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Abstract

Nanofiltration membranes should be effective in removing hormones based on hormone
molecular size. However, the occurrence of adsorption onto the membranes results in a lower
performance than would be expected by size exclusion. It is hence important to understand the
retention mechanisms involved in the removal of adsorbing trace contaminants.

The focus of this study was to elucidate how estrone and estradiol adsorption and retention
are affected by intrinsic membrane characteristics such as different polymeric materials and
membrane pore radius.

Polyamide raw material and polyamide active layer of TFC NF membranes were found to
adsorb much higher amounts of hormones than any of the other membrane materials that constitute
the membranes, i.e. polysulfone and polyester. These results show that the bulk of the adsorption
occurs in the active layer. The adsorption isotherm onto the different raw polymeric materials was
found to be of the Freundlich type, and interactions between hormones and the different polymers
can be explained by H-bonding and weak #- 7 interactions, amongst other interactions, and not
hydrophobic interactions.

Adsorption and retention were further found to be affected by the membrane active layer
pore size, hence the steric exclusion capacity of the membrane, which dictates how much hormone
partitions into the membrane pores. An increase of pore radius from 0.32 nm to 0.52 nm increased
the amount of hormone that partitions into the membrane pores, thus affecting adsorption, which
increased from 0.17 ng.cm® to 1.10 ng.cm®. Retention, on the other hand, decreased from 88% to
34%.

Finally, hormones were shown to penetrate and adsorb inside the active layer at pH 7,
whilst at pH 11, adsorption was confined to the membrane surface due to electrostatic repulsion.
The membrane internal surface area of the active layer played a role in adsorption. At neutral pH,
the more internal surface area the membrane had, the more adsorption took place. There is
therefore a combination of partitioning effect and internal surface area access playing a role in
hormone adsor ption and retention by NF membranes.

Keywords: Adsorption, estrogens, pore radius, material gyfilnternal surface area.



1 Introduction

Trace organics, including hormones, pesticides@erdonal care products are discharged
into surface waters from the ngLup to the pg.' concentration [1]. Since they pose an
environmental risk to organisms and in consequemessibly to human health, [2], they should be
removed from natural and potable water sources.

Nanofiltration (NF) is a possible application faater treatment. Removal of adsorbing
trace organics by NF membranes is however not uvelerstood. It has been well established that
adsorbing trace contaminants have a lower reteriian would be expected by size exclusion [3].
This is thought to be caused by the partitioningrate organics onto the polyamide active layer
[4]. No link has however yet been established betwadsorption of trace contaminants and the
membrane characteristice.d. pore size, solute-membrane affinity). The paransetsfecting
adsorption and transport of trace contaminants Byrémbranes need therefore to be elucidated.

Understanding transport of adsorbing compoundsutiit NF membranes in filtration
mode requires the knowledge of the mechanisms haysigal parameters governing the process. It
was previously found that the concentration atrtteenbrane surface governs hormone adsorption
onto NF membranes [5]. The membrane was, howersateld as a black box and no membrane
characteristics were included in the study. Detamngi such mechanisms and physical parameters
as far as membrane characteristics are conceeegore radius, membrane materials) is therefore
a necessary next step.

Adsorption of trace contaminants onto differergety of polymeric membranes has been
extensively reported in the literature [6]. Polydmibased membranes, for example, have been
shown to adsorb more trace contaminants than os#udcetate ones [7]. Other polymeric materials
such as polypropylene and polyimide have shown dsoidp trace contaminants [8, 9]. The
adsorption of trace contaminants onto NF polymereambranes have been proposed to be either
caused by charge interactions [10], hydropholteractions [11] or hydrogen-bonding interactions
[12]. Other mechanisms such as dipole-dipole, irdudipole-dipole interactions might also affect
the interaction between the contaminant and the bneme [6]. However, for the particular case of
hormones, when comparing the amount adsorbed t&iin ¢hemical properties for the NF270 [6],
electrostatic repulsion, hydrophobicity and dipwlement do not explain the differences in sorption
obtained for the several hormones.

Thin film composite (TFC) NF and RO membranesraesle of three different polymeric
layers and to understand and model the removatlsdraing trace contaminants it is necessary to

determine in which layer(s) adsorption occurs onto.



Several authors have carried out static adsorghiqueriments with membrane coupons of
the polysulfone (PSu) support with and without gudyamide (PA) active layer. Williamat al.

[13] and Steinle-Darlinget al. [14] obtained much higher adsorption of phenobmpounds and
perfluorochemicals, respectively, onto PA+PSu caegbdo just PSu. McCallure al. [15] results
showed that hormone adsorption onto PA+PSu wabtkligigher than PSu only. Polyester (PET),
the third material of TFC membranes, was shownmaidsorb any hormones. These results give a
good indication of the affinity of the contaminawith the different materials. However, it is
difficult to determine the affinity of the contanaint for each material independently. The affinity
with PA is carried out in the presence of PSu sthese two layers are not possible to separate and
competition between the two layers might occur.y8tematic study for the separate polymers is
therefore necessary to properly establish the rédiffees in affinity between the hormone and the
polymeric materials.

The effect of pore radius on trace contaminanbgd®n and retention by NF membranes
is important since it allows determining if steeixclusion (.e. solute to pore radius ratio) needs to
be taken into account when modelling adsorptiono ONE membranes. In general, retention
increases with increase of compound molecular vidiff] showing a size exclusion mechanism.
Nghiemet al. [17] however, showed that adsorbing hormones ladesver retention than would be
expected if only steric interactions were considefarthermore, hormone adsorption was found to
be higher for two NF membranes compared to an R@brene, suggesting a pore radius effect in
hormone adsorption and retention by polymeric memés [12].

Several studies [18, 19] have suggested the amuerof internal adsorption of trace
contaminants on the NF active layer. Kimataal. [20] obtained lower contaminant extraction in
static mode from membranes saturated under pre&8n@&0%) compared to membranes saturated
under static conditions (100%). McCallugnal. [15] on the other hand obtained 100% extraction
efficiency when carrying out the desorption undexspure of a pre-saturated membrane. All these
studies indicate that membrane adsorption occigislenthe active layer. If this is the case, then
pore radius could not be the only parameter afigaidsorption and retention of trace contaminants
by NF membranes: internal surface area may playmgortant role as well. In consequence, a
systematic study to determine the contributiomtdrinal surface area is required.

In our previous review [6] preliminary experimemslicated an effect of pore radius and
internal surface area on the adsorption of hormanedF membranes and showed there was a
difference between the hormone adsorption ontovaight of the different raw polymers. A more
in depth study on the effect of these differeniapagters in adsorption of trace contaminants in NF

membranes was however needed.



In the present study the relevant membrane clairsiits needed to understand and model
transport of adsorbing hormones through NF memisrarege systematically determined, extending
the preliminary work showed in the review by Schéée al. [6]. Understanding how these
parameters, such as pore radius and internal suidiaea, affect adsorption and retention of
hormones by NF membranes is a first step as iwalldeciding which approach is the most
appropriate to model transport of adsorbing horrmagheough NF membranes.

The affinity of the hormones onto the differentwranaterials that constitute TFC
membranes was established, as well as the isotuednts parameters. The adsorption of hormones
onto the polyamide and polysulfone layers of the2YB membrane was further quantified. Several
TFC NF membranes were then characterised in tefrpsre radius and active layer thickness to
porosity ratio. This allowed to study the effecatttpore radius has in hormone adsorption and
retention. Moreover, the effect of the active laygernal surface area in hormone adsorption was
considered in this study. Finally, the occurrentaternal sorption on the active layer was showed

by carrying out desorption experiments of pre-sd membranes under pressure.

2 Materials and Methods

2.1. Filtration Set-up

Flow Meter Permeate

iIIect'“

Figure 1 Cross-flow filtration set-up

A stainless steel cross-flow system (Figure 1puse the filtration experiments, has been
described elsewhere [6]. The system is connectadlad sheet membrane cell (MMS, Switzerland)



of 46 cnf surface area, with a slit type channel height.@1 m, width of 0.025 m and length of
0.191 m. The permeate mass was measured using as @Gtaventurer Pro electronic balance
(Leicester, UK).

2.2. Membranes and membrane characterisation

Several TFC membranes were used in this study: BWWB90 and NF270 (Dow Filmtec),
two batches of TFC-SR2 and TFC-SR3 (Koch membrai&® membranes permeability and NacCl
retention are presented in Table 1.

The membranes roughness Was measured by AFM (Bruker Corporation, USA) wath
cantilever Micromask CSC38/AIBS-B. This cantileweses a resonance frequency of 10 kHz and
has a spring constant of 0.03 N:nThe measurements were carried out with contadenio liquid
(MilliQ water) and a scan size of 2.0 x 2.0 um.

Table 1 Membrane Characteristics

Streaming Average
NacCl Potential Average Active
. Retention at pH 11 Active Layer
Me;nbr:ne (LPE _r{“rﬁ_";‘%'g?(l) (%) Rsu%ane)ss (mV) Layer Thickness
yp R (0.1 M, 10 A Thickness in
bar) (nm) Literature
(nm)
BW30 4.1+0.3 99.8 67.7:24 20 235’1“—] 88 ]
NF90 10.6+1.6 88.7 61.7+2.1 4% 218 + 40 [23]
TFC-SR2 1 125+ 2.3 22.3 17.9+£0.6 345 + 28 -
TFC-SR2 2 7.2+0.6 23.4 17.9+0.6 -25 345 + 28 -
TFC-SR3 6.7+0.8 40.8 5.2+0.6 -25 400 + 10 -
NF 270 17.0+0.8 52.0 4.2+0.3 -25 21+24 24,

The active layer thicknesses were obtained froriv TTReasurements for the TFC-SR2 1
and 2, the NF 270 and the NF 90 membrane [26]. BWS0 thickness was obtained from the
literature [21] and since no results are repontetthe literature for the TFC-SR3, a thickness d¥ 40
nm (maximum thickness reported for NF membranes) assumed. References from the literature
for the NF 90 and NF 270 membranes are providetable 1 for similar values obtained for the
average active layer thickness.

The active layer thicknesses and thickness véitiabwere determined from the TEM
pictures with Image J (version 1.40). It was natié®m Table 1, that the variability obtained i th

membrane thickness from the TEM images correlaids tive roughness of the active layer. Since



there are no images available for the TFC-SR3 ti@sk, a variability of 10 nm was assumed, using
a similar value as the one obtained for its roughne

Streaming potential of flat sheet nanofiltratiorembranes was measured using the
electrokinetic analyser EKA, (Anton Paar KG, Gradustria) with an electrolyte solution of 20
mM NaCl, and 1 mM NaHC® The streaming potential result for NF 90 was fbunthe literature
and measured for the same conditions.

The membranes were all characterised for poreusadnd active layer thickness to
porosity ratio with several inert organics. The BW3NF90, TFC-SR2 1 and 2 and NF270
characterisation was done in the cross-flow sysieiifferent pressures {Q~2 L.min* to avoid
polarisation, T=24C). The system ran for 1 hour at each pressureadedd and permeate sample
of 15 mL was collected for analysis in a TOGpM (Shimadzu, UK) in the NPOC mode with the
high sensitivity catalyst. The TFC-SR3 charactessivere published elsewhere [27].

2.3. Chemicals and Reagents

The radiolabelled hormones used were [2,4°B]7estrone (E1) and [2,4,6 H] 17B-
estradiol (E2) (Perkin EImer and GE Healthcare, \Aq) initial hormone feed concentration of 100
ng.L! was used in all the experiments, unless otherstised. 0.5 mL of sample was placed in a
scintillation vial (Perkin Elmer, UK) with 4 mL obltima Gold LLT (Perkin Elmer, UK) and
counted for 10 minutes each using a Beckman LS 68D0aillation counter (Fullerton, USA). The

detection limit of this method is 1 ng‘k: 2% for the hormones studied.

All chemicals were of analytical grade and wererchased from Fisher Scientific
(Loughborough, UK): 1 M NaOH was used for pH adjusit, pure acetone was used for hormone
desorption and 0.1 M of NaCl was used for the mamdrcharacterization. Several organics at 25
mgC.L! of feed concentration in MilliQ water were used the membrane characterization:
dioxane, dextrose (Fisher Scientific, UK) and xgldécros Organics, UK) were used for all the
membranes. Methanol (Fisher Scientific, UK), whiads a low molecular weight, was further used

for the BW30 membrane as this membrane is very.tigh

Several raw polymers that constitute the TFC NFnbranes were used to study their
adsorption capacity of hormones: polyamide (PA)yethylene teraphtalate (PET), polyethylene
naphtalate (PEN) and polysulphone (PSu). These merehased from Goodfellow (Huntingdon,
UK) in the form of 2 to 3 mm granules and polysulpé (PSu) was kindly offered from Solvay
(Brussels, Belgium) in granular form. Their propestare presented in Table 2.

Polymers were grinded to a size smaller than B@0vith a Retsch Ultra Centrifugal Mill
ZM 200 (Leeds, UK), in three stages using sieveth W000, 750 and 50Qm openings. The
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grinded polymer surface area was determined bytreleanicroscopy and analysed with the

software ImageJ (version 1.40), assuming thatgasthave a spherical shape.

Table 2 Polymer type, abbreviation (Abbr.), suppléand selected characteristics for polymer
powders used in adsorption studies: monomer maeeweight (MW) and contact angle (CA)

Monomer
Polymer Abbr. Supplier Structure MW CA (9)
(g/mol)
i
Polysulphone PSu Solvay *OQSOO#* 442 84 [28]
o}
Polyester: o o
Polyethylene| PET | Goodfellow o>_©_/<o . 192 81 [29]
Teraphthalate N
Polyester:
* o o
Polyethylene| PEN | Goodfellow To 4/ 242 80 [30]
o
Naphthalate '
Polyamide: H 0
PA Goodfellow I 113 70 [29]
Nylon, 6 N -

2.4. Hormone Static Adsorption onto Polymeric Materials and TFC NF membranes

Grinded polymer masses from 0.25 g to 3.1 g wdaeed in 60 mL of a solution
containing 100 ng.E E2 and shaked in a Certomat BS-1 UHK-25 shaketti{@&n, Germany) at
200 rpm and 25°C. Samples were regularly taketerdil with 0.7um glass microfibre filters
(Fisher Scientific, UK) placed in Millipore Swinnefilter (Ireland) support and counted. The
hormone mass adsorbed on the polymer was themeldthy mass balance.

Hormone static adsorption onto the different NFfiheanes was carried out. A membrane
area of 2 crhwas gently washed with MilliQ water, placed in 8L of E2 solutions of different
concentrations (25, 50, 100 and 200 ffy.&and shaken for at least 48 hours at 200 rpm &°@.2

2.5. Hormone Adsorption on the PA and PSu layers of a TFC Membrane

A diffusion cell was used to measure the adsanptiohormones on the NF 270 membrane
PA,, and PSy surfaces separately.




The membrane was gently washed with MilliQ wated &PA+PSy, was physically
peeled from PR The PA+PSu, was then cut to 40 mm of diameter and placeddiffasion cell
of 25 mm diameter. The membrane area exposed tsdhwion on each side is 4.9 tnThe
diffusion cell is made of glass and has two ceflsd®0 mL volume each which are constantly
stirred with a stirrer (Fisher Scientific, UK) a®d0 rpm. The membrane is placed between the two

cells, tightened with clamps, with each side ofriiembrane facing a different cell.

A solution of 125 mL of hormone at a determinedaatration is placed in both cellse(
cell facing the P4 layer and the cell facing the R$Slayer) for 8 hours: this was the amount of
time determined in a previous experiment when wdiffuses from the PSucell and starts
appearing on the RAcell. Concentrations of 100 ngtlfor both hormones, 20 ngiitfor E1 and 30
ng.L! for E2 were placed in contact with RAand PSw to mimic filtration conditions [5].
Hormone samples were taken from both cells at eegatervals and measured in the scintillation

counter. The amount adsorbed was obtained by nadasde to each feed cell.

2.6. Hormone Adsorption Filtration Protocol

The membrane coupon, washed and stored in Mill&@ewfor at least 12 hours, was
placed in the cross-flow cell and compacted for twairs with MilliQ water at 25 bar. The pure
water flux was measured at 25 bar for at least 8tutas to ensure steady flux followed by flux
measurement at the experimental pressure for temtes. The system was then emptied and
replenished with 1.5 L of fresh MilliQ water, which recirculated in the system for one hour at a
set pressure (3 to 17 bar) and feed flow ratgs@.5 to 2 L.mif") to ensure all process parameters

were constant.

A volume of 0.5 L of hormone solution was then edido the 1.5 L of circulating MilliQ
water to reach the required hormone concentratidhe system and mixed well using a mechanical
stirrer at 200 rpm (Gallenkamp, UK). The feed argtnpeate hormone concentrations were
measured at regular time intervals (every five ri@auor the first half hour and then once every
hour) to obtain the transient trend until equililoni was reached (average of 8 hours). The transient
mass adsorbed was then obtained by mass balatioe teed tank. A new membrane was used for

every experiment.



2.7. Hormone Desorption from Saturated Membrane
Different desorption experiments of E1 from the 2© membrane were carried out:

» Static desorption from a 2x5 cm rectangle of crftms-pre-saturated membranes at different
pressures (from no pressure to 15 bar). The paygfE,) bottom layer was physically
separated from the top layers of polyamide and quilgne (PA+PSu,). These were placed
separately in 25 mL of acetone in a Certomat BSHK25 (Goéttingen, Germany) incubator
shaker at 200 rpm and 25°C for at least 48 houtgnwthe hormone concentration was

measured. Acetone was found to have no influentieeiscintillation counting process.

» Static desorption experiments from pre-saturatedhbmanes in static mode (no pressure). 15
mm of diameter of membrane pieces were placed imB®f E1 solutions (50, 100 and 500
ng.L™Y) and left to adsorb in the shaker for at leashd@s. Once saturation reached steady-state,
the membrane pieces were removed from the solytleftsto dry for a few minutes and then

placed back in the shaker in 10 mL acetone anddeafesorb for at least 48 hours.

« Filtration desorption at 11 bar from a cross-floressaturated membrane & E1=50 ng.L*,
P=11 bar, Rg=427). Filtration desorption was first carried euth MilliQ water then with 2%

acetone solution.

3 Results and Discussion

3.1. Adsorption onto Different Polymeric Materials

Commercial TFC NF membranes are made of sevehaingoic materials: PA, PSu, PET
and PEN. The first step in understanding adsorptiobhormones onto TFC NF membranes is to
establish which layer the hormones adsorb ontordier to compare the affinity of E2 towards the
different polymeric materials adsorption isothemese determined as presented in Figure 2 A.

The isotherms convex upwards, indicating a Fraahdlype isotherm (Figure 2 A). The
Freundlich isotherm (equation 4) assumes sevepastyf sorbing sites available on the surface,

where each type possesses a different sorptiorefresyy and abundance.

M, =K,C Hn 4)

ads equilibrium

where Mgs is the mass adsorbed per polymer surface arem@ihgK; is the Freundlich capacity
factor related to the adsorption capacity of thessot (ng"*™.m®"2) " Coqiibrium is the hormone
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concentration in solution at equilibrium (ng’nand n is the Freundlich exponent, related to the

energy of adsorption. The logarithmic form of equ@i4) yields equation (5):

1
Log( M ads) = n_ Log(CequiIibrium) + log(Kf ) (5)

To confirm if the isotherms are of the Freundligpe, the data in Figure 2 A is represented

in logarithmic form (Figure 2 B) and the lineattifig provides the Freundlich coefficients &d n

according to equation (5).

. 0.204 o pa %00100 o A 4 0 PA _ B
NE O PSu > O PSu £
3] A PET ~ 0.00751 A PET 2 20] M
S, 0.15- 3 N B PEN 4
2 m PEN 2 ool 2 = 3- 2 MA/A&
- < ~ j=2] -
» = 70 80 90 =2 3 Y% 2B 200 a5
2 0.104 o C s () S 109 (C gy (W91T)
5 o] 2
s 0.05 1 > |
3] e |
N PA— e | TN\ _A 1 — ———
0 10 20 70 80 90 100 3.5 4.0 4.5 5.0 5.5
Cequilibrium (ng/L) Log (Cequilibrium (ng/m®))

Figure 2 Estradiol (E2) static adsorption (A) isath onto different polymers (PA, PSu, PET and
PEN, Geeq=100 ng.L*, 200 rpm, 25°C) and (B) linear regression of tgatithmic form of the
Freundlich isotherm. Triplicates of selected expents were carried out and it was found that the

E2 mass adsorbed varied by +0.0005 ng/ami feed equilibrium concentration by +0.12 ng/L

The correlation coefficient®and the Freundlich isotherm coefficients are shawhable
3. The slope lirobtained from Figure 2 B dictates the type of feeergy involved in the sorption.
Since 1/fp1 for all the polymers (Table 3), this means timatre sorbatei . hormone) present in
the sorbenti(e. polymeric material) will enhance the free-enerdyfurther sorption [31]. The
sorbed molecules lead to a modification of the sotbsurface properties, enhancing further
sorption [31]. The isotherm previously obtainediltnation mode for the NF270 membrane [5] was
a Freundlich isotherm with n=1g. a linear isotherm. In that case the shear stragsed by the
cross-flow velocity might have prevented multilageisorption.

The polymer beads were assumed not to have imtponasity as according to the SEM
pictures (not shown) there was no evidence of piyrdsurthermore, according to the manufacturer
the beads absorb less than 3% water. This showsehalittle volume of water can diffuse inside

the polymer beads. Even less hormone would betahiéfuse inside the polymer as they have a
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higher molecular weight (300 g.mYlcompared to water (18 g.m®lso internal adsorption can be
neglected. Finally, more than 60% of the hormonssvadsorbed onto the 4 polymers occurred in
the first hour of the experiment and more than 8@%urred in the first 5 hours, showing that the
adsorption occurs on the surface. If the polymed tne pores and internal adsorption occurred,
this process would be very slow as it would beuditbn dominated. Such is the case of the
adsorption of nitrosamines in NF membranes [14].

The coefficient Kcan give an indication of the affinity of the hamne with the polymer.
A higher K equates to a greater hormone adsorption capdtigyhighest Kwas obtained for PA,
followed by much smaller values for PSu and PE ¢haedymers. This confirms the higher affinity
of the hormones with PA compared to the other pelgnAs can be seen in Figure 2 A, PA
adsorbs higher amounts compared to any of the ptilgmers. PA adsorbs more than double at the

lowest E2 concentration compared to the other petgrat the highest E2 concentration.

Table 3 Freundlich Isotherm Coefficients

Polymers| R? 1/n, K
PA 0.99 1.5 3.5.16
PSu 0.97 2.7 7.6.16
PET 0.99 2.8 1.0.18
PEN 0.99 3.4 1.8.18

The significant difference in adsorption betwele® hormone and the different materials is
yet to be explained. Hydrophobic interactions foraple, do not explain this difference in
interaction of the hydrophobic E2 (Log,$4.01) [5] with PA compared to the other polymens.
fact, PA is the least hydrophobic polymee.(lowest contact angle) and PSu the most hydrophobic
(Table 2), despite PA adsorbing much higher amoohts2. Hydrophobicity therefore does not
explain adsorption of hormones onto these polyrf@rsSince hydrophobic interactions do not give
a satisfactory answer, other types of interactioesd to be considered, such as hydrogen bonding,
dipole-dipole andi-n interactions [6].

Concerning the H-bond andn interactions, the hormones estrone E1 and estr&dio
have several functional groups that can interattt several functional groups of the polymers:

* The benzene ring in the E1 and E2 phenol grougeidren rich by resonance, caused by
delocalization of electrons within the benzene roole (Figure 3 A) allowing, in principle,
for n- © stacking with an electron poor benzene ring oftla@omolecule [32].

* The hydroxyl groups in the E1 and E2 and the kegnoeip in E1 can be strong H-bond
donor and/or receiver (Figure 3 A and B). In fadtie to the previously mentioned

12



resonance stabilisation in the phenol, the H is tipioup is more acidic (pK10) and

therefore more available for H-bonding than a raghlydroxyl group (pk=15) [33].

o o
OH OH
-
MDY +
H—O" H—0~
0%

| n | n

O OO Oy~ O O~OF-O4
(OO OO, =10 OO0k

* ol
TrORF —[rOAn)
. 0 _
ol Tl

Figure 3 Electron density and resonance structfrdg estradiol (E2) and B) estrone (E1), A)

polyamide (PA), B) polysulfone (PSu), C) polyetmgeteraphthalate (PET) and D) polyethylene
naphthalate (PEN) [33]

The polymers have functional groups that play a molthe interaction with the hormones:

» the resonance structure of PA shown in Figure Jrigimates a very polarised molecule,

with a positively charged amine and negatively gkdroxygen [33] which can form H-
bonds with other molecules.
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* The polymers PSu, PET and PEN on the other hand aaesonance structure shown in
Figure 3 D, E and F. However these later resonatraetures are known to result in poorly
polarised benzene, sulphone and carboxyl groupgsai3® hence the occurrence of H-bond
andn- © stacking will most probably be weak - © stacking requires an electron-rich donor
and an electron deficient receptor [34]. In consege, these would form very weak
interactions with the hormones compared to the Rdbtg between the hormones and PA.

Compared to PA, PSu, PET and PEN have a lowercitgp® form H-bonding which
might explain the higher quantities of hormonesodaisd onto PA. Other types of interactions such
as dipole-dipole and dielectric effects might bepéty. However it is to date impossible to
distinguish the contribution of each of these meadras individually.

TFC NF membranes are however not made of puremmly and have a different degree
of cross-linking. Surface modifications which aregriety of the manufacturer have been reported
[21] and these modifications might have an impacsorption. For example, the NFOO and BW30
membrane have the secondary amide groups chasdictef pure polyamide, whilst the NF270
with a higher degree of cross-linking, has tertianyide groups. To confirm the adsorption isotherm
results obtained with the different polymers, agon experiments in a diffusion cell were carried
out with the NF 270 membrane, as described in &x¢ section.

3.2. Adsorption onto TFC NF membranes

TFC NF membranes are made of three different éayenaterials (P4 PSy, and PE)
which are physically impossible to separate frowheather. It is however possible to confirm if the
hormones preferentially adsorb onto the activerldgephysically peeling the R& PSy, layers
from the PE, layer of the NF 270 membrane and placingPRSy, in a diffusion cell, each side
facing a separate cell. This allows exposing thg BAd PSy layers to a determined concentration
on each side independently. Results are presemtéigure 4 for an exposed time of 8 hours.

Despite possible surface chemistry modification8,, s found to adsorb much higher
amounts of E1 and E2 than the support fByer, confirming a higher affinity of the hormone
with the polyamide active layer. When exposed eogame concentrations, RAdsorbs at least 2.5
times more than PSuor both hormones. For 100 ng-bf E1 and E2, PA adsorbed 4 ng and 3
ng, respectively, whilst Pguadsorbed 1.6 ng and 1 ng, respectively.

In reality, the active layer is in the first ingt@s of filtration in contact with the
concentration at the membrane surface (>100 Hg.tompared to the PSuayer, subjected to a

much lower concentratioi.e. the permeating concentration (20 rigfor E1 and 30 ng.t for E2
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[5]) due to hormone retention and sorption by ttiva layer. At these concentrations, fPéadsorbs
14 and 10 times higher mass than R&uw E1 and E2, respectively. Whilst RAdsorbed 3.6 ng of
E1 and 3 ng of E2 at 100 ng-LPSu, adsorbed 0.23 ng of E1 at 20 ng.and 0.29 ng of E2 at 30
ng.L.

—B—PA_ 100 ng/L

S 44 [
c —@— PSu_ 100 ng/L __—
~ < m | ]

—{1—PA 20 ng/L —
D 3- " _-=
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? l/.
S 21 e
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") || o—©
0 14 / ”_./
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31 —@— PSu_ 100 ng/L
4{—{3—PA_30ng/L
24 —O—PSu,_ 30 ng/L

E2 Mass Adsorbed (ng)

0 100 200 300 400 500
Time (min)
Figure 4 Estrone (E1) and estradiol (E2) adsorphiaio the polyamide (PA) and polysulfone (PSu)
sides of the NF270 membrane tested in a diffusein(sH 7, 1000 rpm, feeq e1-pA 100 ng.L*,

Creed £1-ps720 NG, Creed £2-pA100 NG. LY, Ceeed £2-ps730 Ng.L, PES support layer removed, 4.9
cn? of membrane area exposed, 125 mL of cell voluffieplicates of selected experiments were
carried out and it was found that the hormone radssrbed varied by +0.076 ng for PA and

+0.066 ng for PSu

It is possible to compare the adsorption resulteioed with the polymer experiments in
Figure 2 and the diffusion cell experiments in Fegd. Considering the equilibrium concentrations
obtained in the diffusion cell for each layer aftedsorption has occurred and using these
equilibrium concentrations in the Freundlich isotheobtained for each polymer allows the

comparison of the mass adsorbed between the TECslayd the raw polymers (Table 4).
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Table 4 Comparison between E2 diffusion cell adsonpand the polymer Freundlich isotherm

Diffusion Cell PA, PSup,
Feed Conc. PA,, Conc.equi Mass adsorbed PSup, Conc.equi Mass adsorbed
(ng.L'") (ng.L™") (ng.cm™) (ng.L'") (ng.cm™)

100 80 0.61 95 0.18
30 24 0.20 29 0.06
Freundlich
isotherm PA PSu
Feed Conc. PA,, Conc.equi Mass adsorbed PSur, Conc.equi Mass adsorbed
(ng.L™) (ng.L™) (ng.cm™) (ng.L™h) (ng.cm™)
100 80 0.79 95 0.02
30 24 0.13 29 0.001

Comparing the amount adsorbed onto the differay¢rs considering adsorption occurs
only on the surface of the TFC layer gives veryisinresults between the RAayer and the PA
polymer. This is expected as the RPhRayer is very dense and penetration and diffusibrthe
hormone will be very slow. In the study by NghieBb] it took more than 8 hours to detect
hormone on the permeate side of the NF270 membraaediffusion cell, with the active layer
exposed to 100 ngland the support layers exposed to pure wateruinstudy however, both
cells started with the same E2 concentratiom {00 ng.L%) so the driving force for transport, in
this case concentration, is lower compared with dhe in Nghiem’s study. One can therefore
assume that most of the RAdsorption occurred on the surface.

For the PSy layer and the PSu polymer the mass adsorptiontseate an order of
magnitude higher in the diffusion cell. It has ® toted however that an accurate determination of
the mass adsorbed per surface area is not possilthe diffusion cell experiments as the RSu
layer is of the UF type and therefore diffusiortlod hormone inside the Pslayer occurs. In fact,
as stated in section 2.5, after 8 hours water patestthe PSulayer and appears on the RPhRayer
cell, showing that the solution is in contact wtle internal surface area of the R3ayer.

Thus, the isotherms obtained with the polymeridemals can be used to compare the
mass adsorbed of the hormone onto the different [alf€'s, showing that the hormone has a much
higher affinity for the P4 layer compared to the Psilayer. Most of the adsorption will therefore
occur on the P4 active layer.

It can be argued that the amount adsorbed ontoP8a, layer during filtration
experiments will be much higher than the one adsgrionto the P4 layer as the first one is
thicker than the later one. According to the sthgyPacheceat al. [36], the support PSulayer has
a thickness of 30 um. Assuming a porosity of 0.8H,[an average pore radius of 50 nm [37, 38]
for the PSy layer and the width and length of the cross-floenmbrane cell used in this study, an
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internal surface area of 0.331°1ior the PSk support layer using equation (3) is obtained. The
hormone permeate concentration in contact wittPtBe, layer are an average of 20 ng.[5].

Considering a PA nanofiltration total area for 146270 membrane of 0.0134°n(as
discussed in the next section — see Table 6), mdme concentration inside the membrane pore of
6.5 ng.L* (due to partitioning on the NF membrane), a cotreéibn of 140 ng.r! on the
membrane surface [5] and the Freundlich isotherbtaied in Table 3, the amount adsorbed on
the PSy layer is less than 2% of the total mass adsorlmethe membrane. For membranes with
thicker active layer, this difference will be high&his difference in mass adsorbed obtained shows
that the P4, layer adsorbs most of the hormones compared tsupgort PSy layer.

Now that it has been established that the bulthefadsorption occurs on the active layer,
the next step is to study the influence of thevactayer characteristics, such as pore radius and
internal surface area in the retention and adswrpif hormones.

3.3. Pore Size and Surface Area Effect on Retention and Adsorption

To determine pore radius and internal surfaca affect in the adsorption and retention of
hormones, five NF membranes were characterisedferage pore radiusprand active layer
thickness to porosity ratidfg) [39, 40]. This is possible by applying the hydyodmic model [41]
which only considers steric interactions betweenrttembrane and inert tracer organic solutes (
non-adsorbing and non-charged solutes). The memlpares are assumed as cylindrical capillary
tubes with an average pore radipgmd lengthd. The characterisation method adopted is described
in Nghiemet al. [17]. The organic tracers used in the characteoisaare presented in Table 5,
along with their diffusivities (D) and equivalent solute radiug)(1D., were either obtained from the
literature (Table 5) or were calculated with thelk&iand Chang equation [42] for dioxane or the
Worch equation [43] for the case of methanol. Tdlate radius §was determined with the Stokes-

Einstein equation [41].

Table 5 Organics Characteristics

Organics | MW (g.mol™) D.. (m°.s) re (nm)

methanol 32 1.5x190[43] 0.13
dioxane 88.11 9.82x10 [42] 0.24
xylose 150.13 7.50x1Y [44] 0.31
dextrose 180.16 6.80x10[45] 0.34
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The value of y and d/e are obtained using an optimization method (SoMeerosoft
Excel) by fitting the theoretical real retentionyen by equation (1) to the experimental real

retention given by equation (2).

R, =1- PR &)
1-expPe@-PK,)

where Pe is the Peclet numbee& @5, @ is the partition coefficient given b=(1-1)?, with

KD, €
A=rdrp, 1s (M) is the equivalent solute radius apdm) is the membrane average pore radius. The
coefficients k and Ky, which depend only oh, are the diffusion and convective hindrance factor
calculated using the Bungay and Brenner coeffisieatiewed by Deen [41], Js the permeate
flux (m.s?) and D, (m?.s?) are the organics diffusion coefficient in theuiidf medium.
The experimental real retention R equation (2) was calculated with the resultshef

observed retentionds a function of pressure, or permeate flyxar the organics in Table 5.

iR _jp1zRo 3y (2)
R R, K,

where k (m.s?) is the mass transfer coefficient determined i Sutkover method with 0.1 M
NaCl at QGeeq=2 L.min™* (to avoid polarisation) and two different pressufe and 11 bar) [46]. The
mass transfer coefficient for each organic wasewbded in relation to the NaCl one [47]. For the
TFC-SR2, the Sutkover method is not applicable tduan increase in permeate flux when salt is
present compared to the pure water flux at the spregsure. The Deissler Sherwood [48]
correlation in cases of minimised polarisation Wesefore applied in this case.

Results for the theoretical real retention (equratl) fitted to the experimental retention
(equation 2) are shown in Figure 5 for the NF27d akrC-SR2 1 membranes. The NF 270
membrane shows higher retentions for all the omga@aompounds, which is expected given the
smaller pore radius. In the study by Verliefel. [4] it was shown that compounds that interact
with the nanofiltration membrane should have aisteartition coefficient modified with a solute-
membrane affinity coefficient. However, in our sgutlis coefficient was assumed to be negligible
for the trace organics and membranes used assbksrebtained for the, endd/e were consistent

for each membrane characterised (Table 6).
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Figure 5 Real retention as a function of permeatenflux for the different organic tracers for the
A) NF 270 and B) TFC-SR2 1 (Cross-flow conditioBg.=25 mgC.L}, Re= 1450, pH 7, 22C)

Once the parametersandd/e are obtained, the porosi¢ycan be calculated using estimate
values of the active layer thicknes$or each membrane (Table 1). Withthe total area available
for adsorption is estimated considering the intesogface of pores as perfect cylinders of lerigth
and average pore radius After algebraic manipulation the total effectiveerfacial area of the

active layeriie. membrane surface and internal area) is obtainddeguation (3):

A 2WLed

=A,, +A, =WL(L-¢)+ A3)

total
rP

where W (m) and L (m) are the membrane width amgitte respectively, & (m°) is the total
effective interfacial surface area available fosa@mgtion, A, (m?) and A (m?) are the estimated
membrane surface and internal pore surface arepectvely. Results obtained for the several
membranes are presented in Table 6. Results foagegore size and thickness to porosity ratio
are consistent with the literature [39, 49]. Theiafality in Awwa (Table 6) was calculated in
equation (3) using the error propagation methodsicieming the variability in porosity, pore
radius p and membrane thicknedgrefer to Support Information B).

In reality the NF membranes will have a pore sistribution [50]. An average pore size is
however used by many researchers in order to dynphe model used for membrane
characterisation or transport of organic soluted ¥4 39, 40, 49, 51].

The effective interfacial area of the active layeurface area and internal pore area) is
dependent on the active layer pore radius, poraamily active layer thickness (equation 3). It
increases with membrane thickness and porosityease for a constant pore size and decreases
with pore radius increase for a constant poro3ibe NF 270 membrane has the smallest effective

19



interfacial area because of a small thickness argklpore radius. In contrast, the TFC-SR2 1 has
one of the highest effective interfacial areas dedmaving slightly bigger pores than the NF 270.
This is because it has a very thick active layer.

In this work the tortuosity of the pores and tlheface roughness were not considered in
the calculation of the surface and internal areailalble for sorption. Tortuosity has not been

determined for NF membranes due to the lack ofyéinal tools.

Table 6 Membrane pore radius (rp) and thicknesefiyr ¢/¢) ratio determination. The membrane
active layer thickness is given in Table 1

Active Layer Effective
Average Pore Radius Thickness Interfacial Area
Membranes rp Porosity Ratio : Porosity
of Active Layer
(nm) ole Aol (sz)
(um ) tota
BW30 0.32+£0.01 5.38+1.48 2953 + 1776 0.04 20.0
NF90 0.34 £ 0.04 0.83+0.21 15439 + 6700 0.26080.
TFC-SR2 2 0.52 £0.03 2.45 +0.08 8501 + 1497 @ 0401
TFC-SR2 1 0.46 £ 0.01 1.09 £ 0.06 21461 + 3191 &.8203
TFC-SR3 0.38£0.01 1.60 £ 0.04 23817 £1728 0.2604
NF 270 0.42 £ 0.02 1.10 £ 0.04 134 +18 0.020 HR.p

It is possible to compare the experimental perntigalbbtained with the one calculated
from the Hagen-Poiseuille equation [52] with théuea obtained for pore radiusand thickness to

porosity ratiod/e. The results obtained for each membrane are pegsenTable 7.

Table 7 Comparison between the experimental anei&piseullie permeabilities

Experimental H-P
Membrane Permeability permeability
(m/s) (m/s)
BW30 1.25x10 2.81x10°
NF90 3.24x106 2.05%x10°
TFC-SR2 2 3.82x10 1.63x10°
TFC-SR2 1 2.20x10 2.86x10°
TFC-SR3 2.05x10 1.33x10°
NF270 5.19x10 2.36x10°

As can be seen from Table 7, the permeabilitiemiobéd with the Hagen-Poiseuille
equation are similar to the experimental ones. &ens however, will occur as the Hagen-
Poiseuille equation assumes that the fluid is wisaaside the membrane and that the pores have a

constant cross-section. Considering the sizes mspim NF, these two assumptions are debatable,
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as for example, no tortuosity is taken into accoditis will be especially pronounced for the
BW30 membrane which is thick and denser than therahembranes.

In regards to the surface roughness, there isvatdaale direct relationship between this
and the membrane surface area. AFM has however bgeth to estimate the surface area of
membranes taking the roughness into account. Itestimated that a projection area of 106°
gave areas between 150 and &% for an average surface roughness between 40 anth§53].

For the roughest membranes used in this studyBWe30 and the NF 90, the internal pore area
estimated is at least 70 times higher than theasarérea. In that case, the increase of surfaee are
caused by the membrane roughness has a very snpalti in the effective interfacial area of the
active layer. Considering double the surface asss@d by a roughness of 60 nm (Table 1), the
total membrane area estimated would be of 2996 fomBW30 and 15472 cfrfor the NF 90
membrane instead of 2953 tand 15439 cm(Table 6), respectively. The other membranes used
have a very low roughness which will have a minimgbdact on the membrane effective interfacial
area.

The effect of pore radius in the adsorption artdnton of E2 is shown in Figure 6. An
increase in pore radiug from 0.32 nm to 0.52 nm leads to a decrease instegc exclusion
capacity of the membrane and a higher partitiomhghe hormones inside the membrane pores,
according to the hydrodynamic model [41]. This kdd an increase in adsorption from 0.17
ng.cm? to 1.10 ng.cifand a decrease in retention from 88% down to 34%u(E 6 A and B at pH
7). This trend is especially pronounced for memésawith p>0.42 nm seeing the estimated
hormone radius iszg=0.4 nm [54]. A similar trend was obtained by Nghiet al. [12] where an
RO membrane adsorbed less than NF membranes. Theh&t the retention of the hormone
decreases with increase of membrane pore size stimivslespite the existence of a pore size
distribution, the usage of an average pore radausstill representative of the membrane

performance.
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Figure 6 Estradiol (E2) retention and mass adsoflleads Ads.) per cross-flow cell surface
area (ng.ci) with increasing effective average pore radiusmineanes used are presented in Table
6 (Cross-flow conditions: g inia=100 ng.L*, 24°C, 11 bar, Rg=1450, and pH 7 and 11).
Triplicates of selected experiments were carrietdand it was found that steady-state retention did
not vary by more than + 5%, total mass adsorbetl ®¥8 ng.crif and J/J by + 0.02

For the membrane with a pore radigst34 nm (NF 90), the mass adsorbed per area of
the cross-flow cell is about four times higher, D16g.cn?, compared to the membrane with a
similar pore radiuspr0.32 nm (BW 30), 0.17 ng.cf It could be argued that membranes with
higher permeability (Table 1) and therefore a higt@ncentration polarisation such as the NF90
compared with the BW30, would adsorb higher madsoomones [5]. However, when comparing
membranes with similar permeabilities such as tR€-BR2 2, the TFC-SR3 and the BW30 and
the membranes NF 90 and TFC-SR2 1 (Table 1), #rdtshows an increase with pore radius
(Figure 6 B) rather than membrane permeabilityti@rmore, the experiments were carried out at
conditions of minimised polarisation (R&.450 or Qe2 L.min* [5]).

Besides the pore radius effect on adsorption atehtion, other effects might be at play
which might affect adsorption onto NF membranestntome-membrane affinity and internal
surface area. As previously mentioned, the diffeeethat surface roughness causes in the effective

interfacial area is minimal.
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As previously mentioned, the TFC membranes areiffaddwith additives on the active
layer, which is likely to affect hormone affinitigdy analysing the static isotherms obtained for E2
with the NF 90 and the BW 30 membranes, one carttedethe hormone affinity for these two
membranes is very similar (Figure 7), thus not aixmphg the higher adsorption obtained for the NF
90 membrane.

The hormone isotherm with the two batches of tR€-5R2 membranes (1 and 2) is very
similar to the ones obtained for the NF 90 and BWRgure 7). The difference in mass adsorption

obtained in Figure 6 is therefore caused by a pzeeeffect.
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Figure 7 Estradiol (E2) static isotherm (no presyiwr the NF 90, the BW 30 and the TFC-SR2 1
and 2 membranes &y inia=24, 50, 100 and 200 ng*.24°C, 200 rpm and pH 7)

If the effective interfacial area of the activgdais taken into account (Table 6), in general
an increase of the total effective interfacial aod area increases the hormone mass adsorbed per
cross-flow surface area, showing that internalemgfarea plays a role in adsorption (Figure 8):

. The BW30 and the NF 90 membranes have similar pacdus (0.32 and 0.34 nm,
respectively), but since the NF 90 has a highefasararea of 15439 éntompared to 2953
cnt for the BW 30 (Table 6), it adsorbs more E2.

. The NF 270, NF 90 and TFC-SR3 adsorb similar E2srpas cross-flow surface area (around
0.55 ng.crif) despite the NF 270 membrane having a bigger gaties 0.42 nm compared to
0.34 nm for the NF 90 and 0.38 nm for the TFC-SRiese later two have a much higher
internal surface area (15439 Tfor the NF 90 and 23817 érfor the TFC-SR3) compared to

the NF 270 membrane (134 Sncompensating for a smaller pore radius.
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. The TFC-SR2 1 and 2 have higher surface area aredrpdius than the NF 270 membrane
(Table 6) and therefore adsorb more mass per fimsssurface area (Figure 8).

Hormone filtration by NF membranes at neutral pHicates penetration and internal pore

sorption. However, at alkaline pH, when the horm@ndissociated the occurrence of electrostatic

repulsion might interfere in the hormone adsorptisethanism.
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Figure 8 Estradiol (E2) mass adsorbed per cross<laface area (Mass Ads.) (ng:&nhand
membrane effective interfacial area:4 (cnf) with increasing effective pore radius (Table 6)
(Cross-flow conditions: feq iniia=100 ng.L*, 24°C, 11 bar, Rg=1450, pH 7). The variability in

Atotal IS presented as error bar.

At pH 11 hormone adsorption per cross-flow surfaea increases with pore radius from
0.27 ng.crf to 0.50 ng.cif, and the retention decreases from 97% to 71% (€igh However,
due to electrostatic repulsion between the nedsgticharged membrane (Table 1) and the
dissociated hormone (pki1e2= 10.4), the mass adsorbed per cross-flow surfeeze ia lower and
the retention is higher compared to pH 7 [15, 2&%hough the hormone phenol group is negatively
charged at pH 11 (Figure 3 A and B) and electrimst&pulsion by the membrane occurs, the
hormone is still able to form hydrogen bonding wtlle membrane through the ketone group of E1
and the hydroxyl group of E2. At pH 11 the effetpore radius is not very pronounced compared
to pH 7, indicating that adsorption occurs on thdagce, whilst at pH 7 partitioning and penetration
inside the active is more predominant. This carex@ained with electrostatic repulsion reduced

penetration.
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In Figure 9 adsorption kinetics is representedafaight (NF90, 4=0.34 nm) and a loose
(TFC-SR2 2, y=0.52 nm) membrane at pH 7 and 11. At pH 7 the radssrbed per cross-flow
surface area increases gradually with time untiedches steady-state and saturation is reached
more quickly for the loosest membrane: it takes d@utes for the looser membrane to reach 80%
of the total mass adsorbed compared to 200 mifioteke tighter membrane. A slower penetration
inside the membrane pores and consequent slowerpdids is likely to occur on the tighter
membrane, indicating internal adsorption.

At pH 11 the mass adsorbed per cross-flow suréaea increases sharply in the first 5
minutes and quickly reaches steady-state: adsorpiiours mainly at the membrane surface with
some penetration occurring for the loosest membdareeto the difference between the hormone
radius (0.4 nm) and the pore radius (0.52 nm).n&tddarlinget al. [18] found that charged trace
contaminants reached adsorption saturation quiekij}e uncharged ones took several days to

reach saturation.
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Figure 9 Estradiol (E2) mass adsorbed per crosgdlaface area (Magsls.) for the NFOO and the
TFC-SR2 2 membrane for pH 7 and 11. (Cross-flond@@ms: Geeq iniia=100 ng.L*, Re=1450,
11 bar, 24C)

E1 desorption from membranes saturated in statidiiration mode at different pressures
confirms internal adsorption. Figure 10 shows tleecentage of E1 mass extracted for several
pressures in relation to the total mass adsorbed.

Extraction efficiency decreases with increasereépure (Figure 10). The percentage of E1
static extraction from pressure experiments deeseitsm 100% for 1 bar.€. no pressure applied)
to <20% for 15 bar. Kimurat al. [20] obtained lower extraction of trace contamisafrom

pressure experiments (40%-60% recovery) when caedpty static experiments (around 100%
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recovery). An increase of pressure increases theertration at the membrane surface. In this case,
more hormone partitions into the membrane actiyerl@ores, causing a higher adsorption inside
the active layer [5]. Since internal access foraotton in static mode is difficult, the extraction
efficiency decreases with increase of pressurecdnsequence a desorption efficiency is an
indicator for hormone penetration.

When filtered extraction is carried out with M@li water at 11 bar, a much higher
extraction is obtained (82%) [15] compared to ttedis extraction (no pressure, 25%). Filtered
MilliQ water has access to hormones adsorbed ialigtnSubsequent filtration with 2% acetone
recovered a further 7% of E1, showing internal golson on the active layer.

The PE layer that had been separated from the ttloelayers, consistently desorbed less
than 2% of the total hormone mass adsorbed, showirigw adsorption onto the PE layer,

confirming previous results of polymer adsorption.
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MilliQ+acetone (filtered)
MilliQ (filtered)
acetone (static)
100 ng.L™

[ acetone (static)

B P
o N
o o
L

N B D [0}
o o o o o
P BTN BRPUR B

E1 Mass Adsorbed Extracted (%)

Relative Saturation Pressure (bar)

Figure 10 Estrone (E1) mass adsorbed extractedr¢¥h)the NF270 membrane for different
pressures used to saturate the membranes (fiketeattion in cross-flow: T=24°C, Re127, P=11
bar, MilliQ water, then MilliQ+acetone solution (3%tatic extraction: T=24°C, 200 rpm, acetone).
Triplicates of selected experiments were carriedand it was found that the variability in hormone

extraction was of £ 8.5% for filtration experiments

Pore size and internal surface area have beennshmwe important parameters in the
transport of adsorbing compounds through the adéiyer when the hormone is not dissociated.
Pore size, or steric exclusion plays a role in gutgan since it allows or prevents access to the

internal surface area. The internal surface ardlatlen determine how much adsorption occurs
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internally. These two membrane characteristicsirmportant in modelling hormone adsorption on
NF membranes.

To better understand the effect of pore radiusiat&inal surface area, a simple conceptual
schematic is shown in Figure 11. For a membrarsauwfe pore radiugirbut increased active layer
thickness §:>6,), a higher internal area is available, increasirggtotal hormone adsorption. For a
membrane with the same active layer thickrigdsut increased pore radiyg r,; more hormone
partitions into the pore, according to the hydragwc model [41]. The concentration inside the
membrane pore will therefore be higher, increasiegadsorption per area. This is a very simplistic
approach because in reality the membranes hawerditf pore radius and active layer thicknesses.
Thus a combination of the effect of pore radius,partitioning, and internal surface area, or
membrane thickness, will impact on the concentnaimfile inside the membrane pores and hence
will impact on adsorption. To clearly establish th#ferent effects in hormone adsorption onto NF
membranes caused by different pore sizes and membnaknesses, a new transport model taking

these factors into account needs to be developed.
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Figure 11 Conceptual schematic of the effect ofi(d@rnal surface aread. active layer thickness
) and (B) pore radius, (i.e. partitioning)in hormone adsorption in the active layer
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4 Conclusions

Several membrane parameters are required to Hesedsorption and retention of
hormones onto NF membranes. Polyamide and the Byedayer of TFC NF membranes were
found to adsorb much higher quantities of hormohantany of the other materials of the
membranes showing that, for hormones, the bulkhefadsorption occurs in the active layer. As
concluded in the study of Ben-Dawtl al. [55], the usage of polyamide NF membranes in water
treatment poses a problem in the removal of tracgatninants due to the interaction of these with
the active layer. From the results presented Heyenones which have a high endocrine potency
are included in this family of contaminants. Otheaiterials should therefore be considered in the
making of NF and RO membranes, justifying futurekvmcusing on the interaction between trace
contaminants and different polymeric materials.

The active layer pore radius was found to be @&rdehing factor in the removal of
adsorbing contaminants in NF membranes. Steriaisia determines the amount of hormone that
penetratesi . partitions) inside the pore and therefore contaglsess to the internal surface area.

On the other hand, the hormones were shown torladisternally at pH 7, in contrast to
surface adsorption at pH 11 due to electrostapalston. The active layer internal area available
contributes alongside with the pore radius to thewant of hormone that can be adsorbed internally.
This suggests that if trace contaminant adsorpgsdie be avoided, trace contaminant partitioning

inside the active layer should be minimised, as asthe internal surface area.
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Supporting Information

Atotar Variability calculation

The total membrane surface area available is atleadiwith equation (B1):

2WLed

A =Agn+A, =WL(A-€) + (B1)

total
p

To determine the uncertainty of,A caused by variability of its parameters such, as and p, the

error propagation method was applied (equation B2):

2 2 2
AP ‘aAtotal Ae? +‘c?AtotaI A + dAtotal a2 (B2)
0€ or,
The uncertainty of A is given by:
2 2

DA = ‘—WL AL Ve ZWLS AS? + —2\’\/2"86 Ar? (B3)

r r r

p p p

The variability of each paramet&é andAr, is provided in Table 1 and Table 6, respectivéhe

variability of Ae was calculated from error propagation from equmef®4):

o

3
8 -
&/g) A

(B4)

Wheres is the membrane thickness (Table 1) aiie)(or A, is the parameter thickness to porosity
ratio obtained from fitting equation (1) to equati@), as discussed in the paper. Its variabifity i
provided in Table 6.

Propagation of equation (B4) gives equation (B%) @6):

os |°

0A

ae
2

Ae? = AA? + 2= NS? (B5)
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Table 1 Membrane characteristics

NaCl Average
Membrane| Permeability | Retention (%)| Roughness R Average Active ACt.Ne Laygr
Type | (Lhtm?Zbar’)| (0.1M, 10 (nm) Layer Thickness in
R BN Thickness (nm) Literature
bar)
(hm)
BW30 41+0.3 99.8 67.7+2.4 233 £ 88 [21] -
NF90 10.6 +1.6 88.7 61.7+21 218 £40 [23]
TFC-SR2 1] 125+23 22.3 179+0.6 345 £+ 28 -
TFC-SR2 2 7.2+0.6 23.4 17.9+0.6 345 + 28 -
TFC-SR3 6.7+0.8 40.8 52+0.6 400 + 10 -
NF 270 17.0+0.8 52.0 42 +0.3 21+24 [24, 25]
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Table 2 Polymer type, abbreviation (Abbr.), suppliend selected characteristics for polymer

powders used in adsorption studies: monomer maeeweight (MW) and contact angle (CA)

Monomer
Polymer Abbr. Supplier Structure MW CA (9)
(g/mol)
i
Polysulphone PSu Solvay *o@s@o{? 442 84 [28]
o}
Polyester: o o
Polyethylene| PET | Goodfellow >_©_‘/< . 192 81[29]
o o}
Teraphthalate N
Polyester:
*——0 o
Polyethylene| PEN | Goodfellow TO 4/ 242 80 [30]
O
Naphthalate '
Polyamide: H o
PA Goodfellow I 113 70 [29]
Nylon, 6 N -
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Table 3 Freundlich isotherm coefficients

Polymers| R° 1/n Ki
PA 0.99 1.5 3.5.16
PSu 0.97 2.7 7.6.10
PET 0.99 2.8 1.0.18
PEN 0.99 3.4 1.8.15
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Table 4Comparison between E2 diffusion cell adsorption thiedpolymer Freundlich isotherm

Diffusion Cell PA., PSup,
Conc (ng/L) C equil (ng/L) Mads (ng/cm?) C equil (ng/L) Mads (ng/cm?)
100 80 6.12E-01 95 2.04E-01
30 24 1.63E-01 29 4.08E-03
Freundlich
isotherm PA PSu
Conc (ng/L) C equil (ng/L) Mads (ng/cm?) C equil (ng/L) Mads (ng/cm?)
100 80 7.92E-01 95 2.09E-02
30 24 1.30E-01 29 8.50E-04
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Table 5 Organics characteristics

Organics| MW (g.mot) D., (m’.s") r (nm)
methanol 32 1.81.10[43] 0.13
dioxane 88.11 9.82.16[42] 0.24
xylose 150.13 7.50.16 [44] 0.31
dextrose 180.16 6.80.16[45] 0.34
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Table 6 Membrane pore radiug)(and thickness/porosity/g) ratio determination. The membrane

active layer thickness is given in Table 1
Actlye Layer Effective
Average Pore Radiug r Thickness Interfacial Area of
Membranes 9 P Porosity Ratio . Porosity
(nm) Active Layer Aotal
6/8 (sz)
(Hm)
BW30 0.32+0.01 54+15 2953 + 1776 0.04 +0.02
NF90 0.34+0.04 0.8+0.2 15439 + 6700 0.26 +0.08
TFC-SR2 2 0.52 +0.03 25+0.1 8501 + 1497 0.1404.0
TFC-SR2 1 0.46 +0.01 1.1+0.1 21461 + 3191 0.8208
TFC-SR3 0.38+0.01 1.60 £ 0.04 23817 + 1728 0.p04
NF 270 0.42 +0.02 1.10 £ 0.04 134 + 18 0.020 2.0
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Table 7 Comparison between the experimental andiHBgeseullie permeabilities

Experimental H-P
Membrane Permeability permeability
(m/s) (m/s)
BW30 1.25x10 2.81x10°
NF90 3.24x10 2.05x10°
TFC-SR2 2 3.82x10 1.63x10°
TFC-SR2 1 2.20x10 2.86x10°
TFC-SR3 2.05x10 1.33x10°
NF270 5.19x10 2.36x10°
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List of Figures

Figure 1 Cross-flow filtration set-up

Figure 2 Estradiol (E2) static adsorption (A) isothawnto different polymers (PA, PSu, PET and
PEN, Geeq =100 ng.L*, 200 rpm, 25°C) and (B) linear regression of thgatithmic form of the
Freundlich isotherm. Triplicates of selected experits were carried out and it was found that the

E2 mass adsorbed varied by +0.0005 ng/and feed equilibrium concentration by +0.12 ng/L

Figure 3 Electron density and resonance structures) @stradiol (E2) and B) estrone (E1), A)
polyamide (PA), B) polysulfone (PSu), C) polyetmgdeteraphthalate (PET) and D) polyethylene
naphthalate (PEN) [33]

Figure 4 Estrone (E1) and estradiol (E2) adsorptido tre polyamide (PA) and polysulfone (PSu)
sides of the NF270 membrane tested in a diffuseh(pH 7, 1000 rpm, feeq E1-PA= 100 ng.L,
Creed E1-PSU=20 ng.t, Ceeq E2-PA=100 ng.[}, Ceeq E2-PSu=30 ng.t, PES support layer
removed, 4.9 cfmof membrane area exposed, 125 mL of cell volurfieplicates of selected
experiments were carried out and it was found tthathormone mass adsorbed varied by +0.076
ng for PA and +0.066 ng for PSu

Figure 5 Real retention as a function of permeateflux for the different organic tracers for the
A) NF 270 and B) TFC-SR2 1 (Cross-flow conditioBge25 mgC.L*, Re= 1450, pH 7, 22C)

Figure 6 Estradiol (E2) retention and mass adsorbtsg Ads.) per cross-flow cell surface area
(ng.cm-2) with increasing effective average pomdius; membranes used are presented in Table 6
(Cross-flow conditions: feq initial=100 ng.L*, 24°C, 11 bar, Rg1450, and pH 7 and 11).
Triplicates of selected experiments were carriedamat it was found that steady-state retention did
not vary by more than + 5%, total mass adsorbetl ®¥8 ng.crif and J/J by + 0.02

Figure 7 Estradiol (E2) static isotherm (no presstoejhe NF 90, the BW 30 and the TFC-SR2 1
and 2 membranes {G&qinitial=24, 50, 100 and 200 ng*.24°C, 200 rpm and pH 7)
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Figure 8 Estradiol (E2) mass adsorbed per cross-florface aregMass Ads.) (ng.cif) and
membrane effective interfacial areaxé (cnf) with increasing effective pore radius (Table 6)
(Cross-flow conditions: faq initial=100 ng.L*, 24°C, 11 bar, Re1450, pH 7). The variability in

Awtal IS presented as error bar.

Figure 9 Estradiol (E2) mass adsorbed per crossdlavace are@Mass Ads.) for the NF90 and the
TFC-SR2 2 membrane for pH 7 and 11. (Cross-flow itimm: Geeq initial=100 ng.L*, Re=1450,
11 bar, 24C)

Figure 10 Estrone (E1) mass adsorbed extracted @f) the NF270 membrane for different
pressures used to saturate the membranes (fikatesction in cross-flow: T=24°C, Rel27, P=11

bar, MilliQ water, then MilliQ+acetone solution (2%static desorption: T=24°C, 200 rpm,
acetone). Triplicates of selected experiments waneed out and it was found that the variability in

hormone extraction was of + 8.5% for filtration eximents

Figure 11 Conceptual schematic of the effect ofifd@rnal surface area.&. active layer thickness

d) and (B) pore radius, in hormone adsorption in the active layer
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