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Abstract The sonochemical degradation of 17b-estradiol

(E2) and 17a-ethinylestradiol (EE2) in water and waste-

water was investigated at ultrasonic frequency of 850 kHz.

The effects of pH, initial concentrations, temperature,

power and dissolved organic carbon were examined. The

results obtained indicated that the rate of ultrasonic deg-

radation of E2 and EE2 in water and wastewater is influ-

enced by the pH, power, air sparging and the dissolved

organic content of the aqueous solutions. Mass degradation

rates of E2 and EE2 per kW ranged from 1.7 to

4.0 mg kW-1 at varying process parameters. The degra-

dation process followed the pseudo-second-order kinetic

model with rate constant of 1.71 9 10-2 min-1 at 25 �C.

The value for activation energy (Ea = 15.21 kJ mol-1)

obtained from Arrhenius-type plot, indicated that the

ultrasonic degradation of steroid hormones is thermody-

namically feasible, and does not progress only on radical

reactions but other intermediate reaction processes. In

wastewater, the higher dissolved organic carbon signifi-

cantly reduced the effectiveness of degradation of the E2

and EE2 showing that ultrasound treatment will be more

effective as a tertiary treatment option in wastewater

applications.
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Introduction

The widespread occurrence of endocrine disrupting chem-

icals (EDCs) in treated wastewater particularly the steroidal

hormones is well recognised, and there are concerns about

the adverse effect that they may have on both the aquatic

environment and humans (Diamanti-Kandarakis et al. 2009;

Ifelebuegu 2011). The steroid hormones particularly 17b-

estradiol (E2) and 17a-ethinylestradiol (EE2) are among the

most potent EDCs. Effluent from wastewater treatment

plants (WWTPs) is a major source of E2 and EE2 across the

globe at levels which significantly cause endocrine disrup-

tion, and conventional wastewater treatment is not effective

in degrading these chemicals to levels below their poten-

tially non-effective concentrations (Esperanza et al. 2007;

Gomez et al. 2007; Kanda and Churchley 2008).

Recent studies have explored the development of non-

biological methods for the removal of EDCs in water and

wastewater with particular consideration to advanced oxi-

dation processes (AOPs) (Klavarioti et al. 2009). A number

of AOPs have been investigated for treatment of emerging

contaminants in various water environments (Esplugas

et al. 2007). Techniques that have been used include: TiO2

photocatalysis induced by UV-A (Rizzo et al. 2009),

Fenton’s oxidation (Hsueh et al. 2005), artificial solar

irradiation (Méndez-Arriaga et al. 2008), degradation by

photo-Fenton oxidation based on sunlight (Shemer et al.

2006), ozonation (Vogna et al. 2004), chlorine dioxide

oxidation (Deborde and von Gunten 2008) and Fenton-like

oxidation (Ifelebuegu and Ezenwa 2011). Some of the

AOPs have got drawbacks related to formation of by-pro-

ducts that could have harmful effects. In view of the

increased demand for higher water quality standards

without toxic by-product concerns, significant attention has

been drawn to the use of ultrasound for treatment of
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pharmaceutical and personal care products in water and

wastewater (Gogate and Pandit 2004; Naddeo et al. 2009;

Chiha et al. 2011). This is because the generation of

hydroxyl radicals through acoustic cavitations results in

oxidative degradation of contaminants (Torres et al. 2008).

The cavitations involve the formation, growth and conse-

quent collapse of micro bubbles, which occur in very short

periods and release large amount of energy over a very

small area (Gogate and Pandit 2002).

Ultrasonic irradiation has the capacity to degrade a

variety of organic compounds particularly hydroxylated

and halogenated aromatics and hydrocarbons (Loan et al.

2007; Méndez-Arriaga et al. 2008; Hartmann et al. 2008).

E2 and EE2 both have similar aromatic structures (Fig. 1a,

b) and are amenable to sonochemical degradation. Sono-

chemical reactions result from the collapse of cavitation

bubbles in a liquid which leads to thermal dissociation of

water vapour into hydroxyl radicals. It can also result from

the interfacial sheath between the bubble and the sur-

rounding liquid or the solution bulk (Ince et al. 2001;

Mason and Pétrier 2004). The hydroxyl radical generated is

predominantly responsible for the oxidation of various

organic compounds.

The purposes of this research which was conducted at

the Sonochemistry Centre, Coventry University between

2009 and 2010 were to investigate the degradation of E2

and EE2 by ultrasonic irradiation and to determine the

effects of process parameters as well as the thermodynamic

properties. Much uncertainty still exists about the

mechanics for effective degradation of EDCs in water and

wastewater, hence the need for this research. The kinetic

and thermodynamic data will find application in modelling

of industrial scale application of ultrasound in water and

wastewater treatment.

Materials and methods

Chemicals

The model solutes used for this research (E2 and EE2) were

purchased from Sigma Aldrich (Gillingham, UK). All

reagents used were all of HPLC grade and were purchased

from Fischer Scientific (Loughborough, UK). The stock

solutions of E2 and EE2 were prepared by dissolving the

required amounts in HPLC grade water. The aqueous solu-

tions used for the sonication were made from the stock using

deionised water (DI), treated wastewater final effluent (FE)

and settled wastewater (SW). pH adjustments were carried

out by using sodium hydroxide and hydrochloric acid.

Wastewater

The wastewater used for the research was obtained from a

local sewage treatment plant located in the West Midlands,

UK. The treated final effluent (FE) and the settled waste-

water (SW) from the primary sedimentation tank were

sampled. The characteristics of the wastewater used are

presented in Table 1.

Apparatus

Sonochemical treatment was carried out using a cylindrical

water-jacketed ultrasonic baths operating at a frequency of

850 kHz (Meinhardt Ultraschalltechnik K80-5). A cooling

system JULABO Labortechnik GmbH, 230 V/50 Hz, 115 V/

60 Hz, temperature range from -20 �C to ?40 �C and tem-

perature stability of ±0.5 �C, was used to keep temperature

constant at 10, 20, 25 and 30 �C for thermodynamic studies.

Procedures

Experiments were conducted using 200 mL of 1 mg L-1

aqueous solutions of E2 and EE2 in deionised and waste-

water with the temperature maintained between 10 and

30 �C. Although the steroid hormones occur in ng L-1

levels in surface and wastewater, higher concentrations

were used for the study of the effects of operating

parameters and the thermodynamic properties, which is

concentration independent (Annamalai and Puri 2002).

Sonication was carried out for 60 min, and the tempera-

ture and pH were monitored with a thermocouple immersed

in the solution. Blank samples were also sonicated for quality

control purposes. Aliquots for HPLC analysis were with-

drawn at different intervals between 0 and 60 min. Experi-

ments were conducted at fixed frequencies of 850 kHz with

varying powers and intensities. The experiments were con-

ducted at varying pH, varying initial concentrations, varying

Fig. 1 a 17b-estradiol, b 17a-ethinylestradiol

Table 1 Wastewater characteristics

Parameter FE SW

COD (mg L-1) 38.5 235.3

SS (mg L-1) 11.2 65.6

BOD (mg L-1) 7.2 123.4

DOC (mg L-1) 9.8 80.6

FE = treated sewage final effluent, SW = settled sewage, RW = raw

sewage
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temperatures, varying dissolved organic (DOC) contents for

the wastewater, and varying power and with and without air

sparging.The calorimetric method was used for the calcula-

tion of applied power using Eq. 1:

Power ¼ dT=dtð Þ � cp �M ð1Þ

where Cp = heat capacity of water (4.198 J g-1 K-1),

M = mass of water (kg). dT/dt is the temperature rise per

second.

4-Nitrophenol dosimetry

Para-nitrophenol (PNP) dosimetry was used to assess the

rate of hydroxyl radical formation by monitoring the oxi-

dation of PNP to 4-nitrocatechol (4-NC) photometrically.

Aqueous PNP has an ultraviolet maximum at 401 nm and

the hydroxylated product 4-NC at 512 nm. The number of

hydroxyl radicals formed during sonication was quantified

by observing the amount of product formed. 4-Nitrophenol

(0.278 g) was added to 2 L of distilled water and raised to

pH 5. Two hundred millilitres of this solution was analysed

on the 850 kHz ultrasonic bath, operated at a power of

27.82 W, for 90 min. 1.5 mL Aliquots were withdrawn

into the cuvettes at 5, 15, 30, 45, 60 and 90 min for analysis

on the UV–VIS spectrophotometer. Prior to analysis, equal

amounts (1.5 mL) of 0.2 M NaOH were added to the

sonicated PNP, resulting in a final concentration of 0.1 M

NaOH. Absorbance measurements at 401 nm and 512 nm

were taken, indicating the decrease of PNP and the sub-

sequent formation of 4-nitrocatechol (4-NC), respectively.

A plot of concentration (lM) against time (mins) gave a

linear graph, and the rate of formation of hydroxyl radical

was calculated. PNP and 4-NC were quantified by the

measurement of their absorbencies in 0.1 M NaOH at

401 nm (extinction coefficient = 19,200 M-1 cm-1 for

PNP) and 512 nm (extinction coefficient = 12,300

M-1 cm-1 for 4-NC), respectively.

Analyses

Analysis of EDCs

EDCs were analysed on the Hewlett Packard 1050-series

HPLC, with the fluorescence detector wavelengths of

280 nm (excitation) and 310 nm (emission). Details of the

analytical methods have been previously described in If-

elebuegu et al. (2010). The limit of detection (LOD) and

the Instruments Quantization Limit (IQD) based on signal

to noise were evaluated as described in Sarkar and Panc-

hagnula (2006). The LOD values were 0.11 and

0.031 lg L-1 and IQL values were 0.34 and 0.093 lg L-1

for E2 and EE2, respectively.

Results and discussion

Effects of pH

In water and wastewater treatment, pH is a crucial param-

eter. The effects of pH change for the removal of E2 and

EE2 were investigated by varying the pH under constant

process parameters. pH adjustments were done with dilute

sodium hydroxide and sulphuric acid solutions. Figure 2

shows the results of the effects of pH on the degradation of

EE2. Similar result was obtained for E2 (not included). It

can be observed from the results in Fig. 2 that the degra-

dation of the steroid hormones was faster at acidic and

neutral pH and much slower at alkaline conditions. The

difference in degradation rates between pHs 3, 5 and 7 is

relatively low consistent with the findings of Gultekin and

Ince (2008) during the sonochemical degradation of another

EDC bisphenol-A. It however got increasingly very sig-

nificant at alkaline pH. This is consistent with reports of pH

having significant effect in certain organics at alkaline pH

ranges (Méndez-Arriaga et al. 2008; Torres et al. 2008).

The structures of E2 and EE2 are shown in Fig. 1a, b.

They both have a phenolic moiety, and it has been reported

by others that the sonochemical degradation of phenolic

compounds is favoured at lower pH ranges (Ku et al. 1997;

Chiha et al. 2011). Also, the pKa values of E2 and EE2 are

10.4 and 10.7, respectively (Clara et al. 2004), and hence,

at lower and neutral pH (3, 5 and 7), both E2 and EE2 exist

in non-ionic molecular form and can easily diffuse into the

cavity–liquid interface, whereas at pH 9 they are partially

ionic due to the deprotonation of the phenolic group and

hence more hydrophilic, and less likely to approach the

cavity–liquid interface where the concentration of

hydroxide radical is predominant.

Fig. 2 Effects of pH on the sonochemical degradation of EE2 at

850 kHz, 50 W, in DI water (Ct = concentration at time t and

C0 = initial concentration)

Int. J. Environ. Sci. Technol. (2014) 11:1–8 3

123



Effects of initial EDCs concentration

The effects of EDCs concentrations were investigated, and

the sonication experiments were carried out at 1, 2 and

3 mg L-1 of individual aqueous solutions of E2 and EE2 at

ultrasound frequency of 850 kHz, 50 W in DI Water. It can

be seen in Fig. 3a that the percentage removal efficiency with

time relative to the initial concentration is inversely related

to the initial concentrations of the EDCs. This is similar to the

findings of Méndez-Arriaga et al. (2008), Gultekin and Ince

(2008) and Chiha et al. (2011). This behaviour is due to the

fact that the relative number of hydroxyl radical available to

react with the substrate becomes less in comparison with the

EDCs molecules. The mass of the EDCs degraded per unit

power was investigated. Mass degraded per unit power was

calculated using Eq. 2 below:

Mass of EDCs Degraded per unit power

¼ C0 � Ctð ÞV
P

� 1; 000 ð2Þ

where C0 and Ct are the initial and final EDCs concentra-

tions in mg L-1, V is volume of solution in the reactor in

litres and P is the ultrasonic power in watts.

Figure 3b represents the mass of the EDCs degraded per

unit power. It can be seen that the mass degraded per unit

power with increasing initial concentrations of E2 and EE2

remained relatively the same. This shows that the mass of

EDCs degraded per unit power is independent of the initial

concentrations of the EDCs.

Effect of air sparging

Sonochemical degradation of organic pollutants in aqueous

solutions is affected by air or gas bubbling (Pétrier et al. 2007;

Chiha et al. 2011). To investigate the effects of this on the

sonochemical degradation of E2 and EE2, continuous injec-

tion of air at equivalent flow rates was monitored during the

sonication process. The result of this study indicates that with

air sparging, there was increased mass degradation rate per

unit power of the EDCs. As illustrated in Fig. 4, higher deg-

radation of 3.4, 3.8 and 4.0 mg kW-1 was obtained with air

sparging compared to 1.7, 1.9 and 2.4 mg kW-1 obtained

without air sparging at 15, 20 and 30 min sonication time,

respectively. This increase in the mass degraded per kilowatt

with the introduction of air is due to the fact that the compo-

nents of the air such as nitrogen and oxygen act as nucleation

sites for cavitations. These findings are consistent with those

of Méndez-Arriaga et al. (2008) which showed that the

introduction of air promoted the formation of hydroxyl radi-

cal, thus contributing to the degradation of ibruprofen.

Moreover, previous studies by Pétrier et al. (2007), Torres

et al. (2008) and Chiha et al. (2011) have also noted the

importance of gas saturation on the sonochemical treatment of

pollutants in water. In this experiment, the reaction medium

became slightly acidic as the pH changed from 6 ± 0.3 to

4 ± 0.3, resulting to the generation of nitrate, nitrite and

hydroxyl radicals as shown in Eqs. 3–10 (Gultekin and Ince

2008). These equations show that higher degradation of E2

and EE2 with air bubbling is as a result of the generation of

nitric acid which enhances the reaction by reducing the pH and

Fig. 3 a Percentage removal of E2 and EE2 at varying concentra-

tions, ultrasound frequency of 850 kHz, 50 W, pH 7 in DI water.

b Mass of E2 and EE2 degraded per unit power at frequency of

850 kHz, 50 W, pH 7 in DI water

Fig. 4 Effects of air sparging on the mass degradation of EE2 at

850 kHz, 50 W, pH 7 in DI water
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by the formation of excess hydroxyl, nitrite and nitrate radicals

which are more reactive with aromatic compounds and

improve the sonochemical degradation process.

H2OþÞÞÞ ! �OHþ �H ð3Þ
N2 þ �OH! N2Oþ �H ð4Þ
�Hþ N2O! N2 þ �OH ð5Þ
3N2Oþ H2O! 2HNO3 þ 2N2 ð6Þ
HNO3 þ �H! NO2 þ H2O ð7Þ
HNO3 þ �OH! NO�3 þ H2O ð8Þ

HNO3þÞÞÞ ! �OHþ �NO2 ð9Þ
HNO3þÞÞÞ ! �Hþ �NO�3 ð10Þ

Degradation kinetics

Some studies have suggested that degradation of organic

compounds by sonication does not obey first-order kinetics

(Torres et al. 2008). To investigate the rate of E2 and EE2

removal by sonochemical degradation, the data generated were

evaluated using the pseudo-first-order and pseudo-second-

order kinetic models. The EDCs degradation can be repre-

sented by the following nth-order reaction kinetics in Eq. 11:

dC

dt
¼ �kCn ð11Þ

where C represents the EDCs concentration, n the order of

the reaction, k the reaction rate coefficient and t the time.

The integrated form of Eq. 11 for a second-order reaction

is given by equation 12:

1

C
� 1

C0

¼ k2t ð12Þ

where C0 is the initial EDCs concentration and K2 is the

second-order rate constant. A plot of 1/C - 1/C0 against t

gave a straight-line graph with the rate constants evaluated

from the slope of the graphs (Fig. 5). The pseudo-second-

order rate constant k2 and the corresponding linear

regression correlation coefficient values R2 are given in

Table 3, and it can be concluded that the ultrasonic deg-

radation of the estrogens can be evaluated by second-order

kinetic models. Although the first-order evaluation (not

included) showed a good fit, the second-order model gave a

better fit. This suggests that the sonochemical degradation

of EDCs is a complex reaction that can be described by

both kinetic models at different stages of the reaction.

Various authors have reported both first- and second-order

kinetics for similar organic compounds (Koda et al. 2003;

Pétrier et al. 2007; Hameed et al. 2007; Torres et al. 2008).

Effect of applied power

The effect of power on sonochemical degradation of EE2

was investigated by varying the US power, and maintaining

the frequency of the 850 kHz bath. The mass degradation

profile obtained at 850 kHz frequency for US powers of

50.00, 27.82, 16.17 and 6.76 W is shown in Fig. 6. The

results show that the degradation rates increased linearly

with increase in power. These findings are consistent with

those of Méndez-Arriaga et al. (2008), Madhavan et al.

(2010) and Chiha et al. (2011), which suggest that increased

bubbles, pressure and temperature in the bubbles are

directly related to acoustic power and enhance the degra-

dation of contaminants. The applied power had a linear

relationship with power intensity as shown in Table 2. With

increasing applied power intensity, there was higher deg-

radation of the EDCs (Fig. 6); this is due to the increased

cavitational activity at higher levels of power as confirmed

from the 4-nitrophenol dosimetry. Also, increased power

leads to increased acoustic amplitude and causes a more

violent collapse of the cavitation bubble (Hamdaoui and

Naffrechoux 2008) and hence enhances the rate of degra-

dation of the EDCs. The increased rate of degradation with

applied power showed a direct relationship with the rate of

hydroxyl radical generation as shown in Fig. 7. These

findings are consistent with other studies which showed a

linear correlation between reaction rates and applied power

for the degradation of other pharmaceuticals and personal

care products (PPCPs) such as ibuprofen (Méndez-Arriaga

et al. 2008), chlorophenols (Madhavan et al. 2010) and

diclofenac (Naddeo et al. 2010).

Effects of organic matter

The sonochemical degradation of organic compounds is a

function of their physicochemical properties. To understand

the impact of natural organic matter present in wastewater

on the ultrasonic degradation, the mass degradation rates in

Fig. 5 Pseudo-second-order kinetic plot for EE2 at 850 kHz, 27.8 W,

pH 7 in DI water
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deionised water were compared (DOC = 0.9 mg L-1):

final effluent sample from wastewater treatment plant

(DOC = 9.78 mg L-1), a 50 % dilution of settled waste-

water with deionised water (DOC = 40.3 mg L-1) and

settled wastewater (DOC = 80.6 mg L-1). The results of

the mass degradation rates of the EDCs at 850 kHz ultra-

sonic frequency and applied power of 50 W are shown in

Fig. 8. It can be seen that the relative mass degradation rates

of E2 and EE2 reduced with increasing concentrations of

dissolved organic carbon. The mass degradation rates of

1.80, 2.08, 2.80 and 3.10 mg kW-1 for E2, and 1.6, 2.51,

3.45 and 3.74 mg kW-1 for EE2 were observed at DOC

concentrations of 80.6, 40.3, 9.78 and 0.9 mg L-1,

respectively. This can be attributed to the fact that higher

DOC in treated final effluent and settled wastewater acts as

a scavenger for hydroxyl radicals and hence inhibits the

hydroxide radical attack of the compounds (Torres et al.

2007; Lindsey and Tarr 2000a, b). This also confirms the

role of free radicals in the degradation rates of E2 and EE2.

It can be concluded that in wastewater treatment applica-

tions, ultrasonic treatment will only be effective at the ter-

tiary treatment stage when most of the dissolved organics

have been removed by biological means.

Effects of temperature

Temperature has a significant effect on the reaction kinetics

as shown in Table 3 and Fig. 5. The rate constants for EE2

increased from 1.25 9 10-2 to 1.91 9 10-2 min-1, respec-

tively, when the temperature of the reaction increased from

10 to 30 �C. The increase in rate constant with higher tem-

perature is due to the easier cavitation as a result of higher

vapour pressure of solution (Mason 1999). Increase in tem-

perature increases the number of cavitation bubbles and

hence number of hydroxyl radicals consequently an increased

degradation rates. Although an increase in temperature can

result to inward motion of bubbles during collapse due to

increased vapour pressure. However, in this work within the

temperature range of 10 to 30 �C considered, an increase

resulted to higher degradation rates for E2 and EE2.

The second-order rate constants were correlated by an

Arrhenius-type expression given by Eq. 13:

Fig. 6 Degradation profile of EE2 at varying applied power,

850 kHz, pH 7 in DI water

Fig. 7 Rate of formation of hydroxyl radical at 850 kHz and varying

applied power, pH 7 in DI water

Fig. 8 Effects of varying DOC concentrations on the mass degrada-

tion per unit power of E2 and EE2 at 850 kHz, 27.8 kW pH 7 in DI

water, FE and 50 % SW and 100 % SW

Table 2 Power and intensity of ultrasonic equipment

Ultrasound frequency

(kHz)

Power

(W)

Power intensity

(W cm-3)

850 50.00 0.28

850 27.82 0.14

850 16.17 0.081

850 6.76 0.034
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K ¼ Ae�Ea=RT ð13Þ

Given K = the rate constant for the reaction,

A = proportionality constant, e = the base of natural

logarithms, Ea = activation energy, R = ideal gas

constant = 8.314 J mol K-1 and T = temperature in

Kelvin. The Arrhenius equation was used to calculate the

activation energy, and the pseudo-second-order rate

constant is expressed as a function of temperature (Eq. 14)

ln k2 ¼ ln A� Ea

RT
ð14Þ

A graph of lnk2 against 1/T (min-1) resulted in a straight-line

graph with R2 = 0.9726 (Fig. 9). From the slope (-Ea/R),

the activation energy (Ea) was calculated as 15.21 kJ mol-1.

The low activation energy (Ea = 15.21 kJ mol-1) dem-

onstrates that the ultrasonic degradation of EDCs is ther-

modynamically feasible. It also suggests that the ultrasonic

degradation does not involve only radical reactions but also

intermediate reactions steps involving radical–molecule or

ion–molecule reactions and a diffusion-controlled reaction

(Mason 1999; Kim et al. 2001). Factors such as the struc-

tural difference of the target compounds, the concentration,

the ultrasonic frequency, and power of the equipment affect

the rate of degradation of the steroid hormones.

Conclusion

The main conclusions drawn from this study include:

• The degradation of E2 and EE2 by sonication in water

and wastewater is affected by pH, especially in the

alkaline pH range. The rate of degradation is favoured

in the acidic pH ranges and affected by ultrasonic

power, air sparging and sonication temperatures.

• Mass of E2 and EE2 degraded per kilowatt was

4.0 mg kW-1 with air sparging and 2.4 mg kW-1

without air sparging after 30 min of sonication time.

• The degradation mechanism does not progress solely

on hydroxyl radical generation, but appears to involve

intermediate reaction steps involving radical–molecule

reactions, ion–molecule reactions or pyrolysis.

• Temperature affected the kinetics of the reaction, with

higher percentage removal as temperature increased

from 10 to 30 �C. The rate constants for EE2 increased

from 1.25 9 10-2 to 1.91 9 10-2 min-1 with the

increased temperature.

• The sonolytic degradation followed the pseudo-second-

order kinetic model for EE2, with R2 values of 0.99

obtained at temperatures between 10 and 30 �C.

• The low activation energy (Ea = 15.21 kJ mol-1)

obtained suggests that the ultrasonic degradation of

EDCs is thermodynamically feasible, and the degrada-

tion does not involve only radical reactions.

• Ultrasonic application for treatment of EDCs in waste-

water will be more effective as a tertiary treatment stage.
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