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Abstract 

This study focuses on the adsorption kinetics of four highly potent sex hormones (estrone (E1), 17β-

estradiol (E2), 17α-ethinylestradiol (EE2), and estriol (E3)), present in water reservoirs, which are 

considered a major cause of fish feminization, low sperm count in males, breast and ovarian cancer in 

females induced by hormonal imbalance. Herein, electrospun polymeric nanostructures were 

produced from cellulose acetate, polyamide, polyethersulfone, polyurethanes (918 and elastollan), 

and polyacrylonitrile (PAN) to simultaneously adsorbing these estrogenic hormones in a single step 

process and to compare their performance. These nanofibers possessed an average fiber diameter in 

the range 174-330 nm and their specific surface area ranged between 10.2 and 20.9 m2 g-1. The 

adsorption-desorption process was investigated in four cycles to determine the effective reusability of 

the adsorption systems. A one-step high-performance liquid chromatography technique was 

developed to detect and quantify concurrently each hormone present in the solution. Experimental 

data were obtained to determine the adsorption kinetics by applying pseudo-first-order, pseudo- 

second-order and intraparticle diffusion models. Findings showed that E1, E2 and EE2 best fitted 

pseudo-second-order kinetics, while E3 followed pseudo-first-order kinetics. It was found that 

polyurethane Elastollan nanofibers had maximum adsorption capacities of 0.801, 0.590, 0.736 and 

0.382 mg g-1 for E1, E2, EE2 and E3, respectively. In addition, the results revealed that polyurethane 

Elastollan nanofibers had the highest percentage efficiency of estrogens removal at ~58.9% due to its 

strong hydrogen bonding with estrogenic hormones, while the least removal efficiency for PAN at 

~35.1%. Consecutive adsorption-desorption cycles demonstrated that polyurethane maintained the 

best efficiency, even after being repeatedly used four times compared to the other polymers. Overall, 

the findings indicate that all the studied nanostructures have the potential to be effective adsorbents 

for concurrently eradicating such estrogens from the environment. 

Keywords: wastewater treatment, estrogenic hormones, static adsorption, kinetics, electrospun, 

nanofibers 

 

1. Introduction 

Synthetic estrogenic hormones, also called endocrine-disrupting chemicals (EDCs), have an adverse 

effect on both human beings and animals [1, 2]. Residual micropollutants of this type are observed in 

low concentrations—at the level of micro-and nanograms—in cleaning reservoirs at wastewater 

treatment plants [1 ]. This problem has aroused serious concerns among the scientific community since 

synthetic hormones are known to interfere with the functional groups of natural hormones by blocking 

endogenous and mimic ability, which makes it much more dangerous [3-7]. The presence of estrogenic 



hormones represents a severe threat to human and aquatic life through exposure via food sources or 

drinking water [7, 8]. 

Estrogenic hormones include estrone (E1), estradiol (E2), ethinylestradiol (EE2) and estriol (E3), which 

disrupt the reproduction of aquatic species and the function of natural hormones in the human body 

[8]. Studies have proven that a rise in femininity occurs in fish, weight loss affects the testicles of quails 

and alligators experience issues with fertility [9]. Meanwhile, reports show that humans demonstrate 

a decline in the sperm counts of males and the risk of breast and ovarian cancer is heightened in 

females [10]. Quantities of these estrogenic hormones have been observed downstream of the 

treatment plants [11-13], with lower limits having been reported of 3.4-41 ng l-1 at constructed 

wetlands in the Czech Republic [14]. Of the aforementioned estrogens, EE2 is a modern, formulated, 

synthetic estrogenic hormone used in oral contraceptive pills in the treatment of prostate cancer and 

menstrual problems in females [15]. It is considered the most fatal among all the estrogenic hormones 

as it only degrades partially at wastewater treatment plants and is challenging to be removed [16]. 

Consequently, the natural environment deconjugates the metabolites of EE2 and makes them active 

again under a suitable environment [17]. EE2 is the most potent EDC and is considered to have high 

estrogenicity [18-20]; hence, proper disposal of these estrogenic hormones is immediately required. 

Conventional treatment plants cannot eliminate EDCs efficiently owing to their properties of low 

molecular weight and slow biodegradability [21]. This has led to the widespread occurrence of the 

same quantity in reservoirs, rivers and lakes since they are released from treatment plants alongside 

treated effluents [22, 23]. In this regard, various strategies have been applied to capture, eliminate or 

completely degrade the EDCs and other common toxic chemical effluents, such as ozonation, 

membrane bioreactors, advanced oxidation, membrane filtration, coagulation, flocculation and 

photocatalysis [24-26]. Each technique has certain limitations, such as low efficiency and any resulting 

by-products demand further purification and sophisticated methods for processing them. Nano-

filtration and reverse osmosis have proven to be interesting, but the extent of energy consumption 

makes them unfavorable for the treatment at a large scale [27, 28]. 

In the context of the sorption technique, the choice of material selection is quite crucial. Adsorbent 

particles for estrogens have been reported, such as granules of activated charcoal [29, 30], carbon 

nanomaterials [31], fullerene [32], carbon nanotubes [33], chitosan, activated carbon, chitin, carbon-

based adsorbents prepared from industrial waste [34, 35] and activated carbon fibers modified with 

iron hydroxide [36]. All of these are efficient, yet they require a process of additional separation from 

wastewater that raises the costs. Some researchers have recently found adsorbents such as nanofibers 

that could eradicate the need for a subsequent separation procedure [37]. To this end, not many 

studies have been reported. Therefore, it is necessary to test such high-performance materials with 

functionalized groups that can optimize the disposal process during the course of research programs. 

Sorbents based on nanofibers have garnered much attention due to a number of favorable 

characteristics reported for them, such as large aspect ratio, high surface area and small pore size [38]. 

For this purpose, a versatile technique for generating continuous nanofibers is electrospinning, which 

gives rise to a material’s diameter ranging from tens to hundreds of nanometers for adsorption and 

water filtration processes [39, 40]. The large aspect ratio of nanofibers gives significant rise to the 

filtration efficiency since the pore size is reduced; moreover, the large surface area allows greater 

contact between the solution and filtration-sorption adsorbent [41]. The apparatus requires an applied 

voltage between the cathode and anode to allow the electrostatic forces to overcome the tension on 

the surface of the polymer, thereby ejecting the polymeric solution and solidifying non-woven 

nanofibers on a collecting electrode covered in a textile substrate [39, 42-45]. The quality of nanofibers 



can be improved by utilizing binary polymers with additives such as acetone and polyethylene oxide to 

obtain beadless nanostructures [41]. 

Past literature describes that electrospun polymers proved an excellent ability in removing heavy metal 

ions such as copper and organic pollutant dyes from wastewater [46, 47]. However, fewer works have 

been done with electrospun polymers for estrogenic hormone removal applications. According to 

literature, research on commercially available nylon, polypropylene (PP), polytetrafluoroethylene, 

cellulose acetate, regenerated cellulose and glass microfiber filters have been reported for the removal 

of E1. Studies also report on polyamide (PA) nanoparticles being employed to extract just EE2. While 

polyethersulfone (PES) nanofibers for the removal of E2 and polyvinylidene fluoride (PVDF) doped with 

polyvinyl pyrrolidone (PVP) and titanium dioxide (TiO2) membranes prepared by phase inversion 

process for the removal of E1 and E2 have been reported. However, these studies have been solely 

limited to the filtration of single natural or synthetic hormones [1, 15, 48, 49]. This highlights the 

necessity of developing the least fiber diameter optimized nanofibers to extract such estrogenic 

hormones simultaneously and then gauge their kinetics for comparison [50]. 

This paper primarily investigates the optimized preparation of electrospun nanostructures from 

polymers (cellulose- acetate (CA), polyurethanes (PU 918 and PU Elastollan), polyamide 6 (PA), 

polyethersulfone (PES) and polyacrylonitrile (PAN)) that possess beadless desired attributes of 

morphology, small diameter of the fiber, high ratio of surface area to volume, lightweight and 

numerous sites for adsorption. Research focuses on these nanostructured polymers with high sorption 

activity for estrogenic hormones (E1, E2, EE2 and E3). A membrane of this type could be employed for 

the microfiltration of wastewater compared to commercially available microfiltration membranes that 

exhibit greater flux [45]. The objective is simultaneous adsorption of four estrogenic hormones in a 

one-step process from wastewater at neutral pH because the pH of rivers is in the range of 6-9. The 

feasibility of the results is analyzed by applying experimental data, thereby determining adsorption 

capacity and kinetics via suitable models of pseudo-first-order, pseudo-second-order and intraparticle 

diffusion to help understand the suitability of characteristics essential for large scale implementation. 

Finally, the adsorption mechanisms of the nanofibers are gauged to understand the interaction ability 

of functional groups present for bonding between polymers and estrogenic hormones. The tests are 

conducted with the extent of polymers’ reusability over several adsorption cycles to discern reliability 

and effectiveness for large scale generation of these polymers. 

 

2. Materials and methods 

2.1. Materials and reagents 

The hormones under test (with purity in percent) comprised E1 ≥ 99%, E2 ≥  98%, E3 ≥  97% and EE2 

≥  98% purchased from Sigma-Aldrich Chemie GmbH, Germany. Cellulose acetate CA-398-30 (CA) at 

the molar weight Mw = 5 x 104 g mol-1 came from the Eastman Chemical Company, USA. Poly-urethane 

Elastollan EB_95A (PU Elastollan) at Mw = 1.1 x 105 g mol-1 was bought from BASF Polyurethanes GmbH, 

Germany. Polyamide 6 (PA)— Silamid EN at Mw = 1.45 x 105 g mol-1 was sourced from Roonamid a.s., 

Slovakia. Polyacrylonitrile PAN 181315 (PAN) of molecular weight Mw = 1.5 x 105 g mol-1 was purchased 

from Sigma Aldrich, Germany. Polyethersulfone Ultrason E2020P SR (PES) at the molecular weight Mw 

= 5.5 x 104 g mol-1 came from BASF SE, Germany. 4,4’-methylene-diphenyl diisocyanate (MDI), (poly 3-

methyl-1,5-pentanediol-alt-adipic, isophthalic acid) (PAIM) and 1,4 butanediol (BD) were sourced from 

Sigma Aldrich, Germany. N,N-dimethylformamide (DMF >99.5%) was bought from Lach-Ner, s.r.o, 

Czech Republic. Acetic acid (AA (99%)), formic acid (FA (98%)), sodium tetra-borate decahydrate 



(borax), citric acid, polyethylene oxide (PEO), dimethyla-mylamine (DMA) and 4-methyl-2-pentanone 

(MIBK) were purchased from PENTA s.r.o., Czech Republic. 

Furthermore, HPLC solutions of acetonitrile (from Honeywell, Czech Republic) and ethanol (HPLC grade 

>99%; from VWR, Czech Republic) were utilized. Deionized water (pH 7.3, 18.2 Ω W cm-1) was created 

on a laboratory Milli-𝒬ultrapure (Type 1) water purification system, Biopak® Polisher, Merck, USA and 

used throughout the study. 

 

2.2. Preparation of the nanofibers 

Each electrospun nanofiber was made from a different polymer; therefore, different solvents were 

used. A solution of the conductive components, borax and citric acid (BC), which was prepared at the 

ratio of 1:3, respectively and followed by 35 wt% of BC, was dissolved in DMF solution and stirred in a 

mixer for 5 h at 400 rpm to make it ready for adjusting the electrical conductivity of each treated 

solution prior to electrospinning. The synthesis of every electrospun material progressed under the 

optimized conditions and parameters required for that particular polymer as follows: 

PA at the concentration of 18 wt% of the solution was dissolved in AA: FA at the ratio 2:1 for 4 h by 

stirring at 400 rpm in a mixer (Heidolph, RZR 2041 ) to homogenize the mixture uniformly. PU Elastollan 

18 wt% was dissolved in DMF by treating the solution with BC to enhance electrical conductivity and 

optimize the electrospinning process. The solution of CA was prepared from 9% of powder in AA (57 

wt%), ethanol (19 wt%), water (14.5 wt%) and PEO (0.3 wt%), followed by BC (0.2 wt%), which were 

stirred together to make a total of 400 g under constant stirring at 400 rpm for 6 h. PES solution (23 

wt%) was prepared by dissolving the powder in 73 wt% DMA: MIBK at the ratio 3:1, supplemented by 

BC at 4 wt%. PAN powder was dissolved in DMF (9 wt%) under stirring for 5 h at 400 rpm. PU 918 was 

prepared via a polyaddition reaction at a centre of polymer systems (CPS) laboratory. PU solution in 

(DMF), based on MDI, PAIM polymer diol, Mw = 2 x 103 g mol-1) and BD was synthesized at the molar 

ratio 9:1:8 (PU 918) at 90 °C for 5 h per partes way of the synthesis, starting with the preparation of a 

pre-polymer from MDI and PAIM, followed by adding BD and the remaining quantity of MDI. After 

being supplemented with BC to idealize conductivity, the solution was electrospun at a concentration 

of 13 wt% PU with Mw = 9.8 x 104 g mol-1 [50]. 

The electrospinning process was performed in an electrostatic field on laboratory spin line equipment 

(CPS, Tomas Bata University, Czech Republic). The apparatus was equipped with a patented rotating 

electrode with three cotton cord spinning elements (PCT/CZ2010/000042) and a set of nanofiber-

forming nozzles (jets) to produce fibers on polypropylene (PP) spun-bond non-woven textile of width 

40 cm. The voltage applied was 75 kV during the electrospinning process, except for polyamide, when 

it equaled 130 kV. A set of 32 jet needles (2 rows of 16 each) was employed for the PU Elastollan, PES, 

PAN and PU 918; solution dosing was set to 0.34, 0.34, 0.13 and 0.24 ml min-1, respectively, based on 

optimum parameters and conditions. The distance between the electrodes equaled 18 cm, apart from 

PU Elastollan, which equaled 19 cm. In the case of PA and CA, a solution was sprayed from the bath by 

cords set at 4 rpm, with the distance between the electrodes equaling 22 cm. The rotational speed of 

antistatic PP non-woven fabric was set at 10 cm min-1, except for PA and PU 918, where the pace was 

set at 12 and 16 cm min-1, respectively. The temperature was gauged as 28 ± 2 °C and relative air 

humidity was <35%. The solutions’ electrical conductivity and intrinsic viscosity during preparation 

were maintained at optimal levels, as shown in table 1. 

 



Table 1 shows the optimized properties of the polymeric solutions for subsequent electrospinning and 

the average mass per unit area of the resultant electrospun nanofibers. PA solution possessed the 

highest electrical conductivity, while the least was observed for CA. The concentration and intrinsic 

viscosity of the solutions varied between 9%-24% and 0.53-1.80 Pa.s, respectively. The value for 

average mass per unit area of the electrospun sheets was lowest for PU 918 and highest for PA. The 

given properties of solutions varied and set at optimum conditions to aim defect-free and beadless 

electrospun nanofibers. 

Table 1. Properties of the polymeric solutions. 

 

 

2.3. Characterization 

Imaging on a Nova 450 scanning electron microscope (SEM) (FEI, Thermo Fisher Scientific, USA) was 

carried out to observe the morphology of the fiber surface, the desired diameter of the fiber and to 

check for defects such as beads in the structures at the acceleration voltage of 5-10 kV with a through-

the-lens detector. A conductive gold coating (~120 s) was applied prior to examining the estrogenic 

hormones by a sputter coater. The mean fiber diameter of each polymer was determined using 

software ImageJ version 1.52a. 

Fourier transformed infrared spectroscopy (FTIR) was performed on a Nicolet 320 spectrometer 

(ThermoScientific, USA) equipped with a Ge crystal to determine the functional groups of the 

polymeric nanofibers tested for adsorption of the estrogenic hormones. Attenuated total reflectance 

spectra were recorded across 400-4000 cm-1 under ambient temperature conditions, a scan rate of 16 

and a resolution of 4 cm-1. 

Surface analysis of the nanofibers was carried out according to the Brunauer-Emmett-Teller (BET) 

method. A high-precision analyzer of surface area and pore size (BEL-SORP-mini II, BEL Japan Inc, 

Japan) was used to determine the specific surface area. Outgassing of the substrate occurred at 100 

°C for 12 h in a vacuum prior to measurement. 

The contact angle measurement was conducted by compressing the nanofibers to make them compact 

for accurate measurement. To this end, the nanofibers were put onto a single PP sheet that, in turn, 

was placed upside-down on a sheet of polyethylene terephthalate (PET). Subjected to a thermal press 

for 10 s at a temperature of 110 °C, then the layer of PP was detached. The sheet of PET with the 

nanofibers was covered with a glossy sheet for the thermal press, the same conditions being applied 

to acquire a smooth, compacted surface. This step ensured that liquid could remain on the surface for 

measuring the contact angles; without doing this, the surfaces of the nanofibers on the sheet of PP 

would have been incapable of holding the drops of liquid, which would instantly settle down, 

penetrating the porous structures. Finally, the contact angle of electrospun nanofibers was measured 

using the sessile drop technique on a goniometer (surface energy evaluation system (SEE System), 

Advex Instruments, Brno, Czech Republic) under the conditions of ambient temperature. A 5 μl pipette 



dropped liquid onto the surface of the samples (10 x 10 mm2), then the shapes of the resulting droplets 

were observed with the aid of a CCD camera and the contact angles measured immediately. Milli Q 

water was used as the probe liquid to determine the hydro-philicity [51]. The samples were analyzed 

and mean values for them are reported herein. 

 

2.4. Solution preparation and sampling 

A concentration of 0.2 mg l-1 of each hormone was prepared by adding 1 mg of the given hormone into 

5 l of water; magnetic stirring was maintained at 800 rpm for 24 h to prepare 0.8 mg l-1 of solution and 

stored in the dark. Samples of 0.2, 0.15, 0.1, 0.05, 0.03 and 0.02 mg l-1 were collected by a micropipette 

(HTL Lab Solution, Poland) and dosed into 1.5 ml screw neck vials (VWR, Czech Republic) after passing 

through a glass microfiber (GMF) filter (Whatman, Czech Republic; of pore size 0.45 μm and 25 mm 

diameter). HPLC was performed on triplicated samples, resulting in mean concentrations plotted on a 

calibration curve. 

 

2.5. High-performance liquid chromatography (HPLC) 

The hormone samples (E1, E2, EE2, E3) were analyzed and their calibration standards were discerned 

on an HPLC Dio-nexUltiMate 3000 Series unit (Thermo Fisher Scientific, Germany). Separation took 

place on a reversed-phase column (Kinetex 2.6 μm C18 100 A, 150 x 4.6 mm; Phenomenex, USA) 

equipped with an ULTRA precolumn guard, UHPLC C18 (Phenomenex, USA) at 30 °C. A mixture of HPLC 

grade acetonitrile and water constituted the mobile phase (45:55, vol/vol) applied at the flow rate of 

0.8 ml min-1 over a total isocratic run time of 12 min. The autosampler chamber was set to 5 °C and a 

volume of 20 μl was injected each time into the column. Eluates were detected at the wavelengths 

200 and 205 nm and the concentration of hormones was calculated from the findings of the 200 nm 

tests (supplementary data, figure S1 (available online at stacks.iop.org/NANO/33/ 075702/mmedia)). 

A calibration vial with a concentration of 0.02 mg 1-1 was employed to determine the detection limit 

for each hormone; the limits equaled 1 μg 1-1 for E3, E2 and EE2 and 6 μg 1-1 for E1. Values for 

concentration were quantified by external calibration in software Chromeleon version 7.2 (Thermo 

Fisher Scientific, USA) [52]. 

 

2.6. Evaluation of the adsorption properties of polymeric nanofiber structure by discontinuous sorption 

testing 

Static adsorption tests were carried out to determine the adsorption rate. Separate flasks were set 

aside for testing each polymeric mat in triplicates, utilizing 100 ml from the stock of estrogenic 

hormone solution at a total concentration of 0.8 mg 1-1; each flask was then supplemented with 20 mg 

of a given nanofiber. The flasks were continuously stirred on an orbital incubator shaker (Stuart® 

S1500, Barloworld Scientific Ltd, UK) for adsorption at 250 rpm. Samples of the remaining 

concentration of the hormones in each flask were collected in vials via a 0.45 μm GMF syringe filter 

and readings were taken after intervals of 5 min, 15 min, 30 min, 60 min and each following hour until 

a constant value was obtained. At each interval, 4 ml samples were taken with a 20 ml syringe, ensuring 

that neither the nanofiber was removed nor destroyed in the process and 4 ml of ultrapure water was 

added to maintain total volume. The first 2 ml of the filtrate was discarded, this having passed from 

the syringe through the GMF filter to eliminate any adsorption during sampling, thereby ensuring 

accuracy and precision in the results. A flask containing a solution without any nanofiber was labeled 



as ‘control’ and included in the experiment to discern the initial reference concentration. It must be 

noted that adsorption on the glass surface was negligible throughout long-term testing, which was 

determined by comparing the recorded initial concentration and concentration after 9 h of stirring the 

control solution. To this end, the hormone solutions were checked prior to the start of the experiment. 

Each sample reading was conducted in triplicate and the corresponding values for mean concentration 

and standard deviation based on Gaussian distribution were recorded. Finally, the percentage of 

adsorption for each hormone on the nanofibrous mat was calculated with reference to the 

aforementioned ‘control’ flask. The stock solution was kept neutral by means of ultrapure deionized 

water at a pH of 7.3, considering real environmental water samples to be in the range of 6-9. The 

percentage removed of each hormone at a given time (t) was determined by the expression in equation 

(1), as follows [53, 54]: 

 

where Ci is the initial concentration (mg 1-1) and Ct is the concentration of the solution at time t (mg 1-

1). 

Equilibrium adsorption capacity (qe) and adsorption capacity (qt) at any instant of time t can also be 

calculated by the following expressions in equations (2) and (3) [55, 56]: 

 

 

where m is the mass of adsorbent in grams and v is the volume of solution in liters. It must be noted 

that qe is equal to qt at the last sampling time in the adsorption process. 

 

2.7. Reusability test 

For the desorption test, the nanofibers were extracted from the conical flasks containing the hormone 

solutions and washed thoroughly with distilled water, followed by stirring at a constant 250 rpm for 

15 min in deionized water. They were subsequently placed in an oven at 30 °C for 6 h to remove excess 

moisture and dried in the air; the nanofibers remained unaffected by this. They were then soaked in 

40 ml of pure ethanol and continuously stirred for 30 min at 175 rpm to remove the hormones entirely 

and eluted in ethanol [1]. Finally, the nanofibers were dried at room temperature and placed in a 

desiccator until the next adsorption cycle. The procedure was repeated for several cycles until low 

adsorption efficiencies were observed. 

 

 

 



 

3. Results and discussion 

3.1. Characterization of the electrospun nanofibers 

The SEM of the nanofibers, along with the distribution of fiber diameter from the various polymers 

prepared via electrospinning, are shown in figure 1. 

The graph above reveals that the uniform nanofibers were produced with minimum beading and a 

narrow fiber diameter range, i.e 174-330 nm; PU 918 demonstrated the least value and PAN the 

greatest. These low averages in the size of diameters were attributed to the optimized electrospinning 

process (low intrinsic viscosity, low polymer concentration in the solution and high electrical 

conductivity prior to said process); the large surface area was the consequence of this. The size and 

morphology of the estrogenic hormones were also analyzed on an electron microscope and the 

micrographs are shown as supplementary data (figure S2). 

Applying the average diameter of the nanofibers calculated from SEM, in consideration of the fiber 

constituting a single continuous cylinder, the length per unit mass (l/m) and surface area (A) of the 

fiber can be calculated by the following equations (4)-(6) [1]: 

 

By rearranging this expression, the following is obtained: 

 

where V is the volume (m3), m is the mass (mg), d is the diameter of the nanofiber (m) and 𝜌 is the 

density of each given polymer (g cm-3). 

Since 𝑙 >> 𝑑, it is possible to neglect the individual crosssectional area (A) of the end portions of the 

fibers, such that 

total surface area per unit of mass is expressed as: 

 

 

 

 

 

 

 



 

Figure 1. Electron micrographs, (inset) distribution of frequency size and sample images of the electrospun nanofibers (20 

mg) of ((a), (a7)) CA, ((b), (b')) PA, ((c), (c')) PAN, ((d), (ď)) PES, ((e), (e')) PU 918 and ((f),

 (f')) PU Elastollan, respectively. 

 

Table 2. Characteristics of the electrospun nanofibers as gauged by BET, contact angle and calculated values from the SEM 

images. 

 

 

 

 



Table 2 details the recorded diameters from the SEM images, calculated fiber length and surface area 

through the application of the above formulas, in addition to the surface area measured by BET. 

The geometrically determined surface areas, based on SEM, strongly agree with the average fiber 

diameter because smaller diameter nanofibers possess a larger surface area, which indicates more 

sites for adsorption. For instance, PU 918 had the smallest average fiber diameter (174 ± 56 nm), so it 

possessed the largest calculated surface area (20.9 m2 g-1) and PAN had the largest average fiber 

diameter (330 ± 73 nm), so it possessed the least calculated surface area (10.2 m2 g-1); the results 

correspond to the literature with the values in the range of 9-51 m2 g-1 for surface area and a few 

hundreds of nanometers for average fiber diameter [1, 57]. The estimated surface area of cylindrical 

geometry was founded on a calculation that assumed the fibers had a smooth surface and no solvent 

evaporated during electrospinning. Whereas, in BET measurement, the surface area is slightly 

underestimated because each polymer had a different mass per unit area produced, which could be a 

plausible reason, especially in PU 918 with 0.7 g m-2 (see table 1), which has led to a lower value of 

BET. 

The hydrophilic properties of the electrospun nanofibers were tested using contact angle 

measurements. It is considered that the hydrophilic surfaces generally have a contact angle of <90° 

and the lesser the contact angle, the more hydrophilic the material is. We observed that the liquid 

instantly penetrated the nanofibers on pp completely. Therefore, nanofibers were compressed on a 

PET sheet and it exhibited low contact angle values because we observed water percolation into fiber 

networks. According to the results obtained (table 2), the contact angle values were in the range of 0°-

72.5°. These values indicated that all the nanofibers were hydrophilic and suitable for the removal of 

the investigated estrogenic hormones. The contact angle of a particular polymer’s nanofibers mainly 

depends on the concentration of the polymer in solution during the electrospinning process. The 

possible reasons for the difference in contact angles of various polymer nanofibers could be their 

structure, pore size and fiber diameter [58]. 

IR studies were conducted to distinguish the functional groups in the electrospun nanofibers of each 

polymer which are later discussed in the adsorption mechanism section to understand the type of 

bonding and interactions between estrogenic hormones and nanofibers, as shown in figure 2. 

As can be seen from figure 2, the characteristic peaks for PAN at 1250, 1454, 1667, 2243 and 2927 cm-

1 correspond to C-N stretching, C-H bending in CH2, C=C stretching, C=N stretching and C-H stretching 

vibrations in the polymer structure, respectively [59]. The small PAN and polyurethanes peaks 

represent aliphatic CH2, reflecting a C-H asymmetrical flexing vibration. The electrospun polyurethanes 

show an absorption peak at 3330 cm-1 caused by the stretching vibrations of N-H and the aliphatic 

amino group in the carbamate. Strong peaks usually occur between 1700 and 1736 cm-1, relating to 

mono or disubstituted compounds, herein denoting the peak at 1732 cm-1 attributed to the C=O 

stretching vibration of the amido ester, while a separate region at 1701 cm-1 is observed for PU 

Elastollan in contrast with a single peak at 1715 cm-1 for PU 918. The peak at 1529 cm-1 is for N-H 

bending and C-N stretching vibrations of the amide group. The peak at 1224 cm-1 arises through the C-

N stretching vibration for the other amide group. As a result of the stretching vibration of the C=C bond 

in the skeleton of the benzene ring, peaks appear at 1476 and 1597 cm-1. A broad range of peaks occurs 

at 1079 and 1106 cm-1 due to characteristic bands of alkyl ether causing the asymmetric flexing 

vibration of C-O-C bonds, most prominent for PU Elastollan [60, 61]. 

The vibration of aromatic hydrocarbons is observed in PES at the bands 1577, 1485 and 1105 cm-1. The 

bands at 1241 and 1150 cm-1 could be due to aryloxide and aromatic sulfone groups, respectively. A 



band arising through a SO3H symmetrical stretching vibration appears at 1011 cm-1. These peaks 

indicate that the material is strongly sulfonated [62]. 

 

Figure 2. FTIR spectra for the electrospun nanofibers from attenuated total reflectance (ATR) sampling. 

 

The peaks at 710 and 702 cm-1 are attributed to the stretching vibrations of C-O and C-S bonds, 

respectively [63]. 

The peak at 1534 cm-1—characteristic of PA—is attributed to amide II, C=O bending and the amide I 

band at 1631 cm-1 indicates the stretching vibration of C=O in the amide group (-CO-HN-). Lastly, the 

amide A band at 3297 cm-1 corresponds to -NH stretching [64]. In the case of CA, it can be seen that 

the vibration peak at 1047 cm-1 shows a C-O bond, the peak at 1227 cm-1 represents a (C-O-C) 

antisymmetric stretching ester group, the peak at 1370 cm-1 denotes C-CH3 and the peak at 1738 is for 

C=O bond stretching of the carbonyl group [65, 66]. Hence, the FTIR spectra measured for the 

nanofibers are in reasonable compliance with spectra for the original polymeric raw materials from 

the bank of IR spectra. 

 

 



 

3.2. Static adsorption study of hormones on the polymeric materials 

The experiment was conducted on 100 ml of a solution containing a mixture of the 4 estrogenic 

hormones (E1, E2, EE2, E3) at a total concentration of 0.8 mg 1-1, wherein each hormone equated to 

0.2 mg 1-1 in concentration, in addition to 20 mg of adsorbent. Figure 3 details the static adsorption of 

each hormone separately on the various electrospun nanofibers at 250 rpm over a period of 9 h. 

 

Figure 3. Static adsorption of each estrogenic hormone on six different nanofibers from a combined solution of (a) E1, (b) 

E2, (c) EE2 and (d) E3. 

The results in figure 3 demonstrate that polyurethanes were most efficient at removing EE2, E2 and 

E1, PAN demonstrated the lowest capacity for EE2 and E2 adsorption, while PA was the least effective 

with E1 and E3. The plausible reason for the least adsorption on PAN could be due to its large fiber 

diameter (330 ± 73 nm), as depicted by its least calculated total surface area of 10.2 m2 g-1 compared 

to the other polymers, thereby attributing to its less available sites for adsorption and hydrogen bond 

interactions with the estrogenic hormones. Comparing the sorption efficiency of both polyurethanes 

revealed that PU Elastollan either possessed a superior adsorption effect (for the hormones EE2 and 

E2) or was identical (E3, E1), potentially due to the lesser content of hard segments in PU Elastollan 

than PU 918. The active sorption center of PU Elastollan is more easily accessible than the sterically 

hindered center in the hard segments of PU 918. 

All materials showed a similar trend of sorption for the E3 hormone. The conclusion can be drawn that 

EE2, E2 and E1 were readily adsorbed by these nanostructured materials, with E3 being adsorbed the 

least. The low percentage of removal of E3 could be attributed to its minimal log Kow value of 2.45, 

compared with E1, E2 and EE2 at 3.43, 3.94 and 4.15, respectively. The adsorption of these estrogens 

was directly related to their hydrophobic nature, as specified by the higher value for Kow [54]. 



Furthermore, E3 followed a different kinetic trend than the other hormones in that its adsorption was 

gradual, whereas most of the adsorption of the other hormones occurred within the first 70 min for 

the majority of the materials. CA and PES had similar adsorption behavior for all the hormones and CA 

exhibited higher adsorption efficiency for EE2 and E2, though PES was particularly effective with E1. 

Therefore, it is noteworthy to mention that every material proved sufficient in its response to 

simultaneous adsorption of each hormone. 

 

3.3. Equilibrium adsorption capacity comparison 

Determination was made as to total adsorption in combination for all four hormones by each polymer, 

along with cumulative adsorption capacity as a function of time to work out the overall efficiency of 

each polymer. The various trends are presented in figure 4. 

 

Figure 4. Trends for the combined hormones of E1, E2, EE2 and E3 on the nanofibers as to (a) removal efficiency as a 

function of time and (b) total adsorption capacity as a function of time. 

 

Figure 4(a) above shows the total cumulative adsorption of the hormones on the nanofibrous materials 

to the time of 540 min for equilibrium. The results show that the removal efficiency at equilibrium for 

the different materials ranged between 30% and 60%. The graph reveals that the polyurethanes had 

the greatest tendency and fastest rates for adsorption, reaching close to equilibrium with 50% 

efficiency within the first 100 min, as represented by the initial curve of the graph, reaching a maximum 

removal efficiency of ca. 60%. Although PAN initially had the lowest rate, it eventually demonstrated 

the highest rate at the halfway point between 120 and 420 min, as visible in the steepness of the curve. 

CA and PES were similar in adsorption behavior, reaching 50% at equilibrium. Thus, PU Elastollan was 

the best polymer for adsorption of the estrogens, with PAN being the least effective. 

The total adsorption capacity of each material as a function of time is detailed in figure 4(b). The results 

indicate that the cumulative adsorption capacity of the four estrogenic hormones increased for each 

material until equilibrium was established between the adsorbates and adsorbent. The time to reach 

equilibrium depended on the concentration of the adsorbate and the amount of adsorbent [67]. Both 

factors were kept constant to compare the capacities of the different materials. However, it was still 

necessary to increase the amount of adsorbent to enhance the removal efficiency of the polymers over 

a shorter time frame. The highest cumulative adsorption capacity calculated was 2.51 mg g-1 for PU 

Elastollan, whereas the lowest was 1.51 mg g-1 for PAN. The adsorption capacities for E1, E2, EE2 and 

E3 were found to be 0.801, 0.592, 0.736 and 0.382 mg g-1 for PU Elastollan and 0.396, 0.370, 0.343 and 



0.397 mg g-1 for PAN, respectively. EE2 stood out in terms of adsorption and was found to have the 

highest adsorption capacity for all the polymers compared to the other estrogens. 

Thus, the results of polymers in the current study are well in compliance with the literature values and 

comparing the adsorption capacities herein with previous research showed the suitability of these 

polymers as a potential adsorbent for removing the estrogenic hormones, in comparison with solid 

particles and membranes. Adsorption capacities reported in the literature were found to be 0.423 mg 

g-1, 0.472 mg g-1 and 0.472 mg g-1 when MWCNTs was used and 2533.34 ng g-1, 2020.78 ng g-1 and 

2234.09 ng g-1 when activated sludge was employed for E1, E2 and EE2, respectively. The value for 

removing E1 was 62 ng g-1 via a hydrophobic hollow fiber membrane [54]. Hence, PU Elastollan in the 

current study has a higher adsorption capacity for each hormone compared to the research in the 

literature. Another aspect that distinguishes these polymeric membranes over solid particles is that 

solid particles require a further sophisticated purification method to be separated from the treated 

water, which increases the cost. In addition, solid particles sometimes are toxic, which makes them 

less preferable for the intended purpose. Whereas these nanofibers can be easily washed, reused and 

the estrogenic hormones can be quickly recovered. Furthermore, environment-friendly nanoparticles 

as adsorbents can be used as additives in these nanofibers during electrospinning which can further 

enhance their adsorption capacity by increasing the surface area and available sites that can be viable 

for the entrapment of estrogenic hormones. 

 

3.4. Adsorption kinetics 

Removal of the estrogenic hormones by the polymer nanofibers through adsorption increased over 

time, obtaining a maximum value for every hormone on each polymer type and reaching equilibrium. 

The adsorption rate was initially rapid until 30 min had passed, whereupon it gradually ebbed away in 

parallel with the duration of contact, to an assumed plateau at 540 min. 

The results obtained from the experiment were employed to investigate factors affecting the 

adsorption process and the rate-limiting step in the process, such as the transfer of mass and type of 

chemical interaction. Furthermore, the kinetics for selecting optimum conditions for full-scale removal 

of the hormones were studied. It is often difficult to determine kinetic parameters and explain the 

mechanisms involved in complex heterogeneous systems since surface effects can be superimposed 

on top of chemical effects. Therefore, to further understand such adsorption behavior and 

mechanisms, parameters from three models—pseudo-first-order, pseudo-second-order and Weber-

Morris intraparticle/membrane diffusion model equations—were employed to test the experimental 

data and examine the adsorption kinetics of the four estrogenic hormones taken up by each polymer. 

These models are applicable for describing liquid/solid systems. Pseudo-first-order constitutes a 

widespread, commonly applied model for analyzing the adsorption of a solute in an aqueous solution. 

In this context, the rate of sorption of hormones on the surface of the nanofibers was proportional to 

the amount of hormones adsorbed from the solution phase, expressed by equation (7) as [68]: 

 

where qt is the amount of hormone adsorbed per unit mass at time t (mg g-1), qe is the amount of 

hormone per unit mass at equilibrium (mg g-1) and k1 is the first-order rate constant (1 min-1). 

 



 

Figure 5. Plots of the adsorption kinetics for the four estrogenic hormones (E1, E2, EE2, E3) on PU Elastollan nanofibers: (a) 

pseudo-first-order, (b) pseudo-second-order, (c) the Weber-Morris interparticle diffusion model. 

 

The pseudo-second-order equation relates to solid-phase adsorption capacity and can predict the 

behavior of kinetics over a great range for adsorption [69]. In this model, surface adsorption is the 

rate-determining step, which involves chemisorption due to physicochemical interactions between the 

solid and liquid phases [70]. The linear form of equation (8) is expressed as [71]: 

 

where k2 is the reaction rate constant (g (mg min)-1). 

The adsorption process usually occurs in consecutive steps, comprising movement of the adsorbate 

from the solution bulk to the surface of the adsorbent and then diffusion through the boundary layer 

to the outer surface of the adsorbent. This is followed by adsorption on an available active site on the 

surface of the adsorbent and, finally, intraparticle diffusion through pores. The Weber-Morris intra-

particle/membrane diffusion model is diffusion-controlled; the adsorption rate directly depends on 

the speed at which an adsorbate can diffuse towards the adsorbate. This model is described by 

equation (9), as follows [72]: 

 



where k is the reaction rate constant (mg g-1 h1/2) and I is the y-intercept constant (mg g-1) providing 

data on the thickness of the boundary layer. 

For the validity of this model, it is essential to note that the linear, converging line for each estrogenic 

hormone must pass through the point of origin for intraparticle diffusion to constitute the rate-

determining step. 

Figure 5 contains plots describing the adsorption kinetics of the four estrogenic hormones on PU 

Elastollan since this polymer exhibited the highest removal efficiency, adsorption capacity and has 

proven to be the best nanofiber; the kinetic parameters obtained are given in table 3. The kinetic plots 

and parameters for the other polymers were also calculated and are provided in the supplementary 

data (figures S3-7 and tables S1—5). 

Table 3. Values for each hormone from the kinetic models in relation to PU Elastollan electrospun nanofibers. 

 

The results were examined to obtain fits for the adsorption kinetics of the adsorbate mixture of E1, E2, 

EE2 and E3 estrogenic hormones on the adsorbent nanofibers by plotting on graphs the pseudo-first-

order, pseudo-second-order and Weber and Morris intraparticle diffusion models. Figure 5(a) shows 

lg(qe-qt) plotted against t for the E3 hormone, which is in good compliance with the pseudo-first-order 

equation. The data points are shown together with generated lines for best fits. The agreement 

between the data set is reflected in the high regression coefficient (0.901) for E3 compared to the 

other three hormones (E2, EE2 and E1 ) with the regression coefficients 0.793, 0.630 and 0.619, 

respectively. The equilibrium adsorption capacity calculated for E3 (0.373) is reasonable compared to 

the experimental value (0.382). The rate constant k1 is far more similar, though and within the range 

for all hormones. For E2, EE2 and E1, however, this model appears to be less accurate for describing 

the initial stage (t ≤ 30 min) and the theoretical expected yield of 0.193, 0.125 and 0.125 seems 

unsatisfactory and much lower than the actual values of 0.592, 0.736 and 0.801 for E2, EE2 and E1, 

respectively. 

The lines plotted in figure 5(b) of t/qt versus t have to be linear to estimate qe and k2 from the curve 

and y-intercept, respectively. The results indicate that the interaction of E2, EE2 and E1 with the 

material followed second-order kinetics, as shown by the line for best fit adhering fully with the data 

set points. The regression coefficients are greater than 0.99 and the calculated adsorption capacities 

of 0.589, 0.733 and 0.796 are incredibly close to the experimental values 0.592, 0.736 and 0.801, 

respectively. This suggests that the active sites were not homogeneous on the surface since the rate 

of adsorption is determined by two factors—the concentration of the hormones and the number of 

active sites available on the material [67]. These findings confirm the suitability of this model for 

describing the adsorption of E2, EE2 and E1 on the PU Elastollan nanofibers. Similar results were 

observed for the other polymers in this study compared with results described in the literature for 

MWCNTs [54]. E3 exhibits an overall mismatch, though, as two linear portions are visible— one for the 

first 60 min and another for the period after 100 min. The plot in figure 5(b) was applied to determine 



the rate constant (k2) and the calculated equilibrium adsorption capacity (qe) expressed in equation (8) 

to obtain the regression coefficient (R2) shown below in table 3. 

In the case of qt versus t0,5, the graph for E3 is linear in progression with a comparatively high and 

acceptable regression coefficient (0.987) that almost passes through the point of origin. This means 

that intraparticle diffusion constitutes the rate-limiting step, which is unlikely to happen in the 

adsorption of the other three hormones (see figure 5(c)). The plots for the other estrogens do not pass 

through the point of origin, potentially due to a surface effect that may have controlled the sorption 

process during the initial time periods, representing a diffusion-controlled or boundary layer diffusion 

effect. Thus, for E2, EE2 and E1, intraparticle diffusion could comprise part of the mechanism, though 

not a step for determining the total rate of diffusion. The values calculated by equations (7)-(9) are 

given in table 3. 

 

3.5. Adsorption mechanism 

The possible mechanisms that existed between the estrogens and nanofibers comprise the following: 

(1) size-exclusion; (2) physical adsorption of estrogens on the external surfaces and inside layers of the 

nanofibers due to their porous structures; (3) charge interactions between the estrogens and 

electrospun nanofibers; (4) the bonding of estrogen molecules onto the nanofibers via reaction with 

the functional groups present on the surfaces of the nanofibers. Size exclusion would not be expected 

in this system as the reported molecular size of the estrogens was quite small (approximately 0.8 nm 

for E1 and 0.796 nm for E2), compared to the pore sizes of the electrospun nanofibers and GMF filter 

used; otherwise, their removal efficiency would have been 100%.  

 

Figure 6. Hydrogen bonding between the polyurethane molecule and estrogenic hormones (a) E1, (b) E2, (c) E3 and (d) EE2. 

 



As the fiber diameters of the polyurethanes were lesser in size (PU 918 = 174 ± 56, PU Elastollan = 179 

± 45), their surface area is larger as a consequence (20.9 and 18.3, respectively), providing sufficient 

availability of active sites for adsorption of the estrogens, as detailed in table 2. Electrostatic charge 

can also affect adsorption, as Porter and Porter report in the literature on adsorption behavior on 

microfilters in the presence of cations [73]. The deprotonation of E1, E2, EE2 and E3 is governed by the 

dissociation of the hydroxyl group attached to the benzene ring. The acid dissociation constants for E1, 

E2, EE2 and E3 equal 10.34, 10.46, 10.4 and 10.38, respectively [74, 75]. All of them have slightly 

weaker acidity than phenol (pKa = 10). As a result of the high value of pKa, most of the molecules of 

the estrogens were undissociated and thus, they remained neutral in the solution mixture [9]. 

Therefore, it is unlikely that charge interaction was the main factor that brought about the significant 

adsorption of the estrogenic hormones on the nanofibers [8, 76]. 

The high and rapid adsorption of the estrogens on the polyurethanes is noteworthy. The molecules 

were far smaller in size than the porosity of the nanostructures, indicating that pore size had a 

negligible dependence on adsorption. Apart from physical adsorption, which gradually reaches 

equilibrium, the only rational explanation for the strong interaction of these estrogens with the 

nanofibers is bonding. Hydrogen bonds are stronger than Van der Waals forces involved in physical 

adsorption. In this context, figure 6 presents the chemical interactions of each estrogen with the 

polyurethane molecule. 

Each estrogen molecule (E1, E2, EE2, E3) in this study contains a hydroxyl group (-OH) acting as a proton 

donor for hydrogen bonding. Due to the presence of both a nucleophilic carbonyl group (-C=O) and 

hydroxyl group in E1, this proton can act as both a donor or acceptor in hydrogen bonding and has the 

highest removal efficiency as a consequence. Han et al describe similar hydrogen bonding by E1 with 

nylon 6,6 membrane in their research [8, 64]. Nylon 6,6 and polyurethanes possess identical functional 

groups involved in hydrogen bonding. Therefore, the functional groups (N-H and C=O) in PU Elastollan, 

PU 918 and PA participated in the hydrogen bonding of E1, although only C=O was present for the 

other three estrogens, as determined by FTIR analysis. 

These hydrogen bonding interactions would dictate the adsorption of the estrogens on the 

polyurethane nanofibers, explaining the rapidity of the adsorption process in the initial stage of the 

experiment. The accurate technique of FTIR analysis was employed to characterize hydrogen bonds on 

the PU 918 polyurethane, as detailed below. 

The FTIR spectra for a PU 918 sample saturated with estrogen are presented in figure 7. A notable 

aspect is the difference in the relative intensity of the peak at 1715 cm-1 that corresponds to C=O 

stretching. A crucial feature of PU 918 is its cross-linking molecular structure that arises through inter 

and intra-hydrogen bonds. The band contributes to restricting the stretching of the hydrogen bonds 

on the carbonyl group in PU 918 and is evident from the shift of the peak to a reduced frequency of 

1700 cm-1. There is also a significant drop in intensity at 1715 cm-1, yet this is not the case for two 

amide bands (at 3330 cm-1 and 1529 cm-1), suggesting a change occurs through adsorption of the 

estrogenic hormones. A possible explanation could be the presence of hydroxyl groups on the 

terminals of the estrogens that compete with -NH groups in acquiring the carbonyl groups present on 

the polyurethane; this potentially causes weak intermolecular hydrogen bonding, with eventual 

substitution by the estrogen molecules and the subsequent formation of new bonds. 

No notable change occurs for the amide band (3330 cm-1) after adsorption. A possible explanation is 

that the -NH groups are not set free to interact with hydrogen donors, such as the water and C=O 

groups of the cyclopentane rings present in E1 molecules, so it cannot forge new hydrogen bonds; 

otherwise, a new peak would be visible at ca. 3400 cm-1 [64]. Han et al report that N-methyl acetamide 



(NMA), which possesses a simple structure with an amide group, does not interact with the -C=O group 

when released. The results are given herein clearly agree with the study in the literature; thus, the 

estrogens (E1, E2, EE2, E3) under investigation might form hydrogen bonds with the polyurethanes 

and PA [76, 77]. 

 

Figure 7. FTIR spectra for the PU 918 nanofibers before and after static adsorption (0.8 mg 1-1 mixture of E1, E2, EE2 and E3 

of 100 ml volume) 

 

3.6. Determination of recovery and reusability 

In order to determine the reversibility of the polymers for sorption, triplicates of each polymer sample 

were soaked in 50 ml of water and shaken for 15 min, which would not significantly reduce the 

hormone concentration on the nanofibers as a consequence of chemical bonding [1]. Therefore, each 

sample, after being washed three times with distilled and deionized water, was immersed in 40 ml of 

pure anhydrous ethanol since all estrogenic hormones exhibit very high solubility in ethanol due to 

their high partitioning coefficient (Log- Ko/w = 3.13, 4.01, 2.45 and 3.90 for E1, E2, E3 and EE2, 

respectively). A strong partitioning effect was expected to occur in combination with a competing 

hydroxyl group present in the ethanol, which could destabilize the estrogen-nanofiber hydrogen bonds 

and attract the adsorbed hydrophobic hormones in the ethanol solution [8, 64]. The resultant solution 

was gently stirred for 30 min at 175 rpm and air-dried afterward, a process repeated up to four 

consecutive cycles. Figure 8 presents the adsorption study over the four cycles. 

The above graphs represent the removal of the hormones in percentage, present at 0.2 mg 1-1 in 

concentration with 20 mg of each nanofiber adsorbent over four adsorption cycles. As can be seen, 

the trend is one of decrease for each material after consecutive cycles for all the hormones, except for 

PES during the second and third cycles as it underwent the least change in surface morphology; the 

change in average fiber diameter from the original size of 199-278 nm following ethanol treatment 

was not as large as for other polymeric nanofibers. The highest removal efficiency is evident for E1 and 

EE2, with the least for E3. The values for removal efficiency are similar for all the materials during the 

first cycle of E3. PA shows the least adsorption for E1 and E3, while PAN exhibits the least for EE2 and 

E2. Notably, PAN cannot be reused for E1 because of the significant effect that transpires during the 

desorption process, leading to a loss in mass, which brings about a decrease in the amount of active 

adsorption sites and reduction in the surface area through an increase in fiber diameter. 

 



PU 918 appears applicable for removing E1 and E2 during the first cycle, whereas PES and PU Elastollan 

are more suited to E3 and EE2, respectively. A drastic drop in the effectiveness of the materials for E1 

and E3 arises during the second cycle, possibly related to the treatment with ethanol they received in 

the desorption process. However, this is unlikely to occur in the case of EE2 and E2, as the materials 

seem far more reliable over repeated cycles. It can be concluded that the adsorbent materials under 

investigation are reusable to a limited extent after being washing with ethanol, i.e up to four 

adsorption cycles, with the exception of E3 with a limit of three cycles. 

The comparison presented was conducted to discern the reusability of the nanostructured sorption 

materials. Industrial applications may require the testing of other solvents and the findings reported 

herein indicate that the suitable solvent must possess very high solubility of hormones but minimum 

solubility of these polymers from which the nanofibers were made. Figure 9 shows the overall 

efficiency of each polymer over four adsorption cycles. 

Figure 9 illustrates the adsorption efficiency of each polymer for cumulative estrogenic hormone 

removal over four adsorption cycles. It should also be noted that these percentages are for the mixture 

of E1, E2, EE2 and E3 for each polymer per cycle. PU Elastollan demonstrates the highest extent of 

hormone removal in the first cycle, in contrast with PAN with the least, while PU 918 has the highest 

efficiency in the 4th cycle. PA exhibits the least drop in effectiveness from the first to the second cycle 

and better reliability. PES is the most consistent and manages the greatest adsorption in the 3rd cycle. 

It should be noted that due to repeated treatment with ethanol during desorption, it was evident that 

the nanofibers became stiff and shrank due to loss in mass until the last cycle. Compact and tightly 

folded, they provided less surface area for hormone entrapment during the final cycle, as shown in 

figure 10. 

 

Figure 8. Four adsorption cycles for each electrospun material (20 mg) and each estrogenic hormone (a) E1, (b) E2, (c) EE2 

and (d) E3, at an initial concentration of 0.2 mg 1-1 in a combined solution of 0.8 mg 1-1. 

 



 

Figure 9. Cumulative efficiency of adsorption for the four estrogenic hormones on the various nanofibers over four cycles. 

 

The repeated desorption cycles of estrogen hormones from the nanofibers, wherein ethanol was 

applied, exerted a significant change in fiber morphology attributed to contact between the nanofibers 

and ethanol. The nanofibers of these materials are not prone to dissolving in ethanol and their porous 

structure facilitates the complete penetration of ethanol molecules. This is why, after several cycles 

and a period of contact, the structure of the nanofibers collapsed and swelled and the effectiveness of 

the adsorption process diminished, as is evident in the SEM images of the nanofiber structures after 

four cycles in figure 10. 

Figure 10 presents the surface morphology for each nanofiber after four adsorption-desorption cycles. 

It is visible that the diameter of the nanofibers increased for each type of polymer, ranging from 249 

to 475 nm (PU Elastollan experienced the least and PAN the highest), in comparison with the range in 

diameter prior to adsorption, which was 174-330 nm, respectively. 

 

3.7. Limitations, future works and practical application 

This is a preliminary model study for testing various electrospun polymers for simultaneous adsorption 

of a set of four estrogenic hormones using ultrapure water. However, certain limitations exist that 

require extra investigation and improvement to devise a continuous adsorption technique that 

functions at high pressures. Additionally, several aspects of the process that include membrane fouling, 

solution characteristics, varying concentrations of adsorbent and adsorbate need to be addressed to 

make this process amenable for large scale use. Future works shall encompass testing the electrospun 

materials with actual water samples from a reservoir. Doing this would enable the authors to observe 

the competing behavior and influence of inorganic ions and organic pollutants on entrapping estrogens 

during continuous adsorption by dead-end flow and cross-flow measurements. A similar concept for 

research could involve varying the pH, temperature, ionic strength and concentration of adsorbent 

and adsorbate in order to discern the optimum applicability of kinetics and determine thermodynamic 

parameters. These matters will be subjected to in future research. 

 

 

 

 



 

Figure 10. SEM Images, sample images of the nanofibers and distribution of their fiber diameter after four adsorption-

desorpton cycles: ((a), (a'), (A)) CA, ((b), (b'), (B)) PA, ((c), (c'), (C)) PAN, ((d), (ď), (D)) PES, ((e), (e'), (E)) PU 918 and ((f),

 (f'), (F)) PU Elastollan. 

 

4. Conclusions 

This study investigated the simultaneous removal of various estrogenic hormones by polymeric 

electrospun nanostructures. A one-step group detection method was devised for concurrent 

quantification of the estrogenic hormones. It was found that all the nanofibrous membranes were 

capable of successfully removing all types of estrogens. Overall adsorption efficiency diminished in the 

following order: PU Elastollan >PU- 918 >PES >CA >PA >PAN. The chemical composition and functional 

groups in the structure of the nanofibers played a major role in possessing hydrogen bonds between 

different types of estrogens and nanofibers, elaborated in the adsorption mechanism. The percentage 

efficiency of removal was the greatest for E1 (76.5), declining through EE2 (69.3) and E2 (56.8) to E3 

(37.0). PU Elastollan demonstrated the highest capacity for total adsorption over the other NF 

membranes and also compared to literature values, equaling 2.51 mg g-1 due to its carbonyl 

functionality and surface area. Based on results from kinetic models for all the polymers, pseudo-first-

order is applicable for E3, with pseudo-second-order being suitable for E1, E2 and EE2; the exception 

is PAN, where the estrogens follow the pseudofirst-order kinetic model. Consequently, both models 

are considered appropriate due to their high regression coefficients compared to other kinetic models. 



Desorption tests to discern recovery of the hormones and the reusability of the sorption 

nanostructures were conducted and found to be valid for four cycles. The research carried out shows 

that polymeric nanofibrous membranes are worthy of consideration as potential adsorbents for the 

simultaneous removal of estrogens from wastewater streams. 
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