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A B S T R A C T   

The effective removal of micropollutants necessitates the use of dense membranes, such as thin-film composite 
(TFC) reverse osmosis (RO) and nanofiltration (NF) membranes. TFCs have a polyamide active layer interfacially 
polymerized on a support layer that is typically made of polysulfone (PSu) or polyethersulfone (PES). Retention 
by NF and RO is often incomplete because micropollutants are adsorbed to the polymer material and subse
quently permeate via a combination of convection and diffusion, which evidences a breakthrough curve. When 
describing breakthrough phenomena, the role of the support membrane is commonly neglected, even though the 
adsorption in this layer can be significant. This work investigated the adsorption of steroid hormone micro
pollutants (17β-estradiol, E2) by fabricated and commercial PES ultrafiltration membranes with varying 
morphology. 

By increasing the coagulation bath temperature between 10 and 70 ◦C, the pure water permeability increased 
from 13 to 3800 L/m2⋅h− 1⋅bar− 1, and consequently, the average pore size rose from 12 to 191 nm. The fabricated 
membranes with smaller pore sizes showed higher E2 removal via adsorption which can be attributed to the 
higher internal surface area. The adsorbed mass of fabricated PES membranes (using dimethylformamide (coded 
as PDG) and N-methyl-2-pyrrolidone (coded as PNG) and PES (Istanbul Technical University (ITU), with non- 
woven supports) varies from 0.30 to 0.60, 0.27–0.60 and 1–1.2 ng⋅cm− 2, respectively. These values are lower 
than the adsorbed masses with commercial Biomax (Millipore Inc.) membranes (0.5–2.0 ng⋅cm− 2). Ultrafiltration 
membranes used as support for composite membranes, nanofiltration or as filters in sample preparation benefit 
from lower micropollutant adsorption.   

1. Introduction 

Polysulfone (PSu) and polyethersulfone (PES) belong to the poly
sulfone family group that consists of aryl (aromatic ring), ether (− O–), 
and sulfone (− SO2–) groups and display outstanding mechanical, ther
mal, and chemical stability [1,2]. These are commonly used in pressure- 
driven membranes as support layers of thin-film composite reverse 
osmosis (RO) [3] and nanofiltration (NF) [4] membranes, and separa
tion layers in ultrafiltration (UF) [5,6] and microfiltration (MF) [7] 
membranes. PSu/PES polymers can be easily processed and dissolved in 
common organic solvents such as N-methyl-2-pyrrolidone (NMP) and 
dimethylformamide (DMF). These properties allow PSu/PES-based 
membranes to be prepared via non-solvent induced phase separation 
(NIPS) [8–12]. Additionally, the chemistry of PSu/PES membranes can 
be modified by surface coating and photo-, electron-, and thermal- 

induced grafting to improve the anti-fouling and separation perfor
mance [13]. Further incorporation of nanomaterials can add reactive 
moieties that result in reactive (adsorptive and photo-/electrocatalytic) 
membranes [14–17]. Among the pressure-driven membranes using PSu/ 
PES as support, RO/NF [18] can retain small molecular weight pollut
ants by size exclusion and electrostatic repulsion. 

RO/NF membranes are required to remove micropollutants (MPs), 
which typically occur at very low concentrations (ng⋅L− 1 to μg⋅L− 1) in 
wastewater effluents and surface waters [19,20]. Micropollutants cause 
health concerns (such as endocrine disrupting effects) to aquatic or
ganisms and humans [21]. The removal of MPs with RO/NF is incom
plete as the MPs pass through the RO/NF membranes by initially 
adsorbing to the membrane polymers and then traveling through the 
membrane via a combination of convection and diffusion [22–24]. 
Furthermore, defects formed by the poor interfacial polymerization in 
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the selective layer of RO/NF make membranes more permeable and 
result in lower retention for MPs [25,26]. The breakthrough phenomena 
are similar to those in fixed-bed reactors [27], where adsorption occurs 
through various interaction mechanisms of MPs with membrane poly
mers. Unlike in adsorptive membranes, where adsorption is favorable 
[28,29], in RO/NF, adsorption is unwanted [22,30,31], and hence, the 
characteristics of polymers and MPs need to be examined to minimize 
adsorption [32,33]. 

In general, the adsorption process of an MP onto a polymeric mem
brane includes three main steps: (i) transport of the MPs from the bulk 
solution to the external surface (or the boundary layer) of the mem
brane. (ii) internal mass transfer from the outer surface (or the boundary 
layer) of the membrane to the inner surface of the porous membrane 
structure, and (iii) energetic interaction between the MPs and the sites of 
the membrane [34]. The last step (energetic interaction), when the MPs 
and surface are close (~1 nm), is determined by the affinity between the 
MPs and surface. Neutral MPs have a high affinity for membrane poly
mers such as PSu/PES and polyamide (PA) via π-π interaction (if the MPs 
are aromatic), hydrogen bonding, van der Waals forces [35], and hy
drophobic effects [24,36,37]. Negatively charged MPs can be repelled 
by the (negatively charged) membrane surface [38]. In contrast, neutral 
and especially positively charged MPs are more susceptible to adsorp
tion by membranes, which makes removal dependent on water chem
istry for some MPs [39]. 

In NF membranes, the adsorption of steroid hormone MPs has been 
examined in the thin-film polyamide layer [23,24], while PSu used as 
the support layer of commercial NF membranes is often neglected 
[24,36]. In the active layer, the pores are very small (sub-nanometers in 
diameter), and as a result of this close contact, the steroid hormone MPs 
readily partition to the polymer structure and transport in the adsorbed 
phase through this layer [40]. Increased pore sizes in the support 
structure or UF membranes result in stronger mass transfer limitations 
and typically lower adsorbed mass [42]. However, commercial PES 
(Millipore Biomax) membranes adsorb significant amounts of steroid 
hormones where up to 80 % removal has been reported [43,44]. Other 
lab-made UF PES membranes adsorbed 10–30 % of aromatic organic 
pollutants, including bisphenol A (BPA), ciprofloxacin, chloramphen
icol, methyl orange, and methylene blue, albeit in relatively high con
centrations (1 mg⋅L− 1) [45]. 

The combination of adsorption, intrinsic retention, and diffusion 
through membrane leads to the breakthrough phenomena that was 
observed in RO/NF and UF/MF [22,46]. Hormones gradually saturate 
the adsorption sites of membranes; the steroid hormones that pass 
through the membrane, reaching an equilibrium [22,30,31]. In RO/NF, 
when the membranes retain the micropollutants, the concentration po
larization layer enhances diffusion and results in a steeper breakthrough 
curve [23]. Membrane materials that adsorb fewer micropollutants 
readily reach adsorption equilibrium and saturation, and a break
through can be observed. This can be applied in membrane fabrication 
using polymers with less adsorptive properties, such as hydrophilic 
membranes for hydrophobic micropollutants [44] and membranes with 
a smaller specific surface area (fewer active sites) [47–50]. 

In the first instance, membrane morphology will determine perme
ability and rejection, while porosity and flux alternate the hydraulic 
residence time that is required for adsorption. The support layer and UF 
membrane properties (pore size, porosity, and thickness) can be 
adjusted via the fabrication technique and configuration. Various 
methods for producing membranes have been proposed, including non- 
solvent-induced phase separation (NIPS), temperature-induced phase 
separation (TIPS) [53], and vapor-induced phase separation (VIPS) [54]. 
Among these, NIPS is commonly used in industry and laboratory fabri
cation [51,52]. At a given membrane thickness, membrane pore size 
[55–59] and porosity [60] are the morphological factors determining 
membrane permeability. For instance, membrane permeability in
creases with the decrease in polymer concentration [51,61] or the in
crease in coagulation bath temperature [55–59] due to increased pore 

size and porosity. 
The surfaces of membranes fabricated via phase separation are rough 

and structurally heterogeneous; hence, they provide high-energy 
adsorption sites for MP adsorption [62,63]. Membrane pore size and 
porosity can be modified by controlling the concentration and molecular 
weight (MW) of porogens (added to form pores), such as polyethylene 
glycol (PEG) and polyvinylpyrrolidone (PVP) [64–69], coagulation bath 
temperature [56–59], and polymer concentration [51,61,71]. A lower 
surface area for adsorption can be attained by increasing the concen
tration of porogens [49]. The permeability of membranes will increase 
due to a larger pore size [55–59] and higher porosity [60], which is 
attained by decreasing the polymer concentration [51,61] or increasing 
coagulation bath temperature [55–59] and porogen concentration 
[68,72]. 

By casting a polymer solution on glass and immersing it in a coag
ulation bath (NIPS), asymmetric UF membranes can be produced with a 
dense layer that is sub-micrometers or several micrometers in thickness 
[51,52]. The finger-like or sponge-like morphology of the sub-structure 
can be induced by adjusting the composition of the polymer solution, 
pre-evaporation time, humidity, coagulation bath temperature, and 
composition of the coagulation bath [52,73]. Compared to cylindrical 
structure, the tortuosity in sponge-like structures increases the likeli
hood of “collision” between micropollutants and membrane polymers 
and enhances adsorption, while smaller pore sizes in sponge-like struc
tures will equally enable such contact [41]. 

In membrane filtration, the membrane can be assumed as a plug-flow 
reactor [74] and the contact time (without adsorption) of adsorbate in 
the membrane is described with the hydraulic residence time [75]. The 
higher adsorption capacity was observed when the water flux was 
reduced, which can be attributed to the longer hydraulic residence time 
that allows the adsorbate to access the internal pores of materials 
[76,77]. To increase the hydraulic residence time, increasing membrane 
thickness, or reducing water flux are two methods to increase adsorption 
capacity [78,79]. 

Most studies focus on the impacts of morphology on performance 
concerning permeability and rejection. Although some fabrication 
methods for commercial membranes can be found in patents [80,81], 
the material properties and additives are typically proprietary infor
mation and specific details are not available to explain adsorption. In 
such membranes, the contribution of morphology, including pore size, 
surface area, macrovoids, and macrovoid-free structures, to adsorption 
is not well understood. This study investigates the influence of 
morphology, particularly the pore size and surface area, on E2 adsorp
tion. The results of fabricated PES membranes (with macrovoid struc
ture) are compared with the adsorption results of commercial PES 
membranes (with macrovoid-free structure). The specific research 
questions are: (i) How do the fabrication parameters (coagulation tem
perature and solvent) affect the pore size and surface area of PES 
membranes? (ii) What is the E2 adsorption of PES membranes that are 
fabricated with varied fabrication parameters (coagulation bath tem
perature and solvent type)? (iii) How does the E2 adsorption of com
mercial membranes (Biomax) compare with fabricated PES membranes? 

2. Materials and methods 

2.1. Membrane preparation and properties 

The fabricated PES membranes were prepared using the NIPS 
method [51]. Polyethersulfone (PES, >99 %, 3100P, Solvay, Belgium), 
polyethylene glycol (PEG-6000, Merck, USA), dimethylformamide 
(DMF, >99.8 %, Sigma Aldrich, USA), and N-methyl-2-pyrrolidone 
(NMP, 99.9 %, VWR, Germany) were used in the fabrication. A mix of 
14 wt% PES and 2 wt% PEG is dissolved in DMF or NMP, where 14 wt% 
PES was selected for the polymer concentration and 2 wt% PEG was 
selected to attain high membrane permeability [2,51]. The polymer 
solution was stirred at 50 ◦C for 24 h and sonicated for 10 min to remove 
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bubbles. The solution was then cast onto a glass plate (thickness 3.8 mm, 
Borofloat@33, VWR, Germany) using a doctor blade (ZAA2300, 
Zehntner Testing Instruments, Switzerland) with a temperature of 22 ±
2 ◦C and relative humidity of 44 ± 2 % maintained by an air conditioner 
controller (CZ-RTC4, Panasonic, Japan) and the recorded temperature 
and humidity were shown in Table S4. The casting height was main
tained at 250 µm, and the casting rate was set to 50 mm.s− 1. The plate 
with the casted polymer solution was immersed immediately in deion
ized water (DI) as a non-solvent in a coagulation bath (Alpha RA24, 
Lauda, Germany) at different water temperatures (10–70 ◦C) for 5 min, 
then kept submerged for 12 h in a large beaker containing fresh DI water 
for removing residual compounds. The fabricated PES membranes are 
coded as PDG and PNG, where P stands for PES, D for DMF, G for PEG, 
and N for NMP, which are the components of membrane material. The 
following number refers to the coagulation bath temperature. 

For reference purposes, the fabricated PES membranes (with 16 % 
PES and 6 % PVP, formed in a coagulation bath temperature of 25 ◦C 
coded as ITU-25 and with 16 % PES, 6 % PVP, formed in a coagulation 
bath temperature of 50 ◦C coded as ITU-50) were fabricated by MEM- 
TEK (Istanbul Technical University, Turkey) [82]. In brief, PES 
(72,000 kDa, BASF, Germany) and PVP (40,000 kDa, Sigma-Aldrich, 
USA) were used as membrane components, and DMF (>99.8 %, 
Merck, Germany) was used as a solvent. The mixture of these polymers 
(16 % PES and 6 % PVP) was cast on a non-woven support layer (instead 
of glass) with a casting knife (Automatic Film Applicator, Sheen, 
Netherlands). The non-woven support layer introduces additional sur
face area for MP adsorption. The casting height was maintained at 250 
µm, and the casting rate was set to 50 mm.s− 1. The evaporation time was 
set to 10 s. After evaporation, the glasses with the casted polymer so
lution were immersed in a coagulation bath for 5 min. The membranes 
were transferred to a clean container and submerged with deionized 
water. 

The commercial PES membranes were supplied by Merck Millipore 
(USA) with varied molecular weight cut-offs (MWCOs), namely PBGC, 
PBTK, PBQK, PBHK, PBMK, and PBXK, with MWCOs of 10, 30, 50, 100, 
300, and 1000 kDa, respectively. The MWCO corresponds to an average 
pore size of 5–62 nm [83]. The Biomax membranes have a PES-dense 
layer, a microporous sub-structure and a polyolefin (polyethylene and 
polypropylene) support layer, with a total thickness of 280 μm [84]. 

2.2. Characterization of membrane morphology 

The cross-section membrane samples for SEM evaluation were pre
pared using a cryomicrotome (CM-1860UV, Leica, Germany). Before 
sectioning, the membrane sample was frozen in a tissue freezing me
dium (Leica) at − 30 ◦C. The sample was then cut with a low-profile 
microtome blade (DB80LX, Leica, Germany). Scanning electron micro
scopy (SEM, XL 30, Philips, Netherlands) was used for Fig. 2, the SEM 
(Supra 60VP equipped with SE-ll detector, Zeiss, Germany) was used for 
Fig. 5, and the samples were coated with a 10 nm layer of conductive 
gold by a sputter coater (SCD005, BAL-TEC). The SEM (Ultra 55, Zeiss, 
Germany) was carried out for Fig. 3 and the samples were coated with a 
30 nm layer of chromium using a sputter system (Z400, Leybold, Ger
many). A Hitachi SU8020 ultra-high resolution field emission scanning 
electron microscope (UHR FE- SEM) was used for Fig. 4. and the samples 
were sputter coated with chromium using Q150T ES coater (Quorum 
Technologies Ltd., Lewes, UK). 

Porosity (Table S3) was measured using the weight difference be
tween wet and dry membranes. Membrane thickness (Table S3) was 
measured from SEM micrographs using Image J (v 1.53k). The tool of 
the straight line was used for setting the scale bar. Pore size (Table S3) 
was calculated by both Hagen-Poiseuille [85] (water flow through the 
membrane with cylindrical capillaries) and Carman-Kozeny equation 
[86,87] (water flow through the membrane with porous medium). 
Membrane permeability was required to apply the above equations. The 
membrane permeability (Table S3) of varied membranes was measured 

from filtration experiments with Milli-Q water at 23 ◦C and varied flow 
rates. 

To analyze the surface area of PES membranes, Nitrogen adsorp
tion–desorption isotherms were collected at 77 K during the equilibrium 
interval of 30 s using an N2 adsorption analyzer (Micromeritics, ASAP 
2020). Prior to the measurement, samples were degassed at 100 ◦C for 6 
h under vacuum. The Brunauer–Emmett–Teller (BET) method was uti
lized to calculate the specific surface areas using adsorption data in a 
relative pressure (P/P0) range from 0.02 to 0.2. The nitrogen adsorption 
isotherms are shown in Fig. S8. 

2.3. Membrane filtration system 

The filtration system, consisting of three 10 mL dead-end filtration 
cells (maximum pressure 5.2 bar, Millipore-8010, Germany), connected 
with a single peristaltic pump (Masterflex® L/S®, Cole-Parmer, USA) 
with a pump head (Model 07516-10, Cole-Parmer, USA), balance 
(AX622/E, Ohaus, USA), and a computer for data collection (see Fig. 1). 

A membrane of 2.5 cm diameter (whole membrane area of 4.9 cm 
[2], effective membrane area of 3.8 cm2) was fitted into the base of the 
membrane cell and the cell was then tightened. The filtration protocol is 
shown in Table S1. 

In the main experiments, the pump flow rate was set to 1.2 mL.min− 1 

except for PDG-10 for all membranes. Due to the very low permeability 
of PDG-10, the flow rate was set to 0.3 mL.min− 1 in this particular 
experiment. The stirring speed was set to 400 rpm. A total permeate 
mass of 180 g was collected and measured by a balance (AX622/E, 
Ohaus, USA). The permeate mass was converted to volume using a 
density of 1000 ± 10 kg.m− 3 at 24 ± 2 ◦C. The temperature of the feed 
and pressure were recorded by temperature (TA2145, IFM, Germany) 
and pressure sensors (PT5415, IFM, Germany) which were connected to 
a data acquisition module (NI 9203, National Instruments, USA) and 
were monitored by LabView software (version 2014, N1, USA). 

2.4. Micropollutants and solution chemistry 

The steroid hormone, estradiol (E2) was chosen as a model micro
pollutant because it is commonly detected in surface water, outlet of 
wastewater effluents [88,89] and its adverse effect to aquatic organisms 
[90]. The stock solution was prepared from a concentrated radiolabeled 
solution that was supplied with a specific activity of 91 Ci⋅mmol− 1, 
corresponding to the specific mass activity of 1.2 • 104 Bq⋅ng− 1. Tritium 
labeled E2 (LLT, Perkin Elmer, USA) was used at a concentration of 100 
ng⋅L− 1 and was prepared by diluting 10 μg⋅L− 1 of E2 stock solution. 

100 mM NaCl (99.5 %, Thermo Scientific) and 10 mM NaHCO3 (100 
%, VWR) were prepared as a stock solution for the background elec
trolyte. Experiments were carried out in a background electrolyte of 10 
mM NaCl and 1 mM NaHCO3 with a neutral pH of 8.0 ± 0.1. Ultrapure 
Milli-Q water (Milli-Q® Reference A+, Merck) was used for preparing 
stock hormone solutions, stock background electrolyte solutions, and 
feed water. 

2.5. Analysis of micropollutant concentration and water quality 

A liquid scintillation counter (LSC 2500 TR/AB, Packard, USA) was 
used to quantify the amount of tritium (3H) labeled E2 in 1 mL of 
permeate sample mixed with 1 mL of Ultima Gold LLT scintillation 
cocktail (Perkin Elmer, USA). The LSC calibration was performed by 
measuring the activity of tritium (Bq) in samples of known E2 concen
trations. Standard solutions of E2 (0, 0.05, 0.1, 0.4, 1, 10, 50 and 100 
ng⋅L− 1) were prepared by dilution of the supplied native solution. A 
calibration is shown in Fig. S10. A radiolabeled sample with a β-emitter, 
such as tritium (3H), transfers its decay energy to a scintillation cocktail, 
which contains an aromatic solvent and a scintillator. The majority of 
the decay energy from the radioactive sample is absorbed by the aro
matic solvent. This solvent subsequently transfers the absorbed energy 
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to the scintillator, while the scintillator emits photons of light with de- 
excitation. The intensity of this emitted light is measured, converted 
into electrical pulses and quantified to activity [91]. As a result, the 
concentration of radiolebelled samples can be analyzed by preparing a 
calibration curve using standard concentrations. The pH/conductivity 
meter (pH/Cond 3320, WTW, USA) with pH sensor (SenTix® 41) was 
used for pH measurement. The adsorbed mass (E2 adsorbed on mem
brane specific to membrane area) was calculated using Eq. S3 in 
Table S2. 

The experiments of static adsorption were conducted by an incubator 
shaker (Innova 43, Eppendorf, Germany) at 20 ℃ and 260 rpm. Radi
olabeled hormones stock solutions (10 µg/L) and non-radiolabeled 
hormone stock solutions (10 mg/L in methanol) were diluted with a 
background electrolyte solution in Milli-Q water (Merck Millipore, 
Germany; resistivity >18.2 MΩ/cm at 25 ℃) to obtain feed concentra
tions of 0.1, 1, 10, 100 and 1000 μg/L. Membrane coupons (25 mm 

diameter) were soaked in 100 mL of E2 solution. A sample of 2.5 mL was 
taken from the solution at different times (0, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 6, 
7, 24 and 26 h) to analyze E2 concentration. The adsorption isotherms 
are shown in Fig. S9. 

3. Results and discussion 

Membranes were firstly fabricated at varied parameters (coagulation 
bath temperature and organic solvent) and then examined for their 
membrane properties including cross-section, membrane permeability, 
average pore size, and calculated internal surface area. Secondly, E2 
filtration was performed with the fabricated PES membranes to eluci
date the adsorption difference caused by the coagulation bath temper
ature and organic solvent. Thirdly, the E2 filtration results of the 
fabricated PES membranes were compared with the commercial PES 
membranes in which the average pore size is governed by different 

Fig. 1. Schematic of filtration process with a 10 mL Perspex stirred cell.  

Fig. 2. Cross-section SEM images of the fabricated PES membranes with solvents DMF (PDG) and NMP (PNG) and different coagulation temperatures 10, 22, 35, 50, 
60, and 70 ◦C (A to F for PDG and G to L for PNG), the zoom-in of the dense layer is shown in the yellow box (SEM images prepared by Tawheed Hashem (KIT-IFG)). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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molecular weight cut-off. The pore size and internal surface area are 
later discussed to understand their impacts on E2 adsorption. 

3.1. Membrane morphology variation with coagulation bath temperature 
and organic solvent 

In order to understand how the coagulation temperature controls the 
membrane, the PES membranes were fabricated with both organic 
mixtures (PDG and PNG) and different coagulation bath temperature 
from 10 to 70 ◦C and visualized in SEM. The variation in pore 
morphology in the membrane cross-section is illustrated in Fig. 2. 

A denser layer with thicknesses within 1 µm was found on top of each 
membrane, where separation of water components should occur. The 
fabricated PES membranes coagulated at higher temperatures have 
more macrovoids in the sub-structure below the dense layer because a 
higher coagulation bath temperature increases the solvent exchange rate 
and thus induces more macrovoids [55–59]. Additionally, the mem
brane thickness increased with the increase in coagulation temperature. 
The thickness of the PDG membranes increased from 79 to 95 μm, and 
that of the PNG membranes increased from 90 to 159 μm with increasing 
coagulation temperature from 10 to 70 ◦C. This trend is attributed to 
instantaneous de-mixing that forms porous structures, whereas slow de- 
mixing results in denser structures [55–57]. With the same volume of the 
organic mixture, the denser structure requires less membrane volume 
and, hence, thickness. The PNG membranes have more macrovoids and 
a more open sub-structure than the PDG membranes at the same coag
ulation temperature. This is attributed to the higher solvent exchange 
rate of NMP (for PNG membranes) than DMF (for PDG membranes) 
[58,92]. DMF induces stronger hydrogen bonding (C=O•••H–O–H) 
with water than NMP does when the casting solution is in contact with 
water in the coagulation bath, which causes gradual solidification and a 
lowered solvent exchange rate [92]. However, no clear differentiation 
between sponge and finger-like structures was obtainable. The surface 
morphology was visualized with SEM to reveal the variation of pore size 
in the dense layer with coagulation temperature (Fig. 3). 

Fig. 3 (A, C) shows that the surfaces of fabricated PES membranes 
that have coagulated (both PNG and PDG) are grainy (where the grains 

are formed at 10 ◦C) and have small pores with a diameter of several 
nanometers. In contrast, the surfaces of membranes coagulated at higher 
temperatures (Fig. 3 (B, D)) have a more open morphology. Besides 
increasing the macrovoids, the higher solvent exchange rate at higher 
coagulation temperatures allows the broadening of pores [55–59]. At a 
high coagulation temperature of 70 ◦C, the PNG membrane shows more 
open surface morphology than the PDG membrane due to the faster 
solvent exchange rate of NMP than DMF [92]. 

The observations from surface and cross-section visualization are 
consistent, as higher coagulation temperatures result in faster solvent 
exchange rates and more open structures. To further confirm the influ
ence of coagulation bath temperature on membrane morphology, 
alternative PES membranes (coded as ITU-25 and ITU-50) were fabri
cated at 25 and 50 ◦C in the coagulation bath. Unlike the PDG and PNG 
membranes, these ITU membranes were deposited on non-woven sup
port fibers. The cross-sectional structures of the ITU membranes are 
shown in Fig. 4. 

Fig. 4 (A, B) shows that the ITU-50 membrane (coagulation bath 
temperature 50 ◦C) has larger macrovoids with finger-like structure and 
a thicker cross-section than the ITU-25. Similar to the PDG and PNG 
series, increasing the solvent exchange rate with higher solvent coagu
lation bath temperatures induced larger macrovoids in ITU membranes. 
Comparing the ITU-25, ITU-50 with fabricated PES membranes at 22 
and 50 ℃ (i.e. PDG-22, PNG-22, PDG-50 and PNG-50), the fabricated 
PES membranes show larger macrovoids in the sub-structure and thicker 
cross-section which can be attributed to fast diffusion of non-solvent to 
the polymer-rich solution and no non-woven support as a barrier for the 
water intrusion [73]. 

For various fabricated membranes (PDG, PNG, and ITU series) a 
higher coagulation bath temperature consistently results in more mac
rovoids in the substructure and a thicker cross-section. The larger the 
pore sizes and the more open sub-structure (due to coagulation bath 
temperature), the higher the water permeability observed for all mem
brane types (PDG, PNG, and ITU) (Figs. S1 and S2). The more open 
structure results in larger mass transfer limitations (through the bulk 
and boundary layer) for adsorption and a potentially reduced surface 
area. 

Fig. 3. Surface SEM images of the fabricated PES membranes, (A, B) PDG and (C, D) PNG, coagulated at 10 and 70 ◦C (SEM images provided by Kristina Fischer 
(IOM, Leipzig)). 
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3.2. Membrane morphology of commercial PES membrane (Biomax) 

The morphology of commercial PES membranes (Biomax) was 
examined for reference purposes, as these membranes show consistent 
separation results from literature [93,94] and good availability of 
morphological data (MWCO, pore size, thickness, and membrane ma
terials) [84]. The cross-section images of Biomax membranes (various 
MWCO) are shown in Fig. 5. 

Fig. 5 shows a microporous sub-structure underneath a thin, dense 
layer (the thickness of this dense layer was not accurately quantified in 
the SEM but was in the order of 1 µm). Unlike in fabricated membranes, 
the finger-like macrovoids are not present in these commercial mem
branes, as the sub-structure appears relatively homogeneous with uni
form micropore sizes (in the order of 0.1–1 µm). The dense sub-structure 
allows more surface area for adsorption, while smaller pore/macrovoid 
size reduce mass transfer limitations. In the case of membrane thickness 
(including a thin, dense layer and microporous sub-structure), 300 and 
1000 kDa have the thickest cross-sections with a number of 102 and 93 
µm, respectively. 10, 30, 50, and 100 kDa are in the range of 50–66 µm. 

Steroid hormone (E2) adsorption will be examined in breakthrough 
experiments at the same flux (190 L⋅m− 2⋅h− 1) to determine how varying 
membrane morphology affects adsorption. 

3.3. Breakthrough curves of estradiol 

To determine how the varied membrane morphology (more open 
morphology was attained with PNG compared with PDG and at higher 

coagulation bath temperatures) impacts micropollutant adsorption, the 
breakthrough curves that indicate how E2 concentrations varied with 
permeate volume are shown in Fig. 6. 

Fig. 6 (A, B) shows the E2 concentration increased gradually due to 
adsorption to reach the feed concentration of 100 ng⋅L− 1 after collecting 
100 mL of permeate. From 100 to 180 mL, the permeate concentration 
was equal to the feed concentration. This confirms that the membranes 
did not reject E2, as expected, given the small size of the E2 molecule. 
When the permeate concentration is equal to the feed concentration, 
adsorption saturation occurs, which means the adsorbed mass reaches a 
maximum and does not further increase with increasing permeate vol
ume. Fig. 6 (C, D) shows the adsorbed mass decreased from 0.6 to 0.3 
ng⋅cm− 2 with increasing coagulation bath temperature (from 10 to 70 
℃) with both PDG and PNG membrane series. 

The PDG and PNG membranes showed similar adsorbed mass at the 
same coagulation bath, although the sub-structure of the PNG mem
branes is more open than that of the PDG membranes. The fabricated 
ITU membranes were then examined to determine whether the decrease 
in adsorbed mass with increasing coagulation temperature could be 
confirmed. The results are shown in Fig. 7. 

Fig. 7A shows ITU-25 and ITU-50 reached 100 ng⋅L− 1 after collecting 
180 mL of permeate, which shows membrane adsorption saturation. 
Fig. 7B shows that ITU-50 coagulated at higher temperatures has lower 
adsorbed mass than ITU-25. ITU-50 reached a constant 1 ng⋅cm− 2 of 
adsorbed mass after collecting 180 mL of permeate, while the adsorbed 
mass of ITU-25 was 1.3 ng⋅cm− 2 at 180 mL and still appeared to increase 
further. 

Fig. 4. Cross-section SEM images of (A) ITU-25 and (B) ITU-50, the zoomed images of the dense layers are shown in the yellow box (SEM images provided by Prof. 
Joanna Grzechulska-Damszel (West Pomeranian University of Technology in Szczecin). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 5. Cross-section SEM images of the Biomax membranes (the non-woven supports are excluded). 10, 30, 50, 100, 300, and 1000 kDa (A to F) and zoomed images 
of dense layers (thickness is not quantifiable) and microporous substructures are shown in the yellow box (SEM images provided by Dr. Justine Nyarige (IMT, KIT)). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The adsorbed mass by PES membranes (ITU) was higher (1 ng⋅cm− 2 

at 50 ◦C and 1.3 ng⋅cm− 2 at 25 ◦C) than PDG and PNG membranes (0.4 
ng⋅cm− 2 at 50 ◦C and 0.6 ng⋅cm− 2 at 22 ◦C). The difference between 
these membranes may be attributed to the higher surface area (it is 
noted that the ITU membrane also comprises a non-woven support that 
provides adsorption sites) and higher PES content in the membranes (14 
% for PDG and PNG and 16 % for ITU), allowing the dense layer to have 
a higher density [48,66] and additional adsorption sites for E2 [51,61]. 

In the next section, the adsorbed mass will be examined with com
mercial PES membranes (Biomax) as a reference to the adsorbed mass 
with fabricated PES membranes (PDG, PNG, and ITU). This approach 
was chosen as the role of the pore size cannot be elucidated in the 
fabricated PES membranes as several morphology parameters are 
changed simultaneously in fabrication. 

3.4. Estradiol breakthrough curve of biomax membrane 

Biomax membranes have sponge-like, macrovoid-free structures and 
are available over a broad MWCO range (pore size from 9 to 36 nm). The 
E2 adsorption of Biomax membranes for a range of membrane MWCO 
from 10 to 1000 kDa (Fig. 8) can be compared to the more heteroge
neous fabricated PES membranes that contain macrovoids. 

In Fig. 8A, the higher MWCO membranes (300 and 1000 kDa) 
reached 100 ng.L− 1 of feed concentration after collecting 100 mL of 
permeate volume and displayed a steeper breakthrough than the lower 
MWCO membranes (10–100 kDa). Fig. 8B shows the adsorbed mass 
decreases with increasing MWCO; 10 to 100 kDa adsorbed about 2 
ng⋅cm− 2, and 300 and 1000 kDa achieved adsorption saturation of 0.7 
and 0.5 ng⋅cm− 2, respectively. This can be attributed to the reduction in 
pore size where surface area increases and mass transfer limitation in the 
dense layer reduces with decreasing pore size. 

After understanding the difference in breakthrough curves and 

Fig. 6. (A, B) E2 concentration and (C, D) adsorbed mass as functions of permeate volume of PDG and PNG membranes (E2 100 ng⋅L− 1, pH 8.1 ± 0.1, 22.6 ± 0.4 ℃, 
1.2 mL⋅min− 1 for all membranes and 0.3 mL⋅min− 1 for PDG-10), dCK : pore size using Carman-Kozeny equation, the fabricated PES membranes are coded as PDG and 
PNG, where P stands for PES, D for DMF, G for PEG, and N for NMP, which are the components of membrane material, the subsequent number refers to the 
coagulation bath temperature. 

Fig. 7. (A) E2 concentration and (B) adsorbed mass as functions of permeate volume of ITU membranes (E2 100 ng⋅L− 1, pH 8.1 ± 0.1, 22.6 ± 0.4 ℃, 1.2 mL⋅min− 1), 
dCK: pore size using Carman-Kozeny equation. 
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adsorbed mass caused by the varied membrane morphology, the influ
ence of hydraulic residence time on E2 adsorption is then investigated 
since it is controlled by membrane thickness and porosity. 

3.5. Hydraulic residence time of fabricated PES and commercial 
membranes 

The hydraulic residence time determines the contact time of E2 in 
the membranes without adsorption, and it increases with thicker cross- 
section and higher membrane porosity. To elucidate if the hydraulic 
residence time enhances the E2 adsorption in the fabricated membranes 
that coagulated at higher bath temperatures. The membrane porosity, 
membrane thickness and calculated hydraulic residence time are shown 
in Table S3. The adsorbed mass with hydraulic residence time is shown 
in Fig. 9. 

Fig. 9 shows that adsorbed mass decreases with hydraulic residence 
time, which is surprising. The hydraulic residence time of the fabricated 
PES membrane (PDG, PNG and ITU) increases slightly with coagulation 
bath temperature, which was attributed to the increase of both mem
brane thickness and porosity. However, the adsorbed mass of the 
fabricated PES membrane (PDG, PNG and ITU) does not show a positive 
increment with hydraulic residence time. In the case of Biomax mem
branes, the higher MWCO membranes (300 and 1000 kDa) have a higher 
hydraulic residence time than the lower MWCO membranes (10, 30, 50, 
100 and 300 kDa). Nevertheless, the adsorbed mass is lower, suggesting 
the hydraulic residence time is not a limiting factor for E2 adsorption in 
both fabricated PES and commercial membranes. The lower adsorption 
may be attributed to the lower surface areas [64,72] and stronger mass 
transfer limitations [95] with decreasing pore size. It is challenging to 
control membrane morphology in a systematic manner, one parameter 

at a time. 
Findings from PES-fabricated (PDG, PNG, and ITU) and commercial 

membranes suggest that pore size or membrane internal surface area 
plays an important role, which will be illuminated in more detail. 

3.6. Effect of average pore size and internal surface area on E2 adsorption 

The adsorbed mass is illustrated in Fig. 10A to elucidate the effect of 
average pore size on E2 adsorption. Since the fabricated PES membranes 
have asymmetric structures, the calculated pore size represented the 
‘average’ pore size in the membrane. This clearly compromises the re
sults. The average pore size was calculated using the Carman-Kozeny 
equations (Eq. S11 in Table S2). The shape of the pore was assumed to 
be a cylinder shape for calculating surface area from the surface-to- 
volume ratio, and the calculated results are shown in Table S3. The 
calculated averaged pore size does not present the real pore size on the 
surface but is used for understanding the influence of pore size on E2 
adsorption. It is noted that by averaging the pore size, the effect of mass 
transfer (which is more limiting in the sub-structure macrovoids than in 
the skin layer pores) is excluded in the adsorption analysis. The adsorbed 
mass expressed in the mass of the membrane is shown in Figure S6. 

Fig. 10A shows the fabricated PES membranes (PDG, PNG) with a 
smaller average pore size have higher E2 adsorption. This can be 
attributed to the denser skin layer [51,61,71] and reduced diffusion time 
(Eq. S12) for adsorption. This effect has been characterized in membrane 
chromatography [96]. However, in asymmetric membranes, the mass 
transfer is more efficient, and hence adsorption is stronger in the dense 
layer than in the sub-structure macrovoids. In the case of PES (ITU) 
membranes, it has a bigger average pore size (70–150 nm) than PES 
(PDG, PNG), and higher E2 adsorption. This may be due to the higher 
mass of porogen that induced a bigger pore size, while the higher E2 
adsorption could be due to the higher PES content in membranes, which 
provides extra active sites for adsorption [51,61,71]. In the case of 
Biomax membranes, membranes adsorb 2 to 3 times more E2 (1.5–2 
ng⋅cm− 2) than macrovoid membranes (PNG, PDG, and PES (ITU)). It is 
anticipated that this is due to the macrovoid-free structure of Biomax 
membranes. The average pore size and internal surface of membranes 
are typically modified simultaneously. It is important to consider the 
internal surface area to elucidate the contribution of both morphological 
parameters. The cross-section of Biomax membranes has a macrovoid- 
free structure, which is different from fabricated PES and PES (ITU). 
Here, the internal surface areas were calculated to investigate its impact 
on E2 adsorption. The shape of the pore was assumed to be cylindrical, 
and the internal surface area (Eq. S9) was estimated from the surface-to- 
volume ratio and volume of PES in the membrane coupon (see Table S3). 

Fig. 10B shows that the calculated internal surface area decreased 
with increasing coagulation bath temperature in fabricated PES mem
branes (PNG and PDG). This is because the change in coagulation bath 

Fig. 8. (A) E2 concentration and (B) adsorbed mass as functions of permeate volume of Biomax® membranes (E2 100 ng⋅L− 1, pH 8.1 ± 0.1, 22.6 ± 0.4 ℃, 1.2 
mL⋅min− 1), dCK: pore size using Carman-Kozeny equation. 

Fig. 9. Adsorbed mass as functions of the hydraulic residence time of PES 
membranes (E2 100 ng⋅L− 1, pH 8.1 ± 0.1, 22.6 ± 0.4 ℃, 1.2 mL⋅min− 1). 
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temperature reduces the number of pores in membranes while 
increasing the diameter of pores [70]. However, the increase in surface 
area does not influence E2 adsorption for PDG, PNG and PES (ITU) 
membranes. In the case of Biomax membranes, it shows the adsorbed 
mass increased with increasing internal surface area which can be 
attributed to the additional active sites for E2 adsorption. Further 
analysis of specific surface area was conducted by gas adsorption 
analyzer. Fig. S7 shows a similar trend that the increase in specific 
surface area does not have an obvious impact on E2 adsorption in the 
fabricated PES membranes (PDG and PNG) but shows a positive incre
ment in the Biomax membranes. Furthermore, Biomax membranes have 
sponge-like structures with a tortuosity of 1.8 to 2.5, which is higher 
than a finger-like structure [97,98]. The sponge-like structure can cause 
better contact between the E2 and the membrane polymer (tortuosity 
and friction) and hence enhance adsorbed mass [41]. 

4. Conclusions 

This research attempts to investigate how the membrane 
morphology is affected by the fabrication parameters and how these 
parameters control the E2 adsorption by comparing the commercial PES 
membranes in filtration. This challenging objective seeing that it is not 
possible to selectively alter specific morphology parameters. 

From the SEM images and membrane permeability, the coagulation 
bath temperature created bigger pores and porous structures in the 
membrane. A larger pore size was obtained from the membranes fabri
cated with NMP. 

The fabricated PES (PDG, PNG) and PES (ITU) membranes that have 
a smaller average pore size have higher E2 adsorption (0.6 and 1.3 
ng⋅cm− 2, respectively). This can be attributed to the denser skin layer 
and decreasing pore size, which have less mass transfer limitation in E2 
adsorption. The internal surface area is affected by membrane porosity, 
shape of pores, tortuosity, pore size, and membrane thickness, which 
makes it difficult to conclude how surface area affects E2 adsorption. 
However, the sponge-like (macrovoid-free) structure of Biomax can 
contribute to higher friction between E2 and membrane polymer than 
the finger-like macrovoid structure and cause higher E2 adsorption. 

The findings demonstrate that by controlling the membrane fabri
cation parameters, the adsorption of MPs can be reduced during filtra
tion. The adsorbed mass (0.2–0.6 ng⋅cm− 2) are lower than the adsorbed 
masses with Biomax membranes (0.5–2.0 ng⋅cm− 2). Lower adorption is 
beneficial for the use of membranes in composites, as support layers in 
thin-film composite membranes as well as in filters in the analysis of 
steroid hormone micropollutants. 
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