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ABSTRACT

Occurrence of hormones in water resources evemnatbncentrations of ng/L is a potential
risk for both environmental and public health. Hglsorbent-ultrafiltration (UF) systems are
among the technologies under investigation forrtpetential as a sustainable and energy-
efficient process for the removal of hormones fra@ter. In this study polystyrene (PS)
nanoparticles were explored as sorbent in a hygystem. Estrone adsorption capacity of 52
nm PS nanoparticles was found to be 79.6 ng/g @tilegum estrone concentration of 5.9
ng/L. The performance of the hybrid PS nanoparifffie system was studied in terms of
adsorption and membrane permeability under vargwigtion pH, particle size and particle
concentration. The results indicated that neutkdlrpnge is optimal for operation of the
system and estrone removal with nanoparticles ali®&e nm is negligible. The highest
estrone removal (40%) was achieved by the hybratesy using a 100 kDa UF membrane
and 84 mg/L PS (52 nm) nanoparticle concentrafidre capacity of the system to remove
estrone was found to be lower than most nanofitinateverse osmosis (NF/RO) systems but
with a final permeability of 75 L/m2hbar, at lediste times higher than most of the NF/RO

systems.

KEYWORDS
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1 Introduction

Hormones, both naturally secreted by human and ardies and synthetic, are known to
be one of the most dangerous trace contaminanpgrasi they have high potential to disrupt
the endocrine activities of living organisms [1helexcreted or disposed hormones end up
either in wastewater treatment plants (WWTPs) oedliy in surface waters [2]. Current
WWTPs are not able to remove hormones from wategaately [3] resulting in detected
concentrations up to 275 ng/L in WWTP effluentsl[3; 195 ng/L in surface waters [11-13]

and 120 ng/L in ground waters [14].

Even at such low concentrations, hormones canfamerwith the endocrine regulatory
systems of many living organisms causing disorderh as feminization of male fish [15-
18] and increased risk of cancer in humans [19, fjthetic and natural estrogens are
suggested to be regulated as they are known asnts¢ potent estrogenic compounds,
however not regulation on the discharge is enforagdyet [21]. A recent rise in public
awareness resulted in more studies conducted tlmrexpfficient treatment processes for

removing endocrine disrupting compounds from wggt.

While evaluating effective technologies, low energguirement should be kept as one of the
criteria considering that energy resources are rnewp scarcer every day. The technologies
showing promising results for the removal of hore®rare advanced oxidation/ozonation
processes (AOPs) [22, 23] and nanofiltration/rey@smosis (NF/RO) [24-26]. Nevertheless,
NF/RO systems have high energy requirement ~1 kWH27] whereas AOPs are

susceptible to formation of toxic by-products [2B-3vhich contribute to residual estrogenic
activity in the treated water [32, 33]. The remowélhormone with NF/RO systems varies
between 8% and 99% [24, 26, 34, 35] depending an riembrane and hormone

characteristics as well as the operational parasietehile the permeate hormone
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concentration varies between <1 ng/L and 883 n@A4, [26, 34, 35] depending on the

removal efficiency and the feed hormone concermmati

Recently, hybrid activated carbon-low pressure nramd systems were investigated as an
alternative technology [36-38]. The energy requigatrof looser membrane systems such as
ultrafiltration is 0.1-0.2 kWh/m[39, 40], an order of magnitude less than the Whkn®
required for NF/RO systems [27]. Although activatadbon seems to be an efficient sorbent
for hormones [41-44] the thermal regeneration neglican be highly energy consuming
[45]. Due to the relatively easy regeneration cti@mdstics and the availability of
functionalisation methods, polymeric sorbents aftenoindicated as potentially better
candidates than activated carbon [46]. High somptadf hormones on non-polymeric
nanomaterials has been reported recently [47-48)sty high potential for water treatment
applications [50] and has been attributed to themige surface area. Nano size polymer
sorbents can be a promising compromise for hormmemmval combining high surface area
with functionalisation and easy regeneration. BEifecsorption of steroid hormones on resins

made of cross-linked polystyrene divinylbenzene-[R&) has been reported [51].

In this study, a hybrid polystyrene (PS) nanophatidF system was studied for the removal
of hormones from water. PS nanoparticles were eyeplofirstly because they provide a
large surface area due to their nano-size and,ndBcobecause they can easily be
manufactured in different sizes and functionalizkthreover, non-porous and chemically
resistant PS particles would enable easy regenaratithe materials. Treatment with organic
solvents, bases or acids, steam, supercriticaddlor microwave radiation are among the
methods used for the regeneration of the spentinpaig sorbents [46]. Hormone sorption
capacity of the plain PS nanopatrticles at enviramalehormone concentrations has not been
studied before and such a study can give an indicatn the mechanisms underlying

sorption on nanoparticles and where to act to imgptbe system performance.



82 This work aims to investigate the fundamental desmgarameters of the hybrid PS
83 nanoparticle-UF system and evaluate the performancemparison to NF/RO technologies
84 in terms of hormone removal and membrane perméealdne of the major limitations in UF
85 is fouling which results in deterioration in memiegperformance. The system performance
86 was studied with changing: particle size, partimb@centration, solution pH and molecular
87 weight cut off (MWCO) of the UF membrane. All ofede parameters can potentially

88 influence both hormone adsorption onto the pagieled membrane permeability.

89 2 Materials and Methodology
90 2.1 Solution Chemistry and Hormones

91 Analytical grade chemicals and ultra-pure watem¢rectivity: 18.2 mS/cm) obtained by
92 PuraLab Ultra (Elga LabWater, UK) were used to prepthe solutions. The pH of the
93 solutions was adjusted with 1M HCI and 1M NaOH Keis UK). Nanoparticle

94  characterisation and experiments were conductéadckground electrolyte solution of 1 mM

95 NaHCQ and 20 mM NacCl (Fisher, UK).

96 Estrone (E1) (MW: 270.4 g/L [52]) solutions wereepared using tritium labelled [2, 4, 6, 7-

97 3H] estrone (2.449 TBg/mmol with a radioactive watyi of 37 MBg/mL (Perkin Elmer, UK).

98 Non-labelled estrone>(98% purity) (Sigma Aldrich, UK) was used togethath the tritium

99 labelled estrone where needed for preparing theiesok with concentrations500 ng/L. The
100 radioactivity of estrone was measured in disintegnaper minute (dpm) with a Beckman LS
101 6500 scintillation counter (Fullerton, USA) afteliximg 0.5 mL of sample with 3.5 mL of
102 Ultima Gold LLT (Perkin Elmer, UK) in 20 mL scinkdtion vials (Perkin Elmer, UK). Each
103 sample was measured three times, each for a dum@itibd minutes, and the average value was

104 reported. The instrument was calibrated each timewahormone stock solution was prepared.

105 2.2 Nanoparticle Characterization
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Plain (52, 81, 465 and 3000 nm) and fluorescentn@®3 PS nanoparticles (Polysciences Inc.,
Germany) were used. Prior to experiments and im&nial analysis, the nanoparticle solutions
were sonicated for 5-10 seconds with 150 W ultreesdieaner (Sonic Wave, UK) to break any

possible aggregates.

The effective diameter and zeta potential measunewfethe nanoparticles were determined
by 90Plus/BI-MAS Patrticle Size and Zeta Plus (Btomken Instruments, New York, USA),
respectively, by taking the mean of 10 measuremeémisr to the measurements, the samples
were allowed to equilibrate at the temperaturehef $ample holder in the instrument for at
least five minutes. Concentrations of ~0.60 % wv43 nm, 52 and 81 nm and 0.15 % v/v

for 465 and 3000 nm size were used for the zetanpat measurements of PS nanopatrticles.

The size and the surface charge of the particlespagsented in Table 1. Particle sizes
provided by the manufacturer were used in the amabs the values were confirmed by the
measurement conducted with particle size analysgisaanning electron microscopy (SEM).
The microscope images of 52, 81 and 465 nm pasticlenfirm that the particles are

spherical, uniform and have a narrow size distidsutas can be seen in the Supporting
Information Figure S-1. Zeta potential values shibat the absolute surface charge of the
particles with larger size (465 and 3000 nm) ishkigcompared to 43, 52 and 81 nm
particles. Higher zeta potential for larger PS ipba$ was also reported by Elimelech [53]

and was attributed to the higher surface chargsitgei®4].

Table 1 Characterization of the PS nanoparticles

Diametef (nm) 43%5.9 5247.9 81+10 465+11 3000465
(fluorescent)

Diametep (nm) 491425  49.0425  71.843.7  469.8+23.9 -

Diametef (nm) - 49.4+9.8  73.3+17.7  476.1417.9 -

Zeta Potentidl(mV) -62.7+8.0 -52.2+6.7 -64.1+8.2 -106.7+13.7 9119
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2 according to the manufacturérmeasured in 20 mM NaCl and 1 mM NaH©Q@th size

analyser? size obtained from SEM images

Constant zeta potential values for 52 nm particfgesented in Supporting Information
Figure S-2, imply that solution pH between 3 andl@2s not influence the surface charge of

the particles agreeing well with other studies 8,

2.3 Membranes

PL series UF membranes (Millipore, US) made ofgenerated cellulose active layer on a
polypropylene support were used in the experimeéRégienerated cellulose membrane was
selected due to its known minimal hormone sorp{i6h]. Prior to use, the membrane
coupons were soaked in 0.1 M NaOH (Fisher, UK) tsmhufor 30 minutes to remove the
glycerine preservative present on the surface.nitieds they were rinsed with plenty of tap
water followed by 2.5 L of ultra-pure water. Pritw the filtration experiments, the
membranes were compacted for 30 minutes and the \pater flux of the membrane was

determined over the following hour.

The membrane characteristics and the operationadittons for the permeation tests are

presented in Table 2.

Table 2 UF membrane characteristics and operataoralitions

: Average Clean
MWCO _Pore Pore Operating  Pure Pure Wa_t(_er Membrane
Diametef . Pressure Water Permeability .
Diametef Flux Resistance
kDa Nm Nm Bar L/mh L/m?.h.bar 1/m
1 1.59 2.64 5 22+4 4 8.27E+13
3 2.84 4.37 5 3945 8 4.69E+13
5 3.72 5.53 5 56+9 11 3.24E+13
10 5.37 7.61 5 10949 22 1.68E+13
30 9.62 12.6 1 326+19 326 1.07E+12

100 18.2 21.9 0.5 433+55 865 4.30E+11
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2 estimated after Worch [56, 57],estimated after Crittenden et al. [58]calculated with

Equation 4 using average operation temperaturé@,1

The MWCO of the membranes were chosen in ordeate Imo size exclusion for E1 with an
equivalent molecular width of 0.76 nm [52] and nenetration of the particles in the
membranes as the smallest particle size (43£5.9iam} least two times larger than the

largest average pore size (Table 2).

2.4 Batch Adsorption Protocol

PS nanoparticles were added to 100 mL of pH adjusitrone solutions and the solutions
were mixed for an hour at 200 rpm at 20 °C in at@eat BS-1 orbital shaker (Sartorius,
Germany). The adsorption equilibrium for PS pagscwas reached within 50 minutes as
determined in the preliminary studies (see Suppgrtnformation Figure S-3)The solution
was then subjected to ultra-centrifugation for fbours at 686700 nf$70,000xG) and 20 °C

in 16 mL polycarbonate centrifuge bottles (Beckrtamlter, UK).

Concentration of the fluorescence-labelled nanapest in solution was determined by
measuring the peak ultraviolet absorbance at 444onrthe yellow green dye using a Cary
100 Scan ultra-violet visible spectrophotometerddPdto, USA). By varying centrifugation
time and measuring absorbance in the supernathriosy it was determined that four hours
ensured that >95% nanoparticles settld@the absorbance was measured at different
fluorescent PS concentrations after centrifugateyrfour hours and a correlation curve was
obtained between the PS particle concentrationl{ragid the YG dye absorbance.

E1 concentrations in initial and supernatant samplere analysed in order to determine the

amount of hormone adsorbed.

2.5 Stirred Cells and Filtration Protocol
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The dead end filtration experiments were conduatgdg stainless steel stirred cells with a
cell volume of 990 mL and a membrane holder withembrane surface area of 0.0033 m
exposed to the solution. The cells contained a miagstirrer assembly (Millipore, UK) and

were operated at 300 rpm placed on a magneties{ifisher Scientific, UK). The permeate
from each cell was collected in a beaker placedmmrlectronic balance (Fisher Scientific,
Loughborough, UK) and the mass of the permeate m@sitored continuously. The cells

contained a pressure transducer (PX209-300G5V)aatitermocouple (TJ2-CPSS-M60U-
200-SB)which were connected to a data acquisition systeME-DAQ-56), all purchased

from Omega Engineering (UK). The data from the &itjan system and the balance were
transferred to a computer and processed using LEEWB.0 software (National Instruments,

UK).

PS nanoparticles at varying concentrations wereedhinto 100 mL ultra-pure water and the
solution was filtered completely until all the pele¢s were deposited on the membrane
surface. Following the deposition, the ultra-puratev flux of the membrane with
nanoparticle deposit was recorded for an hour.alathe membrane filtration experiments,
450 mL of 100 ng/L E1 feed solution was filtereddah samples of 50 mL permeate were
collected until 50 mL of concentrate sample was ilefthe cell. E1 concentration in feed,
permeate and the concentrate samples were analydedhbrane sorption (blank)

experiments were performed using the same proteitobut nanoparticle deposition.

2.6 Nanoparticle Deposit Characterization

The membranes with nanoparticle deposit layers vweeserved in a petri dish on a wet
cotton tissue to prevent the membranes and thesdefpom drying out. Imaging of the
particle deposit was conducted using Supra 40Vrsngrelectron microscopy (SEM) (Carl
Zeiss, UK) with a beam voltage of 1 kV and a freedeging unit (Quorum Technologies,

UK). Three square pieces of membrane, each witsiteeof about 5 to 5 mm, were cut with
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a spatula from different locations of the membraoepon with deposited nanopatrticles. All

three pieces were placed between two silicon platéee same time and the silicon plates
were clamped perpendicular to a sample holder deroto image the cross sections. The
sample holder was connected to a transfer rod asdimvmersed in liquid nitrogen for about

half a minute until the temperature on the holdas wetween -80 and -100 °C. The holder
was then closed and transferred to the freeze glwymit without any contact to the air. In the

freeze drying unit, the samples were allowed toatripw temperature under vacuum (~2.67
Pa) for about 2.5 hours. When the samples were aémup to 3-5 °C, the samples were
transferred into the imaging chamber and imagethowit coating. The thicknesses of the
nanoparticle deposit layers were determined fromSEM images using the program Image

J_1.40.

2.7 Data Analysis

For the batch experiments, E1 mass adsonved,(ng) on PS nanoparticles was calculated
with a simple mass balance (Equation 1) whére the initial volume (L) of the solutiolG;
andCs are the initial and supernatant E1 concentrat{ogéd.) respectively, andupe is the

mass adsorbed onto the centrifuge tube.

Mygs = (C; =Co)V, =My 1

mwbe fOor each experiment was determined by conductimgchb experiments without

nanoparticles in the centrifuge tube.

For the filtration experiments, E1 mass adsorbédgs (ng) on PS nanoparticles was

calculated with Equation 2 whek, Ve and V. are the volume (L) of feed, permeate and
concentrate, respectivelZs, Cpi and C. are the E1 concentration (ng/L) of feed, sample
permeate and concentrate, respectivehmis the E1 mass adsorbed on the membrane, and

is the identity number of permeate samples.
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Mmem Was determined with blank experiments, where noaoparticles were added to the

system.

The nanoparticle surface area availaldé-§) was calculated using Equation 3 wherés the
particle feed concentration (g/L) in the cel), is the PS particle density provided by the
manufacturer (1.05 g/cthandd, is the particles diameter (cngy.andV: were replaced by
andV,, respectively for the surface area calculationbaith adsorption experiments, whgre
is the initial particle concentration in the cehige tube.

e
ppdp

Shs

Deposit resistance of the nanoparticl&g) ((1/m) was determined with ultra-pure water
filtration and calculated using Equation 4, whérs the water flux (L/rih), Ly is the water
permeability (L/nf.h.bar),AP is the hydrostatic pressure difference (bpr)s the dynamic
viscosity (converted into bar.h) of water at thpensmental temperature (2112 °C), dRdis
the membrane resistance (1/Ry was calculated by using the flux data obtainedhftbe
experiments without particle deposition and Equado[59]. The experimental flux for the
experiments are reported in the Supporting InfolomafTable S-1).

L, = J .1 a5

AP u(R, +Ry) 4

According to deposit (cake) filtration theorgg can be calculated with Equation 5 [59-61]
where¢ is the deposit thickness (m) adgis the maximum deposit thickness (m). In this
study, an average porosity) (was calculated by usingy determined experimentally,
replacingdy with the average nanoparticle diameter providedhieymanufacturer anélwith

average deposit thickness determined with SEM image
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The deposit thicknessd)( determined using SEM images was compared to tpodit
thickness value calculated with Equation 6, whdeeis the mass of particles in the deposit
(9), pp is the density of the nanoparticle (g is the membrane surface are&)ande is
assumed as 0.4 (randomly packed deposit porosaggd on Carman-Kozeny calculations
[59].

— M d
Mg was calculated using Equation 7, whetge,, cc are the concentrations of the nanoparticles
in the feed, permeate and the concentrate respgc(y/L) andVy is the volume of the particle
deposit on the membrane surface. For the filtraBxperiments,cc was assumed to be

negligible (c, = 0) since all the particles were deposited on the brame before the solution

filtration. Negligible cc was confirmed by measuring the nanoparticle camagon in the

concentrate using a portable turbidity meter TN-{B@tech Instruments, USA).

My =c¢V; —c V, —c.(V, -Vy) 7

In each data series for sorption and permeabiftygingle experimental data point was
repeated at least three times and the variabilgy estimated by taking the largest difference

among individual experimental data and the meaneval

3 Results

3.1 E1 Adsorption Capacity of PS Nanopatrticles

Prior to studying the hormone adsorption in theppsed hybrid PS nanoparticle-UF system,

E1 sorption on PS nanoparticles was studied witbhbexperiments in order to understand
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the limitations on the adsorption. E1 adsorptiathsrms for particles at pH 7, 9 and 12 are

shown in Figure 1.

i : 10
€ 0064 2 pH7(slope=1.22x107)
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Figure 1 E1 adsorption isotherms of PS nanoparticles atZ/pHd and 12 on a logarithmic
scale (right) and a linear scale (left). All battperiments were performed with 16 mg/L PS
(52nm) particle concentration, E1 solution with IMmNaHCQ®:; and 20 mM NacCl

background electrolyte

The adsorption capacity increased almost lineaith whe equilibrium E1 concentration at
solution pH 7 and 9. This linearity indicated thia active sites of the particles did not reach
saturation within the E1 equilibrium concentratiamge of 50-5000 ng/L, hence the surface
area was not a limiting factor for the studied Ehaentration range at 16 mg/L particle
concentration. The linear isotherm is given in Eopuma8 where Q is the E1 mass adsorbed on
nanoparticles per particle surface area (ngfc@ is the equilibrium E1 concentration akd

is the adsorption constant (1.225¢10/cm?) obtained from the linear fit to the experimental

data obtained at pH 7 (Figure 1) on a non-logairittsnale.

Q=kC 8

e
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At equilibrium concentration of 5.9 ng/L, the Elsadption capacity of 52 nm PS particles is
79.6 ng/g (7.20x10 ng/cnt) which is higher than the estradiol sorption céyaaf granular
activated carbon reported in the literature as @/g 165.22x1& ng/cnt) [41] indicating that
PS nanoparticles are more efficient than activatacdbon. The adsorption capacity is
comparable at pH 7 and 9 (Figure 1) while a declas observed as the solution pH was
increased to 12. When the solution pH increaseveaaltioe Ko of E1 (10.23), neutral E1
dissociates and becomes negatively charged expiathe hindered adsorption at pH 12 due

to the repulsion between the negatively chargedriilPS particles.

Hydrophobic interactions are considered to playigarble in the E1 adsorption due to the
hydrophobicity of the PS particles. On the othemdhaat an equilibrium hormone
concentration of 100 ng/L various resins made ofCR® have up to two orders of
magnitude higher sorption capacity for estradi®Q(j1g/g) [51] than the capacity of plain PS
for E1 (1.35 pg/g). PS-DVB, a polystyrene crossithkvith divinylbenzene, is a hydrophobic
polymer. The hydrophobicity of the PS-DVB variegpédeding on the degree of crosslinking
[62], and the hydrophobicity of the internal andezral surface area can be different [63]. It
is likely that enhanced hydrophobicity and porosiixe to the crosslinking of the PS particles
can result in more hydrophobic interaction with ttmone molecules. Moreover, thet
interactions can also contribute to the adsorpdiocrosslinked PS [64].

3.2 The Influence of PS Nanopatrticle Size on Elofpison and UF Permeability

E1 adsorption and UF permeability as a functioP8fparticle size are displayed in Figure 2.
A trade-off between the adsorption and permeabiditpbserved. Figure 2A shows that as
expected, E1 mass adsorbed decreased with theagecne particle size forming the deposit
due to the lower surface area available. At theesgarticle concentration, the smaller
particle sizes (below 465 nm) provided larger antewf active sites for the E1. For the

particles larger than 465 nm, the surface aredablaibecame so small that E1 adsorption
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was negligible. In order to check whether or neat lihear sorption isotherm obtained during
the batch adsorption experiments apply also to fil@tion experiment data, E1 mass
adsorbed was estimated based on the linear isotfiegomation 8) using the equilibrium E1
concentrations obtained in the filtration experitseThe estimated results, given in Figure
2A, agree with most of the data except for the #etl(52 nm) PS particles at 50 mg/L.
Under this particular condition, the experimentsgults lie outside the expected trend with a
small difference compared to that observed for Biparticles. The reason for this is not
completely understood. The available surface ase&2 nm PS particles at 50 mg/L was the
largest in the series and the estimated E1 masslastsbased on the linear sorption isotherm

was larger than the E1 mass adsorbed obtainee ifiltitation experiment.
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Figure 2 The influence of particle size on A) E1 adsorbed 8) permeability: filtration

experiments with 52, 81, 465 and 3000 nm particles, and 50 mg/L PS particle

concentration, 100 ng/L E1 solution with 1 mM NaH£é&nd 20 mM NaCl background

electrolyte, pH 7. Carman-Kozeny model with theuasstion, deposit porosity is 0.4

(independent of particle size). Estimation basedhensorption isotherm obtained with the

batch experiments and the experimental equilibfitirconcentration

The permeability declined as the size of the pladiéorming the deposit decreased for both
30 and 100 kDa membranes as shown in Figure 2Bné¥dility data for 3, 5 and 10 kDa are
not presented as no change was observed with shegéer MWCO membranes. The decline

in permeability of 30 and 100 kDa membranes careXq@ained by the increased deposit



312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

resistance. The calculated deposit resistanceifi@reht particle size is presented in Figure
3. The results show that the deposits formed omrdD 100 kDa membranes exert similar
resistances, as the differences between them atenwexperimental error. The higher

permeability decline for the 100 kDa membrane camgh#o the 30 kDa one (Figure 2B) can
be attributed to the intrinsic membrane resistahaeis an order of magnitude smaller for the
100 kDa membrane (Table 2). As can be seen in Exudf the overall resistance is the sum
of Rm andRy and inversely proportional to the permeabilitynbe the change in permeability

will be larger for a membrane with a lows if the resistance due to the deposit is the same.

1.4x10"% K Exp (30 kDa)
Y O Exp (100 kDa)
1.2x10% 4 Carman Kozeny (R®=1)
! - 2
12 - ---Best Fit to all exp data (R"=0.89)
1.0x10 ‘

-2.0x10 Ty Ty —
100 1000

Particle Size (nm)

Deposit Resistance (Rd) (1/m)

Figure 3 Deposit resistance with changing PS patrticle diieation experiments, 52, 81,
465 and 3000 nm particles, 17 mg/L PS concentrati®® ng/L E1 solution with 1 mM
NaHCQ and 20 mM NaCl background electrolye, pH 7. CanKameny calculations
assumptions, porosity is 0.4 (randomly packed depd®0% particle mass retention (7.1

mg), homogenous and constant deposit thickness

Using the best fit line to the resistance dataigufe 3, an empirical relationship is obtained

between the particle size forming the deposit dadresistance applied by the deposit. The
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relationship is found to be a simplified versiontleé Carman-Kozeny equation (Equation 5)
and is formulated into Equation 9, wheRy is deposit resistance (1/m& and b are
coefficients andi, is the particle diameter (nm). Coefficiemtsandb are obtained from the

best fit of theRy data against the particle size and they are 2 ¥l 1.36 respectively.

Coefficienta can be expressed as in Equation 10, where it perdient on the deposit
porosity (void fraction) and the average deposdkiess (m).

_ 2
o= 18d1-¢)

o
gs 10

In the Carman-Kozeny equation, the deposit resistainversely proportional to the square
of the particle sizedy?). Experimentally, however, the coefficientwhich represents the
power of particle size was found to be 1.36. That fhat this is substantially less than 2.0
indicates that the experimental data do not agnéie tve Carman-Kozeny in this respect.
Deposit resistance estimated by the Carman-Kozeuwat®n tends to underestimate the
contribution of larger particles and overestimdtte ¢ffect of smaller particles which agrees
with the literature [65]. Lee and Clark [65] suggékat one possible reason for the
overestimation of the specific deposit resistammcesmaller particles is the increased porosity
of the deposit thickness due to the aggregatiaghetmaller particles and formation of larger
primary particles. However, in this study, the mead zeta potential values of 52 nm
particles (Table 1) indicate that the particles stable and do not tend to aggregate. The
second reason stated by Lee and Clark [65] isribeease in the volume occupied by the
double-layer of the smaller particles, hence poypsiue to their larger surface area as the
particle size decreases. This second reason is rikely to explain the over and

underestimation of the deposit resistance in tiigdys



349 3.3 The Influence of PS Nanoparticle ConcentratioriE1l Adsorption and UF Permeability

350 Figure 4A shows that E1 mass adsorbed is not depe¢d the MWCO of the UF membrane

351 used in the system.
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Figure 4 The effect of PS concentration on; A) E1 mass disband B) permeability of
different MWCO UF membranes: filtration experimerits/, 8.4, 17, 34 and 84 mg/L PS (52
nm) concentration, 100 ng/L E1 concentration withmM NaHCQ and 20 mM NaCl
background electrolyte, pH 7. Estimation basedrendorption isotherm obtained with the

batch experiments and the experimental equilibfiiinconcentration

The E1 mass adsorbed achieved in the membranatifiir system at varying particle
concentration was compared with the E1 mass ad$abemated with the linear isotherm
(Equation 8) based on the equilibrium E1 conceiatnat of the filtration experiments. The
filtration results agree well with the estimatioaskd on the linear isotherm only up to
particle concentration of 17 mg/L, above which tbatherm seems to overestimate the E1
mass adsorbed in the filtration system. This otanagion is likely due to the differences in

the dynamics of the batch and the filtration system

In order to understand the kinetics of the E1 gutsam in the system better, the change in the
permeate E1 concentration was studied for each MWianbrane with different initial
particle concentrations. When the E1 permeate cdrat@n for each MWCO is plotted
against time (Figure 5), it is observed that thgson equilibrium with different membranes
is reached at different times. However, it hasdmbted that, in a dead-end filtration system,
PS cell concentration increases with time and #te of increase depends on the MWCO of
the membrane. Each MWCO membrane has a differentrite, thus the system reaches the

same PS cell concentration at different times éfvée initial PS concentration is the same.
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Figure 5 Permeate (P) E1 concentration change as a funafibme (left) and with respect
to PS concentration in the cell (right) with di#get initial PS (52 nm) concentration: 8.4
mg/L (A), 16.8 mg/L (B), 33.5 mg/L (C) and 84 mg{D): filtration experiments, 100 ng/L

E1 concentration with 1 mM NaHG@nd 20 mM NaCl background electrolyte, pH 7

PS cell concentration is calculated for each sarmgdime and the E1 permeate concentration
is re-plotted against this parameter. It is theseobed for all membranes studied that
adsorption equilibrium is reached at the same HSaecentration. Furthermore, the specific
PS cell concentration at which adsorption equilibriis reached increases with the initial PS
concentration. Unlike in the batch system, variaiio PS nanoparticle and E1 concentration
in the cell due to the nature of filtration, altéhe adsorption and desorption equilibrium.
Nghiem [66] stated that the increase in the regowdrthe water in dead end filtration
systems resulted in an increase in the releasdeofhbrmones from the NF membrane.
Hormone concentrations in the permeate were thereased due to the concentration build
up at the membrane surface and ineffective badkgidn. In this study, the deposit layer
formed by PS particles acts as another membrarex lay top of the UF and the high
concentration of the E1 on the deposit layer dug¢h adsorption can cause a similar
increased release effect to the permeate. As caediein Figure 5, after the initial decline,
E1 permeate concentration starts to increase itinéhches the equilibrium. The increase in
E1 permeate concentration can possibly be attiibici¢he release of the hormones from the
particles, increased concentration at the membsarface and diffusion to the permeate side

as the E1 mass adsorbed increases in the PS layer.

Results, presented in Figure 4B, show that the eabifity declines for 30 and 100 kDa
membranes as the PS concentration increases dhe iacrease in the deposit resistance. A
linear relationship between the feed mass of thiecges and the deposit resistance for both

30 and 100 kDa membranes confirmed the cake fdtraheory.
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In order to fully understand the reason behinditicecase in deposit resistance, the thickness
of the deposit on 100 kDa membrane at three difteir@tial PS concentrations was imaged
with SEM; some of the images are presented in Stipgolnformation Figure S-4. The
measured average thickness and the specific degssstance values are given in Figure 6.
The linear increase of the thickness values anddinstant specific deposit resistance values
confirm that the increase in the deposit resistascelearly due to the increased deposit
thickness. Based on the measured thickness vaheogssity was calculated as 0.53+0.08,
0.48+0.06 and 0.46+0.06 for each initial particlencentrations of 8.4, 17 and 34 mg/L,
respectively. The calculated values show that tbeodit porosity does not depend on the
initial particle concentration at constant applipeessure indicating that the cake is not

compressible. This is consistent with the hypothesiLee and Clark [65].
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Figure 6 The change in specific deposit resistance and giteploickness with feed PS
concentration on 100 kDa membrane: filtration ekpents, 8.4, 17 and 34 mg/L PS (52 nm)

concentration

3.4 The Influence of Solution pH on E1 Adsorptiod&F Permeability

The influence of solution pH on E1 adsorption angimbrane permeability is presented in
Figure 7A and 7B respectively. E1 adsorption isdown PS nanoparticles at solution pH
above 10 due to electrostatic repulsion betweerdépeotonated E1 K:10.3 for E1) and
the negatively charged PS patrticles. The resultseagvell with the results of the batch

adsorption experiments conducted only with PS nartmtes at varying pH (Figure 1).

As it can be seen in Figure 7B, the deposit rasigtadoes not change with changing pH

indicating that there is no influence of pH on tleposit packing density.
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Figure 7 The influence of pH on: A) E1 mass adsorbed fand@ 100 kDa B) Permeability

and deposit resistance for 100 kDa. Filtration expents: 17 mg/L PS (52 nm)
concentration, 3 and 100 kDa, 100 ng/L E1 solutiahh 1 mM NaHCQ and 20 mM NacCl

background electrolyte, pH 7

As the surface charge of the PS nanoparticles ramiéie same within the pH range, the
interaction behaviour of the particles is not expddo change. The isoelectric point for the
100 kDa membrane is between pH 3 and 4. The sudhasge of the membrane decreases
from -12.5 to -20 mV as the pH increases from &Qaespectively. The repulsion between the
particles and the membrane might increase as thenpt¢ases and fewer particles may

accumulate in the deposit; however, this is noeoled in this study. Permeability and deposit
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resistance data for 3 kDa membranes are not pegsestno change was observed with such a

small MWCO membrane.

4 Conclusions

The hybrid PS nanoparticle-UF system achieved adgioval capacity of 40% and a final
permeability of 75 L/rthbar when operated with 100 ng/L initial E1 concatibn and 84

mg/L PS (52 nm) nanoparticle concentration. E1 neahof 40% is comparable to some but
lower than most of the NF/RO systems but the pebitigais at least five times higher than
for most of the NF/RO systems. Although the estreraoval capacity of the hybrid system
with 100 kDa MWCO membrane was the same as the ob&sned with other MWCO

membranes, 100 kDa membrane provided the highesteadility with the deposited PS

nanoparticles, hence is recommended for furtherares.

Solution pH does not play a role on E1 sorptiotJérpermeability as long as it is below the
pKa values of the hormones. The permeability of thé BDa membrane with 52 nm particles
deposit is not influenced by pH due to the staldgige surface characteristic. Considering
that some NF and RO systems can remove E1 up #6,9 feasible and competitive hybrid
technology can only be achieved by employing nanmbas with higher sorption affinity.
Surface functionalized PS nanoparticles can prothderequired high sorption affinity and are
recommended for further research. It is also recendad that the most feasible regeneration

method is selected and optimized in order to detigrhybrid system effectively.
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Figure S-1. SEM images of A) 52 nm, B) 81 nm andl€j nm PS particles
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Figure S-2. Zeta potential of PS particle in baokqd electrolyte solution of 1 mM NaHG@nd 20

mM NaCl with varying pH, line represents the meéthe zeta potential values.

—_
<
21004 , o ° 0
~ i DD
S 804" ° LI
. — “ ® o [ )
§ 1 Do.: mgh | u [
E 60 -
b)
8 -

|
S 40+
— {¢ ® 16 mg/L PS (52 nm)
L - B 31 mg/L PS (52 nm)
O 204 O without PS
§ A a ‘ E1 feed concentration (100 ng/L) ‘
E 0 T v T v T v T v T
> 0 100 200 300 400
- Time (min)

Figure S-3. The kinetics of the E1 sorption on R@®aparticles in stirred cell: static stirred cell
experiment with 52 nm PS particles, 100 ng/L EhwitmM NaHCQ and 20 mM NaCl background

electrolyte, pH 7
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Figure S-4 Deposit thickness of 52 nm PS partiolestl00 kDa UF membrane A) at 8.4 mg/L PS

concentration B) at 16.8 mg/L PS concentration33)5 mg/L PS concentration

Table S-1. Flux data for all filtration experimemtgh varying PS concentration, PS particle sizé an
solution pH



PS Experimental Experimental Experimental Experimental
Concentration  Flux (1kDa) Flux (5kDa)  Flux (30kDa) Flux (100kDa)

mg/L L/rm?.h L/m?.h L/m?.h L/m?.h
1.7 19 48 334 374
8.4 22 42 219 277
17 20 48 179 189
34 24 43 150 94
84 20 46 90 40

PS Particle  Experimental Experimental
Size Flux (30kDa) Flux (100kDa)
nm L/m?.h L/m?.h
52 179 189
81 257 169
465 335 376
3000 331 385
Experimental
pH Flux (100kDa)
L/m2.h
5 134
7 189
11.7 142

Table S-2 Permeate E1 concentration and removalesf€y for relevant experiments

PS feed PS El Feed E1 Permeate E1

MWCO concentration EI(_)llutlon size  Concentration Concentration Removal
kDa mg/L nm ng/L ng/L %

100 84 7 52 101 59 41.7

5 50 7 52 101 67 33.7

3 17 9 52 103 89 13.6

adata for a single experiment; for the figures ageraalues of the repeated experiments were

used.



