (1)
g = (Co —C)V/m Eq. (2)
R = ((Co — Cp)/Co) * 100 Eq. (3)

Similarly, the experiments to obtain the Langmuir and Freundlich isotherms
were carried out in 100 ml solutions varying adsorbate concentrations (ranging
from 5 to 40 mg L-1); aliquots were withdrawn at the initial time and after 180
min, when the equilibrium was reached. Then, concentrations were determined
by HPLC (Table 1). Each experiment was done triplicate and the data were
averaged. Blanks were also performed.

Based on the physicochemical characteristics of the pollutants (supplementary
material S1) and supported by preliminary tests, TNTs were chosen to adsorb
metformin, while TNTs-CTAC, were used to adsorb tolazamide, captopril,
oxytetracycline, 2,4-dichlorophenol, and 2,4,6-trichlorophenol. Likewise,
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preliminary experiments were carried out to determine the optimal pH for
adsorption of each pollutant. Thus, it was found that 2,4,6-TCP, OTC, CTP and
TLZ were better adsorbed at pH 4, while for 2,4-DCP and MET pH 6 was more
adequate. For adsorption experiments, the required pH was adjusted by adding
diluted solutions of NaOH/HCI.

2.5.1 Adsorption Isotherms

Langmuir and Freundlich isotherm models were applied in order to describe the
relationship between the adsorbate concentration in solution and the adsorbent.
Equations (4) and (5) describes Langmuir [28] and Freundlich [29] models
respectively.

e = QmK C./(1+K,C,) Eq. (4)
qe = KeC'" Eq. (5)

Where qe represents the amount of pollutant adsorbed at equilibrium (mg g-1),
Qm 1s the maximum adsorption capacity of the adsorbent (mg g1), Cc is the
equilibrium concentration (mg L-1), Ky, is the Langmuir constant (L mg-1). Kr is
the Freundlich constant (mg g'1) (mg L-'1)-1/n, and 1/n is the heterogeneity factor.

2.5.2 Adsorption Kinetics

Two kinetic models were used to describe the adsorption process. The pseudo-
first-order (PFO) model proposed by Lagergren [30] is expressed according to the
following Equation (6).

q: = qe(1 — exp(—k4t)) Eq. (6)

Where qe and q¢ are the adsorption capacity (mg g1) at equilibrium and the
elapsed time t, respectively, and k; is the pseudo-first order rate constant (min-

D).

The pseudo-second order (PSO) equation, first proposed by Blanchard et al. [31]
can be expressed as equation (7)

qc = t/[(1/k2q.") + (¢/4.)] Eq. (7)

Where kg represents the pseudo-second order rate constant (g mg! min -1). PFO
and PSO kinetic models have been widely applied to describe adsorption of an
adsorbate from an aqueous solution and are applicable for the initial adsorption
stages and the whole range of adsorption, respectively.
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Equilibrium and kinetic parameters were obtained by fitting the models studied
with experimental data through non-linear regression. Polymath 6.10 and
OriginPro 8.5 Software were employed to make the relevant calculations, and
the adjusted determination coefficient (R? adj.) as well as the average relative
error (ARE) were calculated according to equations (8) and (9), respectively, to
guarantee the fit quality [32,33].

R?qj =1-((n—1)/A~(n, + D)1 +R? Eq. (8)
ARE =100/n Z?:ll((%’,exp = Gicat)/icat) | Eq. (9)

Where n is the number of experimental points, np is the number of model
parameters, qi,exp 1s the experimental value of q (adsorption capacity) measured
at equilibrium, and qi,cal is each value of q obtained from the fitted model.

Residual analysis was carried out to determine whether the non-linear isotherm
and kinetic models were adequate and meets the assumptions of normality,
constant variance and independence. Minitab 17 software was used for
mentioned calculations.

2.6 Groundwater experiments

Kinetics and removal efficiencies were also determined using groundwater
samples, obtained from several aquifers located in Nuevo Leon, a state, in the
northeastern Mexico. The pH in groundwater samples varied between 6.77 and
7.88, indicating neutral to slightly alkaline water conditions within the studied
area. The experiments to obtain the adsorption kinetics were carried out
following the methodology mentioned in section 2.5, substituting ultra-pure
water for groundwater.

3. Results and Discussion.

3.1 Characterization of adsorbents

The morphologies of TNTs and TNTs-CTAC are shown in Fig. 2. They show a
nanotubular structure with an average outer diameter of 10.27 + 2.74 and 11.90
+ 2.84 nm for TNTs and TNTs-CTAC, respectively. Both materials with a length
of hundreds of nanometers. Insets on Fig. 2 show the diameter size distribution
of TNTs and TNTs-CTAC. It is evident that the nanotubular structure is
maintained after CTAC modification.
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Figure 2. SEM micrography: a) TNTs b) TNTs-CTAC.

XRD patterns shown in Fig. 3 indicate that no significant changes occur in the
crystalline structure after modification of the nanotubes. The six possible
reflections detected at 20 were 24.5, 28.5, 32, 38.1, 43.8, and 48.3, attributed to
the presence of hydrogen and sodium titanate compounds [34]. These compounds
favor interaction between the adsorbent and adsorbates, for instance, promoting
chemisorption through the formation of hydrogen bonds [35].

The precise crystalline structure is still under discussion, as it is known that
using different temperatures during the hydrothermal treatment, as well as
different HCI concentrations during acid rinsing, may induce significant changes
in the phase structure of TNTs [36]. Nevertheless, the layered trititanic acid
(H2T1307) with a monoclinic crystal structure has been widely accepted so far
[37].
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Figure 3. XRD patterns of adsorbent nanomaterials: TNTs and TNTs-CTAC.
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In agreement with SEM and XRD results, the Raman spectra of TNT's does not
differ from that of TNTs-CTAC (Fig. 4), in such a way that, it can be inferred
that CTAC has probably been adsorbed on the nanotubes surface by ion
exchange instead or forming a weak bond onto TNT's surface [38,39].. In addition,
it 1s possible that the amount of CTAC present in the TNTs-CTAC, after several
washing steps was not enough to be noticeable by Raman spectroscopy. The
characteristic Raman peaks of titanate nanotubes (187, 269, 453, 660 and 828
cm'l) are mainly attributed to titanate species [40—42]. Lee C. et. al. [39] has
reported the presence of anatase phase in titanate nanotubes synthesized over
160°C. Therefore, anatase phase is not present either TNTs and TNTs-CTAC as
it ascertained by Raman and XRD spectra.
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Figure 4. Raman spectra of titanate nanotubes (TNTs) and modified titanate
nanotubes (TNTs-CTAC).

The obtained BET surface areas were 457.9 m2 g1 and 277.4 m2 g1 for TNTs
TNTs-CTAC respectively, and both are higher than those previously reported by
several authors (Table 2). A high surface area is desirable in order to have more
active sites in the nanomaterial and consequently, achieve better removal
efficiencies in adsorption processes [16]. BET surface area and pore volume of
TNTs-CTAC are slightly smaller than those obtained for unmodified TNTSs,
suggesting that CTAC molecules may be occupying a space in the surface area
of the nanotubes.
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Table 2. Comparison of BET surface area and porosity of TNTs and TNTs-
CTAC.

Surface area (BET) Pore volume (BJH) Average pore diameter
Reference
[m?g] [cc/g] [nm]

457.9 1.838 16.03 Present
work
241 1.09 14.7 [26]

TNTs

221.8 0.874 13 [27]
276 0.964 14.4 [28]

277.4 1.424 19.91 Present
work
TNTs-CTAC 45.3 0.206 8.9 [27]
231 0.783 16.9 [28]

Fig. 5 shows the nitrogen adsorption-desorption isotherms and pore size
distribution for TNTs and TNTs-CTAC. Both samples are classified as type IV
isotherms, where the characteristic formation of a hysteresis loop suggest
capillary condensation at mesopores (2-50 nm). The observed hysteresis loops
can be classified as H3 type and exhibit the formation of slit-shaped pores due to
the presence of aggregates of plate-like particles [43].

The presence of larger pores (Fig. 5, inset) can be mainly attributed to the empty
cavities formed by aggregation of TNTs [44] as observed in SEM images.
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Figure 5. Nitrogen adsorption-desorption isotherms and pore size
distributions of TNTs and TNTs-CTAC.
3.2 Adsorption kinetics

The effect of contact time on the adsorption of tolazamide, captopril,
oxytetracycline, 2,4-dichlorophenol, and 2,4,6-trichlorophenol onto TNTs-CTAC,
and metformin onto TNT's is shown in Fig. 6. A rapid initial uptake during the
first 30 minutes of contact can be observed; by further increasing contact time,
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equilibrium was reached at 180 minutes for all the pollutants, with coefficients
of variation lower than 5% of two consecutive measurements (180 and 300 min);
except for oxytetracycline, which after 180 minutes was still being adsorbed. For
the purposes of this work, the equilibrium for all the studied pollutants will be
considered at 180 min.
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Figure 6. Effect of contact time on adsorption of oxytetracycline (OTC),
captopril (CTP), 2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6-
TCP), and tolazamide (TLZ) by TNTs-CTAC, and metformin (MET) by TNTs.
(adsorbent dosage = 0.5 gL't and T=27°C).

Fig. 7, shows the removal efficiencies (%) reached for each pollutant. Pollutants
were fast adsorbed onto nanotubes during the first five minutes and then more
slowly until equilibrium was reached (around 180 min). Therefore, the best
efficiencies, were achieved for 2,4,6-TCP, OTC, and 2,4-DCP, with 83%, 78% and
54%, respectively. Chao H. et al. [35] found that TNTs surface is positively
charged in acidic solutions and negatively charged in alkaline solutions, based
on their isoelectric point. They also reported a positively charged surface in the
pH range of 3-11 for TNTs-CTAC. Hence, affinity of the studied pollutants to
TNTs or TNTs-CTAC can be attributed to electrostatic interactions e.g., at pH 4
most of the studied pollutants exist in anionic form according to their pKa, then,
they are preferably adsorbed onto TNTs-CTAC. Contrarily, metformin exists
mainly in its cationic form (pKa = 12.33) at pH 6, and is; therefore, better
adsorbed onto TNTs.
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Using equations (4) and (5), the kinetic and equilibrium parameters (qe, k1 and
ko) were obtained from the experimental data through non-linear regression
analysis. The fit quality was determined through adjusted determination
coefficient (R2adj.), average relative error (ARE) and residual analysis. The
obtained parameters of the two kinetic models are listed in Table 3.

Table 3. Kinetic parameters for the adsorption of the examined organic

pollutants.
Kinetic TNTs-CTAC TNTs
Parameters
models 2,4-DCP 2,4,6-TCP CTP oTC TLZ MET
ko (min 1) 1.1123 = 2.1225 + 1.6831 = 0.4541 + 1.3677 + 1.1009 =
1imin 0.716 0.775 1.215 0.001 0.759 0.002
PFO Qe cal® (mg gl)  27.10£2.53  47.18+144  17.37+£1.35  39.18+0.01  22.93+1.62 28.39 £ 0.01
R2,4;. 0.8687 0.9845 0.8992 0.8707 0.9188 0.7904
ARE (%) 7.67 2.39 7.43 11.32 5.68 11.12
ko (g mg! min) 0.0606 + 0.1226 + 0.1618 + 0.0163 + 0.1070 + 0.6120 +
2(g mg" min 0.044 0.055 0.135 0.004 0.083 2.403
Qecal ® (mg gl)  2846+2.17  4808+1.05  18.05+1.18  41.57+1.69  23.76+ 1.57 28.33+2.14
PSO RZad;. 0.9305 0.9933 0.9442 0.9487 0.9440 0.9225
ARE (%) 6.28 1.80 5.40 6.88 5.85 5.83
Qeexp.’ (mggl)  83.01£0.58  50.20+0.50  18.46+1.81  46.06=1.62  25.80+0.73 29.69 +0.13

aThe calculated adsorption capacity at equilibrium.
b The experimental adsorption capacity measured at equilibrium.

Pseudo-second order kinetic model showed higher values for R2adj. Furthermore,
the calculated adsorption capacities (qe cal.) for PSO model, were very close to
those obtained experimentally, and lower values of average relative error were
obtained (ARE<7%). However, according to these parameters, some pollutants
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such as 2,4,6-TCP, TLZ and CTP could also be described for the pseudo-first
order kinetic model. To elucidate this, the analysis of the residuals was carried
out to complement the study by corroborating the assumptions of normality,
equal variance, and independency of the errors throughout the range of data for
all the studied pollutants. Then, the goodness of fit of the non-linear regression
models was examined. The residual plots support that PSO kinetic model fits
better the data, since it was observed that residuals for this model have constant
variance, are normally distributed, and are uncorrelated with each other. The
residual analysis also provided the lack of fit p-value, considering a significance
level of 0.05. For instance, 2,4,6-TCP obtained a p-value of 0.009 and 0.133 for
PFO and PSO kinetic model respectively. When the p-value is larger than the
significant level, the test does not detect any lack of fit, which was the case of
the PSO kinetic model.

Therefore, the pseudo-second order kinetic model (Fig. 8b) is the one that best
describes the adsorption process for all the studied pollutants, which suggest
that a chemisorption process could have been carried out [32], possibly by the
formation of hydrogen bonds between the -OH groups present in the molecular
structure of the pollutants (2,4-DCP, 2,4,6-TCP, CTP, and OTC) and the oxygen
atoms still present in the surface of the TNTs-CTAC [35]. These results also
show that metformin presented the highest adsorption rate (k2=0.6120), which
means that the time required to reach the equilibrium was lower for MET than
the other pollutants. In contrast, oxytetracycline exhibited the lowest rate
(k2=0.0163).
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Figure 8. Non-linear pseudo-first (a) and pseudo-second (b) order kinetic plots
for the adsorption of OTC, CTP, 2,4-DCP, 2,4,6-TCP and TLZ by TNTs-CTAC,
and MET by TNTs. (adsorbent dosage = 0.5 gl.-1 and T=27°C).

3.3 Adsorption isotherms for organic pollutants.

The constants for Langmuir and Freundlich isotherm models were calculated
from the non-linear regression of experimental data by using the equations (4)
and (5) for the Langmuir and Freundlich models respectively. The Freundlich
isotherm model 1s used to describe equilibrium data and adsorption
characteristics for a heterogeneous surface assuming that the amount of
adsorbate adsorbed increases infinitely with an increase in concentration,
whereas Langmuir model assumes monolayer adsorption onto a homogeneous
surface [32]. The constants obtained for Langmuir and Freundlich isotherm
models are presented in Table 4.

Table 4. Isotherm constants for the adsorption of organic pollutants onto TNT's
and TNTs-CTAC.

Isotherm TNTs-CTAC TNTSs
Parameters
models 2,4-DCP 2,4,6-TCP CTP OTC TLZ MET
Kr 8112+ 29.619 + 3.667 + 22.117 + 13.635 + 5.946 +
(g g')) (mgL 10 0.360 5.693 0.272 0.013 2.333 0.872
Freundlich 1/n 0.513 0.272 0.368 0.347 0.206 0.472
R2,4;. 0.9748 0.9366 0.9882 0.7422 0.8343 0.8784
ARE (%) 6.63 4.20 1.93 21.26 10.60 9.89
Qm (mg g 51.74+2.09  59.85+4.37 21.29+1.33 64.09+554  25.27+1.36 35.55 + 3.72
Ki. (L mg) 0(‘)%1? 0.919 + 0.283 0(')?317 o 048940127  1.200+0.404 0(.;01;);
Langmuir RL 0.175 0.026 0.203 0.049 0.020 0.184
R2a4;. 0.9928 0.9137 0.9670 0.9083 0.8098 0.9315
ARE (%) 2.80 5.62 5.88 13.99 10.25 8.25

Langmuir model had a suitable fit to the adsorption data for 2,4-DCP, 2,4,6-TCP,
OTC, TLZ and MET, showing lower values for average relative error
(2.5%<ARE<14%) than those obtained for Freundlich model (1.5%<ARE<22%),
as well as higher values for the adjusted determination coefficient in the case of
2,4-DCP, OTC and MET. Therefore, with a good fit to Langmuir equation, it can
be inferred that a monolayer is formed during the adsorption of the organic
pollutants onto the adsorbent. Furthermore, it indicates the presence of
homogeneous active sites within the adsorbent [32]. In contrast, captopril (CTP)
showed a better fit to the Freundlich isotherm model (R2adj.>0.98, ARE<2%),
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which suggests the formation of a multilayer on a heterogeneous surface during
its adsorption process [45]. Langmuir and Freundlich isotherms for studied
pollutants are depicted in Fig. 9.
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Figure 9. Adsorption isotherms of organic pollutants. a) Langmuir model b)
Freundlich model.

As shown in Eq. 10, the dimensionless constant RL of the Langmuir isotherm
indicates favorable adsorption for values within O<RL<1. Thus, all the studied
pollutants, obtained a favorable RL value (Table 4).

R, = 1/(1+K,Cp) Eq. (10)

To the best of our knowledge, no studies are determining the adsorption
processes of these particular pollutants onto any kind of titanate nanotubes.
Some references can be found where other titania nanomaterials are used, e.g.,
Cong S. and Xu Y. [46] reported a maximum adsorption capacity (Qm) of 5.05
mg gl for 2,4-DCP onto commercial TiO2 nanoparticles. In this work, the
maximum adsorption capacity for 2,4-DCP by using TNTs-CTAC as adsorbent
was up to ten times higher (Qm =51.74 mg g1).

Chao H. et al. [35] also studied the adsorption of certain phenolic compounds
onto modified titanate nanotubes, reporting maximum adsorption capacity of
19.3, 24.1, and 32.6 mg g1 for 1-pentanol, m-cresol, and phenol, however, said
values are still beneath those obtained in the present study (59.85 mg g! for
2,4,6-TCP and 51.74 mg g1 for 2,4-DCP).

3.4 Adsorption on groundwater matrices.

Removal efficiencies for most of the organic pollutants in groundwater samples
were lower when compared to those in ultra-pure water (Fig. 10). This can be
associated with the presence of several dissolved ions in groundwater, which can
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interact with the adsorbent, competing for the adsorption sites at the TNT's or
TNTs-CTAC surface. This is also reflected in the decrease of the adsorption
capacity at equilibrium (qe) for groundwater tests. Groundwater samples used in
this work present a chemical composition mainly influenced by calcite and
dolomite. Their concentration of major ions, Na*, K+, Ca2+, Mg2+, Cl-, SO42-, NOs
and HCOs, 1s also related to water-rock interaction.
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1 60.5
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Figure 10. Removal efficiencies of organic pollutants in ultra-pure water and
groundwater matrices.

For phenolic compounds and oxytetracycline, the removal efficiency achieved in
groundwater samples was similar to the efficiency reached in ultra-pure water,
and it was observed that their adsorption capacity (qe) decreased less than 20%
in comparison with ultra-pure water samples. On the other hand, the removal
efficiency for the rest of the pollutants (TLZ, CTP, and MET) decreased
considerably, as well as their adsorption capacity (>50%), suggesting that anions
from groundwater could have been adsorbed at the surface of TNTs-CTAC and
TNT-s, decreasing the active sites for adsorption.

The pseudo-first order and pseudo-second order kinetic models were also
evaluated, and it was found that the experimental data were good fit to the PSO
kinetic model (Fig. 11), with adjusted determination coefficients with higher
values than the ones for PFO, as well as lower values of average relative error
(1.5%<ARE<33%). This suggests that the pollutants are probably being adsorbed
by chemisorption, as they did in the pure water samples. Moreover, the
adsorption rate, expressed by Kg, increased in the groundwater matrices for all
the pollutants studied (Table 5), demonstrating that pollutants reach
equilibrium in a shorter time than they did in pure water samples.
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Figure 11. Non-linear pseudo-first (a) and pseudo-second (b) order kinetic
plots for the adsorption of OTC, CTP, 2,4-DCP, 2,4,6-TCP, and TLZ by TNT's-
CTAC, and MET by TNTs in groundwater. (adsorbent dosage = 0.5 gL.-1)

Table 5. Non-linear pseudo-first and pseudo-second order kinetic parameters
for the adsorption of organic pollutants in groundwater.

Kinetic TNTs-CTAC TNTs
Parameters
models 2,4-DCP 2,4,6-TCP CTP OTC TLZ MET
S 1.1009 += 1.1009 = 1.1010 = 0.0669 + 1.009 + 1.1009 +
ks (min) 0.001 0.002 0.011 0.001 0.011 0.013
ppo  Gecat(mggl)  3597£0.01  8836£001 8444001  13.04£001  554:0.01 458 +0.01
R2aq;. 0.8180 0.8632 0.6778 0.6280 0.6350 0.5648
ARE (%) 8.10 7.25 12.54 80.31 15.74 19.30
0.0110 =
. 0.5665 + 1.1009 = 0.4259 + 1.1008 =
-1 -1
k2 (g mg! minl)  1.009 £ 0.031 e 0.199 0.014 0.793 0.031
pgo  Gecal ' (mggl)  3656x001 39124079 897003 1347356 5742093 4.66+0.01
R2adj. 0.9863 0.9940 0.7590 0.7471 0.7293 0.6494
ARE (%) 4.52 1.66 8.35 32.14 12.97 13.78
Qe exp.” (mg g1) 36.58 40.78 8.66 15.77 6.52 4.66
aThe calculated adsorption capacity at equilibrium.
b The experimental adsorption capacity measured at equilibrium.
4. Conclusions
Hydrothermal synthesis and characterization of titanate nanotubes and

modified titanate nanotubes were carried out.

The characterization of

nanomaterial adsorbents showed that the tubular structure was preserved after

CTAC modification.

Pseudo-second order kinetic model was found to fit well with the experimental
data obtained from both the pure-water and the groundwater experiments for
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all the organic pollutants studied. Furthermore, in the adsorption isotherm
studies, the Langmuir model had a good fit to the experimental data in pure-
water matrices by 2,4,6-TCP, OTC, 2,4-DCP, TLZ, and MET (R2adj. up to 0.93,
ARE<14%), obtaining a maximum adsorption capacity of 59.85, 64.09, 51.74,
25.27 and 35.55 (mg g'!) respectively. Whereas, Captopril obtained a better fit
for the Freundlich isotherm (R2adj. > 0.98 and ARE<1.93%).

Removal efficiency decreased in groundwater matrices, probably due to the
presence of other ions interacting with active sites on the nanotubes surface.
Nevertheless, removal efficiencies up to 70% were achieved in this complex
matrix. It was demonstrated that titanate nanotubes have the potential to be
used as adsorbents of persistent organic pollutants in water and specifically
groundwater.

To the best of our knowledge, this is the first study addressing the adsorption of
2,4-dichlorophenol, 2,4,6-trichlorophenol, Tolazamide, Metformin, Captopril,
and Oxytetracycline onto titanate nanotubes. Moreover, the adsorptive removal
of captopril, a highly prescribed drug, is reported for the first time.

Overall, titanate nanotubes present desirable characteristics for adsorption
processes such as high surface area and effective ionic exchange properties,
among others. In addition, its precursor (TiOg2) is a non-toxic material that can
be easily produced on a large scale. Therefore, it is worthwhile to continue
researching new ways of modifying either the surface or the crystalline structure
of the TNTs to achieve a better specificity as well as higher efficiencies in the
removal of persistent organic pollutants.
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driven photocatalytic degradation of
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1. Introduction

Parallel to the fast population growth around the world, there has been rapid
industrial development bringing along increasing amounts of industrial and
household wastewater containing toxic organic pollutants that persist after most
conventional treatments. These pollutants can cause deleterious effects on
human health and ecosystems [1,2]. Therefore, special attention has been given
to advanced oxidation processes (e.g. Fenton, photo-Fenton, photocatalysis, etc.)
as it has been proven that these technologies are able to eliminate persistent
pollutants from water that would be impossible to remove through conventional
water treatment technologies [3,4].

Particularly, the interest in photocatalytic materials has been growing due to
their application in removing environmental pollutants using sunlight [5,6].
Nevertheless, semiconductor oxide photocatalysts generally have a wide band
gap, and as a consequence, they are active only under ultraviolet (UV) light
illumination, which is about 5% of the solar spectrum [7,8], restricting their
industrial application. The most common example is TiOg2, which has excellent
chemical stability, i1s non-toxic, and has an excellent photocatalytic activity.
However, pure TiO2 only absorbs UV light and has a fast recombination process
of photogenerated electron-hole (e/h*) pairs limiting its practical application
[9,10].

Consequently, the development of visible light-driven photocatalysts has been a
topic of increasing interest among researchers. Recently, bismuth-based
photocatalysts, such as Bi2Os, Bi2Ss, and BiOX (X= Cl, Br, I), have attracted
interest because they present narrow band gaps and good photocatalytic
activities under visible light [11]. Specifically, Bi2Os have shown interesting
electrical and optical properties, making it a promising material in the field of
photocatalysis as it has a band gap between 2.6 and 2.9 eV [12,13] and it was
recently reported that it is possible to tune its band gap by means of controlled
processes resulting in materials with excellent photocatalytic activities [14]. In
the same context, MoOs is a material with a band gap of 2.9 eV, and also presents
good chemical stability, is non-toxic, and has an excellent capacity to adsorb
dyes, which is a desirable property in photocatalytic processes. However, its
main drawback is the fast recombination time of e/h* pairs, compromising its
applicability in photocatalytic purposes [15,16].

One way to overcome said drawback is by coupling the material with other
semiconductors that have a similar band structure to construct Z-scheme
junction systems [17-19]. It is known that in this way it is possible to achieve
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the promoted charge separation and efficient utilization of charge carriers whit
high driven forces for photocatalytic redox reactions [20]. Carbon-based
materials, such as graphene and graphene oxide have proven to be an efficient
component of Z-scheme systems, as they present unique electrical properties
that make them suitable as an electron mediator to fabricate Z-scheme junctions
[21,22].

Herein, we present for the first time the development of a visible light-driven
Bi1203/rGO/MoO3s (BGM) photocatalytic nanocomposite for the degradation of
organic pollutants in aqueous solution. The photocatalytic activity of the
composites was evaluated for their ability to degrade Rhodamine B (RhB), a
probe molecule, under visible and UV light irradiation. Particularly, we studied
the influence of the Bi2Os and rGO ratio in the photocatalytic performance of the
samples. Additionally, the BGM composite that showed the best activity towards
the degradation of RhB was used in the degradation of Bisphenol A (BPA) and
Acetaminophen (AMP) in groundwater samples.

2. Experimental section

2.1 Reagents

Trisodium citrate dihydrate (99 %), bismuth (III) nitrate pentahydrate (99.99 %),
ammonium hydroxide (28-30 %), nitric acid (70 %), sulfuric acid (99 %),
potassium permanganate (99 %), rhodamine B (95 %), acetaminophen (99 %),
bisphenol A (99 %), isopropanol (99 %), ammonium oxalate (98 %) and
benzoquinone (99 %) were purchased from Sigma-Aldrich. Hydrogen peroxide
(30 %) was purchased from J.T. Baker. N,N-dimethylacetamide (DMAc, 99 %),
sodium molybdate dihydrate (99.9 %) and thiourea (99 %) were purchased from
Merck. All reagents were of analytical grade and were used without further
purification and all solutions were prepared using deionized water (18.2 MQ -cm).

2.2 Synthesis of bismuth (III) oxide (Bi203)

First, 5.12 mmol of trisodium citrate dihydrate were dissolved in 150 mL of
deionized water, then 3 mmol of bismuth (III) nitrate pentahydrate were added
into the solution and put into an ultrasonic bath for 10 min. Afterwards, the
solution was stirred for 2 h, the pH was adjusted to 9 with ammonium hydroxide
and was left under constant stirring for another 2 h. Finally, the solution was
transferred to a Teflon-lined autoclave and was put into an oven at 180 °C for 24
h. Subsequently, the solution was filtered and washed with deionized water and
anhydrous ethanol, and the precipitate was dried in a vacuum desiccator
overnight. After drying, the powder was heated at 360° C for 3 h, with a
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temperature ramp of 5° C/min in order to obtain the monoclinic phase of Bi203
[14,23]. Then, the sample was cooled down at room temperature.

2.3 Synthesis of graphene oxide (GO)

Graphene oxide was synthesized through a modified Hummer method. Briefly,
2 g of graphite were added to a mixture of sulfuric acid/nitric acid (3:1 v:v) and
was put in an ultrasonic bath for 1.5 h. Then 0.05 mol of potassium
permanganate were added to the solution, the temperature was raised to 40° C
and stirred for 2.5 h. Afterwards, deionized water was added, the temperature
was raised to 90° C and left under magnetic stirring for 24 h. Finally, more water
was added and then a certain amount of hydrogen peroxide was added into the
mixture until the color of the solution turned from dark brown to light brown.
Then, the solution was washed with deionized water until a neutral pH was
obtained. Once the solution was neutral, the sample was freeze-dried.

2.4 Synthesis of Bi:Os/rGO/MoOs (BGM) composite

Different amounts of GO were dissolved in 30 mL of deionized water in order to
achieve different Bi2O3:GO weight ratios (100:1, 200:1, 300:1 and 400:1), where
the amount of Bi2Os was fixed at 300 mg. Once GO was completely dissolved, the
solution was mixed with 30 mL of DMAc and put into a 3-necked flask under
constant stirring until a homogeneous solution was obtained. In a separate
beaker, 0.062 mmol of sodium molybdate dihydrate (NasMoO4-2H20) and 0.063
mmol of thiourea were dissolved in 5 mL of deionized water; after a homogeneous
solution was obtained, it was added dropwise into the GO/DMAc solution and
kept under constant stirring for 10 min. Then, Bi2O3 was added into the solution
and stirred for 5 min, followed by ultrasonication for 5 min. Next, the 3-necked
flask was put into a preheated oil bath at 150° C and was left under reflux and
constant stirring for 10 h. The solution was left to cool down naturally, and after
that, it was filtered and washed with deionized water and absolute ethanol.
Finally, the precipitate was left to dry in a vacuum desiccator at room
temperature. The obtained composites were labeled as BGM 100:1, 200:1, 300:1,
and 400:1 according to the Bi2O3:GO weight ratio used.

2.5 Characterization of Bi203 and BGM

Morphology of the BGM composite was studied using a Scanning Electron
Microscope (Nova NanoSEM 200) with an acceleration voltage of 15 kV, and a
Transmission Electron Microscope (JEM-2200FS+CS) with spherical aberration
correctors operated at 200 kV. X-ray diffraction patterns recorded from 20° to
80° were obtained by an Empyrean (PANalytical, USA) X-ray diffractometer
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using Cu-Ka radiation (A = 1.5406 A). X-ray photoelectron spectroscopy (XPS)
analysis was performed on an ESCALAB 250Xi (Thermo Scientific, USA) X-ray
photoelectron spectroscope using monochromatic AlKa radiation (hv= 1486.7
eV). Deconvolution of the XPS spectra was done with the AAnalyzer 1.20
software, performing a Voigt peak fit and a Shirley-Sherwood background
subtraction; all binding energies for elements of interest were calibrated with
reference to adventitious carbon (Cls = 284.6 eV).

The optical properties of the powder samples were studied using an Ultraviolet
visible Lambda 365 spectrophotometer with an integrating sphere attachment
for diffused reflectance (UV—vis-DRS). The scan speed was 1 nm/s using a white
standard. Specific surface area and porous structure were characterized by
nitrogen adsorption-desorption isotherms using the Autosorb-1 (Quantachrome)
at 77 K. Surface area was determined from the Brunauer-Emmett-Teller (BET)
equation, and pore size distribution was analyzed by using the Barrett-Joyner-

Halenda (BJH) method.
2.6 Photocatalytic activity test

The photocatalytic activities of Bi2Os and BGM composites were evaluated by
degradation of Rhodamine B (RhB) under visible (A from 390-600 nm) and UV (A
from 300-380 nm) light irradiation. The photocatalytic system included a 300 W
Xe light source (MAX-303, Asahi Spectra) with an illumination area of 16x16
mm. The nominal power of the lamp was used without attenuation (100%
power). In a typical photocatalytic experiment, 40 mg of the photocatalyst were
dispersed in 80 mL of a 10 mg/L RhB solution and put into an ultrasonic bath
for 2 min. Before irradiation, the suspension was magnetically stirred in the dark
for 30 min to complete the adsorption-desorption equilibrium between the
photocatalyst and the dye. Then, the solution was exposed to either visible or UV
light irradiation under magnetic stirring. For degradation analysis, 0.5 ml
aliquots of the suspension were removed from the reaction at given time
intervals during the process and centrifuged at 13,500 rpm for 5 min. Then the
UV-vis spectra of the centrifuged solution were recorded. All photodegradation
experiments were carried out at 25° C.

Reusability tests were carried out using the same experimental conditions of the
photocatalytic experiments under visible light irradiation. After photocatalytic
treatment, the composite BGM(300:1) was recovered by filtration, washed
several times with a maximum of 30 mL of water and 25 mL of ethanol, and
dried overnight. Then, the recovered dry powder was used in a new catalytic
cycle. The solution volume was adjusted each cycle in order to maintain the
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same composite concentration. The process was repeated for 6 consecutive cycles
and the last cycle was carried out with the minimal working volume (50mL).

2.7 Active species trapping experiments

To determine the active species involved in the photocatalytic degradation of
organic pollutants, radical scavenger experiments were conducted. The
experiments were carried out similarly to the photocatalytic activity test, but
1sopropanol (IPA), ammonium oxalate (AOx), and benzoquinone (BQ) were used
as hydroxyl radical (‘OH), holes (h+) and superoxide free radical (‘O2) scavenger
agents, respectively. The concentration of the scavenger used was 1 mM.

2.8 Photocatalytic activity in groundwater samples

The photocatalytic activity of BGM towards BPA and AMP was determined
using groundwater (GW) samples as a real matrix. The GW samples were
obtained from several aquifers located in Nuevo Leon, a state located in
northeastern Mexico. The pH in GW samples varied between 6.77 and 7.88,
indicating neutral to slightly alkaline water conditions within the studied area.
Prior to the photocatalytic tests, GW samples were filtered with 0.45 pm
regenerated cellulose membrane filters. The photocatalytic activity tests were
carried out following the methodology mentioned in Section 2.6, substituting
ultra-pure water for GW and using BPA and AMP in concentrations of 10 mg/L
instead of RhB. For the degradation of BPA and AMP, 0.5 mL aliquots were
withdrawn from the reaction solution at different time intervals and centrifuged
at 13,500 rpm. The supernatant was filtered with a 0.2 um regenerated cellulose
syringe filter and analyzed by high-performance liquid chromatography (HPLC).
Chromatographic analysis was carried out with a ZORBAX Eclipse XDB C18
(150mmx4.6mm, 5u) column using an Agilent 1200 series with a UV visible
detector. Chromatographic conditions used for the detection are listed in Table
1.

Table 1. HPLC parameter for analysis of Bisphenol A and acetaminophen.

Bisphenol A Acetaminophen
A: Acetonitrile
B: Phosphate buffer 10
Eluents mM

A: Acetonitrile
B: Phosphate buffer 25

M pH 3
pH 3.5 milp
Elution mode Gradient Gradient
0 min: 5% A, 95% B 0 min: 10% A, 90% B
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2 min: 35% A, 65% B 8 min: 90% A, 10% B
12.5 min: 70% A, 30% B 12 min: 10% A, 90% B
18 min: 5% A, 95% B

Flux: 1 ml/min Flux: 1 ml/min
] o Time: 23 min Time: 12 min
Analysis conditions Injection: 20 pL Injection: 20 puLL
A =230 nm A =230 nm

3. Results and discussion

3.1 Characterization of the as-prepared materials

The SEM and STEM images of the BGM(300:1) are shown in Figure 1 (a, b),
respectively. As observed in Figure 1a, the composite material does not have a
defined morphology and varies in sizes between 1 and 4 pm. In addition, a Bi2O3
core is observed surrounded by rGO sheets, as the ripples in the surface of the
composite can only be formed by incorporating rGO. This becomes more evident
via STEM analysis (Figure 1b), where the rGO sheets are surrounding the Bi2Os
particles (dark spots). This is a desirable feature in a Z-scheme system since the
rGO sheets need to be in contact with the two metal oxides to have effective
electron percolation. See supplementary material S3 for a detailed scheme of the
crystal structure rearrangement.

Figure 1. a) SEM and b) STEM representative images of the as-prepared
BGM(300:1) composite.

Figure 2 shows a TEM image of the BGM(300:1) composite, where the analyzed
zone is composed of two different crystal structures corresponding to monoclinic
Bi2Os and a MoxOy non-stoichiometric phase. The presence of a MoxOy non-
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stoichiometric phase can be explained by the distortion of the MoO3 phase by
the removal of oxygen anions creating vacancies, causing the crystal to reorder
by crystallographic shear planes [24,25]. The best-known crystal shear
structures are called the Magnéli phases (Mo, W)nOs,1 (n= 8, 9, 10, 11, 12, 13,
14) where the shear planes are regularly spaced [24]. The molybdenum oxide
structures consist of MoOs octahedra as their basic crystal structural unit and it
has been noted that upon the removal of oxygen anions, this unit undergoes
considerable structural rearrangements. One of the ways in which its structure
can accommodate these rearrangements is via crystallographic shear defects. In
such a case, the planes of anion vacancies are eliminated by the formation of
shear from corner edge-sharing of octahedra and the crystal collapse of the oxide,
generating extended crystal shear plane defects [26].

Figure 2. TEM image of the BGM(300:1) composite showing two different
crystal structures corresponding to Bi2Os (yellow) and MonOsn.1 (green) phases.
The Fourier Transform Function was used to obtain atomic arrangements.

Figure 3 shows the XRD patterns of a) BioOs and b) BGM(300:1). The Bi2Os
material shows well-defined peaks and high crystallinity (Figure 3a). Pattern
matching was performed using the PDF card 01-071-0465 for Bi2Os with spatial
group P21/c (14). The obtained cell parameters are a= 5.849 A, b=8.164 A, c=
7.510 A, a=y=90° and p = 112.97°, corresponding to a monoclinic crystal
structure. The pattern from Figure 3b can be indexed to spatial group P21/c (14),
ascribed to monoclinic Bi20Os, and spatial group C2/c (PDF card 01-084-1466).
Calculated cell parameters were: a= 29.194 A, b= 8.083 A, c=16.816 A, a=y=90°,

51



and p = 95.47° which correspond to monoclinic MogOg that 1s a MoOs phase with
oxygen vacancies (MoOz2.sg) consistent with the so-called Magnéli phase MonOsh.
1 [27,28]. This is in agreement with the results obtained by TEM.

The observed and calculated XRD data, as well as the difference between those
profiles, were obtained by pattern matching analysis. Lattice parameters, unit
cell volume, and the goodness of fitting parameter (x2) are listed in Table 2. The
fit between observed and calculated profiles was found to be relatively good,
which confirms the structural stability. Also, the crystallite size of the
synthesized materials were calculated by using the Scherrer equation, t =
KA/Bcosk, where A is the X-ray wavelength (A), B is the full width at half
maximum, k is Bragg angle, K is a factor depending on crystallite shape and t is
the crystallite size (A).
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Figure 3. a) Pattern matching from X-Ray diffraction data of the as-obtained
Bi203 and b) BGM(300:1). Experimental data (Red dots), calculated for Bi2Os in
(a), and for Bi2Os and MogO2s in (b) (Black continuous line). Differences (Blue
line), Bragg positions of P21/c structure (Red lines), and Bragg positions of C2/c
structure (Green lines).

Table 2. XRD data obtained by pattern matching analysis for pure Bi2Os and
composite BGM(300:1). Lattice parameters, unit cell volume of P2i/c and C2/c
phases, crystallite size, and the goodness of fitting parameter (x2).

Material P29 L4y bA) c@A) VA) a@) BEO) 1)

group

Pure 330.57 90.0 1129 90.0 84
P24/ .84 .164 .51
BisOs i/c 5.849 8.16 7.510 7 0 7 0 0

326.89 90.0 112.9 90.0
BGM P2i/c 5.837 8.158 7.446 3 0 7 0 1.4

300:1 16.81 3915. 0 9547 900 6
BO0:D o 29194 8.083 668 399556 9((’)0 95.47 9(())0

52



To further investigate the chemical nature of the BGM(300:1) composite, X-ray
photoelectron spectroscopy (XPS) analysis was performed. Figure 4a shows the
corresponding Cls XPS spectra of pristine GO, where the binding energies (B.E.)
of 284.6, 285.64, 287.57, 288.57, and 289.42 eV correspond to C-C/C=C, C-O, C-
OH, C=0, and HO-C=0 respectively [29,30]. Figure 4b shows the corresponding
C1s B.E. found in BGM(300:1), where it can be observed that the intensity of the
B.E. corresponding to the C-C/C=C bonds increased (284.6 eV), while the B.E. of
C-0 (285.96 €V) and C-OH (287.61 eV) significantly decreased; also the intensity
of carbonyl groups (288.11 eV) is increased with respect to the carboxylic groups
(289.1 eV) indicating that GO was partially reduced during BGM(300:1)
synthesis. Additionally, we see the appearance of a small peak with B.E. of
283.76 eV which can be attributed to the formation of C-Bi bonds [31], indicating
that the Bi2O3 particles are being chemically functionalized by the rGO sheets.
This reduction process is favorable for the fabrication of a Z-scheme system
because the sp2 hybridization of carbon bonds is partially restored and the
percolation process is enhanced. As a consequence, the separation between e/h*
pairs is promoted, thus optimizing the photocatalytic process [32].

The degree of GO reduction was monitored by obtaining the oxygen-bound
carbon content, which can be calculated using equation 1, where AC-C, AC-0,
and AC=0 are the peak areas for graphitic (C—C) and O-bound (C-O and C=0)
carbon, respectively [33]:

Ac-otAc=0

%0 C =
#0pound Ac=ct Ac-0* Ac=0

X 100 1)

The O-bound carbon percentage in pristine GO was of 87.56%, and the O-bound
carbon percentage in BGM(300:1) was of 61.25%. These results corroborate that
GO was partially reduced during the synthesis of BGM(300:1).

Figure 4c shows the corresponding Bi4f XPS spectra, which was deconvoluted
into two pairs of doublets. The B.E. at 158.83 and 164.13 eV correspond to Bi4f7/s
and Bi4fs, respectively, assigned to Bi(IIl) present in BisOs. The small peaks
with B.E. at 159.68 and 164.93 eV can be ascribed to the Bi(V) center formed
from the decomposition of Bi2O2CO3 during the calcination process. It has been
suggested [34,35] that during the annealing process Bi2O2COs3 reacts with Og,
partially oxidizing some of the Bi(III) centers to Bi(V) as indicated by equation
2:

2Bi(III) + 0, = Bi(IV)05 + Bi(1ll) = Bi(IV)03~Bi(IV) = 2Bi(IV)0~ = 2Bi(V)0?%~ )
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Figure 4d shows the corresponding Mo3d XPS spectra. The B.E. at 231.78 and
234.88 eV are assigned to Mo3ds2 and Mo3ds;2 present in Mot oxidation state
[36,37]. It’s worth noting that the intensity of the deconvoluted Mosds2 and
Mosds2 doublets satisfies the theoretical ratios of their corresponding spin-orbit
splitting (3:2). The presence of Mot valence states corroborates the results
obtained by XRD, in which the phase obtained for the molybdenum oxide is
Mo0O:2.ss having oxygen vacancies. The Mo5* is attributed to oxides that have the
presence of oxygen vacancies with a single positive charge [38].
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Figure 4. XPS spectra of GO and BGM(300:1). Results of a) the Cls spectra
fitting into C chemical groups present in pristine GO, b) results of the Cls
spectra fitting into C chemical groups from BGM(300:1), ¢) the Bi4f spectra

fitting into Bi chemical groups and d) results of the Mo3d spectra fitting into

Mo chemical groups from BGM(300:1).

Diffuse reflectance spectra and Kubelka-Munk graphs for BioO3s and BGM(300:1)
at room temperature are presented in Figure 5 (a, b), respectively. Generally,
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the zone comprised of 700-800 nm, is a straight line representing the incident
light that passes through the sample, this region is called transmission or optical
transmittance. As can be seen in Figure 5a, this region or straight line, in 450
nm for Bi2Os and approximately 425 nm for BGM(300:1), a fast and abrupt
ascent is observed, associated with the electron transition of the valence band to
the conduction band. This means that, up to 450 nm, absorption occurs. If the
Kubelka-Munk function and equations 3 and 4 are applied to the graph, the
absorbance versus the wavelength graph can be obtained.

FKM = F(Ry) = (l—Roc,)Z/ZROo = k/s (3)
R, = ROO(sample)/ROO(standard) (4)
Where F(Rw) is a remission function. FKM (Kubelk-Munk Function) is known
as the remission function of Kubelka-Munk, R is the reflectance of the infinitely
thick layer and k and s are the absorption and dispersion constant, respectively.
This function of the diffuse reflectance for optically coarse samples keeps a linear
dependence with the absorption coefficient of the material. The Kubelka-Munk
function 1s calculated from the absorption data measured by diffuse reflectance
and allows us to estimate the value of the band gap of a sample.

To calculate the band gap value Eg, the Kubelka-Munk remission function was
plotted by the photon energy squared for the Y-axis and the energy of the
incident light in eV for the X-axis as shown in Figure 5 b. The band gap energy
was obtained by extrapolating the linear part of the graph of the Kubelka-Munk
function to the abscissa axis (photon energy); results are shown in Table 3.
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Figure 5. a) UV-Vis diffuse reflectance spectroscopy of Bi2Os and BGM(300:1);
b) Kubelka-Munk plot of Bi2O3 and BGM(300:1).
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Table 3. Energy band gap obtained by DRS for Bi203 and BGM(300:1).

Material Band Gap (eV)
Bi1203 2.88
BGM(300:1) 2.6

N2 adsorption-desorption isotherms were used to determine the specific surface
area (SBET) of pristine Bi2O3 and BGM(300:1). The obtained SBET for Bi20Os3 is
of 4.31 m?/g, with an average pore diameter of 152 nm. In the case of BGM(300:1),
the obtained SBET i1s 11.15 m?2/g with an average pore diameter of 167 nm. Upon
the addition of rGO, the surface area of BGM(300:1) was greatly increased, which
1s expected to influence the composite performance. The adsorption-desorption
isotherms of Bi2O3 and BGM(300:1) shown in Figure 6 exhibited a type III
isotherm [39] which is associated with the formation of slit-shaped pores in the
aggregates of the nano or microparticles [40]. Furthermore, the presence of
macropores (>50 nm) can be confirmed by the absence of an adsorption plateau
at relative pressure near unity [41].
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Figure 6. N2 adsorption-desorption isotherms of Bi2Os (blue) and BGM(300:1)
(red).

3.2 Photocatalytic activity tests

In order to determine the effect of different Bi2O3:rGO weight ratios on the
photocatalytic activity, degradation of RhB under visible and UV light was
carried out with the different composites. Figure 7a shows the degradation of
RhB under visible light, where the best photocatalytic activity was achieved with
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the BGM(300:1) composite, which was able to degrade 70% of the initial
concentration after 260 min of irradiation. It is also important to note that the
degradation efficiency of the composites tended to increase when the Bi2O3:rGO
ratios decreased. This may be attributed to the increased average distance
between Bi2O3 and MoO3 at high rGO concentrations (ratios of 100:1 and 200:1),
which hinders the percolation of photogenerated electrons between the two
materials, consequently affecting the photocatalytic activity.

In a study conducted by Gao et al. [42], it was suggested that the functional
groups present in GO could act as an anchoring point for the molybdenum
precursor used to synthesize MoSs quantum dots. Although this cannot be
corroborated in this study due to the low concentration ratios used for BGM
synthesis, the approach of Gao et al. [42] could help to understand the interaction
between the components in BGM. Accordingly, if the amount of GO used is too
high, contact between the three constituents of the composite may not be suitable
to generate an effective Z-scheme. In that case, the overall photocatalytic activity
would be hindered. In the same context, if the ratio between Bi12O3 and rGO 1is
too small, as it is for the synthesized composite BGM(400:1), there will probably
not be enough anchoring sites due to the low concentration of rGO. This would
affect the growth of MoOs nanoparticles, which would also affect the
photocatalytic activity of the compound.

Figure 7b shows the degradation of RhB under UV light irradiation. It is
observed that the photocatalytic activities of the composites are enhanced when
the Bi203 and rGO ratios are low. In this case, the BGM(300:1) and BGM(400:1)
composites were able to completely degrade RhB after 120 min of irradiation.

In order to determine the importance of each constituent of the composite,
photocatalytic experiments were conducted including only two components
instead of three. The synthesis was carried out similarly to the BGM composites
but excluding one of the precursors (GO or NasMoQO4 2H20) from the reaction.
As can be seen in Figure 7c for the photocatalytic degradation of RhB under
visible light, the best performance was achieved with composite BGM(300:1),
followed by the composite where only rGO was added. From these results it can
be concluded that the addition of rGO helps to delay the recombination time of
photogenerated e/h* pairs, enhancing the photocatalytic activity of Bi2Os.
Another important feature of rGO is the enhanced RhB adsorption during the
dark stirring stage, resulting in better contact between RhB molecules and the
surface of the composites. Similar behaviors, where the rate of recombination of
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e/h* pairs 1s decreased, have been observed when Bi20Os nanoparticles are doped
with Ce3*/Ce?*, resulting in enhanced photocatalytic activity of the material [43].

In the case of UV light irradiation, the removal of one constituent of the
composite did not cause a negative effect in the photocatalytic activity. As
observed in Figure 7d, all composites were able to completely degrade RhB after
120 min of irradiation. This can be attributed to the higher energy of UV light
that promotes the generation of e/h* pairs, ultimately reflecting in the
enhancement of photocatalytic activity. It is important to highlight that
although the photocatalytic activity of the composite was slightly higher under
UV light than under visible light irradiation, the composite was able to greatly
enhance its photocatalytic performance when it is irradiated with visible light,
compared to the pristine Bi2Os or Bi2Os/rGO material. This is highly valuable
since visible-light-driven photocatalysts could be implemented in advanced
oxidation processes without the need to use external sources of UV radiation but
rather visible light that is readily available from the sun.
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Figure 7. Degradation of RhB with composites BGM(100:1), BGM(200:1),
BGM(300:1), BGM(400:1) and Bi2O3s under a) visible and b) UV light
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irradiation. Degradation of RhB with composites BGM(300:1), Bi2O3s /rGO,
Bi1203 /Mo0Os, and Bi20s under c) visible and d) UV light irradiation.

Figure 8 shows the variation of C/CO of RhB as a function of visible light
irradiation time for the BGM(300:1) composite in the presence of active species
scavengers. The role of active species was determined by comparing the C/Co
variation of a system with the presence of scavengers to the normal system
without scavengers. When AOx was added to the system, only 15% of RhB was
degraded after 260 min, compared to 756% RhB degradation without the addition
of scavengers. When IPA was added, the degradation of RhB was slightly
hindered, achieving 65% degradation after 260 min. When BQ was added, the
degradation of RhB was suppressed the first 120 min, but afterwards it was
slightly enhanced reaching 80% degradation after 260 min.

These results indicate that a large number of h* sites are being generated and
that the main degradation mechanism is by direct oxidation of the adsorbed
organic molecules by h*. Hence, it can be concluded that h* have a greater
affinity to react with adsorbed organic molecules rather than with water
molecules to produce ‘OH radical, as the degradation of RhB in the presence of
IPA had little effect and was only reduced by 10%. In the case of RhB degradation
in the presence of BQ, at the beginning of irradiation, the BQ molecules captures
‘Oz~ radicals, hindering RhB degradation. Then, the observed increase in
catalytic activity after 120 min irradiation could be attributed to the ability of
BQ to be reduced by radicals following a one-electron transfer mechanism [44],
generating a reactive BQ radical that can later react with RhB molecules
promoting its degradation. See supplementary material S4 for the possible
mechanism for photogenerated e/h* pairs separation and transport at the
interface of the BGM composite.
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scavengers, respectively.

Stability of the BGM(300:1) composite was investigated through reusability tests
in which the photocatalyst was recovered and washed several times to be used
in consecutive cycles. The results are shown in Figure 9 and revealed that the
composite maintained about 90% of the total efficiency from cycle 2 to 6, which
suggests that the composite material remains stable after several photocatalytic
cycles. BGM(300:1) stability was corroborated through STEM micrographs (see
supplementary material S5). By comparing the micrographs (Figures 1a, 1b and
S8) it was observed that the structure and morphology were not modified, and
the composite material remained dispersed on the rGO sheets after completing
the 6th photocatalytic cycle.
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Figure 9. BGM(300:1) reusability test for RhB degradation under Visible light
irradiation. (photocatalyst dose 0.5 g/L).

3.3 Photocatalytic degradation of Bisphenol A and Acetaminophen in
groundwater

The presence of emerging contaminants in the environment is a major concern
due to their adverse effects on wildlife and human health. Bisphenol A (flame
retardant) and acetaminophen (pharmaceutical) are considered emerging
pollutants and have been detected in both surface water bodies and groundwater
[45,46]. Photocatalytic degradation of BPA and AMP under visible light
irradiation was studied in pure water as well as in the groundwater matrix.

Figure 10 shows the photocatalytic degradation efficiencies for BPA and AMP in
pure water, which were 51.33% and 76.5% after 360 min of irradiation,
respectively. Also, when the photocatalytic degradation was carried out in a
groundwater matrix, the efficiency slightly decreased. This can be related to the
presence of dissolved ions such as Na*, K*, Ca2+, Mg2*, Cl, SO42-, NOs-, and
HCOs in groundwater due to the water-rock interactions. These ions could
potentially interfere during redox reactions and also occupy a site onto the
photocatalyst surface during the adsorption process, leading to lower efficiencies
when compared with pure water samples.
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Although groundwater is a more complex matrix than pure water, 45 % and 76.9
% degradation were achieved for BPA and AMP respectively, after 6 hours
(Figure 10). Thus, it was proven that BGM (300:1) can be used efficiently for the
degradation of organic pollutants such as Bisphenol A and Acetaminophen in
groundwater.

a) = Pure water b)
1.0 = 104 = =— Pure water
S = i +— Groundwater e o Groundwater
- .
0.8 N T 0.8 .
L N SN * o
e @ T
B . ™, " Y
o i - . I
Q 0.6 s S UD 0.6 s .
o ' o - i
044 0.4 i WU
W= e = ‘
I S )
0.2- 024 e
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (min) Time (min)

Figure 10. Degradation of BPA (a) and AMP (b) by BGM (300:1) composite in
pure water and groundwater under visible light irradiation.

4. Conclusion

A composite material (BGM) with an optimal Bi2Os:rGO ratio of 300:1 was
obtained and successfully applied for the photocatalytic degradation of organic
compounds under visible light irradiation. It was observed that the main
function of rGO was delaying the recombination time of the photogenerated
electron-hole pair, hence improving the photocatalytic activity of the composite.
Through SEM and TEM it was demonstrated that the BGM composite is
composed of the three different materials where the BiaOs nanoparticles are
surrounded by rGO sheets that are decorated with MonOsy,.1 nanoparticles. The
active species trapping experiments demonstrated that h* are the major active
species in the BGM photocatalytic reaction system. The photocatalytic material
synthesized in this study was successfully used to efficiently degrade AMP and
BPA in groundwater samples under visible light irradiation, achieving
degradation percentages of 77 and 51% respectively.
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Chapter 4

Gd3* doped BiVOs and visible light-
emitting diodes (LED) for
photocatalytic decomposition of
bisphenol A, bisphenol S, and
bisphenol AF in water
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1. Introduction

The presence of emerging contaminants in the environment has become a critical
1ssue worldwide. A large amount of persistent organic pollutants such as
pharmaceuticals, personal care products, pesticides, flame retardants, and
industrial additives, among others, are released into the environment every day.
These pollutants are easily dispersed once they have entered the ecosystems
[1,2]. Conventional treatment processes are not able to completely eliminate
these contaminants, which are usually present in low concentrations (mg L-! or
ng L) in the aquatic environment. It has been found that these organic
pollutants cause a highly negative impact on the environment. Specifically,
endocrine disruptive compounds (EDCs), because of its estrogenic and/or
antiandrogenic activity, have been identified as potential threats to wildlife and
human health causing, for instance, reproductive disorders, and increased
chance of getting breast, testicular, or prostate cancer. [3—5]. Bisphenol A (BPA)
1s considered a type of EDCs. It is mainly used in the plastic industry as a
stabilizer in the production of epoxy resins and polycarbonates, and is also a
constituent in many commercial products such as baby toys, drinking water
bottles, medical equipment, and thermal receipt papers, among others [6—8]. The
concern about the effects of BPA has raised in some countries of North America
and the European Union to take action in regulations related to the production
and use of this compound [3,9]. Consequently, analogs of BPA, such as bisphenol
S (BPS), bisphenol F (BPF), and bisphenol AF (BPAF), started to be used more
frequently as substituents of BPA. However, it has been proven that these BPA
analogs, due to its similar molecular structure, may trigger negative effects of
equal or even greater magnitude than those caused by BPA [3,10,11]. Up to now,
BPA has been detected in water bodies all over the world in concentrations
ranging between 9.9 to 2700 ng L-! [7]. Likewise, the presence of BPS and BPAF
In wastewater treatment plants has been reported at concentration levels up to
109 and 16.5 ng L1, respectively [11].

Heterogeneous photocatalysis has been studied as a promising alternative for
the degradation of organic persistent pollutants, such as bisphenols, from water
and wastewater [12,13]. Titanium dioxide (Ti0O2) is the most commonly used
photocatalyst, especially because it has desirable characteristics like chemical
stability, non-toxicity, and low costs [14]. However, due to its wide band gap (3.2
eV), this material is activated only under UV light irradiation (A<400 nm) which
represents about 3 to 5% of the solar spectrum [15]. So far, ultraviolet light
sources have been used to activate photocatalysts such as TiO2, but nowadays
researchers are looking to make a transition to more efficient and inexpensive
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light sources. Therefore, taking full advantage of sunlight, which mostly emits
visible light, is an expected approach for the development of new technologies
[16,17]. Alongside solar light, the incorporation of light-emitting diodes (LED) as
visible-light sources in photocatalytic processes seems to be promising. LED
lamps have been considered as an environmental-friendly technology that
additionally presents several advantages over conventional UV-light sources,
such as compact configuration, relatively long-life span (50,000 h), better
resistance to mechanical impact. Moreover, they are more energy efficient and
do not contain toxic elements [18—20]. Whether the light source comes directly
from the sun or an LED lamp, the development of efficient visible-light-driven
photocatalysts is essential.

Hence, special attention has been paid to bismuth-based materials as suitable
materials for photocatalytic degradation of organic compounds under visible
light radiation (400 >A< 700 nm) [21-23]. Specifically, monoclinic bismuth
vanadate (BiVO4) has shown high visible light absorption, and because of its
narrow band gap energy (2.4 eV) has been reported as an efficient photocatalyst
[24—26]. However, the photocatalytic efficiency of BiVOy4 can still be improved for
avoiding rapid electron-hole recombination and slow charge transportation [25].
Different strategies have been followed for this purpose, among them, doping
with metals [27,28], non-metals [29,30], or rare-earths [31-33].

There are only a couple of studies that have investigated the photocatalytic
performance of Gd3* doped BiVO4. Those studies showed contradictory results
regarding the influence of Gd3* on photocatalyst response to visible light
irradiation. On the one hand, Xu et al. [34] stated that the presence of Gd3*
promotes the separation and transfer of electrons and holes for efficient
degradation of methylene blue under visible light irradiation. On the other hand,
Luo et al. [35] found that Gd3* doping favored photocatalytic activity under UV
light but impaired performance under visible light irradiation in Rhodamine b
degradation. Both studies used a dye as test molecules. However, experts claim
that dyes are not suitable molecules for use in the study of visible-light-driven
photocatalysts, since these can absorb light in that range of the spectrum and
sensitize the photocatalysts [25,36].

In the present work, bisphenol A was used as a test molecule to study the effect
of Gd3* content on photocatalytic efficiency of BiVO4 using an LED lamp as a
light source. The decomposition of BPS and BPAF was also assessed. Moreover,
the main reactive species were identified, and a decomposition pathway was
proposed.
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2. Materials and Methods
2.1 Chemicals

All chemicals used were analytical grade reagents. Bismuth (III) nitrate
pentahydrate, ammonium metavanadate, ethylene glycol, bisphenol A,
bisphenol S, bisphenol AF, a-d-Glucose, Gadolinium (IIT) chloride hexahydrate,
ammonium oxalate and 1,4-benzoquinone were purchased from Sigma-Aldrich
and were used without further purification. HPLC grade solvents were used for
chromatographic analysis.

2.2 Synthesis of Photocatalysts

Gd3* doped photocatalysts were prepared through a modified method of the
thermal synthesis proposed by W. Yin et al. [37]. Briefly, 3 mmol of
Bi(NOs3)3 -5H20 and 3 mmol of NH4VOs3 were dissolved in 30 ml of ethylene glycol
in an oil bath at 60°C. Once a clarifying solution was formed, different
concentrations of GdCls 6H20 were added to obtain 1%, 2%, 4%, and 6% of
Gadolinium in molar mass. After 30 minutes of vigorous stirring, 400 mg of as-
prepared carbonaceous template spheres were dispersed in order to favor the
metal ions precipitation at templates surface promoting a gradual interaction
with dopants and the settling of the terminal products [37]. The solution was
kept in the oven at 60°C for 12 hours, then the temperature was raised to 100°C
and kept for another 12 hours. Afterward, the precipitate was collected, washed
several times with distilled water and ethanol, and dried at 80°C in an oven
overnight. The dried powder was calcinated for 2 hours at 550°C using a ramp
of 10°C min-l. The prepared Gd3* doped photocatalysts by loading of a different
molar mass of Gd3* were denoted as BV-Gd-1%, BV-Gd-2%, BV-Gd-4%, and BV-
Gd-6%. Undoped BiVOs was synthesized in the same manner without the
addition of GdCls 6H20 and was denoted as BV.

Carbonaceous template spheres were prepared by a hydrothermal method as
follows: 0.5 M of a-D-Glucose was dissolved in 80 ml of pure water. The solution
was placed in a 100 ml autoclave and heat at 180°C for 4.5 hours. After being
cooled at room temperature, the precipitated was collected and washed with
water and ethanol several times. Finally, the product was dried at 80°C for 12
hours [38].

2.3 Characterization techniques

X-ray diffraction (XRD) patterns and crystallographic information were obtained
using a diffractometer (PANalytical Empyrean) with Co Ka radiation source
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(A=1.7809 A) at 40 kV and 30 mA. The morphology and particle size of
photocatalysts were observed using a scanning electron microscope (SEM,
Hitachi S-4800) and transmission electron microscope (TEM, Hitachi HT7700).
N2 sorption experiments were carried out in a TriStar II Plus and specific surface
area was estimated using the Brunauer-Emmett-Teller (BET) method. The UV-
Vis diffuse reflectance spectra (DRS) was determined on a UV-Vis spectrometer
(Agilent Cary 5000) in the wavelength range of 250 to 800 nm using spectralon
standard as reference. X-ray photoelectron spectroscopy (XPS) was performed on
an ESCALAB 250Xi (Thermo Fisher Scientific) spectrophotometer with
monochromatic Al-Ka (1486.6 eV) X-ray source. Raman spectra were acquired
with a Renishaw inVia Micro Raman spectrometer. Sample excitation was
carried out with a 514 nm green laser.

2.4 Photocatalytic activity

The photocatalytic activity of doped and un-doped BiVO.s materials was
evaluated through the degradation of Bisphenol A in water under visible light
irradiation. An LED lamp with 36 W power consumption and 730 Im luminous
intensity was used. The photocatalytic reaction was carried out in a 50 ml quartz
flask. 1 g L1 of the photocatalyst was added to a BPA solution with a
concentration of 10 mg L-l. To ensure the adsorption-desorption equilibrium
between photocatalyst and contaminant, the mixture solution was stirred for 30
min in the dark. Once the solution was placed under visible LED light
irradiation, aliquots were withdrawn according to fixed irradiation intervals. To
remove the photocatalyst, all samples were filtered through regenerated
cellulose syringe filters (0.22 um).

The photocatalyst with the highest efficiency in the degradation of BPA (BV-Gd-
4%) was chosen among the doped and undoped synthesized materials to perform
the degradation of BPS and BPAF. The same experimental conditions used for
BPA tests were used for BPS and BPAF experiments. Raw and remaining
pollutant concentrations before and after the treatment were analyzed by high-
performance liquid chromatography (HPLC, Shimadzu) equipped with a UV-Vis
detector at a wavelength of 270 and 240 nm using a C18 column (Kinetex, 5um,
150 x 4.6 mm). Analyses were performed using methanol and water (30:70) v/v
as a mobile phase in the isocratic mode with a flow rate of 0.5 ml min-1 for the
total 12 min.

The stability of the BV-Gd-4% was investigated by measuring dissolved metal
ions before and after photocatalytic treatment by means of Inductively Coupled
Plasma — Optical Emission Spectrometry (ICP-OES Agilent 5100) to ensure that
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the photocatalyst is not releasing toxic metals in the water matrix during
treatment. Also, reusability tests were performed as follows: the BV-Gd-4%
photocatalyst was recovered by centrifugation and rinsed several times with
water and ethanol. After that, the photocatalyst was dried at 60°C overnight,
and the recovered dry powder was used in a new reaction with adjusted volume
to keep the same conditions in all the experiments. Moreover, isopropyl alcohol
(IPA), ammonium oxalate (AO), and 4-benzoquinone (BQ) were used as
scavengers of hydroxyl free radicals °OH, photo-generated holes h*, and
superoxide radicals O2 respectively during scavenging tests in order to
determine the main reactive species. The experiments were conducted similarly
to the above-mentioned photocatalytic experiments, except that 1 mmol of
different radical scavengers was added to the reaction system.

3. Results and Discussion
3.1 Photocatalysts characterization

XRD measurements were performed to characterize the crystal structure of all
synthesized materials. Figure 1la shows the diffraction patterns of the
compositions 0, 1, 2, 4, and 6 % in molar mass of Gd3* doped BiVO4 system. The
XRD pattern for BV, BV-Gd-1%, and BV-Gd- 2% can be indexed as a monoclinic
Clinobisvanite structure (JCPDS file 98-010-0602). The undoped BiVO4 (BV)
only shows the planes that correspond to the Clinobisvanite BiVO4 (C 1 2/c 1
space group). Interestingly, a second tetragonal bismuth oxide phase (JCPDS
file 01-078-1793) is present in a minor proportion in all doped samples. This can
be corroborated by the appearance of distinct peaks for (110), (200), and (112)
planes at 28 and 38° in 26 scale. It can be observed in Figure 1c that the increase
in gadolinium concentration leads to a phase transformation of monoclinic BiVO4
to tetragonal BiVOy, this phase change has already been reported previously in
doped BiVOy structures [35,39,40]. Thus, for BV-Gd-4% and BV-Gd-6%, a good
fitting with tetragonal dreyerite BiVOy4 structure (JCPDS file 00-014-0133) was
observed, and in addition to the slight presence of Tetragonal BisOs phase,
monoclinic Bismuth Gadolinium Vanadium Oxide Bio.95Gdo.osVO4 (JCPDS file
00-033-0123) was formed in these two materials. The BiVO4 and Bio.95Gdo.05VO4
phases can be differentiated for the broad peak splitting behavior (20°~33.64)
that indicates the distortion of the monoclinic structure (Figure 1b). The
structural distortion may be due to the incorporation of Gd3+* ions into the BiVO4
structure. Interestingly it was found that, compared to undoped material, the
unit cell of the monoclinic BiVO4 phase slightly expands after the addition of
gadolinium (Figure 1c), probably because of Gd3* has been incorporated as an
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interstitial defect. In contrast, a decrease in the unit cell volume is observed as
the concentration of Gd3* increases in BV-Gd-4% and BV-Gd-6% that present the
tetragonal BiVO4 phase (Figure 1c). In this case, it can be inferred that Gd3* is
substituting Bi3* sites in the structure, and because of the smaller ionic size of
Gd3+ (0.0938 nm) compared with Bi3* (0.103 nm), a change in the length of the
B-O links, as well as a decrease in the unit cell volume is expected.

The difference between the observed and calculated XRD profile data has been
obtained by pattern matching analysis for all the studied samples
(supplementary information S2, Figures S1-S5,). In the same way, lattice
parameters, unit cell volume, and the goodness of chi-square (x2) fitting
parameter were calculated and are shown in Table 1. Also, the crystallite sizes
of the synthesized materials were calculated by using the Scherrer equation, t =
KA/Bcosk, where A is the X-ray wavelength (A), B is the full width at half
maximum, k is Bragg angle, K is a factor depending on crystallite shape and t is
the crystallite size (A).
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Figure 1. a) X-ray diffraction patterns of the composition 0, 1, 2, 4, and 6 % in
molar mass of Gd3* doped BiVO4 system. b) Amplification of 33.64 peaks. c)
Unit cell volume and crystalline phase at different Gd3* content.
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Table 1. Crystallographic parameters of studied samples.

. Lattice Parameters Unit cell Chi- Crystallit
. Spatial .
Material Phases 0 . o volume square e size
group a (A) B (A) C @A) (A3) (x2) (nm)
BV m*-BiVO4 12/a 5.18981 11.69854 5.09713 309.460 1.575 81
.10 m-BiVOq4 12/a 5.18573 11.69390 5.10522 309.586 92
BV-Gd-1% t*-Bi1203 P-421c 7.66341 7.66341 5.61061 327.782 0.940
(.90 m-BiVOq4 12/a 5.17985 11.69933 5.10748 309.515 60
BV-Gd-2% t-Bi20s3 P-421c 7.68741 7.68741 5.61062 331.566 0.987
10.95 5 89
BiossGdoosVO  poyy0 515009 515210 1174611  311.789
BV-Gd-4% t-Bi4VO I41/amd 7.34745 7.34745 6.44067 347.700 1.203
A P-421c 7.68477 7.68477 5.61992 331.889
t-Bi20s3
] 89
BiossGdoosVO  poy/e 514614 514612 11.68754  309.515
BV-Gd-6% t-Bi4VO I41/amd 7.32491 7.32491 6.43848 345.452 1.216
t-Bi2034 P-421c 7.65749 7.65749 5.61879 329.470

*m = monoclinic, t = tetragonal

Figure 2 shows the Raman spectra of all the synthesized materials.
Characteristic bands of BiVO4 are observed at 203-211, 322-352, and 810-820
cm-l. Specifically, the band at 203-211 corresponds to the BiVOj structural
formation. Likewise, weak vibration peaks at 322-352 cm-! are assigned to

symmetric and asymmetric deformation mode of VO43-, whereas the higher band
at 810-820 cm-1 corresponds to symmetric V-O bond vibration [41,42]. The peak
intensity dramatically decreased as Gd3* content was increasing. This suggests,

in accordance with XRD analysis, that the presence of dopant has influenced

structural properties causing internal stress in the crystalline structure and

probably inhibition of lattice vibration [43,44].
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Figure 2. Raman spectra of a) BV, b) BV-Gd-1%, ¢) BV-Gd-2%, d) BV-Gd-4%,
and e) BV-Gd-6%.
TEM and SEM images of the synthesized materials are shown in Figure 3. Since
the synthesis conditions were the same for all the as prepared photocatalyst
materials, it can be inferred that an increase in the concentration of Gds*
influences the obtained morphology. Micrographs of un-doped BiVO4 show
agglomerated sphere-like shape particles. In Gd3* doped particles deformation
of spherical shape is observed, this may be occurring as a consequence of the

sintering of particles. The average particle size of 60 to 90 nm is observed and
confirmed by XRD analysis (Table 1).
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Figure 3. a) TEM and b) SEM images of undoped BiVO4 (BV); and SEM
images of Gd3* doped BiVO4 materials: ¢) BV-Gd-1%, d) BV-Gd-2%, e) BV-Gd-
4%, and f) BV-Gd-6%.

The BET surface area of the synthesized photocatalysts is presented in Table 2.
It is known that BiVO4 normally has a low surface area. Though, it is noted that
as gadolinium concentration increases, the surface area does, too. According to
Obregon and Colén [45] surface area may show a slight increment when the
tetragonal phase is present in the BiVO4 systems, which is the case of BV-Gd-
4% and BV-Gd-6%. An increase in the photocatalyst’s surface area can positively
influence its performance by increasing the number of active sites, and the
reachable area to harvest visible light [26,46].

Table 2. BET surface area and band gap of the synthesized materials.

Material BET surface area (m2/g) Band gap (eV)
BV 2.64 2.44
BV-Gd-1% 4.08 2.46
BV-Gd-2% 4.84 2.45
BV-Gd-4% 5.64 2.46
BV-Gd-6% 6.13 2.47

The band gap of the as-prepared materials was estimated from the absorption
data obtained by diffuse reflectance. The Kubelka-Munk Function (KMF),
expressed in Equation 1, multiplied by photon energy to the power of 0.5 was
plotted in axis Y vs energy of the incident light in axis X (Figure 4). Then, the
extrapolation of the linear region towards the x-axis intercept of each graph
provided the indirect band gap of doped and undoped BiVO4 materials.

KMF = F(Ry,) = (1 — Re)?/2Ro = K/S Eq. (1)

Where Ro is the absolute reflectance of a layer with an infinite thickness, K is
the absorption coefficient, and S is the scattering coefficient.

According to diffuse reflectance UV-vis spectra, all samples showed strong
adsorption in the visible region. Specifically, the adsorption band edge was
around 520 nm for doped and un-doped photocatalysts This suggests that the
presence of gadolinium doesn’t lead to a significant shift in the adsorption edge.
Previous reports have determined a band gap of 2.44 eV and 2.9 eV for pure
monoclinic and tetragonal BiVO4 respectively [47,48]. Herein, the band gap
obtained for undoped BiVO4 was 2.44 eV. Likewise, a very similar band gap was
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obtained for the doped materials (Table 2), including the ones having a
tetragonal BiVOy4 phase. This is not surprising since it is well known that the
presence of dopants and the formation of heterostructures may strongly
influence the band gap structure [49,50]. Therefore, the presence of Gd3* and the
formation of Bi2O3 and Bio.95Gdo.05VO4 heterostructures in BV-Gd-4% and BV-
Gd-6% kept a narrower band gap of 2.46 and 2.47 eV respectively.
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Figure 4. a) Diffuse reflectance UV-Vis spectra. b) Kubelka-Munk plot.

As discussed in the next section (3.2) the most efficient photocatalyst was the
one doped with 4% of Gd3* (BV-Gd-4%), therefore XPS analysis were carried out
to determine the chemical states of BV and BV-Gd-4%. Figure 5e depicts the
survey spectra of the two analyzed samples, both of them showed the expected
peaks for all the constituent elements, Bi (5d, 4f, 4d, 4p) V (2p and 2s), O 1s, and
in the case of doped photocatalyst, the Gd (4f, 4d, and 3d) peaks were present as
well. Therefore, it can be assumed that Gd3* was successfully doped into the
BiVOy4 structure, which is in accordance with the high-resolution XPS spectra of
Gd 4d with a binding energy of 142 eV (Figure 5d) and with the obtained XRD
and Raman analysis. The high-resolution XPS spectra of O 1s are shown in
Figure 5b where the peaks are located at 529.7 and 529.8 eV of binding energy
for BV and BV-Gd-4% respectively and can be related to the presence of Os
anions. In Figure 5a two symmetric peaks are shown for Bi 4f52 and Bi 4f72 in
both materials at binding energies around 164 and 159 eV respectively, which
correspond to Bi3* chemical state [51]. Furthermore, V 2p12 and V 2ps/2 orbitals
at 516 and 524 eV showed in Figure 5c, indicate the presence of vanadium as a
V5+ oxidation state [52].
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Figure 5. XPS spectra of BV and BV-Gd-4% photocatalyst: (a) survey, (b) O 1s
peaks, (c) V 2p peaks, (d) Bi 4f peaks, and (e) Gd 4d peak.

3.2 Photocatalytic activity

The photocatalytic performance of the synthesized materials was studied using
BPA as a test molecule. Specifically, the effect of Gd3* content on the doped
materials was evaluated through photocatalytic experiments that were
performed by using an LED visible light lamp as the irradiation source.

79



Photolysis of BPA was neglected since no significant changes in BPA
concentration was observed after 3 hours of irradiation. Figure 6, shows that the
performance of the doped materials was better than the pristine BiVO4. After 3
hours of irradiation, the initial concentration of BPA was efficiently degraded up
to 58.6% + 1.19, 51.43% + 1.54, 77.02% + 2.16, and 72.16% + 0.34 for BV-Gd-1%,
BV-Gd-2%, BV-Gd-4%, and BV-Gd-6% respectively, whereas BV only reached
42.12% + 0.90. A greater increase in photocatalytic efficiency was achieved when
Gd3* concentration exceeds 2% in molar mass. This can be related to the results
obtained by XRD analysis, which showed that a transformation phase from
monoclinic to tetragonal occurs in the BiVO4 structure when Gd3* content is
higher than 2% in molar mass. Also, Bi2Os and Bio.95Gdo.osVO4 phases were
detected in BV-Gd-4% and BV-Gd-6% which is related to their high efficiency
compared to the synthesized photocatalysts loaded with less than 4% of Gd3*. It
has been previously reported that heterostructured materials may promote the
separation of charge carriers (electron-hole pairs) as well as their diffusion
towards photocatalyst’s surface, enhancing its photocatalytic activity [53,54].
For instance, Mao et al. [55] described the p-n heterojunction formed by Bi2Os3
and BiVO4 in which a direct z-scheme could be formed under visible light
irradiation fostering that holes on the valence band of Bi2O3 and the electrons
on the conduction band of BiVO4 recombine directly at their interfacial region.
The migration of electrons from CB of Bi2Os could be capture by the Oz
chemisorbed at the surface to generate superoxide radicals (+O2) while the
remaining holes in BiVO; directly oxidize the organic compounds. According to
the authors, the photoactivity was dramatically improved based on this charge
transfer mode.

BV-Gd-6% was slightly less efficient than BV-Gd-4% and this can be explained
by the classical doping theory in which increasing the dopant concentration will
gradually improve photocatalytic efficiency until a certain point in which dopant
incites recombination, instead of promoting charge carriers separation [39].
Furthermore, gadolinium doping, compared to other rare earth, has been shown
to have a positive influence on improving photocatalytic efficiency of other
materials such as SnOz [56], TiO2 [57], and Bi203 [32] under visible light. This is
due to the particular characteristics of Gd3* ion that has an electronic structure
with a partially occupied d and f orbitals which promote the formation of
complexes that may facilitate the adsorption of contaminants on the surface of
the photocatalyst [58].
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Figure 6. Effect of Gd3* content onto BiVO4 photocatalyst for degradation of
BPA under LED visible-light irradiation.

There are a couple of studies about Gd3* doped BiVO4 for photocatalytic
degradation of dyes. For instance, Y. Luo et. al. found for degradation of
Rhodamine b that after doping the BiVOy, the material became active in the UV
range but poorly active under visible light, probably because of the blue-shifted
adsorption edge caused for crystalline phase transformation that led to a wider
band gap (2.9 eV) [35]. On the contrary, H. Xu, et. al. reported successfully
photocatalytic degradation of methylene blue under visible light using Gd-
BiVOy4 [34]. However, studies using dyes as test molecules in the examination of
visible-light photocatalysts does not give conclusive arguments on intrinsic
visible-light response of the photocatalysts, mainly because dyes may adsorb
visible light and sensitize the photocatalyst [25,36]. Herein, bisphenol A is being
used as a test molecule and BV-Gd-4% clearly showed the best photocatalytic
performance over BPA decomposition under LED visible light irradiation.
Therefore, BV-Gd-4% was used as the photocatalyst for studying the
decomposition of BPS and BPAF as well. Figure 7a depicts the photocatalytic
decomposition of BPA, BPS, and BPAF after 3 hours reaction, showing
degradation efficiencies of 77.02% + 2.16, 44.36% =+ 2.74, and 74.11% + 5.09
respectively. In addition, the initial disappearance rates using 1 g L1 of BV-Gd-
4% were calculated considering the first 25 min of photocatalytic reaction (Figure
7b), in which the linearity indicates zero-order kinetics. BPS showed the fastest
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disappearance rate (0.35 pmol L-1 min-l) while the lowest one was for BPAF (0.46
pmol Lt min-1).

The degradation efficiency of BPA and its analogs (BPS and BPAF) using BV-
Gd-4% can not be directly compared with other studies because the experimental
conditions differ from one study to another. However, BV-Gd-4% could be
considered a competitive photocatalyst when compared to other bismuth-based
photocatalysts for the removal of the same contaminants. For instance, BPA
photodegradation has been extensively studied and some authors assessed
better photocatalytic efficiency whereas others obtained lower efficiency than the
reported herein. Tateishi et al. [59] reported an outstanding degradation
performance using Agl/Bi7O¢l3 which degraded 100% of BPA after 30 min using
a 300 W Xe lamp. On the other hand, relatively low photocatalytic efficiency in
the degradation of BPA was reported using BisO7I that achieved 90%
degradation after 4 h with a 500 W iodine tungsten lamp [60]. Similarly,
BiOI/Bi2MoOg assessed 95% of BPA degradation after 4 h using a 300 W Xe lamp
[61].

The photocatalytic degradation of BPS has been less investigated than BPA. In
a recent review about BPS remediation in water, only four photocatalysts were
mentioned. Within them, BiOCl-g- C3N4 ultrathin heterostructure reached 72%
of BPS degradation after 120 min under visible light irradiation [62]. BPAF
degradation through photocatalysis has not been investigated in depth yet. As
far as we know no studies are reporting BPAF decomposition using bismuth-
based photocatalysis.

To complement photocatalytic studies, the photocatalytic degradation of a multi-
component solution containing simultaneously 10 mg/L of BPA, BPS, and BPAF
was performed. This provides insight into how photocatalyst efficiency might be
affected in a real matrix where more than one contaminant is present. As it is
shown in Figure 7c the efficiency and disappearance rate decreased for some of
the pollutants, with respect to their performance in the mono-component system.
Even though BPA still has the highest degradation efficiency, its disappearance
rate (0.79 umol L.-'! min-!) was decreased by 47% in the multicomponent medium.
For BPS and BPAF the efficiency dropped by 57 and 69% respectively, and so
were its disappearance rates (Figure 7d). These results were expected since in a
multicomponent system there is more competition to acquire the active sites,
consequently, the efficiency and speed of the photocatalytic reactions are
affected.
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Figure 7. a) Photocatalytic degradation of BPA, BPS and BPAF, b) Initial
disappearance rate of BPA, BPS and BPAF, c) photocatalytic degradation of
BPA, BPS and BPAF in a multi-component solution, and d) Initial
disappearance rate of BPA, BPS and BPAF in a multi-component solution. The
concentration of BV-Gd-4% was 1 g L' and LED visible light irradiation was
applied in all the experiments.

The stability of BV-Gd-4% was evaluated through reusability tests in which the
photocatalyst was recovered and washed to be used several times consecutively.
Figure 8 displays the photocatalyst degradation performance for BPA
decomposition under LED visible light irradiation. As can be observed the
photocatalyst efficiency on BPA decomposition decreased 29.5% after the second
cycle and 48.4% after the third one. Finally, after four cycles the photocatalyst
showed an efficiency of 42.15% in BPA removal. It is important to mention that
the recovery of the photocatalyst was difficult, probably due to the small amount
used (1 g L'1). The photocatalyst loss was estimated to be ~20% in each cycle,
which could have impacted the photocatalytic efficiency obtained [63,64]. It is
also possible that the saturation of active sites on the material’s surface may
have contributed to the decrease in the photocatalyst efficiency [65,66]. In
addition to reusability tests, the stability of the photocatalyst (BV-Gd-4%) was
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assessed by measuring the concentration of dissolved metals (V, Bi, Gd) before
and after photocatalytic treatment by means of ICP-OES. None of the metals
analyzed were detected either before or after the photocatalytic treatment
indicating that there was no leaching of metals from the BV-Gd-4%. Hence, the
stability of the photocatalysts during the photocatalytic reaction was
demonstrated.
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Figure 8. BV-Gd-4% reusability tests for BPA decomposition under LED
visible light irradiation.

3.3 Identification of reactive species

To elucidate the photodegradation mechanism, the main reactive species
involved in the photocatalytic reaction were identified by means of trapping
tests. Isopropyl alcohol (IPA), Ammonium oxalate (AO), and 4-benzoquinone
(BQ) were used as scavengers of hydroxyl free radicals *OH, photo-generated
holes h+, and superoxide radicals *O2- respectively. Figure 9 shows the BPA,
BPS, and BPAF behavior in the presence of the three different scavengers. From
results, it can be seen that the presence of IPA did not disturb the photolytic
performance of BPA, BPS, or BPAF. Therefore, it can be inferred that * OH free
radicals do not have an important role in the decomposition of any of the studied
pollutants. Likewise, there was no significant effect on BPAF decomposition
when the ammonium oxalate (AO) was added suggesting that the photo-
generated h* does not have an important role during its decomposition. In
contrast, a faster degradation was observed for BPA and BPS in the presence of
AOQ. This suggests that the recombination of electron-hole pairs was restrained
when the AO was added to the system as a scavenger to capture holes, leading
to the generation of a large number of superoxide radicals (* Oz) [67].
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On the other hand, the inhibition of BPA and BPAF degradation in the presence
of benzoquinone (BQ), indicates that superoxide radicals (*Ogz) are the main
reactive species involved in photodegradation of BPA and BPAF under LED
visible light irradiation. Even though benzoquinone experiments could not be
performed for BPS, *O2 may be considered as the main reactive species as well
since the BPS behavior was very similar to BPA in the presence of the other two

scavengers (IPA and AO).
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Figure 9. Trapping tests of photocatalytic decomposition of a) BPA, b) BPS,
and ¢) BPAF in the presence of different scavengers.

3.4 Proposed mechanism

The LED visible-light irradiation promotes the generation of electron-hole pairs,
during this process, Gd3* positive anions present in the photocatalyst may play
a role in hindering the recombination of electron-holes and increasing the
efficiency of charge transfer [34,58]. This happens through a trapping-
detrapping mechanism in which Gd3* ions trap electrons to be transferred to the
oxygen molecules adsorbed onto the surface of the photocatalyst. Then,
Gadolinium ions release those electrons to return to the initial state as follows:

Gd3* + e > Gdz+

Gdzt + Oz > Gd3* + + O

Scavenging tests revealed that the main reactive species participating in the
decomposition of BPA, BPS, and BPAF using BV-Gd-4% as a photocatalyst
under visible LED light, are the superoxide radicals (*Og2’). In photocatalytic
processes, these radicals are generated by means of electrons reacting with
adsorbed oxygen at photocatalyst’s surface as follows: e- + O2 2> *Oq-.
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Considering that superoxide radicals are the main reactive species, that the
three pollutants have a similar molecular structure, and taking into account
previous studies, the proposed mechanism is shown in Figure 10.
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Figure 10. Proposed decomposition mechanism of BPA, BPS, and BPAF over
BV-Gd-4% under LED visible light irradiation.

As 1t 1s shown in Figure 11 five main reactions have been considered in the
decomposition path of the studied pollutants: (I) oxidation, (IT) hydroxylation,
(ITI) B-scission, (IV) ring cleavage, and (V) mineralization [68,69]. After the
compounds (BPA, BPS, and BPAF) have formed phenoxy radicals, probably in
any of their different resonance forms (R1, R2, and R3), the hydroxylation
products (P1) could be generated through oxygen transfer process [70].
Afterwards, the B-scission process could be started from radicals with high
electron density at para-position, and the formed radical compounds (P2, P3, P4,
P5) would lead to ring-cleavage products [68]. Only if complete mineralization is
achieved, CO2 and H20 could be obtained as final products.

Different approaches have been used to explain the two oxidative decomposition
of BPA, BPS, and BPAF. Most of the studies have found similar intermediates
formed during photocatalytic oxidation, for instance, phenol, p-benzoquinone, 4-
isopropenylphenol, and 4-hydroxyacetophenone have been commonly reported
as main BPA intermediates [13,69]. According to other studies the main by-
product of BPS degradation is p-hydroxybenzenesulfonic [62,71]. On the other
hand, the BPAF degradation mechanism is not being deeply studied, and as far
as the authors know, there are no previous reports of BPAF removal using
visible-light-driven photocatalysis.
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Figure 11. Proposed decomposition path of BPA, BPS, and BPAF in the
presence of BV-Gd-4% under LED visible light irradiation.

4. Conclusions

Effective visible-active Gd3* doped BiVO4 was prepared by thermal synthesis.
This photocatalyst was successfully used for the decomposition of organic
pollutants in water under visible LED light irradiation. Concluding remarks can

be summarized as follows:

e Characterization results of XRD, XPS, and Raman revealed that the
BiVO4s was successfully doped into its crystalline structure by the
substitution of Gd3* instead of Bi3* when a high concentration of Gd3* was
used. Furthermore, three crystalline structures were identified in the
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photocatalysts with higher Gd3* content (BV-Gd-4% and BV-Gd-6%)
forming a heterostructure that may promote the separation of charge
carriers.

Photocatalytic activity of the as-prepared materials was initially
evaluated using bisphenol A as a test molecule. BiVO4 doped with 4% of
Gd3* in molar mass proved to be the most efficient photocatalyst, reaching
decomposition percentages of 77.02% + 2.16, 44.36% + 2.74, and 74.11% +
5.09 for bisphenol A, bisphenol S and Bisphenol AF, respectively (180 min,
1 g L1 of photocatalyst, Vis-LED light)

The photocatalytic efficiency was successfully improved by Gd3* doping.
The presence of Gd3* in the photocatalyst may play a role in hindering the
recombination of electron-holes and increasing the efficiency of charge
transfer.

Superoxide radicals (*O2) were found to be the main reactive species
involved in photodegradation of BPA, BPS, and BPAF.

No dissolved metals (Bi, V, or Gd) were detected either before or after
photocatalytic experiments. This suggests that BV-Gd-4% has good
stability and that there will be no leaching of toxic metals.

Based on obtained results it can be inferred that BV-Gd-4% is a promising
alternative for photocatalytic treatment using visible LED lamps for the
removal of organic pollutants from water.
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Chapter 5

Removal of pharmaceutically active
compounds and bacteria inactivation
from urban wastewater effluents by
UVA-LED photocatalysis with Gd3+
doped BiVO4

This Chapter has been published as:
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Sillanp&é, N. Ornelas-Soto, Removal of pharmaceutically active compounds (PhACs)
and bacteria inactivation from urban wastewater effluents by UVA-LED photocatalysis
with  Gd3+ doped BiVO4, J. Environ. Chem. Eng. 8  (2020).
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1. Introduction.

In the last few decades, the presence of pharmaceutically active compounds
(PhACs) in the environment has gained attention due to the known negative
effects that these chemical compounds may cause to ecosystems and human
health. PhACs have been recurrently detected at low concentrations (ng L1 - ug
L-1) in the effluents of wastewater treatment plants [1,2] as well as in recipient
water bodies [3,4]. Potentially harmful contaminants such as macrolide
antibiotics (e.g. erythromycin, -clarithromycin, azithromycin), 17-alpha-
ethinylestradiol, amoxicillin, and ciprofloxacin among others, are included in the
surface water Watch List Directive 2018/840/EU to be carefully monitored by
member states of the European Union [5]. The conventional wastewater
treatment processes (e.g. activated sludge, filtration, and disinfection) are not
efficient enough in PhACs removal [1,6]. Therefore, effluent discharges from
wastewater treatment plants (WWTP) have been identified as important
anthropogenic sources of PhACs [7,8]. In addition to effective PhACs removal,
the efficient elimination of pathogens from water is very important in order to
prevent the transmission of diseases by contaminated water. UV light,
chlorination, and ozonation have been widely used as effective methods for water
disinfection, however, the formation of toxic by-products is a major drawback [9].

The development and implementation of advanced treatment processes have
arisen to complement the conventional treatment methods to achieve greater
efficiency in the disinfection and elimination of PhACs from urban wastewater
effluents. Advanced oxidation processes (AOPs) have proven to be an effective
approach to this problem. Specifically, heterogeneous photocatalysis through the
generation of reactive oxygen species (e.g. *OH, < 02-) achieves the degradation
of PhACs [6,7,10]. The inactivation of bacteria using photocatalytic processes has
also been widely demonstrated [9,11].

Different photocatalysts have been used for those purposes, among them, TiO2
has been considered an excellent photocatalyst because it has desirable
characteristics such as chemical stability, and low costs [12]. However, the wide
band gap of TiO2 (3.2 eV) limits its photocatalytic response to the UV region of
the light spectrum, which represents about 3 to 5% of the solar spectrum [13].
Therefore, the need has arisen to study photocatalysts that, besides being
effective under UV light (100 < A < 400 nm), show good photocatalytic activity
under visible light (A > 400 nm) [13]. Such photocatalysts will lead to the
implementation of more sustainable technologies that take advantage of most of
the solar spectrum for both disinfection and removal of PhACs from water
[14,15]. To overcome drawbacks of solar technologies, such as limitation of
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daylight hours, large areas needed and high installation costs, the use of
different types of lamps has been widely investigated and currently they are the
most common light source used in photocatalytic processes instead of using
direct solar irradiation [16,17]. Special attention has been directed to light-
emitting diodes (LED) lamps since, from the green chemistry point of view, the
use of conventional UV light sources constitutes an environmental problem
arising at the step of the utilization of lamps containing hazardous mercury.
Light-emitting diodes (LED) could be an eco-friendly alternative for traditional
UV irradiation sources since they do not contain toxic elements such as mercury.
It should be noted that in comparison with conventional UV lamps, high power
LED are more expensive but show longer life time (up to 100,000 h) and better
resistance to mechanical impact, also they are more energy efficient and have a
compact size [16,18].

Among photocatalysts, bismuth vanadate (BiVO4) has shown excellent visible
and UVA (315 — 400 nm) adsorption [19,20]. This wide-range absorption makes
it a photocatalyst with potential for use both in disinfection, taking advantage of
UV absorption, as well as in the photocatalytic degradation of PhACs, taking
advantage of the UV-Vis adsorption range, whether the radiation comes from a
lamp o directly from the sun [15,21-23]. Moreover, it has been proved that
BiVOy4 can significantly enhance its photocatalytic activity through rare-earths
doping for both removal of organic pollutants and bacteria inactivation [24—26].
For instance, drastically greater photocatalytic performance of Er3* and Y3+
doped BiVO4 compared to pristine BiVO4 for Escherichia coli inactivation and
methanol oxidation in deionized water under UV-Vis irradiation have been
reported [27]. Gadolinium (Gd3*) has demonstrated superior results in improving
the activity of various photocatalysts (e.g. SnOgz, TiO2, and Bi203) [25,28,29]. This
may be due to its electronic structure with a partially occupied “d” and “f” orbitals
that facilitates the formation of complexes promoting the adsorption of the
contaminants on the surface of the photocatalyst [30]. Despite the superior
photocatalytic efficiencies reported for the rare earth doped BiVO4 compared to
un-doped BiVOy4, their performance in real wastewater effluent for PhACs
removal and bacteria inactivation has been scarcely studied [31]. In addition,
recent studies highlight the critical importance of assessment of heterogeneous
photocatalysis under realistic water matrices, which could avoid misleading
conclusions of its applicability [32,33].

Herein, the photocatalytic efficiency of Gd3* doped BiVO4 was evaluated through
the degradation of 22 different PhACs detected in real urban wastewater
effluent. The effect of the photocatalyst load was also investigated. Moreover,
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photocatalytic inactivation of Total coliforms, Escherichia coli, Enterococci, and
Klebsiella pneumoniae that were naturally present in the wastewater effluent
was assessed using a UVA-LED lamp as irradiation source.

2. Materials and Methods.
2.1. Chemicals

All chemicals used were analytical grade reagents. Bismuth (III) nitrate
pentahydrate  (Bi(NOs)s56H20), ammonium metavanadate (NH4VO3),
Gadolinium (III) chloride hexahydrate (GdCls6H20), ethylene glycol, a-d-
Glucose, and diclofenac were purchased from Sigma-Aldrich and were used
without further purification. HPLC grade solvents were wused for
chromatographic analysis. The HPLC grade methanol was purchased from
Scharlau (Spain). The cartridges for solid phase extraction (Oasis HLB 200 mg)
were received from Waters Chromatography Europe BV. Analytical standards of
measured pharmaceuticals were received from suppliers listed elsewhere [34].

2.2 Preparation of Gd3* doped BiVO¢

Gd3* doped Bismuth vanadate (BiVO.) was prepared following a modified
methodology of the thermal synthesis proposed by Yin et al. 2009 [35]. Briefly, 3
mmol of Bi(NOs3)3-56H20 and 3 mmol of NH4sVO3 were dissolved in 30 mL of
ethylene glycol at 60°C controlled in an oil bath. Once a clarifying solution was
formed a certain amount of GdCl3 6H20 was added to obtain 4% of Gadolinium
in molar mass. This was the optimal Gd3* content according to our previous
study about Gd3* doped BiVO4in which photocatalysts using different dopant
concentrations were tested through the degradation of bisphenol A in water.
After the solution was vigorously stirred for 30 minutes, 400 mg of as-prepared
carbonaceous template spheres were dispersed to promote the interaction of the
dopant with the metal ions while they precipitated on the surface of the
templates [35]. The solution was kept in the oven at 60°C for 12 hours, then the
temperature was raised to 100°C and kept for another 12 hours. Afterward, the
precipitate was collected, washed several times with distilled water and ethanol,
and dried at 80°C overnight. The dried powder was calcined for 2 hours at 550°C
using a ramp of 10°C min-l. The prepared photocatalysts were denoted as 4%-
Gd-BiVO..

Carbonaceous template spheres were prepared by hydrothermal method as
follows: 0.5 mol of a-D-Glucose was dissolved in 80 mL of pure water. The
solution was placed in a 100 mL autoclave and heated at 180°C for 4.5 hours.
After cooling down at room temperature, the precipitates were collected and
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washed with water and ethanol several times. Finally, the product was dried at
80°C for 12 hours [36].

2.3 Characterization techniques

An X-ray powder diffractometer (PANalytical Empyrean) with Co Ka radiation
source (A=1.7809 A) at 40 kV and 30 mA was used to obtain X-ray diffraction
(XRD) patterns and crystallographic information. The morphology and particle
size of the as-prepared photocatalysts were observed using a scanning electron
microscope (SEM, Hitachi S-4800). The N2 sorption experiments were carried out
in a TriStar II Plus and specific surface area was estimated using the Brunauer-
Emmett-Teller (BET) method. The UV-Vis diffuse reflectance spectra (DRS)
were determined using a UV-Vis spectrometer (Agilent Cary 5000) in the
wavelength range of 250 to 800 nm using spectralon standard as reference. The
surface composition and electronic states of elements present in the
photocatalyst were obtained by X-ray photoelectron spectroscopy (XPS)
performed on an ESCALAB 250Xi (Thermo Fisher Scientific) spectrophotometer
with monochromatic Al-Ka (1486.6 eV) X-ray source. Raman spectra were
acquired with a Renishaw inVia Micro Raman spectrometer. Sample excitation
was carried out with a 514 nm green laser. The presence of dissolved metals and
rare earth (Bi, V, and Gd) was evaluated by analyzing the wastewater samples
after photocatalytic tests using inductively coupled plasma optical emission
spectroscopy (ICP-OES) on an Agilent 5110.

2.4 Photocatalytic experiments
2.4.1. Photocatalytic decomposition of diclofenac in ultra-pure water

In order to study the effect of 4%-Gd-BiVO4 concentration on the rate of
photocatalytic reaction, the experiments were conducted in ultra-pure water
using diclofenac (DCF, initial concentration 10 mg L-1) as a model contaminant.
Nonsteroidal anti-inflammatory drug diclofenac was chosen as a model pollutant
because it is widely used and frequently found in urban wastewater effluents
[37]. All photocatalytic tests with DCF were performed in batch mode under
constant stirring at ambient temperature (20 = 2°C) using PYREX glass
Erlenmeyer flask (total volume 150 mL). Different concentrations of
photocatalyst (from 0.25 to 2 g L-1) were tested. Each experiment was repeated
at least twice. Two identical flasks wrapped with aluminum foil (except the
bottom of the flasks) were located on the top of the UVA-LED lamp (A=370 nm,
length 30 cm and widths 8 cm). The UVA LED intensity (46.5 + 0.6 W m-2) was
measured on the reactor surface using UV AB Light Meter (General UV513AB).
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The accumulated UVA dose (using LED) was calculated to facilitate the
comparison of PhACs degradation kinetics when different experimental
conditions are used in other studies. It is widely assumed that applied UV dose
1s obtained by multiplying the intensity by the time [6].

The volume of model DCF solution used in experiments was 100 mL. To ensure
the adsorption-desorption equilibrium between photocatalyst and DCF, the
model solution was stirred for 30 min in the dark. After that, the UVA-LED was
turned on and samples were taken at desired time intervals. After sampling,
filtration with regenerated cellulose syringe filters (0.22 pm) was performed in
order to remove photocatalyst. Filtered samples were further analyzed by means
of High Performance Liquid Chromatography (HPLC, UFLC Shimadzu)
equipped with a UV-Vis detector (SPD-20AV) at a wavelength of 275 nm using
a C-18 column (Kinetex, 5pm, 150 x 4.6 mm). Methanol and water (0.1% formic
acid) were used as a mobile phase in a volume ratio of 75:25. The 1socratic mode
was used with a flow rate of 1 mL min-l. Adsorption (in absence of UVA LED)
and photolysis (in absence of photocatalyst) experiments were conducted with
DCF model solution as reference tests.

2.4.2. Photocatalytic degradation of PhACs in urban wastewater effluent

Photocatalytic experiments using wastewater effluent as a reaction medium
were conducted in a volume of 110 mL. The optimal concentration of 4%-Gd-
BiVO4 photocatalyst for experiments with urban wastewater effluent was
selected based on tests conducted with diclofenac in ultra-pure water (model
solution). Real urban wastewater effluent was used for the following studies on
photocatalytic decomposition of PhACs present in urban wastewater effluent
and disinfection studies. The wastewater effluent was taken from the
Viikinméaki Wastewater Treatment Plant (WWTP) located in Helsinki (Finland).
This WWTP processes wastewater from Industry and households (85% of total
influent) applying a method based on chemically enhanced pre-sedimentation
and enhanced nitrogen removal in activated sludge and post-denitrifying filters.
Samples were collected in amber glass flasks, preserved in the fridge at 4 °C,
and used within the next day. The main physicochemical characteristics (Table
1) of used wastewater effluent were measured using standard methods [38].

Total Organic Carbon (TOC) measurements were performed in non-purgeable
carbon (NPOC) mode by means of Shimadzu TOC-L analyzer.
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Table 1. Physicochemical characterization of urban wastewater effluent.

Parameter Concentration in effluent (unit)
BODx 8.6 (mg L")
COD 57 (mg L)
TOC 22.2 (mg L)

Suspended Solids (SS) 6.2 (mg LY)
Total P 0.07 (mg L)
Total N 6.3 (mg L)
NH4+-N 1.7 (mg L)
NOs-N 2.0 (mg L)

Alkalinity 2.3 (mmol L)
SO.2 100.6 (mg L")
Cl 80.6 (mg Li1)
Total iron 0.5 (mg L)
pH 7.2
Conductivity 70.1 (mS m)
Transmittance 79.2% (370 nm)

The concentration of PhACs in wastewater effluent was analysed before and
after photocatalytic tests as well as after reaching adsorption equilibrium (30
min in dark before switching on the UVA LED lamp). Measurements were also
performed after reference tests such as photolysis (180 min) and adsorption (210
min). Analysis of PhACs was performed as reported earlier [34]. Briefly, Solid
Phase Extraction (SPE) was applied as a pretreatment method using HLB
cartridges (Oasis, 200 mg). Conditioning of HLLB cartridges was conducted with
8 mL of methanol and 8 mL of Milli-Q water. Consequently, samples (100 mL)
were passed through cartridges. Finally, cartridges were washed with Milli-Q
water (10 mL) and dried in air. Elution was performed using 10 mL of methanol.
Extracts were evaporated under a nitrogen stream and reconstructed in a
mixture of water and methanol (75:25). Qualification and quantification of
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PhACs were conducted using Bruker EVOQ Elite (Bruker, Billerica, MA) Ultra
Performance Liquid Chromatography — Triple Quadrupole Mass Spectrometry
(UPLC-QqQ-MS/MS) with C-18 column (100 x 2.1 mm; particle size 2 pm) and
electrospray interface. The injection volume was 10 uL and the flow rate was 0.4
mL min-! in positive and negative ionization modes. The aqueous mobile phases
used for measurements conducted in positive ionization mode were a mixture of
10 mmol formic acid and ammonium formate (pH 3.2), while 100% methanol was
used as organic mobile phase. Aqueous mobile phases applied for analysis
performed 1in negative 1onization mode were 5 mmol ammonium
acetate/ammonia (pH 8), while organic mobile phase consisted of 100%
methanol. Multiple reaction monitoring (MRM) was used for data acquisition.
Obtained data were processed with Bruker MS Workstation 8.1 Software.

2.4.3. Photocatalytic disinfection tests

Wild microorganisms naturally present in wastewater were selected as target
bacteria. Thus, quantification of Total coliforms, Escherichia coli (E. coli), and
Enterococci were carried out by standard plating on commercial media:
Chromogenic Collinstant Agar (Scharlab) and Slanetz & Bartley Agar (Panreac).
Likewise, TCBS Thiosulfate Citrate Bile Salts Sucrose Agar (Pronadisa,
Condalab) was used as solid media for Klebsiella pneumoniae (99.6%) which
was identified by the amplification and sequencing of a fragment of 16S rDNA,
as explained in previous studies [39]. The plates were incubated at 30 = 2 °C for
24 - 48 h according to the specific bacteria.

For UVA-LED based photocatalytic disinfection experiments an optimal
concentration of 4%-Gd-BiVOs (1 g L'!) was chosen based on experiments of DCF
decomposition (Section 2.4.1). The volume of wastewater was 75 mL. The
solution was kept in the dark for 30 min to reach adsorption-desorption
equilibrium and after that, the UVA-LED lamp was turned on. Samples were
withdrawn at set time intervals and the total duration of disinfection
experiments was 1 h.

The analysis of surviving organisms was enumerated by the spread-plate
method. At longer exposure times, larger volumes of wastewater were plated by
the membrane filtration method (gridded membranes of 0.45 pm). Colony-
Forming Units (CFU) concentrations from samples measured by spread-plate as
well as membrane filtration techniques were in good agreement. Results were
expressed as the mean microbiological concentration of each sample (three
replicates), in CFU mL-1. The disinfection efficiency was determined according
to time-response curves where the logarithmic reduction of the survival of
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microorganisms 1s represented. In order to quantify the disinfection
performance, kinetic modeling was applied to experimental data. Log-linear
approach Log(N/N,) = —k - t), was suitable (R2> 0.78 in all cases) for describing
microbial inactivation curves.

3. Results and discussion.

3.1 Characterization of 4%-Gd-BiVOq4

The crystalline structure of the synthesized 4%-Gd-BiVO4 was determined by
XRD analysis. The diffraction patterns (Figure 1) showed a good fitting with the
Tetragonal dreyerite BiVO4 structure (JCPDS file 00-014-0133). Additionally,
pattern matching analysis revealed the slight presence of two additional
crystalline structures: monoclinic Bio.95Gdo.osVO4 (JCPDS file 00-033-0123) and
Tetragonal Bi2Os phase (JCPDS file 01-078-1793). The detailed XRD profile data
obtained by pattern matching analysis for bare BiVO4 and 4%-Gd-BiVO4 have
been included as supplementary information (S2, Figures S1 and S4). The
presence of the three crystalline phases may induce the formation of
heterostructures that promotes an efficient electron-hole pairs separation and
an effective diffusion of these charge carriers towards photocatalyst’s surface,
improving its photocatalytic activity [40,41]. From XRD analysis it can also be
inferred that the presence of Gd3* ions influences the formation of the crystalline
structure. Lattice parameters, unit cell volume, and the goodness of chi-square
(x?) fitting parameter were calculated and are shown in Table 2.

Intensity (a.u.)
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26 (°)
Figure 1. XRD pattern of the prepared 4%-Gd- BiVO4

Table 2. Crystallographic parameters of 4%-Gd- BiVO4
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Lattice Parameters Unit cell Chi-

Material Phases Spatial A A o volume square CI.'ystalhte
group a (A) B A) Cc @A) (A3) x2) size (nm)
“t-BiVO4 I41/amd 7.34745 7.34745 6.44067 347.700 39
4%-Gd-BiVO4 Bi0.95Gd0.05VO4 P21/c 5.15209 5.15210 11.74611 311.789 1.203
*t-Bi20s P-421c 7.68477 7.68477 5.61992 331.889

* t = tetragonal

Figure 2 shows the SEM micrograph of the as prepared photocatalyst obtained
by a thermal method. Sphere and peanut-like nanoparticles randomly
aggregated can be identified. It is observed that the nanoparticles were sintered
during the calcination step. This particular morphology has been previously
reported for pristine BiVOy4 [35,42], and most studies agree that the obtained
morphology of BiVO4 depends on the method and conditions used during the
synthesis [15,43]. The average size of the nanoparticles is 89 nm, which is in
agreement with the crystallite size obtained by XRD analysis.

Figure 2. SEM image of the synthesized 4%-Gd-BiVO4 photocatalyst

The surface area of pristine t-BiVO4 has been previously reported to be in the
range of 1.24 to 5 m2 g-1 [19]. It is known that this material generally presents a
low surface area. The measured value of the BET surface area of 4%-Gd-BiVOq
was 5.64 m?2 gl. Compared to pristine t-BiVO4, the surface area of the
photocatalyst surface area was not significantly increased or decreased after
incorporation of Gd3* ions. Therefore, the surface area may not have a significant
effect on the photocatalyst performance.

The chemical species present on the synthesized photocatalyst were analyzed by
means of X-ray photoelectron spectroscopy (XPS). The survey spectra are shown
in Figure 3a where all the expected elements (Bi, V, O, and Gd) can be identified.
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The incorporation of Gd3* ions on the BiVO4 crystalline structure was confirmed
through the obtained high resolution XPS spectra of Gd 4d showing a peak at
142 eV (Figure 3e), as well as the presence of a Gd 4f and Gd 3d peaks at the
survey spectra. Gadolinium probably incorporates by substitution on Bi3* sites
because of the smaller ionic size of Gd3*+ (0.0938 nm) compared with Bi3* (0.103
nm). The high-resolution XPS spectra of O 1s are shown in Figure 3b where the
peak at 529.8 eV of binding energy can be related to the presence of Oz  anions.
Similarly, Figure 3c indicates the presence of V5+ according to the identified
peaks at 516 and 524 eV that correspond to V 2pi2 and V 2ps;z orbitals
respectively [44]. In Figure 3 d two symmetric peaks are shown for Bi 4f52 and
Bi 4f72 at binding energies around 164 and 159 eV respectively, which are
designated to Bi3* chemical state [45].
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Figure 3. XPS spectra of 4%- Gd-BiVO4 photocatalyst: (a) survey, (b) O 1s peak,
(c) V 2p peaks, (d) Bi 4f peaks, and (e) Gd 4d peak

According to diffuse reflectance UV-vis spectra shown in Figure 4, 4%-Gd- BiVO4
exhibited strong absorption in the UV-visible region. Band gap energy of the
synthesized material was determined through Kubelka-Munk function (KMF),
which can be expressed as shown in equation 1.

KMF = F(Ry,) = (1 — Ry)?/2Re = Kk/s Eq. (1)
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Where Ro 1s the absolute reflectance of a layer with an infinite thickness, K is
the absorption coefficient, and S is the scattering coefficient. KMF values were
multiplied by photon energy to the power of 0.5 and plotted vs energy of the
incident light. The extrapolation of the linear region (Figure 4, inset) provided a
band gap of 2.46 eV for 4%-Gd-BiVOs.
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Figure 4. Diffuse reflectance UV-Vis spectra and Kubelka-Munk plot of 4%-
Gd-BiVO..

3.2 Photocatalytic efficiency of 4%-Gd-BiVO4
3.2.1 Effect of 4%-Gd-BiVO4 concentration on diclofenac degradation

The effect of photocatalyst concentration on the rate of photocatalytic reaction
was studied. Figure 5a shows DCF decomposition (as model compound) as a
function of contact time with different 4%-Gd-BiVO4 loadings. It is observed that
the dependence of DCF concentration on the contact time follows a linear
behavior in the studied time interval, indicating zero-order Kkinetics. The
calculated initial disappearance rates for DCF degradation at different 4%-Gd-
BiVOs4 loadings are shown in Figure 5b. As can be observed from Figure 5b, the
photocatalyst load increases and so does the DCF initial disappearance rate. The
most significant increment was observed from 0.25 g Li'! to 0.5 g L' where the
initial disappearance rate was doubled from 0.256 to 0.511 pmol L-! min-t.
Further increase of photocatalyst loading did not affect significantly the initial
DCF degradation rate. It is important to notice that these tests have been done
in a pure water DCF solution, however, loads as high as 2 g L-1 in a real effluent
could cause such turbidity that it would significantly reduce light transmission,
in addition to increasing the cost. Hence, 1 g L1 was considered as an adequate
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4%-Gd-BiVO4 dose to ensure the effective absorption of photons. Also, other
aspects were considered for choosing the optimal photocatalyst load, for instance,
the fact that several authors have used the same photocatalyst load (1 g Li'?) for
studying organic contaminants removal from water. This makes easier the
comparison between different studies [15,43]. Moreover, it is desirable that the
synthesized photocatalyst (4%-Gd-BiVOs), in addition to removing PhACs,
efficiently inactivate bacteria. Hence, studies in photocatalytic disinfection were
consulted as well and considered as reference for choosing the optimal
photocatalyst load. Thus, Booshehri et al., (2017) obtained the best inactivation
kinetics for E. coli, E. faecalis and F. solani in distilled water (10 L reactor) using
1 g L'1 of Ag/BiVO4 under solar light. It is important to note that this parameter
strongly depends on the type of bacteria and other experimental conditions.
Finally, in accordance with the obtained results from tested conditions as well
as revised literature, 1 g L1 of 4%-Gd-BiVO4 was chosen as an optimal dose for
both photocatalytic and disinfection experiments.
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Figure 5. a) Results of DCF degradation with different loadings of 4%-Gd-
BiVOa. b) Influence of 4%-Gd-BiVO4 loading on initial disappearance rate of
DCF degradation

Figure 6 depicts the photocatalytic decomposition of DCF in model solution.
Adsorption and photolysis effect can be neglected since no significant changes
were observed on DCF concentration after 180 min (UVA dose = 139.5 Wh m-2,
tsow = 279 minl). In the presence of 4%-Gd-BiVOs and under UVA-LED
irradiation, DCF concentration considerably decreased up to 50% in the first 20
minutes, then a slower decrease was observed until DCF disappeared almost
completely (98.3%) after 120 min (UV dose: 93 Wh m-2, tsow = 186 min-!) using 1
g L1 of photocatalyst. Other studies are reporting similar behavior of DCF in

110



water [46]. For instance, Tbessi et al., (2019) achieved ~90% of DCF degradation
(initial concentration of 10 mg L-1) in distilled water within the first 120 min
using Mn-Ag-TiO2. Similarly, Sarasidis et al., (2014) reached 99.5% of DCF
(initial concentration of 2.5 mg L-1) degradation in spiked groundwater after 120
min using TiO3z. Both studies used a UVA lamp as radiation source.

Although the studies carried out in the diclofenac model solution gave us an idea
of the efficiency of 4%-Gd-BiVO4 in the degradation of organic pollutants, it
cannot be assumed that the photocatalyst will behave in the same way when
used in a more complex matrix. Therefore, it is important to carry out the
photocatalytic study in real water matrices to have reliable evidence of
photocatalysts applicability [49].
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Figure 6. Photocatalytic degradation of DCF in ultra-pure water under UVA-
LED irradiation (UVA dose = 139.5 Wh m2, tzow = 279 min'!) using 1 g L-1 of
4%-Gd-BiVOy.

3.2.2 Photocatalytic treatment in wastewater effluent for PhACs removal

It is of high importance to study the efficiency of novel photocatalytic materials
not only using model solutions but also real wastewater [50]. Hence,
photocatalytic tests were also performed using real urban wastewater effluent.
Concentrations of 22 PhACs such as anti-inflammatory compounds
(acetaminophen, salicylic acid, ibuprofen, naproxen, diclofenac, and ketoprofen),
lipid regulator (gemfibrozil), diuretics (furosemide, hydrochlorothiazide),
macrolides (azithromycin, clarithromycin), sulfonamides (sulfadiazine,
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sulfamethoxazole),

quinolones

(ofloxacin,

norfloxacin,

ciprofloxacin),

dihydrofolate (trimethoprim), beta-blockers (propranolol, atenolol), psychiatric

. Concentration in effluent LOD! (ng LOQ? (ng
Type Contaminant (ng L) ) L)
Acetaminophen 144.3 £29.9 0.5 1.8
Salicylic Acid 60.6 + 25.7 1.3 4.4
Ibuprofen 13466.4 £ 1278.2 1 3.5
Anti-inflammatories
Naproxen 2817.6 = 75.8 0.3 0.9
Diclofenac 2062.1 £ 201.7 0.1 0.2
Ketoprofen 359.5 +£21.2 0.1 0.3
Lipid Regulators Gemfibrozil 51.0+ 4.0 <0.1 <0.1
Furosemide 2291.4 +£29.8 <0.1 <0.1
Diuretics
Hydrochlorothiazide 629.9 +12.0 <0.1 <0.1
Azithromycin 892.0 £ 186.8 <0.1 <0.1
Macrolides

Clarithromycin 196.4 £ 27.0 <0.1 <0.1
Sulfadiazine 33.5+1.7 <0.1 <0.1

Sulfonamides
Sulfamethoxazole 84.9+2.4 <0.1 <0.1
Ofloxacin 967.8 + 120.6 <0.1 <0.1
Quinolones Norfloxacin 76.1 + 8.8 <0.1 0.1
Ciprofloxacin 9687.2 +£1147.6 0.1 0.2
Dihydrofolate Trimethoprim 95.8 + 2.2 <0.1 <0.1
Beta-blockers Propranolol 104.5+4.1 <0.1 0.1
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Atenolol 97.7+3.0 <0.1 <0.1

Carbamazepine 28.6 +£0.1 <0.1 <0.1
Psychiatric drugs and
stimulants
Caffeine 353359.8 + 14343 0.1 0.3
To treat Asthma Albuterol 11.8+1.2 <0.1 0.1

drugs (carbamazepine, caffeine) and medicine for asthma treatment (albuterol)
were measured in wastewater effluent before photocatalytic tests and results are
shown in Table 3.

Table 3. A raw concentration of pharmaceutically active compounds presents in
urban wastewater effluent before photocatalytic treatment.

1 LOD = Limit of Detection
2 L.OQ = Limit of Quantification

Concentrations of 10 PhACs (ibuprofen, diclofenac, clarithromycin, ofloxacin,
norfloxacin, propranolol, atenolol, carbamazepine, and caffeine) detected in the
studied effluent were higher than the mean concentrations of these PhACs in
wastewater effluents in European Union. Only four of the analyzed PhACs
(acetaminophen, gemfibrozil, sulfadiazine, and sulfamethoxazole) were below
mean concentration and the rest of the studied PhACs were not included in the
list of the most commonly detected chemicals in European Union WWTP
effluents [51].

Photocatalytic decomposition of PhACs detected in wastewater effluent was
conducted using 1 g L' of 4%-Gd- BiVO4 according to experimental findings and
literature review stated in section 3.2.1. The concentration of the 22 studied
PhACs was measured before photocatalytic tests, after establishing adsorption
equilibrium (30 min in the absence of UVA), and after 180 min of photocatalytic
test (UVA dose = 139.5 Wh m<=2, tsow = 279 min). Moreover, a reference
adsorption test was carried out in order to confirm the photocatalytic nature of
pharmaceuticals decomposition. It should be stressed that some of the PhACs
detected in wastewater effluent can be easily photodegraded under UVA
irradiation (photolysis) [52]. Therefore, a reference photolysis test was
conducted, and the decomposition of PhACs was measured. The results are
shown in Figure 7.
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Figure 7. Removal of PhACs from urban wastewater effluent by photocatalysis
(1 g Lt of 4%-Gd-BiVOy4 ; UVA dose = 139.5 Wh m-2, tsow = 279 min-!), photolysis
(180 min; UVA dose = 139.5 Wh m-2, tsow = 279 min-!), and adsorption (1 g Li-! of
4%-Gd-BiVOy4 in absence of light). a) Lipid regulators, diuretics and macrolides:
Gemfibrozil (GFZ), Hydrochlorothiazide (HCZ), Furosemide (FRM),
Clarithromycin (CTM), and Azithromycin (ATM). b) Sulfonamides, quinolones
and dihydrofolate: Sulfadiazine (SFD), Sulfamethoxazole (SFX), Norfloxacin
(NFX), Ofloxacin (OFX), Ciprofloxacin (CFX), and Trimethoprim (TMP). c¢) Beta-
blockers, psychiatric drugs and stimulants to treat asthma: Atenolol (ATL),
Propranolol (PPL), Caffeine (CFN), Carbamazepine (CBZ), and Albuterol (ABR).
d) Anti-inflammatories: Acetaminophen (AMP), Salicylic Acid (SA), Ibuprofen
(IBP), Naproxen (NPX), Diclofenac (DCF), and Ketoprofen (KPF).

The removal efficiencies of the studied PhACs varied from negative to 100%
removal depending on the compound. The apparent negative removal efficiencies
probably resulted from the transformation of the conjugated forms into the
original parent compounds during treatment [1]. For the purpose of this study,
all the negative efficiencies were considered as zero. As observed in Figure 7a
poor photocatalytic removal efficiency was observed for lipid regulator
gemfibrozil (18.9%), while negligible and null elimination was observed after
photolysis and adsorption tests. Removal of diuretics did not follow a similar
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pathway. Hence, high removal efficiency of furosemide was observed after
photocatalysis (97%) and photolysis (100%), while hydrochlorothiazide showed
poor removal after photocatalytic treatment (29.4%) and photolytic treatment
(11.3%). Adsorption leads to negligible or null elimination of diuretics from
wastewater effluent.

Macrolides detected 1n wastewater effluent, namely azithromycin and
clarithromycin are compounds included to the second the Watch List (Directive
2018/840/EU). Under applied experimental conditions (180 min of contact time;
UVA dose = 139.5 Wh m-2, tsow = 279 min-!), poor and moderate photocatalytic
removal efficiencies were achieved for clarithromycin (27.5%) and azithromycin
(62.9%). It should be mentioned that the removal efficiency of the two macrolides
was about twice higher when photocatalysis was used as compared to photolysis.

Sulfonamides detected in wastewater effluent behaved in different ways during
photocatalytic treatment (Figure 7b). High photocatalytic removal efficiency was
observed for sulfadiazine (85.1%) while sulfamethoxazole showed 0% removal.
Similarly, after photolysis moderate removal was achieved for sulfadiazine
(68.5%) and 0% for sulfamethoxazole. Poor removal efficiencies were observed
during photocatalysis for all detected quinolones, among which ciprofloxacin is
a compound included in the second Watch List (Directive 2018/840/EU).
Photolysis and adsorption led to mnegligible elimination of quinolones.
Interestingly, complete photolytic elimination of ciprofloxacin was reported in
earlier studies [52], while in this study about 5% of removal was observed.
However, these results can be attributed to differences in irradiation sources and
received UV doses. Trimethoprim also showed poor photocatalytic decomposition
(28.3%) and negligible or null elimination after photolysis and adsorption.

As it is shown in Figure 7c, a difference in the behavior of detected beta-blockers
was observed during photocatalytic tests. For instance, high photocatalytic
removal efficacy was achieved for propranolol (89.5%), while this value was
negligible for atenolol (2%). 0% removal was achieved after photolysis for
atenolol and high removal was observed for propranolol (73.1%), which is in
agreement with results reported by Baena-Nogueras et al., (2017). For such
compounds as caffeine and carbamazepine poor removal efficiencies were
achieved after photocatalytic treatment, while similar or slightly higher
elimination was observed after photolysis. These results are in agreement with
an earlier study [52], in which carbamazepine (initial concentration 100 ng L-1)
was not eliminated by photolysis. Complete removal of albuterol (asthma
treatment) was observed after the photocatalytic test (180 min of contact time;
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UVA dose = 139.5 Wh m2, tsow = 279 min-!), while photolysis and adsorption led
to negligible and null elimination of this compound. These results are in
agreement with a study by Baena-Nogueras et al., (2017), in which photolysis
did not lead to the removal of albuterol from water.

As can be seen from the Figure 7d anti-inflammatories were removed with high
(80 — 100 %; naproxen, diclofenac and ketoprofen), moderate (40 — 70 %;
acetaminophen), poor (< 30 %; ibuprofen) and null (0%; salicylic acid) efficiency
by photocatalysis (180 min of contact time; UVA dose = 139.5 Wh m-2, tzow = 279
min-1). It is important to mention that moderate and high removal efficiencies
were achieved by UVA-LED photolysis for acetaminophen, naproxen, diclofenac,
and ketoprofen. The obtained results are in agreement with an earlier study, in
which very high (99%) removal of diclofenac (initial concentration of 100 ng L-1)
was reported by photolysis under simulated solar irradiation [562]. A moderate
removal efficiency was obtained for acetaminophen by photocatalysis (72.7%)
and UVA-LED photolysis (78.7%). For the elimination of naproxen, photolysis
was slightly less efficient (81%) in comparison with photocatalysis, while
ketoprofen achieved complete elimination by both photolytic and photocatalytic
processes. Also, another study reported almost complete elimination of naproxen
(initial concentration similar to that in our study) and diclofenac (initial
concentration about twice as high as in our study) during solar photocatalysis
with TiO2 at tsow below 150 and 300 min, respectively [6]. The elimination of
ibuprofen and salicylic acid during photolysis was poor. It should be noted that
adsorption of studied anti-inflammatories onto photocatalyst was poor or
negative except for salicylic acid. Moderate adsorption removal of salicylic acid
(45%) was achieved after 30 min of contact time, while 0% removal was observed
after the adsorption reference test (210 min of contact time), which suggests
possible desorption of salicylic acid from the photocatalysts.

It should be mentioned that TOC and COD values were monitored during
photocatalysis with 4%-Gd- BiVO4 (1 g L-1) and photolysis (results are not shown
for the sake of brevity). However, no reduction of TOC or COD was detected
during 3 h of photocatalysis and photolysis, indicating relatively low
photocatalytic activity. The obtained results are in agreement with an earlier
study [31], where no reduction of TOC in secondary effluent was reported after
5h of solar photocatalysis with Ag/BiVO4 (dose 0.5 and 1 g L-1). Moreover, the
concentration of dissolved metals and rare earth (Bi, V, and Gd) was measured
before and after photocatalytic treatment by means of ICP-OES to evaluate the
physicochemical stability of 4%-Gd- BiVO4 and to ensure that the photocatalyst
does not release toxic metals to the effluent during photocatalysis. None of the
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three analysed elements were detected in the effluent either before or after the
photocatalytic treatment. Hence, it can be assumed that 4%-Gd-BiVO4
photocatalyst has good stability.

3.3 Photocatalytic efficiency of 4%-Gd-BiVO« for bacterial inactivation.

Photocatalytic efficiency was also addressed for bacterial inactivation. As
discussed in section 3.2.1, photocatalytic inactivation of bacteria detected in
wastewater effluent was conducted using 1 g L't of 4%-Gd-BiVO4, which agrees
with available literature [31]. Selected examples of inactivation profiles
belonging to Enterococci and K. pneumoniae species are depicted in Figure 8 a-b
where the different processes, namely photolysis, 4%-Gd-BiVO4 photocatalysis,
and adsorption showed different inactivation routes. Firstly, adsorption onto the
photocatalyst (in absence of UVA-LED light) reached slight inactivation on the
different bacteria, 1.e. 0.11, 0.15, 0.19, and 0.91 Log-removal values (LRV) were
obtained for T. coliforms, K. pneumoniae, E. coli, and Enterococci, respectively.
In the case of photolysis and 4%-Gd-BiVOas-photocatalysis, notably major rates
of inactivation were obtained. Kinetic rate constants for these two processes are
represented in Figure 8 c.
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Figure 8. Selected examples of inactivation profiles obtained for a) Enterococci,
and b) K. pneumoniae. Log-lineal model (M) is represented with lines on
Photoloysis and Photocatalytic processes (a, b). ¢) Kinetic rate constants (min-1)
obtained for photolytic (UVA-LED) and photocatalytic (1 g L' of 4%-Gd-BiVO4 +
UVA-LED) inactivation of E. coli, Enterococci, K. pneumoniae, and T. coliforms.

Photolysis showed effectivity itself for bacterial inactivation. K. pneumoniae was
the most resistant bacteria, since the LRV was not reached at 60 min of exposure
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time, with a kmax of 0.03 £ 0.10 min-! in comparison with the kmax obtained for
the rest of bacteria which is in the range of 0.05-0.06 min-!. It is known that
direct UVA can inflict not only direct and indirect DNA damage, but also
oxidative damages since some cell components absorb in the UVA region, such
as catalase [53]. Thus, the higher resistance of K. pneumoniae can be attributed
to their cellular structure. Particularly, it has been reported that K. pneumoniae
have robust capsules that can protect it from bactericidal stressors, such as UV
irradiation [54,55].

In comparison with single photolysis, an improvement in bacteria inactivation
during photocatalytic processes was obtained for FEnterococci which was
quantified in an increase on kmax by 41.1%, which means that the time for reach
1 LRV was reduced from 44.4 min (UVA) to 28.8 min (UVA/4%-Gd-BiVOy).
Nevertheless, this photocatalytic enhancement has not been detected for E. coli
and T. coliforms. Also, K. pneumoniae showed a similar behaviour during
photolysis and photocatalysis. The trend observed for bacterial inactivation by
photocatalysis was Enterococci > T. coliforms > E. coli > K. pneumoniae. It is
important to note that UV-transmittance at 370 nm notably differs in the
absence of the photocatalyst (79.2%) and in the presence of it (25.7%). This has
important implications in the experimental set-up since the mean UVA intensity
within the photo-reactor markedly decreases. Accordingly, results reported of
photocatalytic processes were obtained with rather low photonic flux in
comparison with UVA photolysis, so it can be assumed that in every case, higher
efficiencies are expected in the presence of photocatalyst.

As previously commented, the cell structure of the different bacteria can have a
direct relationship with caused oxidative damages. For instance, E. coli, as gram
negative bacteria are known to be sensitive to UV light, especially at high
intensities [39]. This high sensitivity to UVA radiation might lead to more
effective bacteria inactivation in photolysis as compared to photocatalytic
processes [39,56,57] as was also observed in this study (Figure 8c). On the other
hand, it was observed that FEnterococci, which is a gram-positive bacteria,
showed higher sensitivity to the photocatalytic process than to the photolytic
one. Lastly, as observed in Figure 9 ¢, K. pneumoniae showed very similar
inactivation rates in the presence of 4%-Gd-BiVO4 (photocatalysis) and under
direct UVA-LED radiation (photolysis). However, it is still is the most resistant
bacteria against oxidative damages, suggesting the prominent capsule of these
cells could protect it from direct attacks from oxidant radicals [54,55]. Though,
if longer reaction times are applied, a complete inactivation can be possibly
reached.
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Another factor that should be taken into account is the interaction between
photocatalysts and bacteria [39,42,58]. Close contact is required between
bacteria and photocatalyst, since the adhesion onto the photocatalyst surface is
positively correlated to the inactivation efficiency. This can be explained
considering that photo-generated radicals are most likely present at
photocatalyst surface and because of its short lifetime may easily interact with
adsorbed bacteria, damaging its cell wall and consequently favoring bacteria
mactivation [39]. In this regard, dark tests revealed that Enterococci showed
higher adhesion onto the photocatalyst (0.91 LRV) what explains the higher
photocatalytic inactivation of this group as compared to the other bacterial
models studied.

Previous disinfection studies using BiVO4 as photocatalyst have been reported
[27,31,42,59]. For instance, Sharma et al. (2016), Adan et al. (2015), and Adan
et al. (2016) reported high photocatalytic activity and higher antimicrobial
activity in deionized water towards E. coli when it is compared with simple
photolysis. Booshehri et al. (2017) reported similar results, in which the
photocatalytic effect was also effective in well water and secondary wastewater
effluent. However, they assessed the inactivation efficacy with pure strains
spiked to the water matrices. These changes in experimental set-up (e.g. initial
concentration of microorganisms or radiation intensities) make inactivation
ratios difficult to compare between the different studies. Nonetheless, our results
agree with these trends since the efficacy of 4%-Gd-BiVO4 photocatalyst has also
been confirmed in this study.

4. Conclusions

Photocatalytic activity of Gd3* doped BiVO.s was investigated through the
decomposition of diclofenac in ultra-pure water (model solution) and 22 different
PhACs from real urban wastewater effluent. In addition, photocatalytic
mactivation of Total coliforms, Escherichia coli, Enterococci, and Klebsiella
pneumoniae present in wastewater effluent was assessed. A UVA-LED lamp was
used as irradiation source in all the performed photocatalytic studies.
Concluding remarks can be summarized as follows:

e Characterization results of X-ray diffraction and X-ray photoelectron
spectroscopy demonstrated that the crystalline structure of BiVO4 was
successfully doped by the Gd3* ions. Moreover, three crystalline structures
were identified forming a heterostructure that may favor the separation
of charge carriers.
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The effect of 4%-Gd-BiVO4 concentration on the initial disappearance rate
of the diclofenac model solution was evaluated and a concentration of 1 g
L1 was found to be the optimal photocatalyst dose. At the optimal dose,
diclofenac decomposition reached up to 98.3% after 120 min under UVA-
LED light.

No dissolved metals (Bi, V, or Gd) were detected in effluent either before
or after photocatalytic experiments. This suggests that 4%-Gd-BiVO4 has
good stability and that there will be no leaching of toxic metals in the
treated effluent.

The photocatalytic removal of PhACs in wastewater was quite variable
due to the complexity of the matrix and physicochemical characteristics of
each studied contaminant. Thus, high photocatalytic removal efficiency
(80 — 100%) was observed for some of the studied PhACs such as naproxen,
diclofenac, ketoprofen, and furosemide. On the other hand, other PhACs
showed moderate removal efficiency (40 — 70%) for example,
acetaminophen and azithromycin. Some of the studied PhACs such as
clarithromycin or Ibuprofen showed poor removal efficiency (<30%).
Although the irradiation (UVA-LED) by itself caused inactivation in all
microbes tested, the bigger improvement from the photocatalytic
treatment was appreciable in Enterococci bacterial indicator by increasing
the kmax 1n 41.1%. Enterococci were the most sensitive bacteria to
photocatalytic treatment whereas K. pneumoniae showed the highest
resistance for both processes.

The capability of 4%-Gd-BiVO4 for bacteria inactivation and PhACs
elimination from real wastewater effluent was demonstrated at
laboratory scale. However, not significant changes were observed on TOC
and COD values of wastewater effluent after photocatalytic treatment
(180 min of contact time; UVA dose = 139.5 Wh m-2, tzow = 279 min-1).
Thus, further studies are required in order to improve the photocatalytic
activity of the synthesized material for possible up-scale application in
wastewater treatment.
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6.1 Conclusion

Different materials were synthesized and characterized in order to be applied in

the removal of organic contaminants in the water. The physical and chemical

modifications that were made to the prepared materials were shown to notably

improve their performance during treatment compared to unmodified pristine

materials. The effectiveness of the materials was also successfully tested under

different experimental conditions such as pure water matrices and real effluents,

or different light sources in the case of photocatalysis.

6.2 Contributions

Different materials were synthesized, modified, characterized, and successfully

applied to the removal of organic pollutants in water. Specifically:

Titanate nanotubes and modified titanate nanotubes were obtained
by the hydrothermal method. The synthesized materials were
applied as absorbents for contaminants removal in water and
groundwater showing good adsorption capacity.

BiVO4 was synthesized by a thermal method and successfully doped
with different concentrations of Gd3*. The photocatalysts
synthesized showed good photocatalytic activity under visible light
for the degradation of disrupting endocrine compounds such as
bisphenol A, bisphenol S, and bisphenol AF. A decomposition
pathway was proposed.

The photocatalytic performance of BiVO4 doped with 4% of Gd3* in
molar mass was investigated through the decomposition of 22
different pharmaceutically active compounds naturally present in
a real wastewater effluent using UV-LED as a light source.
Moreover, disinfection tests were performed.

A ternary z-scheme composite (Bi2Os/rGO/MonOsn.1) was
synthesized through hydrothermal and thermal methods. The
photocatalytic efficiency and the influence of the three components
were corroborated through the degradation of bisphenol A and
acetaminophen in pure water and, groundwater samples under UV
and visible light.

All the synthesized materials were successfully applied over real
water matrices such as groundwater samples collected from the
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metropolitan area of Monterrey as well as urban wastewater
effluent collected from Viikinméki wastewater treatment plant in
Helsinki.

6.3 Future work

It has been demonstrated that the efficiency of a photocatalytic or adsorbent
material can be improved by modifying its physical and chemical characteristics
in their nano or micro scale. Therefore, there is a wide field in research to keep
investigating new ways to modify those materials to improve their
physicochemical properties and efficiencies during treatment. Besides, it is
desirable to have more energy-efficient and cero-waste treatment processes.

On the other hand, it would be interesting to study in detail the formation
of intermediate products during the treatment processes and corroborate their
toxicity to avoid adverse effects in the ecosystems. There is also a great area of
opportunity in the field of photocatalytic disinfection, where the synthesized
materials could be modified to be effectively applied in such processes for
inactivation of pathogens naturally present in wastewater effluents.

After testing the performance of the materials at the laboratory level, the
next step 1s to test their effectiveness on a large scale. Then, it is important to
look for alternatives that facilitate the recovery and regeneration of the
materials so that they can be used in multiple cycles. Also, it would be relevant
to continue research towards the immobilization of the adsorbent and
photocatalytic materials, seeking to preserve their catalytic activity as much as
possible.
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S1: Table A. Chemical and physical properties of selected

pollutants.
Mole.cular Watfel.“ Isogle Log
Pollutant Formula Weight Solubility ctic pKal pKa?2 Kow

(gmol?) (mgL1) poin

2,4-Dichlorophenol CeH4Cl120 163 4500 at 20°C N/A 7.89 3.06
2,4,6-Trichlorophenol CeH2C1;0H 197.45 900 N/A 6.23 3.69
Captopril CoH15N3S 217.28 160000 1.38 3.7 9.8 0.34
Oxytetracycline Ca22H24N209 460.434 313 5.01 3.3 9.1 -0.9
Tolazamide C14H21N303S 311.4 65.4 at 30°C 2.84 3.6 2.69
Metformin C4H11Ns5 129.167 1062050005) at N/A 12.33 -2.64
Bisphenol A C15H1602 228.29 150 at 21.5°C 10.29 3.32
Bisphenol S C12H1004S 250.27 1100 7 1.65
Bisphenol AF C15H10F602 336.23 32 8.74 4.47
Diclofenac C14H11Cl2NO2 296.15 2.37 at 25°C 4.18 4.51
Acetaminophen CsH9oNOsq 151.16 14000 at 25°C 9.86 0.46

S2: XRD diffraction patterns of pristine and Gd3+ doped
BiVO4 materials.
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Figure S1. Pattern matching from X-ray diffraction data of the material BiVO,
obtained from synthesis. Experimental data (Red dots), calculated for the
monoclinic Clinobisvanite and Tetragonal bismuth oxide structures (Black
continuous line), differences (Blue line), Bragg positions of Clinobisvanite (Green
lines) and Tetragonal bismuth oxide structures (Red lines).
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Figure S2. Pattern matching from X-ray diffraction data of the material 1% Gd
in BiVO4 system obtained from synthesis. Experimental data (Red dots),
calculated for the monoclinic Clinobisvanite and Tetragonal bismuth oxide
structures (Black continuous line), differences (Blue line), Bragg positions of
Clinobisvanite (Green lines) and Tetragonal bismuth oxide structures (Red
lines).
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Figure S3. Pattern matching from X-ray diffraction data of the material 2% Gd
in BiVOs system obtained from synthesis. Experimental data (Red dots),
calculated for the monoclinic Clinobisvanite and Tetragonal bismuth oxide
structures (Black continuous line), differences (Blue line), Bragg positions of
Clinobisvanite (Green lines) and Tetragonal bismuth oxide structures (Red
lines).
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Figure S4. Pattern matching from X-ray diffraction data of the material 4% Gd
in BiVOs system obtained from synthesis. Experimental data (Red dots),
calculated for the monoclinic BiogsGdo.osVO4, Tetragonal bismuth oxide and
Tetragonal dreyerite BiVO4 structures (Black continuous line), differences (Blue
line), Bragg positions of Bio.95Gdo.0sVO4 (Green lines), Tetragonal dreyerite (Blue
lines) and Tetragonal bismuth oxide structures (Red lines).
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Figure S5. Pattern matching from X-ray diffraction data of the material 6% Gd
in BiVOs system obtained from synthesis. Experimental data (Red dots),
calculated for the monoclinic Bio.95Gdo.0sVO4, Tetragonal bismuth oxide and
Tetragonal dreyerite BiVO4 structures (Black continuous line), differences (Blue
line), Bragg positions of Bio.95Gdo.0sVO4 (Green lines), Tetragonal dreyerite (Blue
lines) and Tetragonal bismuth oxide structures (Red lines).

S3: Shear defect (Magnéli phases) for (Mo, W)»Os3n-1 (n=8, 9, 10,
11, 12, 13, 14)

It has been noted that the removal of anions from some transition metal oxides
can be accommodated by ordered planar defects rather than by random
distributions of vacancies, such process is known as shear defect. The best known
crystal shear structures are the so-called Magnéli phases (Mo, W)nOgzn.1 (n= 8, 9,
10, 11, 12, 13, 14) where the shear planes are regularly spaced [1]. Usually, these
structures consist of blocks of perfect ReOs type structure joined together along
planes of discontinuity (shear planes). The normal MoOs crystals are composed
of cubic ReOs type structure, which consists of MoOs octahedra linked by sharing
corners, as shown in figure Sla. On the other hand, in MogO2s, due to the removal
of oxygen, blocks of ReOs type structure are joined along shear planes where
groups of four octahedra share edges, as shown in figure S1b, where the shear
planes are regularly spaced [2 — 5].

134



O 0O0OO0O0O0OO0OO0OOO OO O
® Mo b) '@ "¢ e e e o -
O 00 000000 0 e
Co ® ° ® o° e
1)0.0 0.0 0.0 0.0 00 0 040 g0 0g0 040 0040 ©
o.oo.oo.oo.oo.oo ©C OO0 0O 0O 0O 0~-0 0 0 0 O
R . . o o ° o/oro Y Y
O 0000000 O0O0 O e Y0 e’ Ce° “e° o ©
° ° Y ° Y <
000000000 OO0 00 0,0 0 0 0 O O O O O
° ° ° ° ° o_ o ° Y Y Y
o o¥o oo % 0% 0% a5 00000000 O0 0
e o o e o o o® 0% % % ~* i
OO0 000000000 © 00 0O00O00O0O00%b
° ° ° ° ° ° ° ° ® ® Y
OC0OO0O0O00O0O0O0O0 0 oooooooo).Q/.Goo

L @ ® L
C OO 0O 0 000 0 O 0 O
@ ® ® @0 @ @

OOOO/O/OOOOOOO
Figure S6. a) The cubic ReOs type structure of MoOs projected onto (001) where
MoOs octahedra only share corners. b) MogO2s structure where the ReOs type
structures are joined together along shear planes (dashed lines) and groups of
four octahedral share edges instead of corners.
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S4: Possible mechanism for photogenerated e-/h+ pairs
separation and transport at the interface of the BGM
composite.
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Figure S7. Possible mechanism for photogenerated e-/h+ pairs separation and
transport at the interface of the BGM composite.

From figure S3 it can be seen that the photogenerated h* are transferred from
the VB of MoOs to the VB of Bi2O3 where the organic molecules (RhB, BPA and
AMP) are directly oxidized to their corresponding degradation products. At the
same time, photogenerated e are transferred from the CB of Bi2O3 to the CB of
MoOs to reduce Oz to Oz — [1], which is in agreement with the results obtained
from the photocatalytic activity experiments in the presence of scavenger
species. These results are also in agreement with the results obtained by Zhao
et al. [2] where they demonstrated that the degradation of BPA over Bi2Os is
initiated by its direct oxidation by the photogenerated h+.
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S5: STEM micrographs of BGM(300:1) composite after 6
photocatalytic cycles.

Figure S8. STEM micrographs of BGM(300:1) composite after 6 photocatalytic
cycles.
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