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RESUMEN

La degradacion de contaminantes del agua como el propilparabeno (PP) y la inactivacion
de bacterias patédgenas como Escherichia coli se ha convertido en un reto. Por lo tanto,
se sintetizaron microesferas en forma de flor de BisOsl; mediante un método
solvotermal y de calcinacion para la degradacidn e inactivacion de contaminantes del
agua y patégenos, respectivamente. Las microesferas de BisOsl, se caracterizaron por
difraccidn de rayos X (DRX), microscopia electrénica de barrido (MEB) y espectroscopia
de energia dispersiva de rayos X (EED). Los patrones de DRX de la muestra calcinada
estaban bien alineados con la fase monoclinica de BisOsl,. La composicién elemental por
EED mostrd que la muestra era similar a la férmula tedrica BisOsl,. Las microesferas en
forma de flor de BisOsl, mostraron una excelente actividad fotocatalitica en la
degradacion del PP y la inactivacion de células de E. coli. Por lo tanto, estos resultados
sugieren que las microesferas con forma de flor de BisOsl, podrian ser un candidato

potencial para el tratamiento del agua debido a su alta actividad fotocatalitica.

Palabras Clave

Escherichia coli, Fotocatdlisis, Microesferas BisOsl,, Propilparabeno



ABSTRACT

The degradation of water pollutants such as propylparaben (PP) and the inactivation of
pathogenic bacteria as Escherichia coli has become a challenge. Therefore, BisOsl,
flower-like microspheres were synthesized by a solvothermal/calcination method for
the degradation and inactivation of waterborne pollutants and pathogens, respectively.
BisOsl, microspheres were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). The XRD patterns of
the calcinated sample were well aligned to the monoclinic phase of BisOsl,. The
elemental composition by EDS showed that the sample was similar to the theorical
formula BisOslo. The BisOsly flower-like microspheres exhibited an excellent
photocatalytic activity in the degradation of PP and inactivation of E. coli cells.
Therefore, these results suggest that BisOsl, flower-like microspheres could be a

potential candidate for water treatment due to their high photocatalytic activity.

Keywords

BisOsl, microspheres, Escherichia coli, Photocatalysis, Propylparaben.
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1. INTRODUCTION

Water supplies around the world have been affected by the presence of endocrine
disrupting chemicals (EDCs) and pathogenic bacteria. On the one hand, EDCs interfere
with the synthesis of endocrine hormones, their biological actions, metabolism and alter
hormone-regulated homeostatic processes in many tissues and physiological systems
[1,2]. Among the EDCs, propylparaben (PP) has stood out because is one of the most
widely used chemicals in food preservation, pharmaceuticals and cosmetics [2—4]. In this
sense, it has been reported PP concentrations of 2.4-144 ng L in lakes and rivers [5]
and, 2.46-14.9 pg L' in sewage water [6].Due to these facts, the skin and oral exposure
to PP has increased the prevalence of breast cancer, decreased sperm production and
testosterone levels [7-9]. On the other hand, the presence of waterborne pathogenic
bacteria is a global concern due to the emergence of antibiotic-resistant bacteria (ARB)
[10-12]. The World Health Organization has recognized Escherichia coli (E. coli) as one
of the most persistence ARB [11] and responsible for the majority of diarrhea cases
reported in developing countries [13]. For example, some pathotypes of E. coli like
enteropathogenic (EPEC), uropathogenic (UPEC) and enterohemorrhagic (EHEC), among
others, can cause damage to different tissues (e.g., bloodstream and urinary tract) and
produce major clinical manifestations [11,14,15]. In this sense, in order to ensure the
public health, it is important to develop processes or technologies able to degrade PP

and inactivate E. coli.

Currently, there are some processes for the removal of PP [16,17] and inactivation of E.
coli [18,19]. For the removal of PP from water, biodegradation, physical and advanced
chemical oxidation processes have been reported [17]. However, PP removal with
physical methods or advanced chemical oxidation is very expensive, while
biodegradation generates toxic by-products [17]. Although, disinfection methods such
as chlorination and ozonation have been reported to be hazardous to human health due
to the production of toxic by-products [18]. While disinfection by UV irradiation do not

completely inactivate bacteria due to cellular repair mechanisms [19,20]. Due to these
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facts, in recent years has been developed new eco-friendly and efficient water
treatment processes such as photocatalysis [21,22]. Photocatalysis is an advanced
oxidation process (AOP) which requires a semiconductor material (i.e., photocatalyst)
that absorbs photons from the light (e.g., visible or UV) with an energy higher or equal
to its band gap energy [23]. The absorption of photons by the semiconductor results in
the excitation of electrons (e’) from the valence band (VB) to the conduction band (CB),
leaving a vacancy (i.e., a hole (h*)) with positive charge in the VB [24]. Consequently, the
e and h* migrate to the surface of semiconductor and react with electron-acceptor (e.g.,
03) and electron-donor molecules (e.g., H,0) [23], generating reactive oxygen species
(ROS) [22]. At present, TiO; is one of the most widely used photocatalytic materials [25].
However, TiO; can only work with UV light because its band gap is wider than 3.2 eV
[26]. Owing to this, its efficiency with sunlight is low, since the solar spectrum has only
4% UV light [27]. Due to these facts, it has been developed semiconductors that work
with visible light (i.e., 43% of solar spectrum), such as bismuth-rich bismuth oxyiodide

semiconductors (BixOyl.).

The BixOyl; semiconductors stand out due to their excellent electronic and optical
properties [25]. It has been reported that the band gap of BixOyl, range from 2.0 to 3.0
eV, which allows them to work efficiently with visible light [25]. Furthermore, BixOyl,
semiconductors have a wider band gap than normal BiOl photocatalysts, which means
their redox potentials of the valence and conduction band are more suitable for ROS
production. Due to these properties, BixOyl, micro/nanostructures have been developed
through hydrothermal alkalinization and calcination methods [25]. For example, it has
been synthesized BisOsl, microbars by a hydrothermal method with a high capacity to
degrade bisphenol A [28]. As well as, flower-like BisOsl>/BisO7l nanocomposites have
been fabricated to degrade PP [29] and BisOsl, nanosheets to inactivate E. coli [30]. On
the other hand, BizO¢l3 and BisO7l microspheres have been synthesized by a calcination
method for the degradation of tetracycline and rhodamine B, and for nitrogen fixation,
respectively [31]. In this sense, studies suggests that the calcination method can
enhance the photocatalytic performance by increasing the crystallinity, crystallite size,

and active sites of the semiconductor material [25,31,32]. Nevertheless, to date, it has
3



not been reported the synthesis of BisOsl; flower-like microspheres by a
solvothermal/calcination method and their photocatalytic efficiency against PP and E.

coli.

Therefore, this work aims to (1) synthesize BisOsl, flower-like microspheres by a
solvothermal method, followed by calcination, and characterize them by using a set of
instrumental techniques, (2) degrade PP and, (3) Inactivate E. coli in solution by using

BisOsl2 photocatalytic microspheres.



2. MATERIAL AND METHODS

2.1. Materials

Bismuth nitrate pentahydrate (Bi (NOs)3-5H.0), potassium iodide (KI), propylparaben
(PP) and ethylene glycol (EG) were of analytical grade and used as received from Sigma-
Aldrich (St. Louis, MO, USA). Sodium chloride was of analytical grade and used as
received from Panreac (Barcelona, Spain). All the chemicals were used without further

purification.

2.2. Synthesis of BisOsl, flower-like microspheres

BisOsl, microspheres were obtained by calcinating BiOl flower-like microspheres
previously synthetized by an adaptation of the temperature and reaction time of the
solvothermal method reported by Zuarez-Chamba and coworkers [33]. The BiOl
synthesis process was as follows: a solution A was prepared by dissolving 3 mmol (1.455
g) of Bi (NOs)3-5H,0 in 30 mL of EG with sonication for 30 min, and then under constant
stirring (500 rpm) for 30 min. At the same time, a solution B was prepared by dissolving
3 mmol of Kl in 30 mL of EG under continuous stirring (500 rpm). Then, solution B was
added drop by drop (1 mL min?) to solution A under constant stirring (500 rpm). The
mixed solution was let under constant stirring (500 rpm) for 30 min and, after it was
transferred to a 100 mL Teflon-lined Autoclave. The autoclave was placed in a stainless-
steel reactor and heated in an oven at 160 °C for 3 h. The precipitate was allowed to cool
at room temperature, collected by vacuum filtration and washed first with deionized
water, followed with ethanol, and again once with deionized water. The precipitate
obtained was dried at 60 °C for 4 h. Finally, the obtained BiOl powder was calcinated in

a muffle furnace at 410 °C for 30 min to obtain BisOsl, flower-like microspheres.



2.3. Characterization of BisOsl; microspheres

The crystalline structure of BisOsl, microspheres was characterized by X-ray diffraction
(XRD) on a Malvern Panalytical Empyrean X-ray diffractometer equipped with a copper
X-ray tube (Ka radiation, A = 1.54056 A°). XRD data was collected in the 20 range
between 5° to 90° with a scan rate of 0.017° at 45 kV, and 40 mA. The morphology was
observed by scanning electron microscopy (SEM) on a Tescan Mira 3 scanning electron
microscope. SEM images and software Image J were used to determine the diameter of
the BisOsl, microspheres. The elemental chemical composition of the microspheres was
determined by energy dispersive X-ray spectroscopy (EDS) using a Bruker X-Flash 6-30

detector coupled to SEM equipment, with a resolution of 123 eV at Mn Ka.

2.4. Degradation of propylparaben

The evaluation of the photocatalytic activity of BisOsl, microspheres in the degradation
of PP under visible light was performed with a photoreactor equipped with two fans, a
600 mL beaker, a stirring plate, and a white light LED lamp (LEDEX B4665, 50 W, 5000
Lm, 6000 K daylight, 100-200 V) placed 26 cm from the beaker. In this context, a
photolysis experiment was performed to identify the photosensitivity of PP. Then, the
assay was performed in triplicate as seen in Table 1. First, 100 mg of BisOsl; powder
(photocatalyst dosage =0.2857 g L'!) was added in 350 mL of a PP solution (5 mg L) and
dispersed by sonication for 10 min. Then, the solution was stirred at 300 rpm in the dark
for 1 h to achieve the adsorption-desorption equilibrium between the contaminant and
the photocatalyst surface. Next, the solution was stirred for 3 h in the presence of visible
light. Aliquots of 26 mL were taken every 20 min and, then the PP concentration was
determined by with a UV-Vis spectrophotometer (Shimadzu) at 255 nm, and using the

next equation (1) from the calibration curve (Fig. S1):

y = 0.0796x + 0.007 (1)

In addition, all reaction conditions like photocatalyst dosage, initial PP concentration,
6



and stirring speed were kept constant during the assays.

Table 1. Experimental design for the degradation of PP
using BisOsl, microspheres.
Type of assay  Exposure without  Light exposure

light (60 min) (180 min)
PP without 3x 3x
photocatalyst
PP with 3x 3x

photocatalyst

2.5. Inactivation of Escherichia coli

2.5.1. Bacteria culture and preparation

Escherichia coli ATCC 25922™ was cultured in Mueller Hinton Broth (MHB) during 18 to
24 h at 37 °C, with shaking at 150 rpm. Then, 0.5 mL of the bacterial culture was
inoculated into sterile MHB. It was incubated at 37 °C with shaking for 90 min to reach
bacterial cells in exponential phase bacterial growth (OD 0.4). E. coli cells were collected
by centrifugation at 4000 rpm for 15 min. After centrifugation, the MHB was discarded,
and the pellet was washed two times with NaCl 0.9 % (m/v) solution. In the last wash,
the saline solution was discarded, and the pellet was resuspended with 0.5 mL NaCl 0.9%

solution.

2.5.2. Photocatalytic inactivation performance

The inactivation performance of BisOsl, microspheres was performed using a
photoreactor that consisted in a white LED Lamp (400W, 6500 K), as the visible light
source, and a cooling system composed of two fans to remove the heat produced by the
lamp. Thus, the inner temperature into the photoreactor was maintained at 25 °C. All
glassware and magnetic stir bar were sterilized in an autoclave at 121 °C for 15 min
before each photocatalytic inactivation experiment. A 100 mL beaker was used to carry
out the photocatalytic experiment. For this, 20 mg of BisOsl, microspheres

(photocatalytic dosage = 0.4 g L'!) was added in 49.5 mL of NaCl 0.9% solution and the
7



pH was adjusted to 7.0 with 0.1 M NaOH to ensure the survival of the bacterial strain.
Then, the solution was sonicated for 10 min to disperse the photocatalyst. After, the
entire pellet of bacterial cells previously washed was added to the solution to complete
a volume of 50 mL. The density of viable cells in the solution was approximately 1.75x10’

CFU mLL.

In a typical procedure, the solution was stirred at 300 rpm in dark condition for 30 min
to achieve the adsorption—desorption equilibrium between the microspheres and
bacteria cells. After that, the suspension was stirred under visible light irradiation for
180 min. Aliguots of 100 uL were taken each 30 min, and serial dilutions were
subsequently prepared. The density of viable cells was determined by the plate count
method. For this, the cell suspensions from each serial dilution were spread on Mueller
Hinton Agar (MHA) using a Digralsky handle, and then incubated at 37 °C for 24 h. Finally,
the number of colonies formed were counted to obtain the bacterial density (CFU mL™).
The negative control consisted of a bacterial suspension (1x107 CFU mL™) in NaCl 0.9%
solution, the pH was adjusted to 7.0 with 0.1 M NaOH, and exposed to the same
conditions as the photocatalyst assay. Two replicates were made for each serial dilution

and each assay was performed in triplicate (Table 2).

Table 2. Experimental design of the photocatalytic
inactivation of E. coli by BisOsl, microspheres.

Type of Exposure Light
assay without light exposure
(30 min) (180 min)
Negative 3x 3x
control
Photocatalyst 3x 3x
and E. coli




3. RESULTS AND DISCUSSION

3.1. Instrumental Characterization

Fig. 1 shows the XRD patterns of the powder and the International Centre for Diffraction
Data (ICDD) card No. 98-041-2590 of BisOsl,. All the diffraction peaks of the crystalline
structure of the powder sample correspond to the monoclinic phase of BisOsly with
spatial group P 1211, lattice constants a= 15.008 A, b= 5.696 A, c= 11.306 A and B=
100.503 ° [34], and crystallite size of 36.16 nm. The diffraction peaks placed at 20:
9.253°, 23.296°, 28.733°, 31.416°, 36.72°, 42.35°, 44.98°, 49.15°, 54.274° , 59.695° and
65.492° are indexed to the crystalline planes (10-1),(310),(41-1),(402),(-404), (3
2-3),(422),(006),(811),(82-2)and (8 0 4), respectively [35]. Also, the strong
intensity and sharpness of the diffraction peaks reveals that BisOsl, microspheres are
highly pure and crystalline. These results are similar to the reported for other BisOsl,

semiconductor materials [28,29,35].

However, the BisOsl, flower-like microspheres reported in this work exhibit a higher
crystallinity and a bigger crystallite size than the other materials mentioned above,
which suggests it might have a more efficient charge carrier separation [25].
Furthermore, the high intensity of the (4 1 -1) and (4 0 2) indicates that this
semiconductor crystallizes preferentially on these planes. This can be related to an
oriented crystallization of BisOsl, nanoplates [36,37] on the surface of the microspheres,
as seen in the SEM images depicted in the Fig. 2a-b. Then as is observed, the sample is
composed by microspheres with an average diameter of about 1.282 + 0.017 um, which
are decorated by nanoplates of an average thickness of 13.522 + 0.1 nm. Therefore,
these microspheres could have an increased photocatalytic performance compared to
smooth microspheres due to the porosity formed by the nanoplates, which allows them
to have a larger surface area and more active sites to conduct photocatalytic reactions
[38,39]. On the other hand, according to EDS elemental mapping (Fig. 2c-f), Bi, O, and |

elements are homogeneously distributed on the microspheres. Also, the elemental
9



composition analysis indicated that the empirical formula of the flower-like

microspheres is BizOsl (Fig. 2g), which is similar to the reported chemical formula of

BisOsl, [34].
— Bi,O¢l,; microspheres
(41-1) — ICDD #98-041-2590
3
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Figure 1. XRD patterns of BisOsl, flower-like microspheres.
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Figure 2. SEM images (a-b), mapping (c-f) and elemental analysis (g) by EDS of BisOsl, flower-
like microspheres.

3.2. Photocatalytic degradation of propylparaben

The photocatalytic activity of BisOsl, microspheres was evaluated by degrading a

solution of 5 mg L' of PP (Table S1). As seen in Fig. 3, the photolysis of PP by the light

can be discarded because the concentration was constant during 4 hours. Moreover,
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the adsorption of 5 mg L™t of PP in dark conditions on the surface of Bi4Osl, microspheres
was 1%. Therefore, the adsorption of PP was negligible due to the pollutant has neutral
charge at pH 7.0, which is the pH of the solution used in this work [40]. In this case, the
negligible adsorption of propylparaben is due to the zero electrostatic attraction
between the neutrally charged molecule and the semiconductor surface with a possible
charge [41]. Nevertheless, in the presence of BisOsl, microspheres and under visible light
irradiation, the percentage of the remaining PP decreased from 99% to 3% (i.e., from
4.98 to 0.13 mg L1). Moreover, the degradation rate of PP never reached a stationary
phase, suggesting that the surface of the BisOsl; microspheres has not been saturated
with PP molecules and reaction by-products, during the photocatalytic process. The non-
saturation of the active sites of the semiconductor surface during the photocatalytic
process is important in order to degrade the remaining pollutant completely [42]. For
example, Tu et al. [29] reported a micro/nano photocatalyst of BisOsl; unable to degrade
more than 40% of a 10 mg L PP solution, because the active sites of the surface might
have been saturated with PP molecules and by-products, inhibiting the photocatalytic

activity.
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Figure 3. Photocatalytic degradation of PP by Bi,Osl, microspheres.
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On the one hand, although, the time to degrade 97% of the PP was long, the efficiency
of the microspheres can be considered high. This is because BisOsl, microspheres
required a lamp with a lower power (50 W) than the lamps used in other works, for
almost completely eliminate PP [29,43,44]. By increasing the intensity of the lamp allows
a higher flux of photons toward the reactive center of the semiconductor, generating a
higher amount of charge carriers, and therefore, speeding up the photocatalytic
reaction [45]. However, in a reported work [29], BisOsl; micro/nano photocatalyst could
only degrade 40% of the PP solution (10 mg L) in 120 min even using a light source with
an intensity of 1000 W. Likewise, the photocatalyst dosage for the degradation of PP in
this work was 0.2857 g L. This photocatalyst dosage can be considered low in
comparison with several works of BixOyX; semiconductors, where it has been reported
dosages of 1 g L! for the degradation of PP [17,29,44]. A photocatalytic process that
requires a low dosage to completely eliminate a pollutant makes it more eligible for
practical implementation in water treatment [46]. For these reasons, the BisOsl;
microspheres reported in this work could be eligible as a photocatalyst for water

purification.

3.3. Photocatalytic inactivation of E. coli

The photocatalytic inactivation of E. coli by BisOsl, microspheres is displayed in Fig. 4,
Fig. S2, and Table S2. No decrease of viable cell density was observed in the negative
control, suggesting that saline solution and visible light irradiation did not have a direct
inactivation effect in E. coli, which is consistent with other studies [30,47,48]. As well as,
in dark conditions and in presence of BisOsl, microspheres, the cell density did not drop,
which indicates the non-toxicity of the photocatalyst on E. coli cells. Nevertheless, in
presence of BisOsl, microspheres and under visible light irradiation, the cell density of E.

coli cells decreased from 1.75x107 to 1.4 x10* CFU mL™.
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Figure 4. Photocatalytic inactivation of E. Coli by BisOsl, flower-like microspheres.

Furthermore, the behavior of the inactivation curve under visible light indicates that
during the first 60 min the inactivation of E. coli was progressive. However, after 60 min
of light irradiation there was a decrease in photocatalytic activity and, therefore, the
inactivation of E. coli was slowed down. The reason for the temporal decrease is the high
antioxidant defense of E. coli in the initial stages of inactivation [49]. Subsequently, after
90 min, there was again a progressive photocatalytic inactivation, suggesting
deficiencies on the repair mechanisms of E. coli cells under ROS stress [19]. This is
because a long exposure and accumulation of ROS (e.g., ‘'OH) can unchain deficiencies
and cause critical damage on the bacterial cells by lipid peroxidation (e.g., lipid radicals
and lipid peroxyl radicals), protein oxidation (e.g., oxidation of Coenzyme A) and DNA
breakage [19,50-52]. Therefore, these results suggest that BisOsl, microspheres might

have an effective ROS production for the inactivation of E. coli.
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4. CONCLUSIONS

BisOslo flower-like microspheres were successfully synthesized by a solvothermal
method, followed by calcination. The BisOsl, microspheres exhibited an excellent
photocatalytic activity in the degradation of PP and inactivation of E. coli cells. On the
one hand, BisOsl, microspheres were capable of almost degrade completely PP with a
light source of 50 W, proving their high efficiency for the degradation of organic
pollutants. On the other hand, although 43% of E. coli cells survived, the inactivation
curve showed that the BisOsl; microspheres could completely inactivate E. coli cells if
the photocatalytic test is performed for a longer time. Therefore, the results obtained
in this research demonstrated that BisOsl, microspheres can be a suitable photocatalyst
for degradation of pollutants and inactivation of gram-negative bacteria. Thus, these
results suggest that BixOyl, photocatalysts could be a potential candidate for water

treatment due to their high photocatalytic activity.
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9. SUPPLEMENTARY MATERIAL
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Figure S1. Calibration curve for determine the PP concentration.
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Figure S2. Photographs of the A) photocatalytic inactivation of E. coli colonies by BisOsl,
microspheres and B) the negative control in the assay.



Table S1. Statistical analysis of the PP degradation by BisOsl, microspheres.

Photolysis BisOsl; microspheres
Time PP concentration Standard PP concentration  Standard deviation
(min) (CCoY) deviation (C Co}) (CCoY) (CCoY)
0 1 0 1 0
60 1 0 0.995 0.001
80 1 0 0.711 0.002
100 1 0 0.493 0.014
120 0.999 0.001 0.331 0.002
140 0.997 0 0.240 0.001
160 0.997 0 0.146 0.002
180 0.997 0 0.097 0.003
200 0.996 0.001 0.061 0.003
220 0.995 0 0.046 0.003
240 0.995 0 0.025 0.005

Table S2. Statistical analysis of the inactivation of E. coli by BisOsl, microspheres.

Negative control BisOsl; microspheres
Time E. coli cell Standard E. coli cell density  Standard deviation
(min) density (logio deviation (logio (logio CFU mL?) (logio CFU mL?)
CFU mL?) CFU mL?)
0 7.238 0.133 7.246 0.106
30 7.205 0.141 7.303 0.105
60 7.267 0.129 6.864 0.036
90 7.288 0.084 5.712 0.14
120 7.184 0.101 5.579 0.151
150 7.251 0.157 5.256 0.133
180 7.254 0.041 4.772 0.101

210 7.217 0.04106 4.110 0.199
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