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REMOVAL OF 2-PHENYLBENZIMIDAZOLE-5-SULFONIC ACID USING HETEROGENEOUS PHOTOCATALYSIS

Abstract

UV filters are classified as environmental pollutants (emerging pollutants). One of the most frequently detected
UV filters in real samples is 2-phenylbenzimidazole-5-sulfonic acid (PBSA). It has been shown that conventional
technologies applied in sewage treatment plants are not adapted for complete removal of sunscreen agents.
Therefore, there is a trend to undertake activities leading to improvement of water quality by enhancing
treatment methods. This is important due to the fact that in an aqueous environment, in the presence of UV
radiation or sunlight irradation, PBSA generates reactive oxygen species that can damage the DNA of living
organisms.

The aim of study was to investigate an effect of pH and TiO, on PBSA stability in the presence of UV radiation. It
was found that the rate of PBSA degradation depends on the catalyst dose and pH of solution. The
photocatalysis reaction was carried out in a Heraeus laboratory exposure set equipped with a 150 W medium-
pressure mercury lamp. The course of PBSA degradation process as a function of time was monitored using
UV/VIS spectrophotometer and liquid chromatograph equipped with UV-Vis detector.
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Introduction

Organic environment micro-pollutants (emerging pollutants) are a global challenge related to water quality.
These substances have been identified in the environment but they are not included in routine environmental
monitoring programs. Their fate in the environment and ecotoxicological impact on living organisms are
unknown [1]. The micro-pollutants of the environment include, among others, pharmaceutical products and
personal care products which are used every day and at the final stage they get into surface water or sewage
[2]. One of the components of personal care products are UV filters. These compounds are mainly used in sun
creams and other cosmetic preparations (lipsticks, make-up agents, lotions, shampoos) protecting people
against the harmful effects of UV radiation [3].

It was revealed that UV filters get into environment together with sewage as a result of washing off from the
skin or clothes. These compounds were detected in surface waters, recreational waters as well as in sewage
and sediments even at levels of mg-L"1 or mg-kg'1 [4, 5]. The maximum levels of UV filters have been
determined in summer, as most cosmetics containing sunscreens are used during this period [3, 5, 6, 7]. In
water matrices, the most frequently are detected derivatives of benzophenone, cinnamic acid and
benzimiadazole [8].

2-Phenylbenzimidazole-5-sulfonic acid (PBSA), as one kind of sunscreen, is widely used in sunscreen
formulations and cosmetics because of its strong absorption in the UVB region [9]. PBSA is characterized by
high polarity. It has been identified in surface waters at the level from 109 to 2679 ng-L'1 [10]. Studies have
shown that PBSA under the influence of sunlight irradiation can cause DNA damage, because it is a source of
reactive oxygen species (ROS) [11].

Some studies have shown that UV filters are stable against biotic degradation. In addition, toxicological studies
suggest that some organic filters have estrogenic and antithyroid properties and can be bioaccomulated [12,
13]. Hence, UV filters are a potential danger to human health and the ecosystem. Moreover, products of UV
filter conversions under the influence of environmental agents can be more toxic than the initial compounds.
For this reason, they are considered as priority pollutants, which should be subject to special monitoring [14].

Another important aspect is that UV filters which penetrate wastewater are not effectively removed.
Conventional wastewater treatment methods are not suitable for disposal of organic micro-pollutants. Liu et al.
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observed on the municipal wastewater treatment plant which consisted of primary sedimentation and
secondary activation of the processed sediments, the efficiency of elimination of 6 UV filters at the level of 5-
82% [15]. In turn, application of adsorption on the sediment of lipophilic filters (log Kow> 4.0) such as
avobenzone, homosalat, 4-methylbenzylidenecamphor (4-MBC), octyl-dimethyl-p-minobenzoic acid (ODPABA),
octocrylene and 2-ethylhexyl 4-methoxycinnamate (EHMC) eliminates them from wastewater at the level of
30-70% [15-17]. Coagulation process and flocculation were also ineffective methods for elimination of 2,4-
dihydroxybenzophenone (BP-1) and 2-hydroxy-4-methoxy benzophenone-5-sulfonic acid (BP-4) [17, 18]. Low
effectiveness of degradation UV filters was achieved in the process with the use of natural light. The tested
filters contain chromophore groups, whose photoactive states are very stable and can change energy absorbed
from light into thermal energy without changing their chemical structure [19]. However, in the process of
water disinfection, benzophenone-3 (BP-3), 4-MBC, EHMC and octocrylene were eliminated by 17-25%. In
addition, this process produces halogenated by-products which can be toxic [20, 21]. Therefore, the attempts
are undertaken to find more effective methods for inactivation or elimination of sunscreens from wastewater
[22].

Advanced oxidation processes (AOP) have been successfully used to remove various organic pollutants such as
pesticides and herbicides from water environment [23-25]. Due to the simplicity and effectiveness, one of the
most often applied AOPs is UV/H,0, system which degrades organic compounds as a result of selective attack
of OHe radicals [26]. An effective solution is also homogeneous photocatalysis with Fenton reagents. SO, e,
which is characterized by strong oxidizing properties at various pH values of solutions and is recommended for
the degradation of organic compounds of considerable durability. Another method is heterogeneous
photocatalysis using nanoparticles of TiO, catalyst [27, 28]. TiO, P25 is a photoactive, highly chemically stable,
cheap and non-toxic catalyst [28].

This paper presents results of studies on the heterogeneous photocatalysis of organic PBSA UV filter under
various experimental conditions in the presence of UV irradiation.

Materials and methods

Materials

All chemicals were purchased from commercial suppliers and used without purification. 2 phenylbenzimidazole
5 sulfonic acid (PBSA, CAS: 5466-77-3) was obtained from Sigma-Aldrich (USA). Reference standards (pH 2- pH
14) were obtained from POCh (Poland). TiO, P25 (Surface Area 50 m*g™) TiO, PC105 (Surface Area 90 m>-g"),
TiO, PC500 (Surface Area 350 mz-g'l), were supplied by Cristal ACTiV™.

Reaction conditions: Photocatalytic experiment

The photocatalytic experiments were conducted on a laboratory scale using a Heraeus reactor equipped with a
medium-pressure mercury lamp with a range of 200-600 nm. The mercury lamp was cooled with water to
temperature of 202C. Water solutions of PBSA at a concentration of 10 mg-L'1 were introduced into laboratory
reactor. Then, the specified doses of TiO, catalyst were added. The system prepared in this way was subjected
to UV irradiation. In order to ensure uniform distribution of the reactants, the solution was mixed using a
magnetic stirrer (200rpm). Composition of the tested solutions is presented in Table 1. Effect of the specific
surface area of catalyst on the photocatalysis rates was investigated using three types of titanium dioxide: TiO,
P25, TiO, PC 105 and TiO, PC 500, which were added in an amount of 20 mg. Effect of pH on the rate of
photocatalysis was checked using TiO, P25. The pH value and proportions of catalyst in the individual systems
is given in Table 1. The pH of solutions was adjusted with buffers. Photocatalyst doses were determined during
preliminary tests. The time of catalyst contact with water PBSA solution before irradiation was set to 15
minutes in order to achieve a balance between adsorption and desorption.
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Table 1. The reaction conditions and substrate proportions used in this study

System number PBSA [mg-L'I] TiO, P25 [mg-L‘l]
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Analytical methods

Sampling procedure

Samples for quantitative analysis were drawn every 5 minutes. 10 ml of solution was sampled from each
system studied. Separation of water mixture from catalyst was carried out using a filtration kit, which consisted
of a 45um PTFE filter. Change in PBSA concentration as a function of time was controlled by the
spectrophotometric and chromatographic methods.

Spectrophotometric analysis

UV/Vis Academy Spectra View 2100 spectrophotometer was used for spectrophotometric analysis.
Spectrophotometric analysis was carried out in the range of 200-400 nm. The detection wavelength was 245
nm and 302 nm for PBSA.

High performance liquid chromatography

Chromatographic analysis was carried out using a high performance liquid chromatograph SHIMADZU,
equipped with UV-Vis SPD-20AV SHIMADZU detector. Discovery® HS Supelco C18 column (15 cm x 4.6 mm, 5
pum) was used for separation. The mobile phase consisted of 1% acetic acid in water and 96% ethanol in a ratio
of 80:20 (v:v). The flow rate was 1 ml/min with a 20 pl injection volume. The detection wavelength was 245 nm
and 302 nm for PBSA. HPLC analysis based on peak areas.

Results

Effect of UV radiation and TiO, catalyst on PBSA degradation was controlled by two methods:
spectrophotometric and chromatographic. In the first stage, both methods were verified in terms of linearity
and repeatability. Limits of detection (LOD) and quantification (LOQ) were also determined.

Table 2. Linear range, calibration curves, relative, relative standard deviation (RSD) and LOQs and LODs

Parameters HPLC method Spectrophotometric
method
Range [mg-L"l] 0.0003- 10.0 0.3-10.0
R’ 0.9997 0.9983
RSD [%] 3.2 2.0
a 26280 0.0867
b -3854.9 0.0273
LoQ 03 pgL’ 0.3 mg-L™
LOD 0.1 pgL™ 0.1 mg-L™

Source: Author’s

y=ax+b
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Both methods are characterized by linearity and repeatability (Table 1.). For the spectrophotometric method,
the linearity range was in the range of 0.3-10.0 mg-L"l' The standard curve was determined based on solutions
with concentrations of 0.3; 0.5; 1.0; 2.0; 5.0; 10.0 mg "1 For the HPLC method, the linearity range was in the
range of 0.0003-10.0 mg e L™, The calibration curve consisted of 8 points with concentrations of 0.0003;
0.0001; 0.001; 0.01; 0.1; 1.0; 10.0 mg e L-1. Each point of the calibration curve was performed in a four-fold
repeat for two methods. The LOD and LOQ were determined as described Voigtman et al.[29]. The LOD for the
HPLC and spectrophotometric method was calculated based on the signal to noise ratio. The LOD value was
three times the value of the noise. The limit of quantification was three times the limit of detection (LOQ =
3LOD). The HPLC UV-Vis method allows us to determine PBSA concentration at lower level than
spectrophotometric method.

In the next stage, the effect of UV irradiation on stability of PBSA was checked. It was found that PBSA was
degraded by 90% within an hour. The obtained results are consistent with those described by Abdelraheem et
al. [11], who showed that in the water environment PBSA is capable of the photo-generating reactive oxygen
species under UV irradiation. The nascent oxygen radicals are precursors of further PBSA conversions, which
can result in formation of products with significantly higher toxicity than the substrate. Change of absorbance
in time is presented in Fig. 1.
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Fig. 1. Change in absorbance of PBSA under the influence of irradiation as a function of time: —0 min; — 10 min; — 20
min; = 30 min; — 40 min; — 50 min; 60 min; 70 min

Source: Author’s

Another method used for degradation of organic contaminants is heterogeneous photolysis. It consists in
simultaneous use of TiO, and UV catalysts. Introduction additionally TiO, to PBSA/UV system affected the rate
of UV filter degradation. The tests were carried out using three TiO, catalysts differing in surface area i.e. TiO,
P25, TiO, PC 105 and TiO, PC 500. The satisfactory results were obtained in the presence of each of the
photocatalysts used (Fig. 2.). The highest loss in PBSA concentration was observed in the presence of TiO, P25,
characterized by the smallest specific surface area. Therefore, TiO, P25 was used for further investigations.
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Fig. 2. Comparison of the effect of titanium oxides on PBSA degradation: —m—TiO, P25; TiO, PC105; —m— TiO,
PC500

Source: Author’s

The catalyst dose is of great importance in the PBSA photodegradation process. The heterogeneous photolysis
reaction was performed using 1, 5, 10, 20 and 40 mg of TiO, P25. It was found that with the increase of the TiO,
dose, the rate of PBSA degradation increases (Fig. 3.). After 15 minutes of reaction, in the mixture with the
highest dose of TiO,, the filter concentration loss was found to be 85%. However, in the mixture with 1 mg of
TiO,, this result was achieved not before 50 minutes of reaction. However, it should be noted that the use of a
large amount of catalyst involves the need to carry out filtration of the system prior to performing the
determination of PBSA concentration, because the catalyst suspension precludes measurement and can
contaminate the apparatus.
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Fig. 3 Effect of TiO, dose on PBSA stability : —m—without TiO,; —m— 1 mg TiO,; —m—5 mg TiO,; 10 mg TiO,;
20 mg TiO,; 40 mg TiO,

Source: Author’s
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Another important parameter that should be taken into consideration during the heterogeneous photolysis of
PBSA is pH of solution. The systems with addition of 1 mg TiO, adjusted to pH 3, 5 and 12, respectively, and the
system without addition of buffer pH = 7 were used in the studies. The effect of solution pH on photocatalytic
degradation is a complex problem related to the ionization states of organic compounds, the catalyst surface
charge as well as the formation rate of HOe and other active radicals in the reaction solution [30, 31]. The pH of
the solution also changes the energy level (2 energy levels) TiO, [32]. According to our studies, PBSA
photodegradation in the presence of TiO, depends on pH. It was observed that degree of degradation in acidic
medium is considerably higher than at neutral pH (Fig. 4). According to Ji et al. [9], it can be caused by
electrostatic attraction between TiOH,  and PBSA-H, which facilitates adsorption of PBSA on the surface of
TiO,.

o

oo

E

c

2

et

o

et

c

T

o

: -

0]
0] 10 20 30 40 50 60 70 80
Time [min]
Fig. 4. Effect of pH on the rate of heterogeneous catalysis: : —m— without buffer; buffer pH=3; buffer pH=5;

—m— buffer pH=12
Source: Author’s

The photodegradation process in an alkaline medium runs differently. In an alkaline medium (pH = 12),
electrostatic repulsion between TiO and PBSA-2H is much stronger than the effect of HOe formation, which
consequently slows degradation of the compound [9]. Similar results were obtained by Soto-Vazquez [33]. The
results obtained indicate an important role of TiO2 in the photolysis process. Previous studies on PBSA
photodegradation without TiO2 at different pH have shown that the protonated form of PBSA-2H was excited,
moreover quantum efficiencies in the basic and acidic media were much higher than in neutral medium and
this affects the increase in degradation rate [34]. Similar results were obtained by Tsoumachidou et al., who
studied the effect of pH on the photocatalysis of another UV filter p-aminobenzoic acid (PABA). They found
that the degradation proceeds faster in the acid medium, while in the alkaline medium the rate of
photocatalysis decreases [35].

Conclusion

Photodegradation of water solution of 2-phenylbenzimidazole-5-sulfonic acid (PBSA) in the presence of a TiO,
catalyst suspension was carried out. Presence of TiO, distinctly affects degradation of PBSA. The rate of
degradation of the compound tested depends on catalyst dose and pH of the reaction medium. The study on
the effect of pH on PBSA solution showed that the highest degradation occurred at pH=3. However, in basic
medium, the process proceeds slowly. Heterogeneous photocatalysis with participation of TiO, is considered
to be one of the methods of advanced oxidation processes (AOP). The results obtained indicate that it can be
used for degradation of organic pollutants, such as sunscreens. Due to its photochemical properties, TiO, can
directly oxidize the adsorbed chemical substance or form an adsorbed hydroxyl radical HO-. This, in turn, as a
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reactive oxidant, is capable of non-selective reaction with the most resistant organic substances polluting
water.
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