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Abstract

The increasing occurrence of steroidal hormone micropollutant in the aquatic environment and their associated consequences
have caused serious environmental concerns globally. Adsorptive removal of hormonal pollutants using polymeric mem-
branes has been suggested but information on their performance in various environmental conditions is lacking. In this study,
we examined the effect of salinity on the performance of polyethersulfone (PES) membrane to remove synthetic hormone
17a-ethinyl estradiol (EE2) from water. Our results show that an increase of salinity from 0 to 3% results in higher retention
of EE2 onto PES membrane from 79.3 to 98.7%. The experimental results fit the Freundlich isotherm model better as com-
pared to the Langmuir model. The Freundlich parameters n and K; yielded the highest values at 3% salinity. The molecular
simulation results suggest that a high salinity increases the binding energy between EE2 and PES membranes, promoting the
PES-EE2 interaction through z—x interaction, hydrogen bonding and hydrophobic interaction. This study provides valuable
information for improving design of specialised treatment facilities (in farming, pharmaceutical industries, etc.) to allow
better removal of EE2 and other low-polar organic contaminants from water via a membrane-based sorption-elution method,
and we recommend the inclusion of salinity as a factor in modelling the adsorption capacity of membranes to prevent the
oversaturation of membrane and minimise the release of contaminants into the environment.
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Introduction

Endocrine-disrupting chemicals (EDCs) are a group of
emerging contaminants that are potentially hazardous
towards living organisms even at trace concentrations
(Gmurek et al. 2017; Rodriguez-Goémez et al. 2017). Due to
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their widespread use in chemical and agricultural industries,
EDC:s are ubiquitous in the aquatic environment (Solé and
Matamoros 2016). Among these EDCs, steroidal estrogens
can affect the reproductive health of wildlife and human pop-
ulation (Silva et al. 2012). Unlike other naturally occurring
hormones such as estrone (E1), estradiol (E2) and estriol
(E3), 17 a-ethinyl estradiol (EE2) is a synthetic hormone
that is persistent in the natural environment (Ma et al. 2018).
As aresult, EE2 has caught worldwide attention as countries
are concerned over their ubiquity and elevated concentra-
tions in water bodies (Aris et al. 2014; De Rudder 2004). A
well-documented effect caused by EE2 is the alteration of
reproductive physiology and morphology of fishes (Sumpter
2010). Till date, many research has revealed EE2 as agents
capable of causing feminisation of male fishes at concentra-
tions as low as 1-4 ng/L (Aris et al. 2014; Sumpter 2010).
The widespread of intersex fish have already been reported
near treatment plants in the USA, Canada, across Europe and
Japan (Wise et al. 2011).
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Presently, activated sludge (AS) is the principal technologi-
cal process to treat wastewater (Ren et al. 2007). Through AS
treatment, biological degradation and adsorption to suspended
solids followed by removal, are two pathways to eliminate
estrogens from influent (Silva et al. 2012; Andersen et al.
2005). As hormones tend to have low solubility (Nagpal and
Meays 2016), low Henry’s constant, low biodegradability,
hydrophobic and recalcitrant in nature, adsorption onto AS
is theorised to be the main removal mechanism of estrogens
especially at low sludge retention time (SRT) (Ren et al. 2007,
Rovani et al. 2014). However, the AS process tends to only
partially remove recalcitrant chemicals as it is not designed
to remove synthetic hormone (Lyko et al. 2005; Matamoros
et al. 2016). Furthermore, EE2 is resistant to biodegradation
(Aris et al. 2014). As such, the AS process is inadequate to
efficiently remove steroidal estrogens from wastewater (Fer-
nandes et al. 2011). Although concentrations of EE2 can be
alleviated through modification of conventional wastewater
treatment plants, these upgrades were deterred by huge eco-
nomic costs (McKie 2016; Avila et al. 201 5). Therefore, there
is a need to develop a cleaner, economical and effective alter-
native approach to remove estrogenic micropollutants from the
aquatic environment.

Adsorptive removal of EE2 using polymeric membranes
has been suggested to be a feasible and sustainable solu-
tion (Schéfer et al. 2011). Previous study showed that PES
membranes provide high adsorption capacities for low-polar
organic solvents (Ng and Cao 2015), and they are postulated
to provide an effective adsorbent for the hydrophobic EE2.
By adopting the concept of sorption-elution cycle, it is pos-
sible for effective removal of trace concentrations of estrogens
where it can be remediated via chemical or biological treat-
ment (Ng et al. 2017; Bope et al. 2018). To develop this idea,
there is a need to obtain more information on the interaction
mechanism between EE2 and PES membrane and how envi-
ronmental parameters like salinity affects the performance of
membrane on EE2 removal. Therefore, the objective of this
research is to evaluate the adsorption capability of PES on
EE2 under different saline environments via experimental iso-
therm studies as well as molecular simulation modelling. With
this information, we can better understand the mechanism of
contaminant-absorbent interaction and optimise the adsorp-
tion process to optimise the removal of emerging contaminants
such as endocrine-disrupting chemicals from the environment.

This study started in 2016 at the Nanyang Technological
University, Singapore.
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Materials and methods
Materials, chemicals and reagents

EE2 (CAS number: 57-63-6) and all chemical used in this
study were purchased from Sigma-Aldrich (Singapore)
unless otherwise stated. Stock solutions of EE2 (1 g/L)
were dissolved in ethanol (HPLC grade) and stored
at—20 °C for further use. Syringe filters housing a hydro-
philic polyethersulfone (PES) membrane with an effective
filtration area of 2.8 cm?® and pore size of 0.2 ym (Acrodisc
Syringe Filters with Supor Membrane, Pall Corporation)
were used throughout this study.

Analytical methods
Quantification of hormone concentrations

Quantification of hormone concentrations were performed
with modification as previously described (Ng et al. 2017).
Prominence HPLC system (Shimadzu, Singapore) with
SPD-20A UV-Vis Detectors was used for the analysis
of samples and an 18-C 5 pm 10 cm X 2.1 mm column
(Ascentis, Washington, USA) for separation. The mobile
phase was prepared by mixing 40% (v/v) acetonitrile
(ACN) (HPLC grade) and spiked with 6.9 mM of acetic
acid and topped up with Milli-Q water. Elmasonic S120H
degasser was set to high power mode, at 40 °C for 20 min
and this setting was used as a pre-treatment to remove any
gas or air bubbles in the mobile phase. Analytical soft-
ware “LabSolutions” was used to set the HPLC operating
condition to an oven temperature of 40 °C while the LC
stop time was adjusted to 10 min per run for each sample.
The pump was set to isocratic flow at 0.5 ml/min and the
volume of sample injected into the HPLC for analysis was
set to 10 pL. The column was conditioned with the mobile
phase for 4 h at a flow rate of 0.5 ml/min prior to the analy-
sis of the data. The wavelength at which the estrogenic
hormone peaked was at 200 nm. The elution time for EE2
was determined as 3.48 min under these conditions.

EE2 retention experiment

5 ml of 10 mg/L EE2 solutions with salt concentrations
of 0%, 0.9% and 3% were filtered through the PES mem-
brane using Masterflex 1/S digital pump system at a rate
of 0.1 ml/s. Filtrates and initial solutions of the dead-end
membrane filtration were collected and analysed by HPLC
(Ng et al. 2017).
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Adsorption isotherms modelling

Predetermined volume of solutions containing 5 mg/L
EE2 (corresponding to 20, 40... 200 pg of EE2) at vari-
ous salinities (i.e. 0%, 0.9% and 3%) were filtered through
the PES filters using Masterflex 1/S digital pump system
at a rate of 0.1 ml/s. Filtrates and initial solutions of the
dead-end membrane filtration were collected and analysed
by HPLC (Ng et al. 2017).

The results obtained from the batch sorption experi-
ments were used to determine sorption parameters. Sev-
eral isotherm equations are available in the literature;
two widely used adsorption models were selected for this
study: Langmuir and Freundlich isotherms (Crittenden
et al. 2012; Chung et al. 2015).

The Langmuir (site-limited) sorption isotherm is an
empirical isotherm model assuming that adsorption can
only occur at a finite number of localised sites, and the
adsorbed layer is one molecule thick (monolayer adsorp-
tion) (Chen 2015). It defines the equilibrium between the
concentrations of a compound in the aqueous and on the
solid phase (Schwarzenbach et al. 2005). This relationship
is shown in Eq. (1).

.70 (@) (@) ®
g  Qm \C./\Qpb

where ¢, is the adsorbate adsorbed to the adsorbent (mg/g);
Q,, 1s the maximum adsorption capacity (mg/g); b is the
Langmuir’s constant and C, refers to the equilibrium con-
centration of the substrate (mg/L). If the Langmuir param-
eter “b” does not deviate from the literature, Q,, will then
be determined from a series of adsorption experiment with
known masses.

Apart from Langmuir Isotherm, the Freundlich iso-
therm was developed as an empirical model for prediction
of adsorption behaviour. It assumes multiple types of sorp-
tion sites acting in parallel, with different sorption energy
for each site (Schwarzenbach et al. 2005). This relation-
ship is shown in Eq. (2) in a linearised form and Eq. (3) in
nonlinearised form (Chung et al. 2015; Valix et al. 2004).

Ing, =nInC, +K; )

q. = K;C?, 3)

where g, and C, follow the same definition of Langmuir
Isotherm, except K; which represents Freundlich constant
and n represents the Freundlich exponent (Chung et al. 2015)
which measure the adsorption capacity and intensity respec-
tively (Chen 2015; Schwarzenbach et al. 2005).

Molecular simulation

The atomistic models of the monomer unit PES and the
hormone EE2 were constructed. The atomic structures
were constructed using Accelrys Material Studio ver-
sion 2016. The initial structures were optimised by DFT
calculations using Dmol® in order to generate stable con-
formations. The DFT calculations used the gradient-cor-
rected functional (GGA) and PW91 with the DNP basis
set (Perdrew and Wang 1992). The atomic charges for the
structures were parameterised according to the AM1-BCC
charge model (Jakalian et al. 2002) using Antechamber
(Wang et al. 2006).

After the DFT optimisation, molecular dynamics (MD)
simulations were carried out for each solvated solute mol-
ecule in various aqueous NaCl concentrations. All MD
simulations were conducted with the AMBER package,
version 10.0 (Pearlman et al. 1995; Case et al. 2005) with
the FF99SB force field (Hornak et al. 2006). To build the
simulation system, the complex structure (PES-EE2) was
placed in a truncated octahedron box, solvated with TIP3P
water (Berendsen et al. 1981).

For each simulation system, energy minimisation was
performed to relax the structure using the conjugate gradi-
ent algorithm (Zimmermann 1991), followed by the steep-
est descent algorithm (Debye 1909). Prior to the equili-
bration molecular dynamics simulation, 100 ps NVT MD
simulation in the absence of any restraint was performed to
heat up the simulation system. The simulation temperature
was increased from O to 300 K using Langevin dynamics
(Uberuaga et al. 2004). After heating up the system, 20 ns
NPT equilibration MD simulations of the various NaCl
concentrations were performed.

All simulations’ integration time step was set to 2 fs,
and all short-range non-bonded interactions were modelled
using Lennard Jones potentials with a cut-off at 1.2 nm.
The long-range electrostatic interactions were calculated
using the particle mesh Ewald (PME) algorithm (Darden
et al. 1993; Essmann et al. 1995) and the SHAKE algo-
rithm (Ryckaert et al. 1977) was used to constrain all bond
lengths involving hydrogen atoms.

The equilibrated trajectory files were post-processed
and analysed using PTRAJ (Roe and Cheatham 2013) and
the intermolecular interactions were calculated with the
following criteria (Sinnokrot and Sherrill 2004):

Type of intermolecular interac-  Cut-off criteria

tion

7 (Sandwich) 3.70 A
7 (T-shaped) 5.00 A
- (Parallel-displaced) 3.75 A
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Type of intermolecular interac-  Cut-off criteria

tion

Type of intermolecular interac-  Cut-off criteria

tion

Hydrogen bond 3.40 A between heavy atoms
and 135° angle cut-off for the

X-H...... Y atom triple
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Fig. 1 Percentage retention of EE2 of PES membrane by passing feed
volume of 5 ml at 10 mg/L of EE2 with salt concentrations of 0%,
0.9% and 3%. All experiments were done in triplicates (n=3)

Fig.2 Effects of salinity at
0%, 0.9% and 3% salinity on
adsorption of EE2 onto PES
membrane via dead-end mem-
brane filtration of 5 mg/L EE2
solution
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Results and discussion

Effects of salinity on EE2 removal efficiency
and adsorption capacity of PES membrane

For the effective removal of hormone contaminants, i.e.
EE2, from the environment, it is important to understand the
performance of the membrane under different salinity condi-
tions in the environment. Three salinity points were chosen
in this study: 0%, 0.9% and 3%, which corresponds to fresh,
brackish and seawater, respectively. Our results showed that
increasing salinity from 0 to 0.9 to 3% increases the reten-
tion efficiency of EE2 by the PES filter from 79.3 to 98.7%
(Fig. 1). This suggests that the interactions between PES and
EE2 are influenced by different ionic strengths generated
from the various salt concentrations.

To further investigate the role of salinity in the adsorp-
tion process of EE2, batch adsorption tests were conducted.
Figure 2 shows the effect of salinity (0%, 0.9% and 3%) on
the removal of EE2 by PES membrane at an accumulated
mass of EE2 during dead-end membrane filtration. The
maximum adsorption capacity of EE2 by the PES filter can
be observed to be at 49 pg (~3.50 mg/g membrane) for 0%
salinity and 60 pg (~4.29 mg/g membrane) for 3% salinity.
This means that the change in salinity has a direct effect
on the EE2 adsorption capacity of PES membranes. On the
other hand, with a low EE2 content in the solution (i.e. 20

A 0.9% salinity ¢ 3% salinity

R?=0.6773

_ R*=0.7018
d ; ; R?=0.7817
+ } ey

60 80 100 120 140 160 180 200 220

Mass of EE2 in influent (ug)
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Table 1 Physicochemical properties of EE2

17 a-Ethinyl Max projection Sorption con-  Log K, pKa
estradiol, EE2  diameter (nm)  stant, K,

1.46° 4770° 4.15¢ 10.464

“Han et al. (2013a)
bSilva et al. (2012)

“Aris et al. (2014)
dIvashechkin et al. 2004)

pm or less), the filtration efficiency is close to 100% and
seems independent of the NaCl concentration in contrast
to higher values of the EE2 content in the solution (Fig. 2).
This shows that the EE2 adsorption efficiency of membranes
near saturation are more susceptible to changes in salinity
than those of unsaturated membranes. Our study suggests
that, at low membrane saturations, membrane-based waste-
water treatment is effective in continuously removing low
levels of EE2 (1.2-259 ng/L) commonly seen in municipal
wastewater treatment plants (Chimchirian et al. 2007). How-
ever, when the membranes are more saturated, their actual
capacity may be much lower than their predicted capacity
when salinity of the wastewater falls below normal condi-
tion, e.g. during heavy rainfall or monsoon season. As such,
our study suggests the inclusion of salinity as a factor in
modelling the adsorption capacity of membranes to prevent
oversaturation of membrane and minimise the release of EE2
into the environment.

Since the nominal pore size of the PES membrane of
0.2 um is larger than the molecular size of EE2 of 1.46 nm
by two—threefold (Table 1), the underlying mechanism for

the removal of EE2 by filtration is not via size exclusion
(Han et al. 2013a). Based on the structure of the PES and
EE2, it is theoretically possible that there is anion-w inter-
action between the benzene ring of the PES and a deproto-
nated alcohol group in EE2. However, due to the high pKa
(Ivashechkin et al. 2004; Tomsikova et al. 2012) of EE2 and
the neutral pH range (~pH 7) of the media prepared in the
experiments, a negligible amount of EE2 will dissociate to
form anions. This suggests that the anion-n interaction is
not one of the main contributing factors for the adsorption
process between EE2 and PES membrane.

Previous studies had suggested that the main mechanism
for the removal of micropollutants such as hormone by
microfiltration is largely due to physical adsorption onto the
membrane surfaces (Schéfer et al. 2011; Han et al. 2012). In
a study on nanofiltration removal of estrone, the increase in
hydrophobicity of the membrane resulted in a higher adsorp-
tion rate of the hormone (Hu et al. 2007). A study had shown
that the increase in ionic strength of a solution will encour-
age hydrophobic interactions in general (Hsu and Huang
2002). In a solution of higher ionic strength, water molecules
interact more with the ions from salt as compared to polar
groups on EE2 and PES, possibly leading to an increased in
reversible binding between EE2 and PES to achieve a more
stable configuration. It is also possible that the increase in
ionic strength of a solution due to the increase in salt con-
centration promotes 77—z interactions between the aromatic
and phenolic groups of EE2 and PES membrane. This is in
line with our experimental results where the adsorption of
EE2 on the hydrophobic surface of the PES membrane is
significantly affected by salinity which influences the ionic
strength of the feed solution, hence influences the binding

Table 2 Adsorption isotherm parameters determined from experimental data

Adsorption isotherm at 0% salinity

Langmuir isotherm

Freundlich isotherm

On 4.26 (£0.21) mg/g
b 0.49 (+0.05) L/mg
R? 0.71

K; 1.84 (+0.06) mg/g
n 3.29 (+0.11) L/mg
R? 0.76

Adsorption isotherm at 0.9% salinity

Langmuir isotherm

Freundlich isotherm

On 4.50 (+0.14) mg/g
b 0.53 (+0.05) L/mg
R? 0.93

Ky
n
R2

2.05 (£0.15) mg/g
3.55(+0.16) L/mg
0.93

Adsorption isotherm at 3% salinity

Langmuir isotherm

Freundlich isotherm

On 5.12 (£0.28) mg/g
b 0.76 (+0.08) L/mg
R 0.89

Kf
n
R2

2.77 (£0.09) mg/g
4.35(+0.22) L/mg
0.81

o’
’r @ Springer
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Isotherm modeling at 0% Salinity

Isotherm modeling at 0.9% Salinity

= Experimental = - - Langmuir —— Freundlich

00 2 4 6 8

Isotherm modeling at 3% Salinity

= Experimental - - - Langmuir —— Freundlich

1

o

0 2 4 6 8
C, (mg.L")

Freundlich

m  Experimental - - - Langmuir

q, (mg.g”)

Fig.3 Adsorption isotherms of EE2 on PES membrane and comparison of isotherm models of Langmuir and Freundlich at 0%, 0.9% and 3%

salinity

affinity between PES and EE2. This shows that the salin-
ity of feed solution can strongly affect the PES membrane
retention efficiency and adsorption capacity of EE2 at near
membrane saturation, which is an important factor to con-
sider in the design of a membrane-based treatment facilities.

Adsorption isotherm

Modelling the experimental isotherm data is an essential
way of predicting the mechanism of adsorption (Chen 2015).
Experimental data from the tests of EE2 adsorption onto the
PES membrane at 0%, 0.9% and 3% salinity were fitted to
the linear forms of isotherm to obtain the isotherm param-
eters shown in Table 2. The values of the determination
coefficients obtained from the models were used as fitting
criteria to identify these isotherms. Langmuir and Freun-
dlich isotherms profiles for EE2 onto PES membrane under
different salinity conditions are shown in Fig. 3. Although
there were slight discrepancies between the predicted and

=

’r @ Springer

experimental values, the prediction of mass adsorbed by
the PES membrane can be reasonably determined using the
models at higher equilibrium concentrations. Considering
the R? values for both models, Freundlich model gave bet-
ter fitting than Langmuir model for 0% (0.760 > 0.707) and
0.9% salinity (0.934 > 0.930) except for 3% where the R?
value is smaller (0.811 <0.891). However, with reference
to the graphical analysis in Fig. 3, it can be observed that
the model that best fit the experimental data was the Freun-
dlich model as Freundlich model provides better prediction
even at lower C, for 0%, 0.9% and 3% salinity. Therefore,
the results indicate that the Freundlich model, rather than
the Langmuir model, provided a better prediction tool for
adsorbate removal efficiency and a mathematical model to
describe the adsorption equilibrium.

Interestingly, the n and K; values derived from the Fre-
undlich model also coincides with the relationship estab-
lished between salinity and binding affinity between PES
and EE2. According to the previous literature (Giles et al.
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1960), the analysis of the term n of Freundlich equation is
a measure of favourability of adsorption; when n is greater
than 1, the adsorption is favourable and higher the n value,
the more favourable the adsorption (Delle Site 2001). Since
the sorption curve presents a concave shape and the values
of n for adsorption of EE2 onto PES equal to 3.29, 3.55 and
4.35 at 0%, 0.9% and 3% salinity, respectively, the process
is favourable (Crittenden et al. 2012) (Table 2). By further
comparison of the n values, the n value corresponding to 3%
salinity is the highest, followed by 0.9%, and 0% salinity.
This shows that the higher the salinity, the more favourable
is the adsorption process, which further supports our previ-
ous finding that higher salinity promotes adsorption between
EE2 and PES.

Analysing the value of K; of the Freundlich isotherm
which is an indicator of adsorption capacity (Schwarzen-
bach et al. 2005; Febrianto et al. 2009), the value of K; is
1.84,2.05 and 2.77 at 0%, 0.9% and 3% salinity, respectively
(Table 2), where the K; value at 3% salinity is the highest.
This indicates that the capacity of the PES membrane to

(a) (b)

bind onto EE2 at 3% salinity is greater than that of 0.9%
and 0% salinity, further validating the relationship between
salinity and adsorption of EE2. Even though there were dis-
crepancies between experimental and the predicted values
for some instances, the Freundlich isotherm gives a holistic
and reasonable adsorption model for the adsorption of EE2
onto PES membrane between 0%, 0.9% and 3% salinities.
The comparison of the Freundlich parameters at different
salinities further affirms the suitability of Freundlich iso-
therm to model the adsorption of EE2 onto PES membrane
in this study. It may be worthwhile to test the data set with
Liu isotherm (Machado et al. 2011) in future studies, but is
out of the scope of this study.

Molecular simulation
It is theoretically possible that PES and EE2 undergo chemi-
cal interactions (e.g. covalent bonding) under the influence

of UV radiation or free radical substitution. However, such
occurrences are few and far between, and out of the scope of

(c)

‘,--""‘s!.,

I
et o
TR T

(d) Types of Intermolecular Interactions between PES and EE2
100
90
80 315%
Z 70 25.2%
& 60 30.8%
Q.
§ 50
o 40
R 30
20
10
0
0 0.9 3
% NacCl
M Pi-Pi ™ Hydrogen Bond Hydrophobic

Fig.4 a z—x, b hydrogen bond and, ¢ hydrophobic interactions between PES and EE2 (%), d simulated lifetime occupancies contributions of 7—z
interactions, hydrogen bonding and hydrophobic interactions towards overall PES-EE?2 interaction in various salinities
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this study. Although it is evident that the interaction between
PES and EE2 is mainly contributed by physical interactions,
the contribution of different forces in play (electrostatic,
Van der Waals, hydrogen bonding, etc.) is unclear and there
is insufficient information to explain the different adsorp-
tion capability or affinity of PES membrane with different
types of hormones as found in a previous study (Ng and
Cao 2015). To probe into the types of intermolecular inter-
actions observed between EE2 and PES and determine the
effect of salinity on these interactions, molecular dynamics
(MD) simulations of different salinity (i.e. salt concentra-
tion) were conducted.

Analysis of the simulations revealed three types of
intermolecular interactions (Fig. 4). The z—x interaction
is defined as the interaction between the aromatic rings of
the PES and EE2 molecules (Fig. 4a). Hydrogen bonding
is defined as the interaction between the SO, group of PES
and the hydroxyl groups of EE2 (Fig. 4b). The hydrophobic
interaction is defined as the interaction between the saturated
fused rings of EE2 and the aromatic rings of PES (Fig. 4c).
Regardless of the salt concentration, the z—x interaction has
the longest lifetime occupancy, followed by hydrophobic
interaction and hydrogen bonding. Therefore, it is evident
that the z—x interaction accounts majorly for the retention
of EE2 on PES (Fig. 4d).

The simulation model used in our study fits our experi-
mental results well in general. We observed from our simula-
tion that the increase in salt concentration also resulted in an
increase in lifetime occupancy for each of the intermolecular
interaction (with a single exception for the case of hydro-
phobic interaction from 0 to 0.9% NaCl concentration). The
addition of salt increases the ionic character of the solvent
which decreases the energetic advantageousness of its inter-
action with hydrophobic PES and EE2 molecules (Fig. 4d).

Three main types of intermolecular interactions are
observed between PES and EE2 in the MD simulations.
Among them, z—x interaction possesses the highest life-
time occupancy and thus is the major contributor towards
strong interaction between PES and EE2. This is followed
by hydrogen bonding and hydrophobic interaction. Our
result is consistent with other studies which attribute 7z—z
interaction and hydrogen bonding as main interactions
in adsorption-based removal of hormonal contaminants
(Bope et al. 2018; Joseph et al. 2011; Han et al. 2013b).
Therefore, future functionalisation of the polymeric mem-
brane adsorbents can take advantage of these observed
intermolecular interactions to include aromatic and hydro-
gen bond moieties for better retention of EE2 and other
hormonal contaminants. On the other hand, increasing the
salt concentration increases the ionic strength of the sol-
vent environment, which is favourable for PES-EE2 inter-
action. Incorporating this information during design of
specialised treatment facilities (in farming, pharmaceutical

* @ Springer

industries, etc.) can provide a more favourable condition
for better retention of EE2 by the PES membrane. One
potential application of this study is the development of
membrane technology to remove synthetic hormones in
farming wastewater prior to its release into the environ-
ment. Synthetic hormones are routinely used to improve
the growth and reproduction of farmed animals (Verder-
ame et al. 2016; Liu et al. 2012), and pre-treatment of
farming wastewater via membrane adsorption can alleviate
the problem of synthetic hormones contaminating the sur-
rounding waterways and aquifers. Also, we recommend the
inclusion of salinity as a factor in modelling the adsorp-
tion capacity of membranes to prevent the oversaturation
of membrane and minimise the release of contaminants
into the environment. Last but not least, our work provides
fundamental but valuable insights to enable future studies
on the physical interactions in complex systems, such as
a biofilm membrane bioreactor which involves contami-
nants, membrane and microorganisms, towards more effi-
cient and sustainable remediation processes.

Conclusion

This work investigates the effects of salinity on the adsorp-
tion of EE2 by PES membrane. The results indicate that
influents with higher salinities improve retention EE2 onto
PES membrane up to 98.7%. This finding was supported
by batch sorption studies of EE2 by comparing Freundlich
parameters at different salinities where n and K; yielded
the highest values at 3% salinity. Sorption studies further
revealed that Freundlich isotherm fits better than Langmuir
for the experimental data and can be reasonably used to
model the adsorption of EE2 onto PES membrane. The rela-
tionship between salinity and adsorption of EE2 onto PES
was further confirmed by the molecular simulation results
which suggest that ionic strength of influent promotes the
PES-EE2 interaction, allowing better retention of EE2 by
the PES membrane at higher salinities. Also, three major
types of intermolecular interactions are observed between
PES and EE2 in the MD simulations. Among them, 7—=
interaction is the strongest interaction because it possesses
the highest lifetime occupancy. Therefore, future function-
alisation of the PES membrane can take advantage of these
observed intermolecular interactions for better retention of
EE2. This study provides valuable information for improv-
ing treatment plant design to allow better removal of EE2
and other low-polar organic contaminants via the sorption-
elution method. We recommend the inclusion of salinity as
a factor in modelling the adsorption capacity of membranes
to prevent the oversaturation of membrane and minimise the
release of contaminants into the environment.
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