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Abstract

Estrone (E1), estradiol (E2), 17a-ethynylestradiol (EE2), and estriol (E3) are estrogens that can result in endocrine disrupting
effects, impacting reproduction and development in human and wildlife populations. The efficiency of rabbit food (RF) as a
model vegetable material in the removal of EE2 was investigated using column experiments where flow rate and mass of RF
utilized were varied. Experimental data confirmed that the further delay in breakthrough of EE2 onto RF was observed with
the increasing mass of RF and lower flow rates. The attenuation capacity of RF ranged between 64 and 232 pg/g. Thomas
and Yoon—Nelson models were used to analyze the column experimental data. The data collected showed the occurrence of
abiotic transformation and provided a viable approach for implementing such a process in the treatment of EE2.
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Introduction

Endocrine disrupting chemicals (EDCs) comprise a diverse
group of heterogeneous contaminants, with the common
characteristic of altering the normal function of the endo-
crine system of living organisms (Al-Khateeb et al. 2014;
Auriol et al. 2006). Estrogens of synthetic and natural ori-
gin are synthesized from cholesterol and have a core ster-
ane structure as demonstrated in Fig. 1 (Silva et al. 2012).
Estrone (El), 17f-estradiol (E2), 17a-ethynylestradiol
(EE2), and estriol (E3) are described as EDCs with higher
disruption potency (Barreiros et al. 2016), and can result in
endocrine disrupting effects in human and wildlife popula-
tions, impacting reproduction and development (Ogino et al.
2007; Sone et al. 2004; Sumpter and Jobling 1995). The
potency of these compounds can lead to detrimental health
consequences at concentrations as low as 1 ng/L (Caldwell
et al. 2010; Irwin et al. 2001). The source of estrogens in the
environment has been attributed to effluent from wastewater
treatment plants (WWTPs), hospital waste, and livestock
activity (Ying et al. 2002).
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EE2 is a synthetic estrogen derived from the natu-
ral estrogen E2 and mostly used as an oral contraceptive
(Diamanti-Kandarakis et al. 2009). Medicinal uses of EE2
include treatment of prostatic cancer, treatment of breast
cancer in postmenopausal women, and osteoporosis (Lima
etal. 2011; Ying et al. 2002). EE2 has become a major prob-
lem in aquatic environments (Tomsikova et al. 2012). It is
characterized as having high resistance to degradation, more
specifically biodegradation (Aris et al. 2014), tendency to
absorb onto organic matter, accumulate in sediments and
concentrate in biota (De Wit et al. 2010). Although estrogens
are typically excreted in a conjugated form, quick conversion
to unconjugated molecules takes place in the environment
(Hanselman et al. 2003; Lai et al. 2000). Consequently EE2
containing an ethynyl-group becomes more stable against
oxidation and exhibits more resistance to degradation when
compared to the other estrogens (Li et al. 2013; Partridge
et al. 2010). According to Johnson and Williams (2004),
17% of the total female population in western countries use
contraceptive pills regularly. That study also reported that
4.5 and 6 pg/day of EE2 are excreted per capita in urine
and feces, respectively. Combalbert and Hernandez-Raquet
(2010) used these findings to estimate that a total of 4.4 kg/
year per million inhabitants is discharged into the environ-
ment. Even though conventional WWTPs are considered
effective in removing nutrients and solids from wastewa-
ter, estrogens on the other hand follow a different pathway
and, consequently, cannot be completely removed (Atkinson
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Fig. 1 Structures of estrogens and the core sterane structure

et al. 2012; Auriol et al. 2007; Mes et al. 2005). Andrew
et al. (2010) studied the effect of EE2 during in vitro tests
and reported that the estrogenic potency of the compound
is higher than that of other estrogens (EE2>E2>El). EE2
exhibited 11-30 times more potency than E2 in in vitro tests
in certain species of fish (Colman et al. 2009). The physi-
ochemical properties of E1, E2, E3, and EE2 are presented
in Table 1.

In order to mitigate the risks imparted by estrogens on
the aquatic environment, their elimination from water and
wastewater is necessary. One of the most widely employed
procedures is sorption onto a solid phase, where isotherm
equations are employed to describe the sorption kinetics of
target compounds onto the sorbent used (Chen et al. 2014;
Silva et al. 2012). Sorption on activated sludge is potentially
the principal process for the removal of EE2 and other estro-
gens in wastewater (WW) effluent (Andersen et al. 2005;
Auriol et al. 2006; Ren et al. 2007; Sumpter and Johnson
2005). With EE2 having low water solubility and poor
biodegradability, sorption on suspended solids present in
WW is considered to be the major factor for removal during

wastewater treatment (Andersen et al. 2005; Ren et al. 2007).
Esperanza et al. (2007) reported on the degradation of estro-
gens in during aerobic wastewater treatment. They were first
to report the abiotic transformation of estrogens in WWTPs.
On the other hand, Carballa et al. (2004) noted that in con-
ventional activated sludge systems with low sludge retention
times, removal of estrogens was minimal.

Sorbents such as activated carbon (AC) have a high
capacity for the estrogens E1 and E2 (Fukuhara et al.
2006). Kumar and Mohan (2011) reported on the sorption
of EE2 onto AC in batch and column studies with up to
78% removal. Other studies suggested that the removal of
estrogens using AC is highly dependent on the presence of
organic matter and other substances present in water that
can compete for sorption sites (Fukuhara et al. 2006; Kumar
et al. 2009; Snyder et al. 2007). The presence of these sub-
stances can affect the frequency of regeneration/replace-
ment of AC beds in order to maintain removal effectiveness
(Zhang and Zhou 2005).

Marfil-Vega et al. (2010) conducted batch experiments
to model the catalytic conversion of E1, E2, E3, and EE2

Table 1 Physicochemical

. Estrogen Molecular Water solubil- Vapor pres-  Octanol-water parti-
g;p:;;l%s;zf (E;.;;ogens El E2, weight (g/ ity (S,,) (mg/L at sure (mmHg) tion coefficient (log
) g et al. 2002) mol) 20 °C) K,.)
Estrone (E1) 270.4 13 23x10710 343
17p-Estradiol (E2) 272.4 13 23x10710 394
Estriol (E3) 288.4 13 6.7x107° 281
17a-Ethynylestradiol (EE2)  296.4 4.8 45%x107"" 415
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in synthetic wastewater using RF as surrogate material for
vegetable wastes found in wastewater. Up to 80% removal
of estrogens was reported, and this removal was attributed
to abiotic transformation. Forrez et al. (2009) also assessed
the occurrence of catalytic reactions mediated by chemical
agents such as metals or metal oxides resulting in abiotic
transformation of estrogens, without being able to define a
clear mechanism for this process. The importance of abiotic
transformation of estrogens as representative compounds of
phenolic EDC:s lies in the ability to extrapolate such trans-
formation to other micropollutants with similar chemical
structure (BPA and alkylphenol surfactants) (Omar et al.
2016). This study explores the sorption of EE2 onto model
vegetable waste (RF) by running breakthrough experi-
ments in columns packed with a mixture of Ottawa sand
and ground RF.

Materials and methods

17a-Ethynylestradiol (EE2) with greater than 98% purity
was purchased from Sigma-Aldrich (Milwaukee, WI).
d4-17a-ethynylestradiol (d4-EE2) with 98.8% purity was
purchased from C/D/N Isotopes Inc., Canada, and d4-estrone
(d4-E1) with 97% purity was purchased from Cambridge
Isotope Laboratories. Inc., USA. d4-EE2 and d4-E1 were
used as surrogate and internal standard, respectively, for
LC-MSMS quantification. LC-MS grade solvents acetoni-
trile, methanol, and water (Fluka, LC-MS Chromasolv) as
well as ammonium fluoride of greater than 98.0% purity
(SIAL) were obtained from V.T.C sal. Lebanon were used
in the LC mobile phase. Quartz glass columns with outer

diameter of 3 cm, inner diameter of 2.76 cm, and total length
of 30.5 cm and Teflon-based fittings were used to insure
minimal interference with attinuation of estrogens.

RF was selected by Esperanza et al. (2007) to serve as a
representative of vegetable wastes in a synthetic wastewater.
In that study, RF was suspected of affecting the transfor-
mation of estrogens to polymers under aerobic conditions.
Marfil-Vega et al. (2010) characterized the metals in raw
RF (Fig. 2).

Experimental design

Column experiments were carried out in triplicates. Quartz
columns were packed with a mixture of sand and ground RF
and run alongside blank columns containing only Ottawa
sand as packing material. Columns containing RF were
packed in three layers, an active middle section comprised of
a mixture of Ottawa sand and RF, was sandwiched between
two Ottawa sand layers. Metallic screens placed at both
ends of the column with similar opening size to the pack-
ing materials insured that column packing remained intact
throughout the study. Flow rate was controlled using low
flow pumps (Cerampump FMI QG 50) with a maximum
flow of 5 mL/min, and a “CSC-W” stainless steel pump head
fitted and PTFE tubing.

Influent consisted of EE2 spiked at 200 ng/L in distilled
water with sodium azide (20 mg/L) acting as an inhibi-
tor of aerobic biological activity. The experiments were
operated in upflow mode at room temperature 22-24 °C.
Flow rates and the mass of RF employed were varied for
different sets of experiments. Flow rates of 0.17, 0.35,
and 0.7 mL/min and masses of RF of 3.2, 5.0,and 7.5 g

Fig.2 Concentration of metals 20
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Table 2 LC and MS conditions

Table 4 Experimental conditions

LC conditions

Columns Agilent poroshell 120 phenyl-hexyl

2.1x100 mm, 2.7 pm (p/n 695975-321)

Colum temperature 20 °C

Injection volume 5puL

Mobile phase A: Water +2 mM ammonium fluoride
B: 35% acetonitrile + 65% methanol +2 mM

ammonium fluoride

Flow rate 0.3 L/min

Gradient Time (min) % A % B
0 100 0
6 90 10
12.5 0 100
15 0 100
22 10 90
25 100 0

Post time 5

Total runtime 30

MS conditions

Ionization mode ESI with negative polarity

Drying gas temperature 350 °C
Drying gas pressure 40 psig
Sheath gas temperature 375 °C
Sheath gas flow 11 L/min

were used with each flow rate. Effluent was collected in a
collection flask and held until a final volume of 500 mL
was reached prior to sample analysis. To avoid losses due
to sorption onto glass surfaces, all the glassware used
was silanized with 5% dimethyldichlorosilane in toluene
(Supelco, USA). An Agilent 6460 LC-MSMS was used
to measure the concentration of EE2 in both the aqueous
and solid phases.

Sample preparation
Following effluent collection, the pH was adjusted in the

range of 6-8. d4-EE2 was then added to serve as a sur-
rogate. Samples were then extracted by means of solid

Table 3 Summary of optimized MRM parameters

Exp # Flow (mL/min) Mass of RF (g) Run time
(day)
1 0.17 32 24
2 0.17 5.0 24
3 0.17 7.5 24
4 0.35 32 12
5 0.35 5.0 12
6 0.35 7.5 12
7 0.7 32 6
8 0.7 5.0 6
9 0.7 7.5 6

phase extraction (SPE) using HLB Water’s Oasis (200 mg
6 cc) cartridges (OASIS Inc. USA) (Fang et al. 2016). The
cartridges were conditioned with methanol and LC-MS
grade water before being loaded with the column effluents
at approximately 4 mL/min. Finally, the cartridges were
washed with 10 mL of 10% methanol in water, dried under
vacuum for 5 min. Elution was conducted with 10 mL
methanol, and the eluent was filtered using a PTFE syringe
filter (Kinesis 13 mm 0.22 pm), and latex and silicone-
oil-free 5 mL inert syringes (NORM-JECT). The filtrates
were dried under a gentle nitrogen stream at 40 °C and
reconstituted in 0.5 mL of 50% methanol in water.
Following completion of the experiments, columns
were emptied and the sandwiched active part was isolated
and left to dry in open air for extraction using Dionex ASE
350 Accelerated Solvent Extractor (ASE). The samples
were spiked with d4EE2 surrogate and mixed with approx-
imately 4 g of diatomaceous earth to remove the remain-
ing traces of water trapped in the solids. ASE cell void
volume was filled with Ottawa sand in order to reduce the
amount of solvent used, and was extracted under the fol-
lowing conditions: 2 extraction cycles, 150 °C, 1500 psi,
and methanol: acetone 20:80 (v/v). The final extracts were
collected in silanized vials. The extracts were dried under
a gentle nitrogen stream at 40 °C and reconstituted in
0.2 mL dichloromethane (DCM) and 0.8 mL iso-octane
for further cleanup with neutral alumina. Supelclean 3 mL
LC-Alumina-N cartridges were conditioned with 9 mL

Compound name Precursor ion Product ion 1 Product ion 2 Fragmentor Collision Polarity Type
voltage (V) energy (V)

17a-ethynylestradiol 295.2 145.1 159 136 36 Negative Target

d4 17a-ethynylestradiol 299.1 147.1 187.1 121 44 Negative Surrogate

d4 estrone 273.2 147 161.1 136 30 Negative ISTD
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Fig.3 Breakthrough curves A .
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of 30% methanol in acetone followed by 9 mL of 20%
DCM in iso-octane. The 1 mL extracts were transferred to
the cartridge, and the vials were rinsed three times with
0.5 mL of 20% DCM in iso-octane. The samples com-
bined with the rinses were loaded by gravity and washed
with 9 mL hexane. Samples were eluted with 9 mL 30%

2000 2500 3000 3500 4000 4500 5000 5500 6000
Volume (mL)

methanol in acetone, then filtered through a syringe fil-
ter. The final extracts were dried under a gentle nitrogen
stream at 40 °C and reconstituted with 0.5 mL of 50%
methanol in water.
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Fig.4 Mass balance of EE2
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Fig.5 Propesed scheme of the abiotic transformation of E2. Reproduced with permission from Marfil-Vega et al. (2010)

Quantification

A calibration curve, calibration check standards, and blank
samples were prepared for every experiment performed. EE2
surrogate and target analyte were spiked in 1 mL of 50%
methanol. The calibration standards covered a concentration
range of 6.5-200 ng/L. LC and MS conditions were adopted
from EPA standard method 539 and Agilent application
notes (Hindle 2013; Smith et al. 2010) and optimized using
Mass hunter optimizer as reported in Table 2. Following
EPA 539, and 1698 standard methods, surrogate (d4-EE2)
recovery quality check criteria were set to 70—-120% and
60-140% for liquid and solid matrices, respectively (Smith
et al. 2010). d4-E1 was used as an internal standard and
spiked into the concentrated extract immediately prior to
injection into the LC-MSMS.

A summary of the optimized MRM parameters is shown
in Table 3.

@ Springer

Results and discussion

Starting with an EE2 concentration of 200 ng/L in 10 L
distilled water at a neutral pH 7, columns were run in tripli-
cates, using different flow rates with different masses of RF.
Detailed conditions for each experiments are presented in
Table 4. Effluent was collected and samples were analyzed
when the collected volume reached 500 mL.

Breakthrough curves showing EE2 effluent concentration
profile for 3.2, 5.0, and 7.5 g of RF are shown in Fig. 3.
Using 3.2 g of RF in the column was sufficient to give com-
plete attenuation of EE2 during the first two sampling events
with full breakthrough occurring after passing 4.5, and 5.5 L
of spiked feed for 0.35, and 0.17 mL/min flow rates, respec-
tively. Increasing the mass of the sandwiched RF to 5.0 g
under the same conditions caused a further delay to break-
through whereby 100% removal of EE2 occurred during the
first three sampling events with full breakthrough occur-
ring after passing 5, and 5.5 L of spiked feed for 0.35, and
0.17 mL/min flow rates, respectively. Further improvement
in the breakthrough curve occurred when 7.5 g of RF were
sandwiched in the column. In this instance 100% removal of
EE2 occurred during the first four sampling events at flows
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Table 5 Thomas model parameters

Flow (mL/ RF mass (g) C,(pg/L) Kqy (L/ qo (nglg) R*
min) pg day)

0.17 3.2 0.2 2.05 2323 0.89
0.17 5.0 0.2 1.90 153.4 0.92
0.17 75 0.2 1.81 120.8 0.94
0.35 3.2 0.2 4.00 1822 0.96
0.35 5.0 0.2 426 126.7 0.95
0.35 75 0.2 4.11 104.2 0.96
0.7 3.2 0.2 6.80 130.5 0.93
0.7 5.0 0.2 7.44 82.64 0.95
0.7 7.5 0.2 772 6449  0.94

of 0.17 and 0.35 mL/min with full breakthrough occurring
after passing 6 L of spiked feed. Experiments operated under
a flow rate of 0.7 mL/min only showed a 100% removal of
EE2 for the first sampling event with 5.0 g RF sandwiched
in the active part, with full breakthrough occurring prior to
the lower flow rates upon passing 4 L of spiked feed. On the
other hand, blank columns with zero concentration of RF
showed full breakthrough occurring on the first sampling
event of each experiment.

Upon completion of individual experiments, the EE2
remaining in the sandwiched active part of each column was
extracted, and a mass balance of the EE2 in solid and aque-
ous phases is performed as illustrated in Fig. 4. The unquan-
tifiable mass of EE2 during the runs was assumed to be the
mass of EE2 transformed. Experimental results showed an
increasing fractional transformation with increasing mass
of RF and decreasing flow rate. Two-way ANOVA was per-
formed to evaluate the separate impact of flow and mass of
RF. At 95% confidence the effect of mass of RF and Flow,
proved to be significant (p value <0.05) with R-Sq=99.41%
and R-Sq(adj) =98.81%.

Modeling breakthrough curves

Marfil-Vega et al. (2011) evaluated the adsorption and
transformation of estrogens using '*C E2. They reported
the absence of any transformation products in the aque-
ous phase. Drawing on the oxidative coupling of phenolic
compounds in soils (Huang 1995) and activated carbon
(Andersen et al. 2005; Chang et al. 2004; Vidic et al. 1993a,
b), Marfil-Vega et al. (2010) proposed a mechanism for the
abiotic transformation of E2 in the presence of RF as illus-
trated in Fig. 5. Assuming that their observation also holds
true for EE2, the breakthrough curves for EE2 are analyzed
using traditional adsorption behavior. Both Thomas and
Yoon—-Nelson models were used to analyze the behavior of
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EE2 sorption onto RF. According to Rozada et al. (2007) the
Thomas model for column performances is the most general
and widely used theoretical treatment. The linearized form
of the Thomas model is expressed as (Karunarathne and
Amarasinghe 2013; Secor Robert 1956):

C K m
In <—0 - 1) L L SN
C, 0

Q is the volumetric flow rate, Ky, Thomas kinetic coeffi-
cient, ¢ is the total flow time (min), g, and m are the Adsorp-
tion capacity and mass of the adsorbent, respectively. The
values for Ky, and g, were determined by plotting

In (% - 1) versus ¢ (Chen et al. 2012) (Fig. 6). R? ranged

between 0.88 and 0.96 indicating good agreement between
the experimental data and the model. Results for different
runs are summarized in Table 5, showing that an increase in
flow rate lead to an increase in Ky, and a decrease in g,. On
the other hand, increasing the mass of RF led to a decrease
in both Ky, and g,,. Starting with a constant concentration of
EE2, and increasing the mass of RF in the columns led to
the RF being exposed to lower concentrations EE2, thus
lowering the attenuation capacity of the column. The varia-
tion in Ky, shows that the optimal conditions for sorption of
EE2 on RF occurred at low flow and higher RF masses.

A far simpler model for single component systems is
the one offered by Yoon—Nelson (Ayoob et al. 2007). This
model assumes that the rate of decrease in the probability
of adsorption for each adsorbate molecule is proportional to
the probability of adsorbate adsorption and the probability of
adsorbate breakthrough on the adsorbent (Ayoob et al. 2007;
Yoon and Nelson 1984).

Ct
CO - Cz

In

= Kynt — 7Ky

where Kyy is the rate constant 7 is time required for 50%
adsorbate breakthrough, and ¢ is time into the run. Ky, and

7 can be determined by plotting the graph In CC’ = versus
0™t

time as shown in Fig. 7. Model parameter values are given
in Table 6 with Ky increasing with higher flow and less
mass of RF which further proves the correlation between
Flow and mass of RF and their combined effect on removal
of EE2 from the studied matrix.

A comparison of predicted model curves and the experi-
mental curve for flow of 0.17 mL/min and RF mass of 7.5 g
is illustrated in Fig. 8. The plots show that predicted Thomas
and Yoon—Nelson curves are extremely close to the experi-
mental data and to one another. Analyzing the error function
of the models returned insignificant error values, combined
with high R? thus proving that both the Thomas and the



Attenuation of 17a-ethynylestradiol onto model vegetable waste 2283
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Table 6 Yoon—Nelson model parameters

Table 7 Error analysis

Flow (mL/min) RF mass (g) Ky (L/day) 7 (day) R? Flow (mL/min) Mass of RF (g) Thomas (6) Yoon—Nelson (5)
0.17 32 0.41 15.18 0.89 0.17 32 0.0298 0.0824
0.17 5.0 0.38 15.59 0.92 5.0 0.0325 0.0541
0.17 7.5 0.37 18.35 0.94 7.5 0.0375 0.0549
0.35 32 0.80 5.78 0.96 0.35 32 0.0325 0.0421
0.35 5.0 0.81 6.56 0.95 5.0 0.0388 0.0489
0.35 15 0.82 7.76 0.96 7.5 0.0299 0.0512
0.7 32 1.19 1.73 0.93 0.7 32 0.0425 0.0528
0.7 5.0 1.49 2.05 0.95 5.0 0.0322 0.0541
0.7 7.5 1.54 2.40 0.94 7.5 0.0301 0.0429

Yoon—Nelson models are suitable for describing the experi-
mental data.

Error analysis

R? values calculated from Thomas and Yoon—Nelson mod-
els indicate that both models described the data well. The
squares of the differences between model and experimental
data were determined using the following formula (Ghribi
and Chlendi 2011):

2(8)u (&)

N

o=

where N is the number of observations, (C/C,),, is the ratio
of effluent to influent EE2 concentrations, as obtained from
the models, and (C/Cp).y,, is the ratio of effluent to influ-
ent EE2 concentrations obtained from experimental data.

Fig. 8 Predictive models versus
experimental data
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Table 7 elaborates the absolute error function on Thomas
and Yoon—Nelson models.

Conclusion

Column experiments demonstrated the effectiveness of
RF as a sorbent for the removal of EE2 from aqueous and
solid phases. Being the most recalcitrant estrogen with high
resistance to biodegradation, understanding the mechanisms
involved in EE2 removal from water is needed in order to
help mitigate the health and environmental risks of expo-
sure to EE2 and other EDCs. The Behavior of breakthrough
curves and RF adsorption capacity is strongly influenced by
flow rate. Breakthrough time increased with a lower flow
rates and higher mass of RF. Breakthrough curves were
analyzed using the Thomas, and the Yoon—Nelson model.
Both models agreed with the experimental data, absolute
error analysis proved that Thomas model produced the most
accurate predictive results.

Experimental vs Predicted data at 0.17 mL/min and 7.5g RF

/

<

/

L

——&— Experimental
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