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1. Introduction 
Estriol is an estrogenic chemical that cause of 

endocrine disruption in humans, even at low 
concentration1,2). Estriol is present at concentrations 
ranging from 1.0 to 100 ng L-1 in environment 
including surface water and wastewater effluents 2,3).
Therefore, to obtain safe drinking water, complete 
degradation of estriol in surface water is needed. 
Various advanced oxidation processes (AOPs) have 
been applied to contaminated systems to effectively 
treat micro-pollutants, such as estriol 2). Generation 
of hydroxyl radicals is the critical step for AOPs. 
Therefore, reaction conditions must be optimized to 
maximize hydroxyl radical generation in order to 
effectively degrade pollutants.  

When aqueous solutions with organic pollutants 
are exposed to ultrasound (US) waves, pollutants 
can be degraded by thermal and chemical (hydroxyl 
radical) effect generated during cavitation process. 
However, ultrasound-mediated degradation is more 
effective when combined with other oxidative 
approaches, such as Ultraviolet (UV) irradiation. 
UV irradiation can be used for the direct and 
indirect photolysis of pollutants, as well as for 
disinfection. In particular, vacuum ultraviolet 
(VUV) at a wave length of 185nm effectively 
degrades pollutants and has been to generate 
ultrapure water. VUV irradiation results in a high 
rate of hydroxyl radical formation by water 
homolysis (Eq.1) and water ionization (Eq. 2) 4).

H2O ∙H + ∙OH    --------- [1] 

H2O  H+ + ∙OH + e-  --------- [2] 

UV irradiation also shows better results when 
combined with a photocatalyst, such as titanium 
dioxide (TiO2), oxidants, such as hydrogen peroxide 
(H2O2) or ozone (O3) or with acustic wave, such as 
ultrasound2,5). One advantage of sonophotolysis is 
that there is no need to remove the photocatalyst or 
add additional chemicals to effectively degrade 
pollutant. US irradiation generates hydrogen 
peroxide. Direct UV photolysis of hydrogen 
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peroxide generated by US exposure can also 
generate hydroxyl radicals that could degrade 
pollutants (Eq.3) 5).

H2O2 (H2O2 generated by US process) ∙OH + ∙OH 

 --------- [3]  

Sonophotolysis at various UV wavelength have 
not been investigated. Therefore, this study 
examined the kinetics of the sonolytic, photolytic 
and sonophotolytic degradation of estriol using 
UVA, UVC and VUV irradiation. In addition, 
synergistic effect of sonophotolytic degradation 
also was determined at different UV wavelength. 

2. Experimental Methods 

The degradation of estriol (Aldrich, 99.5 % pure 
grade, initial concentration 34 μM) was carried out 
in a capped cylindrical glass batch reactor. The 
reactor had an inner diameter of 12.5 cm and a 
height of 22 cm. The aqueous volume was 1L. VUV, 
UVC and UVA lamps (Han Sung Ult. Co. LTD) 
with main emission wavelengths of 185nm, 254nm 
and 365nm, respectively, and output powers of 
10±5 W were centered axially and immersed in the 
reactor. The applied total intensity of UV irradiation 
in solution was approximately 40±2 W L-1. The US 
of 283 kHz and powers of 29.5, 45, 85 and 115.5 W 
L-1 was applied from a cup horn type single 
transducer located beneath the reactor. The reaction 
temperature was kept within 15-18�C using a water 
jacket placed around the reactor. The pH was 
uncontrolled but was measured and remained 
between 5.2 and 6.0 during the reactions. The 
concentration of estriol was determined by high 
performance liquid chromatography (HPLC) using 
a system equipped with a 335 LC photo diode array 
detector (Varian Prostar) and a reversed phase 
column (Phenomenex XRs, C18, 250 mm × 4.6 mm 
inner diameter, 5μm beads). The mobile phase was 
acetonitrile:orthophosphoric acid (0.02mM) (35:65). 
The flow rate was 1 ml min-1. The total sample 
volume withdrawn from the reactor for each 
experiment was less than 5% of the initial volume.
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The molar absorption coefficient of estriol was 
determined using the Lambert Beer law 6).

3. Results and Discussion 

Fig.1 shows the effect of the applied US power 
(283 kHz; 29.5-115.5 WL-1) on the sonolytic 
degradation constants of estriol. The degradation 
rate of estriol increased linearly with increasing 
applied power. The degradation rates were 
approximately 3.0×10-4, 7.0×10-4, 3.5 ×10-3 and 6.1 
×10-3 min-1 at 29.5, 45.0, 65.0 and 115.5 W L-1,
respectively. This increase in estriol degradation is 
due to the increase in cavity activity and the number 
of cavitation bubble generated, and the increased 
production of hydroxyl radical as the applied power 
increases 1,7).

Fig.2 shows the photolytic and sonophotolytic 
degradation rates of estriol at different UV 
wavelength. The photolytic degradation rate 
constants were 1.7 ×10-1, 1.1 ×10-2 and 1.0×10-4 

min-1 for VUV, UVC and UVA irradiation, 
respectively. The difference in degradation rates is 
due to differences in the energy (647, 471.5 and 
327.7 KJ mol-1) of the UV irradiation8) and molar 
absorption coefficient (εestriol) of estriol at the 
different UV wavelengths, such as 2.6, 0.12 and 
0.002 L mol-1 cm-1.

 For sonophotolysis, the greatest estriol 
degradation rate was observed for US/VUV, 
followed by US/UVC and US/UVA, as for the 
photolytic degradation of estriol (Fig.2). The 
synergistic effect between sonolysis and photolysis 
was quantified as the normalized difference 
between the sonophotolysis rate constant and the 
sum of the individual sonolysis and photolysis rate 

constant 5,9). Small synergistic effect of 1.29 and 
1.11 were observed for US/UVC and US/UVA 
sonophotolysis, respectively. No synergism was 
observed for US/VUV sonophotolysis. 

The synergistic effects for US/UVC and US/UVA 
sonophotolysis can be explained by the direct 
photolysis of hydrogen peroxide produced during 
US exposure by UVC and UVA radiation to form 
hydroxyl radicals (Eq. 3). 
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Fig. 1 Sonolytic estriol degradation at various applied 
US powers (29.5, 45, 65, 115.5 W/L).
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Fig.2 Photolytic and sonophotolytic estriol degradation 
rate at different UV wavelengths. 


