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Removal of estrone (E1), 17p-estradiol (E2), and 17a-ethinylestradiol (EE2) from
wastewater by liquid-liquid extraction
S. Ben Fredj J. Nobb$, C. Tizaouf, L. Monsef

®National Institute of Applied Sciences and Techgg|cCentre Urbain Nord, Charguia, Tunisia
®Centre for Water Advanced Technologies and Envirmal Research

College of Engineering, Swansea University, SA2, 85

Abstract

With the recent wide spread concerns of the enmental and public health effects of
endocrine disrupting chemicals (EDCs), it is becamimportant to develop new techniques
to remove these substances from wastewater. ED@gHeir way to the environment mainly
via effluents from WWTPs. They are often cited asderately hydrophobic, hence they have
tendency to distribute to organic solvents and tteen be removed using liquid-liquid
extraction (LLE) techniques. However, despite bengnature chemical engineering unit
operation, LLE has not been studied for the remaMalEDCs in water. This study
investigated the removal of three EDCs of concenctuding estrone (E1), Bfestradiol
(E2), and 1ld-ethinylestradiol (EE2) using decamethylcyclopeitwaane (D5) as an
extraction solvent in three water matrix types (M), tap water, and a secondary treated
wastewater). The study showed that all three ED€sewdistributed to D5 but at varying
distribution coefficientsKg; = 2.66,Kgz = 0.61 andKgg, = 1.67+5% at pH 6 and 2.
Due to the high pKa values of the three EDCs, pH i@ significant effect ofgpcs Up to
about pH 9.5 but higher pHs reduced the distriloutatios up to almost zero at pH 12. Van't
Hoff Equation described the effect of temperaturdgocs and showed that the process was
endothermic. The overall estrogenic potency ofttiree EDCs in mixtures was quantified

with an E2 equivalent potency, which was foundistribute well into the solvent atkéeseq
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= 1.43. The study suggests that LLE is an effeatnathod to remove estrogenic potency of
wastewater.
Keywords. Endocrine disrupting chemical; liquid-liquid exttian; distribution coefficient;

steroid estrogen; decamethylcyclopentasiloxane.

1. Introduction

Exposure to endocrine disrupting chemicals (EDGawwater is becoming a serious problem
to humans and the wildlife. EDCs interfere with thexly’s endocrine system by influencing
the synthesis, release, transport, metabolism aci@ton of hormones in the body [1]. They
affect the thyroid and adrenal gland functions aad act as estrogens, antiestrogens and
antiandrogens [1]. Exposure to EDCs has been agedanith several diseases involving the
reproductive [2-5], immune [6, 7] and neurologid8, 9] systems and has also been
associated with developmental dysfunctions [10, E[}Cs have been found in almost all
water matrices including treated and untreated evesers, surface waters, groundwaters,
and even drinking waters [12-15]. Wastewater treatnplants (WWTPs) have been reported
as the major source of EDCs [16-20]. Research etudave also reported that wildlife in
areas close to treated wastewater discharge pammtssewage treatment plants have been
particularly affected by exposure to EDCs via honalachanges, identified by feminisation

of local fish, and near extinction of some aquatianal species [21-23].

Due to the considerable interest in the subjechftioe research community and advancement
in analytical techniques, the list of chemicalspgeted of acting as endocrine disruptors has
grown significantly in the past decade. In thedief water policy, recently the European
Union Priority Substances Directive 2013/39/EU hasended the list of priority substances

by identifying new substances and enforces thabrasthave to be taken to reduce or
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eliminate emissions of the priority substances. directive has also introduced waétch
list” as a new mechanism for identifying priority substes in the future and currently has
included in the first Watch list” one pharmaceutical (diclofenac) and two EDCs l&7a-
estradiol (E2) and Yr‘ethinylestradiol (EEZ2)). Although these three sabses were not
designated as priority substances at this poititno#, their regulation is not ruled out in the
future [24]. EE2, E2 in addition to estrone (E1¢ aery potent estrogenic compounds as
shown byin vitro [25, 26]andin vivo [27, 28] studies. The removal of these three EDCs E
E2 and EE2 from water is studied in this reseaf¢teir molecular structures are shown in

Figure 1.

Conventional WWTPs have been typically designedetoove the organic carbon load and
nutrients (N and P) but no attention was givenhi specific removal of EDCs. However,

given the significant research carried out and Kedge gained so far on the fate of EDCs in
the treatment process and their effects on humatshe environment, additional treatment
modules to the existing WWTPs have been proposddramstigated in the recent decade.
These include physical, biological and chemicalaambed oxidation methods [29, 30]. Some
researchers have studied the adsorption of EDGxtoyated carbon (AC) and found that AC
is effective in removing EDCs in the lab as wellpglst and full-scale plants [29]. However,

operational conditions should be strictly contrdlend large amount of AC is required in
full-scale plants, making this method expensivd.[2tlvanced oxidation processes (AOPS),
such as ozonation and non-thermal plasma, haveba&sn studied and proven to achieve
good removal of EDCs in wastewater [30, 32-34]. ideear, the effects of oxidation products
are still not fully understood, which may delay thele utilisation of such methods. EDCs
may also be removed by biodegradation processg¢d{85umerous investigations showed

significant variability between the treatment prss®es [36]. Membrane techniques,
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specifically reverse osmosis (RO) and nanofiltrat{blF), have attracted great attention for
EDCs removal in wastewater treatment [37-39], whilerofiltration (MF) and ultrafiltration
(UF) had limited performance due to their largeepaizes [40]. Chemical fouling and

biofouling remain the major drawbacks of membram@iaation in wastewater though.

EDCs are generally hydrophobic organic moleculeach they have tendency to distribute in
organic phases. In fact, E1, E2 and EE2 (the tB@E€s of interest in this research) are
weakly soluble in water and because of their hydodyicity they possess high octanol/water
distribution coefficients (Table 1). This suggestat their removal in a liquid-liquid
extraction (LLE) process is meaningful and potdiytiefficient. So far there was no
investigation on the removal of EDCs from water moas using LLE as an alternative

treatment technology.

Figurel

Tablel

[29, 41, 42]

The choice of a suitable solvent is a crucial stefhe development of an LLE method. The
solvent should be non-toxic and environmentallyigperas well as it has low volatility and
solubility so the associated losses are minimal. this study, the organic solvent
decamethylcyclopentasiloxane (D5) was chosen toy @art the removal of the EDCs from
the agueous phase because of its non-toxic nat8telpw water solubility and low volatility

(Table 2). In addition, D5 is expected to presetitaetion capabilities for EDCs and has
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already been shown to be a suitable wastewateintesda medium when combined with

ozone [44].

The key operating parameters (pH, temperaturaaliratjueous concentration of EDCs and
volume ratio (D5/water)) affecting the distributiohE1l, E2 and EE2 were studied. Different
aqueous EDC-containing matrices including Milli-@ter, tap water and a secondary treated
wastewater were used in this study. The resultaidd in this study provide a basis for
further investigation into the recovery of EDCsrravastewater matrices or their degradation
using reactive techniques such as LLE combined atmmm proven to be effective for the

removal of chloro-organics and textile dyes in wastter [44, 45].

Table?2

[43, 44]

2. Materials and M ethods

2.1. Reagents

Esterone (E1), IFestradiol (E2), and bfethinylestradiol (EE2) with purity higher than
99% were purchased in powder form from Sigma-AhlliDorset, UK). Stock solutions of
1,000 mg/L EDCs in methanol were prepared and dtiore freezer at -21C. A mixture of
EDCs standard stock solution was prepared in methatna concentration of 10 mg/L and
stored in sealed amber glass vial also atG2Working solutions were prepared daily by an
appropriate dilution of the stock solutions. HPL@dg acetonitrile and methanol were
purchased from Fisher Scientific (Loughborough, Ultra pure water was obtained from a
Milli-Q water purification system (Millipore Q sysin, 18 M).cm, Bedford, MA, USA).

Decamethylcyclopentasiloxane (D5) solvent was paseld from Dow Corning, UK.
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2.2. HPLC analysis

2.2.1. LC conditions

The HPLC analysis was performed using an Agiler@01l3eries HPLC system, equipped
with an on-line-degasser, a quaternary pump, aosaaipler and a thermostated column
compartment. Both Fluorescence detector (model GA3Agilent, USA) and Diode Array
detector (model G2180BA, Agilent, USA) were used tloe detection of EDCs. Reverse
phase chromatographic separation of the EDCs whewwed by a Hypersil GOLD C18
column (150x4.6mmxam) (Thermo Scientific, Hertfordshire, UK) that widermostatically
held at 30 °C. Agilent ChemStation software wasduee the control of the HPLC system
and data acquisition. Fluorescence excitation amisson wavelengths were set Xk
200 nm and.em 315 nm for the detection of both E2 and EE2 wihike diode array detector
was fixed atipap 200 nm for E1 detection. These conditions wereerd@nhed in a
preliminary work carried out in this study. Thedbotun time was 6 min and the injection
volume was 2L using a mobile phase flow rate of 1 mL/min. Sigsdn the aqueous phase
were quantified using external calibration methadd their identification was based on the
EDCs’ respective reference standard retention ti(f8s, = 4.05 min, REgz, = 4.82 min,

RTg1= 5.05 min), when eluted with 50:50 (v/v) acetatatrMilli-Q water.

2.2.2. Sandards of EDCs

Calibration curves of E1, E2 and EE2 were generbiederial dilution of the three EDC
stock solutions using Milli-Q water to cover a centration range of 1 to 10,000 pg'LThe
standard curves were calculated by linear regressidhe plots concentration versus peak

area. The resulting calibration curves were lineéth r* values of at least 0.998. The
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calibration curve equations and limits of detection each EDC are shown in Table 3.

Checks of the calibration curves have also beeamecbaout routinely.

Table3

2.3. Liquid-liquid extraction

The liquid-liquid extraction experiments were cadriout using a total working volume of 40
mL. Special attention was given to maintaining tbperating temperature constant
throughout the experiments since the distributibEDCs is thermodynamically sensitive to

temperature. A Grant LTD6G refrigerated water lvadis used to control the temperature.

2.3.1. LLE procedure

Working solutions of EDCs were instantly preparednf the stock solutions at ambient
temperature by dilution with Milli-Q water. The tral concentration was set at 1 mg/L if not
otherwise differently stated. Once the aqueous urexand D5 solvent have reached the
target temperature separately, extraction of th€&Btarted by mixing the desired volumes
of both phases in a flask tightly sealed from theasphere and obscured from light. The
flask is then placed in a temperature controlletewhath and continuous mixing of the two
phases was made using magnetic stirrer at a pnediestirring rate. Once the extraction step
was completed, settling by natural gravity was iedrrout at the same temperature as
extraction to avoid any alteration to the EDC’stmlsition between the two phases. A
settling time of 5 minute was found sufficient ttow the two phases to clearly separate with

a well-defined interface.
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Samples of 1 mL from the aqueous phase were cetleasing a micropipette from the
bottom of the flask and each of these was addettttiirto a 2 mL capped glass HPLC vial
that was placed in the autosampler’s tray for aslyAll measurements were performed at

least in triplicate.

2.3.2. Distribution coefficient

The distribution coefficient of each EDC was deteed according to Equation 1.

C C
_ eoc g _ 1 (Mq} Equation 1

where: Kepe is the distribution coefficient of the correspamgliEDC,R, is the volume ratio
between D5 and the aqueous phaSgc ao and Cepc aq are the concentrations of the
corresponding EDC in the aqueous phase at time D afiter equilibrium respectively
determined by HPLCCepc org is the concentration of the corresponding EDChim d@rganic

phase at equilibrium determined from a mass balance

2.3.3. Water matrices

To study the effect of the water matrix make up,water and secondary treated wastewater
samples were used in addition to Milli-Q water. Y¥eere spiked with EDCs from the stock
solutions to the target concentration in the sana@mar as for Milli-Q water. Calibration
curves (R > 0.998) were determined for the EDCs in each matrid were used for the
guantification of EDCs in the corresponding aquephase after LLE. The effects of pH,
D5/water volume ratio, initial concentration of EB@nd temperature were also investigated

for tap water and wastewater using the same proeedufor Milli-Q water.
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A volume of 5 L treated urban wastewater from thé&lement area north-western part of
Swansea (UK) was sampled from the final effluenthef Welsh Water/@r Cymru treatment
plant at Gowerton (Wales, UK). The effluent wasateel with a conventional activated
sludge process followed by UV treatment at its @utfThe sample used in this study was
collected downstream of the UV unit. The wastewatanples were filtered under vacuum
through a 0.22 um filter and stored in amber gladties at 8C before being LLE treated.
The characteristics of the wastewater were pH=T&X)=25 mg/L and BOD=15 mg/L. Tap
water samples were taken directly from the watpritiathe laboratory (Swansea University,
Wales, UK) and their characteristics were chlordé.3 mg/L, sulphate = 13.6 mg/L, and

pH=7.48.

3. Resultsand discussion

3.1. Preliminary experiments

A series of LLE preliminary experiments were irlflaperformed to determine suitable
operating conditions for the extraction experimeitqueous solutions containing 1 mg/L
EDC were mixed with D5 (1:1 v/v) at 2D under different stirring speeds (200, 400 and 600
rpm) and various extraction times (5, 15, 30 anan@t). Different settling times of 5, 15 and
30 minutes were also tested for each experimemréein aqueous sample was collected for
analysis. The preliminary experiments showed tfiatthe distribution coefficients of the
three EDCs reached constant values in less thanii3@xtraction time for all mixing speeds
used; (ii) the settling time (i.e. separation c# tiwvo phases) was very rapid with only 5 min
were sufficient to have two clear layers and tharifiution coefficients did not change if
longer settling times were used. Following thessults, the operating conditions for all
further LLE experiments were set to 30 min of eatin time, 200 rpm of stirring speed and

5 min of settling.
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3.2. Distribution coefficients

The distribution coefficientsKepcs, for the three EDCs were determined using differen
initial concentrations up to 5 mg/L in Milli-Q wateThe other parameters were maintained
constant at D5/water volume ratio of 1:1, initiéd pf 6.0 and temperature of Z0 For each
EDC, the equilibrium concentrations in the aqueand the organic phases were determined
from HPLC analysis and mass balance respectivéig. résults presented in Figure 2, show
that for each EDC, the relationship between thaliegum concentration in D5 and water
was linear. The slopes of the linear lines giveuhleles of the distribution coefficienkgpcs
which were found equal to 2.66, 0.61, and 6% for E1, E2 and EE2 respectively. The
distribution coefficients of E1 and EE2 were higtiean one indicating that E1 and EE2 were
more distributed in the organic phase than the @egu@hase. This was not the case for E2
since its distribution coefficient was less thame.ofhe distribution coefficient of E1 was the
highest, possibly due to a strong interaction & libne pair of electrons on the carbonyl
oxygen of the estrone molecule with the silicomaoOn the other hand, the presence of the
alkyne group increases the electronegativity of Blah enhances the interaction with D5

and leads to relatively higher distribution coe#fit than E2.

Figure2

3.3. Effect of initial pH
The distribution of an ionisable compound betwdendrganic and aqueous phases depends

on its degree of ionisation, which in turn depemasthe aqueous phase pH and solute

10
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dissociation constant g). Considering the distribution ratid), defined as the ratio of

concentration of EDC in all chemical forms in tlrganic phase to the concentration of EDC
in all chemical forms in the aqueous phase, itsnghawith pH can be determined by
Equation 2. Note that the distribution coefficietpc, (Equation 1) relates to one form of

the EDC only (i.e. neutral form in our case).

— KEDC .
e = 0 Equation 2

whereKegpc is the distribution coefficient as defined by Efjoia 1 and pKa is the acid/base

dissociation constant.

The effect of pH on the distribution of E1, E2 dBH2 between water and D5 was studied
using an initial concentration of 1mg/L in Milli-@ater for each EDC and a solvent to water
volumetric ratio of one. The pH range was from 22 high pHs were used because of the
high pKa values of the EDCs (~10.7, Table 1). The expertaleesults show that the trends
of the distribution ratios of the three EDCs asction of pH were similar (Figure 3(a)). This,
as pH increased from 2 to approximately 9.5, tistribution ratios for all EDCs remained
almost constant, but a further increase of pH toll0and 12 resulted in significant drop of
Depcs to almost zero at pH 12. Figure 3(b) shows thatthk 9.5, the EDCs have neutral
molecular forms (i.e. non-dissociated forms), whach very weak acids, whilst at ptb.5,

the dissociated forms (i.e. the conjugate basesdest to dominate and the amounts of both
forms become equal at pH=pKa. The EDCs are cordiéateheir ionised forms at high pH
by loosing protons to the hydroxide ions. At higpeéts thanpKas, the EDCs become more
soluble in water than in the organic solvent beeaafstheir polar character, which explains
the lower distribution ratios obtained at pHs 18 42. On the other hand, at pHs less than

near pKas (approx. 9.5), most of the EDC molecules are niesatiated hence their

11



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285
286

287

288

289

290

291

292

distribution ratios were not affected by pH and dgribution ratiosDepcs, are equal to the
distribution coefficientsKepcs. The experimental results were fitted using Equmf and as
clearly shown in Figure 3(a), good agreement wdasiobd between the experimental data
and the model indicating the validity of the eqoatilt can be predicted using Equation 2
that for a pH = 10.%gpcs Will decrease from their values at pH 6 by 35, 88 89% for E1,
E2 and EE2 respectively. The degree of moleculssatiation of the EDCs defines their
hydrophilicity or lipophylicity. Based on the pripte “like dissolves like”, the non-
dissociated (i.e. neutral) molecular form (pH <5)%f the three EDCs have higher affinities
to non-polar organic phase, so they are more bliged to the organic solvent (D5). On the
opposite, when the EDCs become ionised $giK,), their affinity to the polar solvent
increases and hence they preferentially distributédne aqueous phase. Given that the pH at
which the distribution of the EDCs into D5 becomew is relatively higher than that
expected in a real wastewater, pH adjustment vatl e required for this technique to be

effective.

Figure3

3.4. Effect of Temperature

The effect of temperature on the distribution ceefhts at pH 6 of the three EDCs was
studied using temperatures in the range %3®&ince the concentration of EDCs is low, the
system was assumed dilute hence Van't Hoff's eqoafiEquation 3) was used to describe

the effect of temperature dpc.

KEDC = AEDC exr{_ﬁ%j Equation 3

12
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where:Kgpe is the solvent-water distribution coefficiefitis temperature (K)Hgpc is the
standard enthalpy change of the process (J/fRa$ the universal gas constant (8.314 J.mol

! K andAepc is a constant related to the entropy of the pmces

The linearisation of Van't Hoff's equation is givdryy Equation 4 and a plot of Uépc)
versus 1T gives a linear line with a slope oHepc/R) and intercept Liepc). Such plots
are presented on Figure 4 for each EDC, which radtedd linear with Rvalues of at least

0.998 indicating the validity of the model.

Ln(K EDC) = [_&FEDC)% + Ln(AEDC) Equation 4

Figure4

The standard enthalpy of the extraction procds$) for each EDC was deduced from the
slopes of the lines and these in addition to tHeesmofAgpc are summarised in Table 4. The
enthalpy values of the three EDCs are positivecetéi that the extraction process is
endothermic and the distribution coefficiemsrease with the operating temperature under
ambient pressure. The overall rate of increasdnefdistribution coefficients as function of
temperature in the range 5 to°@0was calculated at 1.89%/ for Kg;, 3.43%7C for Kg, and
2.83%/C for Kegp. Other studies on liquid-liquid extraction haveahighlighted a similar
effect of temperature on the distribution coefiintée between organic and aqueous phases.
For example Saien and Daliri [46] who have usedraene—isobutyric acid—water and Saien
et al. [47] who have used (4-methylpentan-2-oneftacacid-water have found that the
distribution coefficients increased as temperatune@eased by 3.02%€ and 1.84%C

respectively, which are comparable to the resudtained in this study.
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Table4

3.5. Effect of the solvent/water volumeratio

The solvent-to-feed ratio is important in LLE sintelefines the economics of the process
and aids researchers and process operators tdficgndy the solvent for a given maximum
extraction percentage. In this study, the effecttlod solvent/water volume ratio was
investigated by varying simultaneously the volumé®5 and the aqueous solution while
keeping the total volume (D5+water) constant atlOand extraction time of 30 minutes.
The range of D5/water volume ratio was selectethfio4 to 4:1 and the initial aqueous EDC
concentration was 1 mg/L. The removal efficiencye®iCs’ extraction from Milli-Q water
solution is shown in Figure 5. The figure shows @sathe D5/water volume ratio increased,
the removal efficiency also increased. The extoacpercentages of E1, E2 and EE2 have
respectively increased from 38%, 18% and 29% abavBter volume ratio of 1:4 to 94%,
71% and 88% at a D5/water volume ratio of 4:1. Bgrging the D5/water volume ratio in
the range 1:4 to 4:1, the distribution coefficiereamained constant at values comparable to
those obtained in Section 3.2 withi#5%. As the volume of the organic phase increases in
relation to the aqueous phase, the extractioniefity also increases. While high extraction
efficiency is desirable, handling large quantitidssolvent in one stage is costly and can be
impractical. The solvent volume should then be appately selected for an optimal EDC
extraction and for this, multi-stage extractiommsre preferred than a single-stage extraction.
In crosscurrent extraction, the aqueous EDC saiutiom one extraction stage is fed to the
next stage while the loaded solvent is removeddilirsg from the stage and fresh solvent is

added to the next stage. In this way, even if ls&idution coefficient of the EDCs in each

14



343 stage is low, as is the case of E2, the overaleayxan have higher extraction efficiency
344 using a lower solvent total volume. With a lineatraction equilibrium line, as obtained in
345 this study, the removal efficiency of the EDC mag talculated using Equation 5 if a

346 multistage crosscurrent extraction is used.

N
347 E :1—(ﬁj Equation 5
348 where:E is the removal efficiencyKepc is distribution coefficientr is volumetric ratio of
349 organic solvent to water amdlis number of crosscurrent stages.

350

351 Figure 5(a) shows that the theoretical model, giveriEquation 5, fits well the experimental
352 results indicating its validity. Figure 5(a) ins#tows the changes of the removal efficiency as
353 the number of theoretical stages increases. Aaegridi Figure 5(a) inset, almost five stages
354 are required to achieve 90% removal of E2 whilsly about 2.5 stages are required to
355 remove 90% of E1 and EE2. Because of its low distion coefficient, E2 may be used as a
356 “key” component to determine the required numbestafies for this multicomponent system
357 and its removal at a given efficiency (e.g. 90%plies that the other two EDCs are also
358 removed of at least the same or higher removalep¢éages. For example, for a 90% E2
359 removal and using a ratio= 0.5, nine stages will be required to achieve tavel of E2
360 removal and under these conditions, the removaEloand EE2 are >99.5%. Figure 5(b)
361 shows the combined effect bfandr on the removal efficiency of E2. Asor N increases,
362 the removal efficiency also increases. Figure Z{sp shows that low number of stages is
363 required when r is high. For example, wher 1 only five stages are required to achieve
364 90% E2 removal as compared to nine stages whed.5.

365
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Figure5

3.6. Removal of E2 equivalent estrogenic potency

Given that the EDCs will ultimately occur as mixsrnn sewage effluents and natural waters
and since their estrogenic potencies are diffetbptfotal estrogenic potency of the EDCs in
mixtures should be used instead of individual congmts to design a liquid-liquid extraction
system. In this study, the “toxic equivalent” (T&)proach was used to take into account of
the total estrogenic potency. The three EDCs usethis study present different potencies
with EE2 being the most potent followed by E2 theh. To facilitate calculation, the
estrogenic potency of the mixture can be estimagedstradiol equivalent (E2EQ) based on
individual EDC concentration and its relative patgnThe relative estrogenic potencies of
EE2 and E1 were determined by Thorpe et al. [48]thrir values are 1.8 and 0.68 for EE2
and E1 respectively. These relative estrogenicnos were determined by comparing the
median effect concentration EC50 value of the ED@at of E2. Based on the TE approach,
the estrogenic potency of the mixture as estragfjaivalent can be calculated by Equation 6.
The removal of the E2ZEQ was then studied and #sidution between the solvent and water
is presented on Figure 6. The value of the distionucoefficient of the estrogenic potency,
Kezeq, Was found equal to 1.43 (Figure 6(a)) indicatihgt D5 was effective to remove the
overall estrogenic potency imparted by E1, E2 aB&.Eigure 6(b) shows that as the solvent
to water volumetric ratio increased, removal of the estrogenic potency lssiacreased.
Equation 5 was applied to the experimental resuitsas shown in Figure 6(b), the equation
fitted well the experimental results. For a 90% ogal of the estrogenic potency and using a
solvent to water ratio of 0.5, only four staged Wwé required as opposed to nine stages if this
level of removal was specified for individual E2hi§ suggests that lumping the estrogenic

effect in one parameter such as that of the estraduivalent is a more realistic approach not
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only in terms of the measurement of the estrogpatency of the water but also it provides
for better and economical process design (i.e.degges are required for E2EQ). It can hence
be suggested that a multistage liquid-liquid exiomc system  using
decamethylcyclopentasiloxane as a water-immisaoleent, which can be recovered and

continuously reused, offer an efficient processlifierremoval of estrogenic potency of water.

Ceoeq = 068xCy, +Cp, +18xCyp, Equation 6
where:Cexq is the equivalent concentration of E2 that woulteghe same potency as the

mixture, Cg;1, Cez andCee, are the concentrations of E1, E2 and EE2 respytiv

Figure 6

3.7. Effect of the water matrix

The effect of the water matrix on the extractionEdCs was studied using in addition to
Milli-Q water, tap water and a secondary treatedtesater. Figure 7 shows that the trends
and values oDgpcs as function of pH obtained for tap and waste veategre similar to that
obtained for Milli-Q water withDgpcs remained constant at pH < ~9.5 (iB&pcs = Kepcs)
followed by a drop to almost zero at pH 12. Foiveeg pH, the values dDegpcs were within
about+10 % from the average values obtained for the tivaters (Figure 7). This indicates

that the water matrix had low effect on the eximacbf the EDCs, which can be neglected.

The effect of the initial EDC concentration wasoassudied using different concentrations of
EDCs in tap water and wastewater (0.5 - 4 mg/Lyldt 6. The resulting distribution

coefficients were also found little-affected by thater matrix and their values almost
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matched those obtained in Milli-Q water withi® % from the average values (data is not
shown). Moreover, when tap water and wastewatere wesed, the solvent to water
volumetric ratio was found to have no effectkscs similarly to Milli-Q water. The effect

of temperature on the distribution coefficientsngsitap water and wastewater was also
studied and similar results to Milli-Q water werlscafound. These results support even
further the suggestion that decamethylcyclopertaaiie is a suitable solvent for the liquid-

liquid extraction of E1, E2 and EE2 from wastewater

Figure?

3.8. Recovery and reuse of the solvent

Decamethylcyclopentasiloxane was used not onlyusecaf it being benign and stable but it
is also recoverable and has good separation prepetin this study, after each LLE

experiment, the used D5 was firstly separated fitbe aqueous phase by gravity and
collected for further reuse. To make sure thatrdwvered D5 was EDC-free, the solvent
was first cleaned up by exposing it to ozone (28°gzone in oxygen for 10 min in 100 mL

of the solvent with stirring at 350 rpm). Tracesoabne in the solvent after clean-up were
flushed out by air injection into the solvent acgamied by mixing at 800 rpm; the removal
of ozone from the recovered D5 was checked by sg@nbtometric measurement at 260 nm
and a mixing time of 1h was largely sufficient tash all ozone traces out of the solvent.
Ozone was used to clean up D5 because ozone ieffergive in degrading the EDCs [49]

and at the same time D5 was found resistant toeofad]. A series of successive three LLE
experiments were carried out using the recoveratl deaned D5 at a solvent to water
volumetric ratio of one, 1 mg/L EDC, and°20 The results showed that the distribution

coefficients of the three EDCs did not change sicgmtly from one experiment to the other.
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The values oKgpc were comparable to those obtained for fresh solweathin an average
error of 6% for all EDCs. This indicates that tladvent can be reused without significant
loss to its performance. The results also showttiebzone clean-up procedure did not affect

the solvent performance.

4. Conclusion

In the present study, a novel LLE method was stufle the extraction of three endocrine
disrupting chemicals of significant importance ELR and EE2 using Milli-Q water, tap
water and a secondary treated wastewater. Decaltygtippentasiloxane as a water-
immiscible solvent was found effective to extrdat EDCs and can be recovered by gravity
separation and reused in further extractions offB€s. The distribution of the EDCs was
not affected by pH up to a pH around 9.5 as welbyshe water matrix. The distribution
coefficients at pH 6 for the three EDCs wétg = 2.66,Kg; = 0.61 andKee, = 1.67 £5%.
Since the compounds are expected to be presentxinres, the E2 equivalent estrogenic
potency (E2EQ) was used to characterise the ovesdtbgenic effect imparted by the
mixture. E2EQ was found to distribute well to tlodvent with aKexeq equal to 1.43. It was
suggested that the removal of 90% of E2EQ usingj\aest to water ratio of 0.5 can be done
in a four cross flow extraction stages. Temperaaffect showed that the extraction process
was endothermic and higher temperatures favoureittieaction of the EDCs. The results
obtained in this study prove that liquid-liquid edtion is a suitable technique to recover
organic substances from wastewater and the tecyydlas potential not only to protect the
aguatic environment, by removal of hazardous subst but also to recover valuable
resources in wastewater. However, future studiesexquired to further develop and optimise
the LLE process so it can be adapted in large sgagtewater treatment plants either alone

or combined with other techniques such as ozonationembranes.
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Tables

Table 1: Physico-chemical properties of E1, E2 and EE2 42942]

Molecular Water solubility | Vapour pressure
EDC CAS pKa Log Kow
mass (g/mol) | (mg/L at 20C) (mmHg)
Estrone (E1) 53-16-7 270.4 13 2.3%0 10.77 3.43
17B-estradiol (E2) 50-28-2 272.4 13 2.3%0 10.71 3.94
10.46-
. . 57-63-6 296.4 4.8 4516 4.15
170-ethinylestradiol (EE2 10.7
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Table 2: General physical properties of decamethylcyclopsitxane [43, 44]

Molecular Structure Property Value
Molecular Formula GH3005Sis
CAS No. 541-02-6
H3C\ /CH3 Density (kg/m) 0.955 at 20°C
O/SI\
H3C\ / \ '/CH3 Viscosity (cp) 3.9 at 25°C
| | Molar mass (g/mol) 370.77
O\ 0O
Si~_-Si Flash point (°C 70
HC” ] ©7 \“CH, pomnt (°C)
HsC CHs Water solubility (1g/L) 17 at 25°C
Vapour pressure (Pa) 11 at 20°C
Interfacial tension with water (mN/m) 18.9 at 20°C
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Table 3: E1, E2 and EE2 LC calibration curves

E1l E2 EE2
Calibration curve equation £€e=13.33%xA4-36.93 G,=8.55xA42.42 CEE2=9.17xA,6.70
Correlation factor 0.9995 0.9996 0.998
Limit of detection (ug/L) 5.01 5.14 2.97
Limit of quantification (pg/L) 16.70 17.16 9.91

Ce1, Cep and Geo: Concentration of E1, E2 and EFRy( L)
Ag1, Ag; and Ay Peak area of E1, E2 and EE2 (mAU.min)
2LOD=SDx 3

®LOQ =SDO x 10

“SD: Standard deviation
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Table 4: AHepc andAepc for E1, E2, and EE2 extraction with D5

EDCs AHepc (k3/mol) Aepc
El 9.5 163
E2 25.2 24563

EE2 23.4 32761
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Estrone (E1) 17B-estradiol (E2) 170-ethinylestradiol (EE2)

Figure 1: Molecular structure of natural (Estrone (E1), &diol (E2)) and synthetic (&7

ethinylestradiol) estrogenic compounds.
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755  Figure 3: (a) Effect of pH on the distribution coefficierdSE1, E2 and EE2 between D5 and Milli-

756 Q water at 20°C (marker: experimental data, cootisuine: model); (b) Theoretical degree of
757 ionisation of E1, E2 and EE2 molecules in watefuastion of pH.
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783 Figure5: (a) Effect of solvent to water ratio on EDC remlogtiiciency in one stage; inset:
784 effect of theoretical number of stage on removéciehcy (solvent to water ratio, r=1);
785 continuous lines are from theoretical calculatiod anarker symbols from experimental data,
786 (b) 3D representation of the effects of r and Ne@removal efficiency.
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Highlights

Huge concerns about occurrence of endocrine disgiphemicals (EDCs) in water
EDCs have tendency to distribute to organic solvent
Decamethylcyclopentasiloxane was effective to extd, E2 and EE2

The distribution coefficients were not affectedddy up to pH 9.5

Liquid-liquid extraction was effective to removemgenic potency from water.
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