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SCIENTIFIC WORK

INVESTIGATION OF BENZOPHENONE-3 ELECTROCHEMICAL
DEGRADATION ON TITANIUM ELECTRODE

Danka Aé¢imovi¢!, Branislava Savi¢!,Tanja Brdari¢!, Dragana Vasi¢ Ani¢ijevié!,
Marija Je¢menica Dugi¢!, Milica Cur¢i¢!, Danijela Maksin'

I VINCA" Institute of Nuclear Sciences
- National Institute of the Republic of Serbia, University of Belgrade

Abstract: Benzophenone-3 is a well-known molecular UV filter, main-
ly found in commercial cosmetic preparation for sunscreen and skincare. Due
to increased use of sunscreens, it could be found in surface water and
wastewater, which could affect the water quality and human health. Research
indicates that benzophenone-3 act as endocrine disruptor and has a carcinogen-
ic and mutagenic effect on humans and other living organisms. As such, poses
a health risk to all living beings and need to be removed from the environment.
Electrochemical techniques for wastewater treatment of organic pollutants
show advantages over commercial techniques as practicality, safety, and simple
application on both, small and large systems. Aim of the presented research is
to examine the possibility of using titanium anode plates for electrochemical
degradation of benzophenone-3 in 0.05M aqueous sodium chloride solution.
Electrolysis was performed in galvanostatic mode at a current density of 25 mA
cm2. During 40 minutes of electrolysis, the degradation efficiency of benzo-
phenone-3 is 98.3 %. Additional studies of process kinetics show that degrada-
tion of benzophenone-3 follows first-order kinetics.

Key words: benzophenone-3, electrochemical degradation, titanium
electrode
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1. INTRODUCTION

Benzophenone-type UV filters represent a very diverse group of chemicals
that are used across a range of industrial sectors around the world. They are found
within different environmental compartments (e.g. surface water, groundwater,
wastewater, sediments and biota) at concentrations ranging from ng/L to mg/L.
Benzophenone-3 (2-hydroxy4-methoxybenzophenone or oxybenzone) is one of the
most commonly used organic UV filters in recent decades. It is mainly used as
ultraviolet light filters in sunscreen agents, but it can also be found in other cosmet-
ic products such as lipsticks, skin lotions, facial creams, and fragrances, and in
various personal care products, including shampoos, body washes, toilet soaps, hair
sprays, and insect repellents, because they can prevent polymer degradation or
pigmentation [1, 2].

Benzophenone-3 has two benzene rings joined by a carbonyl group. As with
other organic UV filters, benzophenone-3 is a photostable, lipophilic and potential-
ly bioaccumulative compound. The relatively high log-Kow value of benzophe-
none-3, i.e., 4.0, suggests its slow biodegradation, tendency to adsorb to suspended
solids and sediments, and low volatilization potential from water surfaces. Benzo-
phenone-3 has been shown to degrade by about 4% after 28 days in water indicat-
ing its persistence in aquatic environment. During summer, the half-life of BP-3 in
surface water was estimated at a few weeks, and the persistence appeared to be 7 to
9 times greater in winter under mid-latitude conditions [3]. As a consequence, this
compound has frequently been detected in both, environment and biota. Wide-
spread occurrences of this compound have led to its frequent detection in fish and
in human urine, serum, and breast milk [4, 5, 6]. Absorbed benzophenone-3 can be
hydroxylated to form metabolic byproducts such as benzophenone-1, benzophe-
none-8, or 2,3,4-trihydroxybenzophenone. Benzophenone-1 is also believed to be
one of the major metabolites of benzophenone-3 in fish and humans.

A number of in vitro studies indicate that UV filters such as benzophenone-3
and benzophenone-1, as benzophenone-3 metabolite, have endocrine-disrupting
capacities. Benzophenone-3 has been frequently reported for endocrine disruption.
Experimental animal and in vitro studies have shown that benzophenone-3 influ-
ences reproduction and sex hormone signaling. Benzophenone-1 is reported to
possess even greater estrogen receptor binding affinity compared to BP-3 and for
these benzophenonones it is suspected to influence on hormone-dependent diseas-
es, and are associated with the birth outcome of humans [7, 8]. In recent studies, it
found that dermal application of benzophenone-3, with representative daily internal
dose of 50 mg/kgpody weight, has negative impacts on fetal development in pregnant
mice, both in terms of growth restriction and sex ratio [9]. Furthermore, a correla-
tion between the urinary benzophenone-3 concentration and the prevalence of oste-
oarthritis in humans was verified [10].

European Chemicals Agency reported that environmental contamination lev-
els for benzophenone-3 exceed the predicted no-effect concentration of 0.67 pg L.
According to REACH (Registration, Evaluation, Authorization and Restriction of
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Chemicals), endocrine disruptors may be identified as substances of very high con-
cern that need to be restricted in terms of use and spread in cases of confirmed
hazard. Denmark initiated an endocrine disruptor assessment for benzophenone-3,
which is still ongoing. The German Environment Agency (UBA) is currently work-
ing on a strategy for hazard assessment of benzophenone-type UV filters [8].

Due to benzophenone-3 potential endocrine disruption effect and toxicity, it
is necessary to develop methods for detection, tracking and degradation in aquatic
environment, to make it safe for living beings and the environment. In the past few
years, conventional technologies, such as coagulation, flocculation, adsorption,
ozonization are adapted for the removal of benzophenone-3 from drinking water
and surface water . Because of benzophenone-3 high photostability, direct photo-
degradation with UV radiation is slow process. Also, biodegradation and sorption
are efficient ways to eliminate benzophenone-3 from water [11, 12]. However,
these processes can be impractical, unsafe and complex for the application on large
systems. Therefore, it is crucial to develop a new approach for benzophenone-3
removal in aquatic media.

Advanced Oxidation Processes (AOPs), as a group of depollution methods
that use hydroxyl radicals - the strongest known oxidant for the oxidation of organ-
ic pollutants, stands out. Significant attention has been paid to developing of these
effective techniques for removing organic pollutants.

Electrochemical oxidation processes, including anodic oxidation, due to

strong oxidation ability, simple application and environmental compatibility, can
be promising techniques for removal of toxic organic pollutant, e. g. organic dyes,
polycyclic aromatic hydrocarbons, polychlorinated biphenyls, phenolic com-
pounds, including organophosphates. Nature of anode materials have significant
and decisive influence to efficiency of these processes. Also, the choice of the ap-
propriate supporting electrolyte — chloride, sulfate, phosphate etc., plays important
role in electrochemical oxidation. During anodic oxidation, electrochemically gen-
erated species like activated chlorine species, persulfates, perphosphates, percar-
bonates, and hydrogen peroxide that are electrochemically generated from com-
pounds present in the bulk solution such as chloride, sulfate, carbonate, phosphate
and oxygen can significantly improve these degradation processes. The final result
represents a compromise between the acceleration of kinetics and the gained by-
products.
To our knowledge, there are no publications that describe using titanium anode
plates for electrochemical degradation of benzophenone-3 in aquatic media. The
literature contains studies relating to the degradation of benzophenone-3 on
Ti/SnO,-Sb/Ce-PbO; anode and TiO» nanotubular array electrodes [13, 14].

In this study, we have investigated the possibility of using titanium anode
plates for electrochemical degradation of benzophenone-3 in 0.05 M aqueous sodi-
um chloride solution at current density of 25 mAcm™. The sodium chloride solu-
tion was chosen as the supporting electrolyte to obtain a realistic picture of the
contaminated water sample in which the chlorides are present. Kinetic analysis of
that electrochemical process was performed by zero-order, first order, second order
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and pseudo first-order kinetic models, and the results are reported in this paper.
This work is useful to deepen our knowledge of whether electrochemical oxidation
on the simple electrode without modification is a suitable treatment to remove or-
ganic constituents of sunscreen in wastewater. Additionally, it is possible to predict
the time required for complete degradation using a kinetic model.

2. MATERIALS AND METHODS

For presented experiments following chemicals were used: Benzophenone-3
(Energy Chemical Reagent, Shanghai, China, purity 98%), sodium-chloride, NaCl
(Sigma-Aldrich) and deionized water (18 MQcm,) obtained from a Milli-Q Milli-
pore system.

The electrochemical experiment was done using Gamry Potenti-
ostat/Galvanostat/ZRA06230 (Gamry Instruments, USA). Electrolysis of 4.381 10
M solutions of benzophenone-3 in 0.05 M NaCl was carried in an undivided, three-
electrode electrolytic cell on current density of 25 mA c¢cm™ at room temperature,
with a mixing speed of 200 rpm. Titanium plate (Ti), active surface area of 2.86
cm?, was used as anode, platinum foil as cathode and standard Ag/AgCl electrode
as the reference electrode. The distance between the anode and cathode was 2 cm.
The aliquots were taken in different time intervals and absorbance at maximum
absorbance peak (at 310 nm) were recorded on UV/VIS spectrophotometer Lamb-
da 35 (Perkin Elmer, SAD).

3. RESULTS AND DISCUSSION

The electrolytic concentration profile and appropriate UV spectrum during

electrochemical oxidation of benzophenone-3 were presented in Figure 1b. As can
be seen, with increasing of electrolysis time, concentration of benzophenone-3
decreases. Degradation of benzophenone-3 was fast within the initial 10 minutes.
Determined efficiency is about 61%. During further electrolysis treatment, the con-
centration of benzophenone-3 slowly decreases. Complete degradation of benzo-
phenone-3 with efficiency above 98.4% were achieved after 40 minutes.
In contrast to a previous study that used Fe electrode for degradation BPA, the
increase of the concentration of benzophenone after 5 minutes of electrolysis is not
observed [15]. However, the continuous decrease in BPA concentration during
electrolysis is indisputable evidence that chemical reactions such as the formation
of complexes a neutral form of BP-3 with some components of electrolyte did not
occur in the system.
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5.0x10° 1

Time (min)

Figure 1. Electrolytic degradation profile of 10 mg L™! benzophenone-3 at current density
25 mA cm?; insert : appropriate UV spectrum

Kinetic analysis

Oxidative electrochemical degradation process of benzophenone-3 by tita-
nium electrode were kinetically modeled using zero order, first order, second
order and pseudo first order kinetic models. Coefficients of determination of each
of the kinetic models plotted with their linear model equations are presented in
Figure 2. The parameters of applied kinetic models, such as rate constants, k and

coefficient of determination were calculated from the linear plots. They are pre-
sented in Table 1.
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Figure 2. Linear plot of (4) zero order, (B) first order, (C) second order and (D) pseudo

first order kinetic model

Table 1.Benzophenone-3 oxidative degradation parameters of kinetic models

Rate constants

Zero order mode
First order mode
Second order mode

Pseudo first order mode

-1.380 10 (Mmin™)
-0.124 (min™)
38742.86 (M min™)
0.12 (min™)

Coefficient of determination
0.684
0.996
0.936
0.997

The coefficient of determination for the pseudo first and first order model
was relatively satisfactory and close to 1. This confirms that the degradation of
benzophenone-3 by electrolysis follows first-order kinetics. Similarly, several
authors have reported that the removal of organic pollutants follows first-order

kinetic [16, 17].
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The constructed benzophenone-3 degradation kinetics model can be applied
to evaluate the degradation level of benzophenone-3 and predict its concentration
during the electrolysis time. If the kinetics parameters of k for the benzophenone-3
are obtained based on the method mentioned above, their equations presented on
Figure 2 can be used to calculate the ¢ values under different electrolysis time.

— first order theoretically
second order theoretically
® experimentally

5.0x10° -

4.0x10°

3.0x10° -

2.0x10° -

¢ (moldm™)

1.0x10°

0.0

Time (min)

Figure 3. The theoretically calculated electrolytic degradation profile (line) and experi-
mental data (scatter) of benzophenone-3 degraded in 0.05M NaCl aqueous electrolytes

Figure 3 shows the plots of electrolytic degradation profile from the theoreti-
cal model (see equations on Figure 2) for the degradation of the benzophenone-3 in
0.05M NaCl solutions. The data of concentration at degradation time from experi-
mental findings are also presented, which match well with the theoretically curve

for the first order reaction.
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4. CONCLUSION

In summary, our proof-of-concept study has established a electrochemical

technique for the degradation of benzophenone-3 in NaCl aqueous electrolytes
using titanium plate electrodes, which could also be further generalized in other
media. The rate equations of the chemical and electrochemical processes in benzo-
phenone-3 degradation follow first-order kinetics. The construction of the benzo-
phenone-3 degradation kinetics model in this work would provide better insight in
prediction of benzophenone-3 degradation time and facilitate the optimization of
process for practical applications.

Acknowledgement

The authors would like to thank the Ministry of Education, Science and

Technological Development of the Republic of Serbia for the financial support
to the research through institutional funding (Contract number 451-03-9/2021-
14/200017).

[1]

5. REFERENCES

C. P. Da Silva, E. S. Emidio, and M. R. R. De Marchi, “UV filters in water
samples: Experimental design on the SPE optimization followed by GC-
MS/MS analysis,” J. Braz. Chem. Soc., Vol. 24- 9, (2013) 1433—1441.

S. Kim and K. Choi, “Occurrences, toxicities, and ecological risks of
benzophenone-3, a common component of organic sunscreen products:
A mini-review,” Environment International, Vol. 70 (2014) 143-157.
D. Vione, R. Caringella, E. De Laurentiis, M. Pazzi, and C. Minero,
“Phototransformation of the sunlight filter benzophenone-3 (2-hydroxy-4-
methoxybenzophenone) under conditions relevant to surface waters,” Sci.
Total Environ., Vol. 463—464 (2013) 243-251.

T. Kunisue et al., “Urinary concentrations of benzophenone-type UV filters in
U.S. women and their association with endometriosis,” Environ. Sci. Technol.,
Vol. 46 (2012) 4624-4632.

K. Fent, A. Zenker, and M. Rapp, “Widespread occurrence of estrogenic UV-
filters in aquatic ecosystems in Switzerland,” Environ. Pollut., Vol. 158
(2010) 1817-1824.

X. Wel, Y. Hu, Q. Zhu, J. Gao, C. Liao, and G. Jiang, “Co-exposure and
health risks of several typical endocrine disrupting chemicals in general
population in eastern China,” Environ. Res., Vol. 204 (2022) 112366.

S. Kim, D. Jung, Y. Kho, and K. Choi, “Effects of benzophenone-3 exposure
on endocrine disruption and reproduction of japanese medaka (Oryzias
latipes)-A two generation exposure study,” Aquat. Toxicol., Vol. 155 (2014)
244-252.

56

CABPEMEHW MATEPWJIAJIV 2021, Barba Jlyka, 9-10. centembap 2021.



Investigation of benzophenone-3 electrochemical degradation on titatnium electrode

[8] L. Carstensen, S. Beil, H. Bornick, and S. Stolte, “Structure-related endocrine-
disrupting potential of environmental transformation products of
benzophenone-type UV filters: A Review,” J. Hazard. Mater., Vol 430 (2022)
128495 .

[9] C. G. Santamaria et al., “Dermal exposure to the UV filter benzophenone-3
during early pregnancy affects fetal growth and sex ratio of the progeny in
mice,” Arch. Toxicol., Vol. 94 (2020) 2847-2859.

[10] Y. Li et al., “Associations of urinary levels of phenols and parabens with
osteoarthritis among US adults in NHANES 2005-2014,” Ecotoxicol.
Environ. Saf., Vol. 192 (2019) 110293.

[11] D. Y. Chen, X. F. Guo, H. Wang, and H. S. Zhang, “The natural degradation
of benzophenone at low concentration in aquatic environments,” Water Sci.
Technol., Vol. 72 (2015) 503-509.

[12] S. A. Snyder ef al., “Role of membranes and activated carbon in the removal
of endocrine disruptors and pharmaceuticals,” Desalination, Vol. 202 (2007)
156-181.

[13] C. Zhou, Y. Wang, J. Chen, and J. Niu, “Electrochemical degradation of
sunscreen agent benzophenone-3 and its metabolite by Ti/SnO2-Sb/Ce-PbO2
anode: Kinetics, mechanism, toxicity and energy consumption,” Sci. Total
Environ., Vol. 688 (2019) 75-82.

[14] J. L. Esbenshade, J. C. Cardoso, and M. V. B. Zanoni, “Removal of sunscreen
compounds from swimming pool water using self-organized TiO2 nanotubular
array electrodes,” J. Photochem. Photobiol. A Chem., Vol. 214 (2010) 257—
263.

[15] Z. Ye, J. R. Steter, F. Centellas, P. L. Cabot, E. Brillas, and 1. Sirés,
“Photoelectro-Fenton as post-treatment for electrocoagulated benzophenone-
3-loaded synthetic and urban wastewater,” J. Clean. Prod., Vol. 208 (2019)
1393-1402.

[16] R. Rathinam, M. Govindaraj, K. Vijayakumar, and S. Pattabhi,
“Decolourization of Rhodamine B from aqueous solution by electrochemical
oxidation using graphite electrodes,” Desalin. Water Treat., Vol. 57 (2016)
16995-17001.

[17] A. Kaur, R. Kaur, and H. Kaur, “Electrochemical degradation of rhodamine B
dye,” Moroccan J. Chem., Vol. 4 (2016) 1-4.

CABPEMEHW MATEPWIATIN 2021, Batba Jlyka, 9-10. centembap 2021. 57



Hanka Ahumosuh, bpanucnasa Casuh, Tawa bpaapuh, lparana Bacuh
Amnnhujesuh, Mapuja Jeumenuna lyunh, Mununa hypunh, /lanujena Makcua

HNCIIMTUBAIBE EJIEKTPOXEMUJCKE JET'PAJALIMJE
BEH30®EHOHA-3 HA EJIEKTPOJAMA OJ1 TUTAHA

Amncrpakt: benzodeHoH-3 je ommuTeno3HaT MoOJNEKyJIcku YB ¢unrep
KOjH Cc€ KOPHCTH Y KOMEPIIHjaJTHUM KO3METHYKUM TIperapaTiMa 3a CyHUame 1
HETry KOXe. Ycen mopacta ynorpebe Kpema 3a 3allTUTy OJ CyHIA, pacTe U
KOHIIGHTpAIMja HABEACHOT jEeIMICHa y MOBPIIMHCKMM M OTNAaJHUM BOJamMa
IITO yTHYE Ha KBAJIMTET BOJIE M 3ApaBibe JbyAu. Jlocaranima HaydHa HCTPaKH-
Bama MoKa3yjy jJa 0er30(eHoH-3 Jeyje KaHIIepOTeHO W MyTareHo U Mpoy3po-
Kyje opemehaj QpyHKIMje SHIOKPIITHHX JKJIe3/1a y )KUBUM opranm3zmmmMa. Kao
Takas, MPEJICTaBJba PU3MK IO 3/IpaBJbe KMUBHX Ouha u Tpeba ra yKIOHUTH M3
okoyHe. Enekrpoxemujcka TeXHHMKE 3a NpedninhaBame OTHNAJHHMX BOJA O]
opraHckuX 3arajuBada mnokasaja cy OpojHE NPETHOCTH Yy OJHOCY Ha CTaH-
JapJHe TeXHUKE MpedninhaBama yKbYydyjyhn MpakTHYHOCT, CUTYPHOCT U jel-
HOCTaBHY NPHMEHY KaKO Ha MaJUM TaKO M Ha BEIMKHUM cucTemuMa. [IpeseH-
TOBAHO UCTPAKMBAHE MMa 32 IIUJb UCITUTUBAE MOTYNHOCTH IPUMEHE THTaHU-
JYMCKHX eJEeKTPOTHHX TII0Ya 33 eIEKTPOXEMH|CKY Aerpananujy 0eH30(peHOHa-
3 y 0.05M BoneHOM pacTBOpY HaTpHjyM Xxjopuaa. Enekrpommsa je pahena y
raJBaHOCTATCKOM PEXHMMY NPH T'yCTHHH cTpyje ox 25 mA cm? Tokom 40
MUHyTa eJIeKTposm3e, edukacHocT aerpananvje OeH30(peHOHa-3 H3HOCH
98,3%. JlomatHa mMCTIMTHBama KWHETHKE MpoIeca MOoKa3yjy Jda JAerpajarija
OeHzoheHoHa-3 cle KHHETHUKY MPBOT peia

Kbyune pujeun: OeH30(eHOH-3, eNeKTpOXeMHjcKa Jierpajanyja,
TUTAHH]YMCKa eIeKTPOa
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