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Abstract  

BACKGROUND: Estrogenic hormones as micropollutants in water systems cause severe adverse 

effects on human health and marine life, leading to fatal diseases such as breast, ovarian, and 

prostate cancer. Electrospun polymers have proven high stability and impressive performance in 

adsorption removal. In this study, electrospun polysulfone (PSU), polyvinylidene fluoride, and 

polylactic acid were prepared and characterized using SEM, FTIR, TGA, BET, XRD, and 

porometry.  

RESULTS: Nanofibers possess a mean fiber diameter of 149 - 183 nm and a specific surface area 

of 1.6 - 6.3 m2/g. The adsorption efficiency of simultaneous removal of estrone (E1), 17β-estradiol 

(E2), estriol (E3), and 17α-ethinylestradiol (EE2) in a mixed concentration was investigated using 

HPLC. The results indicate that spun PSU fibers exhibited the highest removal of all four 

estrogens, with a maximum removal efficiency of 71.2, 65.9, 56.9, and 36.1 % and adsorption 

capacity of 0.508, 0.703, 0.550, and 0.354 mg/g for E1, EE2, E2, and E3, respectively. 

Additionally, the adsorption was optimised by varying parameters such as concentration of 

adsorbate, pH, adsorbent dosage, and temperature to statistically analyse one-way variance using 

ANOVA. The pseudo-second-order is best fitted for E1, EE2, and E2, while the pseudo-first-order 

is for E3. The Langmuir-Freundlich isothermal model was most suitable for evaluation, and the 

thermodynamics depicted the adsorption to be exothermic and spontaneous. 

CONCLUSION: The results indicate that spun PSU can be an efficient adsorbent in the 

simultaneous elimination of estrogens from wastewater and exhibits high regeneration 

performance of over 60% after six adsorption-desorption cycles. 

mailto:yasir@utb.cz
mailto:sedlarik@utb.cz
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1. Introduction 

Over the past few decades, rapid human population growth and industrialization have resulted in 

numerous environmental and energy issues. The persistent release of environmental contaminants 

has severely affected the bio-ecosystem due to their high toxicity and wide occurrence in aquatic 

environments 1–3. So far, various toxicants have been classified as posing adverse effects on 

animals and humans alike 4. Several investigative reports have detected a high concentration of 

various types of pollutants such as heavy metals, nitrates, per- and polyfluoroalkyl substances 

(PFAS), and endocrine-disrupting chemicals (EDCs). Estrogens classified under EDCs are by far 

the most toxic due to their high bio-toxicity and estrogenicity interfering with the normal 

functioning of the endocrine systems even at ng.L-1
 concentrations 5–8. These estrogenic chemicals 

exist mainly as estrone (E1), estradiol (E2), estriol (E3), and ethinylestradiol (EE2), and their 

extensive synthetic use in the treatment of sexual disorders and as contraceptives have resulted in 

higher than recommended tolerance limit in aquatic resources 9,10. Globally, these steroids are 

potentially causing serious health issues by interfering with the naturally released hormones 

regulating various bodily functions. Several reports suggest that persistent exposure to these 

anthropogenic chemicals is correlated with serious health issues for humans and animals alike, 

such as breast cancer, skewed sex ratio, decreased fertility, feminization of males, etc. 11,12. 

Considering the above-mentioned highlights, proper remediation of these estrogenic hormones is 

of immediate scientific concern as less than 1% of the steroids present in the river are expected to 

be removed by sediments 13. So far, various strategies have been employed to effectively remove 

and eliminate steroid hormones, as conventional methods are limited by their high energy cost and 

low removal efficiency 14,15. Some of the strategies that have been explored with promising results 

include UV photolysis, photocatalysis, advanced oxidation process, bio-degradation, 

nanofiltration, reverse osmosis, and adsorption process 15–17. Out of these techniques, the 

adsorption process is considered an environmentally friendly technology with a high removal rate, 

ease of modification, and low operation cost 18. Various adsorbent materials have been explored 

with high adsorption capacity, such as carbonaceous materials, biochar, activated carbon, charcoal, 

resin, etc. 19–23. However, these highly adsorbent materials lack sufficient recyclability after a few 
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cycles and are usually disposed of after a limited life cycle. In this regard, electrospun polymer-

based nanofibers have gained popularity for water treatment applications owing to their unique 

properties such as high surface area, porosity, controlled geometry, and low production cost 24,25. 

Out of several methods for nanofibers production, electrospinning is the most common method as 

nanofibers in controlled dimensions, orientation, and morphology can be obtained 25,26. For 

remediation of environmental pollutants, numerous types of polymeric membranes have been 

synthesized; such as polyvinylchloride, cellulose acetate, polysulfone, polycarbonate, 

polypropylene, and polydimethylsiloxane 26–31. Additionally, the polymer-based nanofibers are 

functionalized with additive materials such zeolite, graphene oxide, ammine groups, etc., to impart 

unique features to the achieve high removal efficiency and selectivity based on the type of target 

molecule and application 32–34. However, little work has been done on investigating the optimized 

parameters for removing estrogenic hormones using electrospun fibers to eradicate them properly. 

In literature, few works have been done with commercial filters of polypropylene, nylon, cellulose 

acetate, polytetrafluoroethylene, regenerated cellulose, and glass microfibers for the removal of 

E1 35. Another study reported the removal of EE2 by polyamide nanoparticles 36. Next, 

polyethersulfone electrospun nanofibers have been used for the adsorption of E2, and 

polyvinylidene fluoride membrane produced via the phase inversion method and doped with 

polyvinyl pyrrolidone, and titanium dioxide has been used for the removal of E1 and E2 hormones 

37,38. However, these studies are limited to the removal of a single hormone, and also the works 

require more in-depth studies related to optimization, kinetics, isotherms, and thermodynamics to 

understand the mechanisms involved in the adsorption of hormones by electrospun nanofibers and 

to discuss this matter in more detail. Thus, this gap highlights the necessity of developing 

electrospun nanofibers for a comprehensive study on the removal of estrogenic hormones.  

This study aims to fabricate and test hydrophobic electrospun nanostructures of the thinnest fiber 

diameter and ample surface area to volume ratio for more adsorption sites. To remove estrogenic 

hormones from wastewater, we focused on using nanostructured membranes constructed from 

polymers with strong sorption activity. The goal is to simultaneously adsorb multiple estrogenic 

hormones from wastewater at neutral pH in a one-step procedure and quantify by HPLC. To 

understand the characteristics, interactions mechanisms involved, further investigate the feasibility 

of the results using the experimental data to determine adsorption capacity with contact time and 
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measure kinetics with appropriate models of pseudo-first-order, pseudo-second-order, intraparticle 

diffusion, Elovich, and fractional power models. Furthermore, we looked one way variance in 

ANOVA for optimized adsorption process by varying conditions such as pH, temperature, 

concentration of adsorbate, and adsorbent dosage to determine a suitable Isothermal model and 

thermodynamics. Finally, the research evaluates the reusability of prepared spun fibers over six 

adsorption-desorption cycles to determine their consistent effectiveness and recovery of estrogenic 

hormones. 

2. Materials and Methods 

2.1. Materials and reagents 

The estrogenic hormones used in this study were purchased from Sigma-Aldrich GmbH, Germany, 

which includes estrone (E1 ≥99%), 17β-estradiol (E2 ≥98%), estriol (E3 ≥97%), and 17α-

ethinylestradiol (EE2 ≥98%). The Kynar Flex® 2801, a copolymer composed of poly (vinylidene 

fluoride)-co-hexafluoro propylene (PVDF) of molecular weight 455 kDa, was purchased from 

Arkema (France). Ultrason Polysulfone (PSU) S6010 was purchased from BASF, Germany. 

Polylactic acid (PLA), Ingeo™ 4060D, biopolymer, was purchased from NatureWorks LLC 

(USA). N-Methyl-2-pyrrolidone (NMP) was purchased from Sigma-Aldrich, The USA. Acetone 

and N, N-dimethylformamide (DMF >99.5%) were bought from Lach-Ner, s.r.o., Czech Republic. 

Sodium tetra-borate decahydrate (borax) and citric acid were purchased from PENTA s.r.o., Czech 

Republic. The experimental solutions: acetonitrile (HPLC grade), was purchased from Honeywell, 

Czech Republic, and ethanol (HPLC grade > 99%) from VWR, Czech Republic. Deionized water 

(pH 7.3, 18.2 MΩ/cm) was sourced from a laboratory Milli-Q ultrapure (Type 1) water purification 

system, Biopak® Polisher, Merck, The USA. All chemicals were used as received without any 

further purification throughout the study. 

2.2. Preparation of spun nanofibers 

First, the conductive components, citric acid and borax (CB) were used to prepare a solution in the 

ratio of 3:1, respectively. Then, 35 wt% of CB was dissolved in a DMF solution and agitated on a 

magnetic stirrer for 5 h at 400 rpm. The solution was dropwise used later for adjusting the electrical 

conductivity of polymeric solutions to optimum prior to electrospinning. 
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PSU of 20 wt. % was uniformly dissolved in NMP to reach a viscosity of 2 Pa/s and conductivity 

of 116.3 µS/cm. PLA of 16 wt. % was dissolved in a solution of DMF/Acetone in a ratio of 4:1 to 

obtain a viscosity of 0.5 Pa/s and an electrical conductivity of 120.1 µS/cm. PVDF 20 wt. % was 

dissolved in DMF to a viscosity of 1.5 Pa/s and conductivity of 118 µS/cm. Each solution was 

homogenized in a mixer (Heidolph, RZR 2041) by stirring at 500 rpm for 4h and treated with CB 

to achieve the reported conductivity values.  

Electrospinning was performed on nano spider technology (NS Lab 200S spin line equipment, 

Elmarco, Czech Republic) equipped with a patented (PCT/CZ2010/000042) rotating electrode 

comprising spinning elements containing a total of 32 nozzles (16 jets in each row). The process 

was conducted on a 40 cm wide and 0.14 ± 0.01 mm thick, non-woven antistatic polypropylene 

(PP) continuous roller collector sheet in the laboratory of Tomas Bata University, Czech Republic, 

to produce fibers of minimum diameter at optimum operating parameters and the thickness of 

fibers together with PP substrate sheet was measured to be 0.17 ± 0.01 mm for each material. The 

applied voltages were 55, 65, and 75 kV for PSU, PLA, and PVDF, respectively. The spacing 

between electrodes equaled 19 cm, and the rotational speed of collecting PP spun bond was 0.1 

m/min to prepare 5 m of each type of electrospun nanofiber in a total duration of 50 min. The pace 

of solution dosage was set at 0.17, 0.27, and 0.41 mL/min., and the average mass per unit area of 

the nanofibers reported were 0.59, 1.3, and 1.85 g/m2, respectively. The operating room 

temperature was 26 ± 1 °C, with relative air humidity below 30%.  

Table 1 

Properties of the polymeric solutions. 

Sample Concentration 
(%) 

Density 

(g/cm3) 
Intrinsic 

Viscosity (Pa.s) 
Electrical 

conductivity 

(µS/cm) 

Av. mass 

per unit 

area (g/m2) 

PSU 20 1.25 2.0 116.3 0.59 

PLA 16 1.25 0.5 120.1 1.30 

PVDF 20 1.78 1.5 118.0 1.85 

 



6 

 

2.3. Characterization methods 

2.3.1. Fourier-transform infrared spectroscopy (FTIR) 

FTIR analysis was conducted using a Ge crystal in attenuated total reflectance (ATR) mode on a 

Nicolet 320 spectrometer (ThermoScientific, USA). Adsorption of the estrogenic hormones on the 

surface of polymeric nanofibers was tested to determine the functional groups involved in the 

interaction. Spectra were recorded across 400 ˗ 4000 cm-1 under standard conditions with 

resolution and scan rate set at 4 cm-1 and 16, respectively. 

2.3.2. Scanning electron microscopy (SEM) 

Nova 450 scanning electron microscope (SEM) (FEI, Thermo Fisher Scientific, USA) was used to 

image electrospun fibers to observe the surface morphology and the defects such as beads in the 

structures that might incorporate during electrospinning and to determine the desired diameter of 

fibers. The electron beam was operated at an accelerating voltage of 5 ˗ 10 kV with a through-the-

lens detector (TLD). The mean diameter of fibers was measured via ImageJ version 1.52a software. 

2.3.3. BET Surface Area and Porosity Analysis 

Surface area and fiber surface pore diameter analysis were performed according to the Brunauer-

Emmett-Teller (BET) method. To determine these quantities, a highly precise analyzer 

(BELSORP-mini II, BEL Japan Inc., Japan) was used for specific surface area and pore size. 

Outgassing of the substrate was carried out for 12 h in a vacuum at 100°C before starting 

measurement. Furthermore, according to ASTM F316-03 (2011), the pore size distribution of 

nanostructures and air permeability was tested and assessed by flow porometer NV, Belgium using 

Galpor as a wetting liquid. 

2.3.4. X-Ray Diffraction 

X-ray diffractogram (XRD) of electrospun fibers were recorded over the angle 2θ ranging from 5 

- 90° via CoKβ (λ=1.79 Å) as a source in MiniflexTM 600 X-ray diffractometer (Rigaku, Japan). 

The operating parameters such as voltage, current, step time, and step size were 40 kV, 15 mA, 

10°/s, and 0.02°, respectively. 
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2.3.5. Thermogravimetric analysis 

To obtain the thermal stabilities of produced nanofibers, a TGA Q500 thermogravimetric analyzer 

(TA Instruments, USA) was used with samples mass ranging from 12 - 20 ± 0.5 mg, depending on 

their densities. The samples were heated from 25 to 700 °C in an alumina crucible at a ramp of 15 

°C/min under N2 flow of 100 mL/min. 

2.3.6. High-Performance Liquid Chromatography (HPLC) analysis 

HPLC analysis of hormones (E1, E2, EE2, and E3) calibration standards and samples were carried 

out on an HPLC DionexUltiMate 3000 Series (Thermo Fisher Scientific, Germany). The 

separation was performed on a reversed-phase column Kinetex 2.6u C18 100 A (150x4.6mm; 

Phenomenex USA) equipped with a security guard column (Phenomenex. USA) at 30 °C. A 

combination of HPLC grade water and acetonitrile was used as the mobile phase (55:45, v/v) at a 

flow rate of 0.8 mL/min with an isocratic run time of 12 min. The sampler chamber was fixed at 5 

°C, and a 20 µL of volume was injected onto the column. Samples were performed in triplicates 

and elutes were analyzed using a wavelength of 200 nm to quantify the hormones’ mean 

concentration by plotted calibration curve in Chromeleon software version 7.2 (Thermo Fisher 

Scientific, USA) 39. 

For a preliminary test, a mixture of hormone solution was prepared to contain 0.2 mg/L of each 

hormone with a total concentration of 0.8 mg/L and left for magnetic stirring overnight at 700 rpm, 

followed by 30 min of sonication before storing it in a dark place. Samples were collected via a 

micropipette (HTL Lab Solution, Poland) and passed through a glass microfiber (GMF) filter 

(Whatman, Czech Republic) with 25 mm of diameter and 0.45 µm of pore size before dosing into 

1.5 mL screw neck vials (VWR, Czech Republic). Later for optimization studies, a single high 

concentrated E1 (0.5 mg/L) solution was prepared as a stock solution that was diluted to prepare 

several different concentrations to test variation in adsorbate concentration (E1). 

2.4. Adsorption study of spun polymeric nanofibers 

Batch adsorption tests were conducted to determine the adsorption efficiency and capacity of each 

estrogenic hormone on spun nanofibers. Studies were performed similarly as detailed in previous 

work 39. 20 mg of each electrospun nanofibers were supplemented into 250 mL conical flasks filled 

with 100 mL solution from the prepared stock. The flasks were continuously agitated at 200 rpm 
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on an orbital incubator shaker (Stuart® S1500, Barloworld Scientific Ltd., UK). The influence of 

varying different parameters such as initial concentration of hormone (mg/L), solution pH, 

adsorbent dosage (mg), and temperature of adsorbate solution (°C) was observed on the adsorption 

removal. Samples were withdrawn at predetermined time intervals using an optimized protocol to 

collect in vials via a GMF syringe filter and measure the remaining concentration of estrogenic 

hormones present in the experimental flask. 4 mL of withdrawn sample was substituted with 4 mL 

of ultrapure water at each interval. To ensure precise results, the first 2 mL of the filtrate was 

passed through the GMF filter and discarded to avoid self-adsorption or residual permeate left 

during the previous sampling. A set of triplicates of “control” solution flasks were also included 

in the experimental run to obtain the initial reference mean concentration. The mean concentration 

values with standard deviation using Gaussian distribution were recorded and reported with 

reference to control. The calculated percentage adsorption removal and equilibrium adsorption 

capacity of each hormone at a given time (t) was determined by the expression in Eq. (1) and (2), 

as follows: 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝐶𝑖−𝐶𝑡

𝐶𝑖
× 100                (1) 

𝑞𝑒 = 𝑣 ×
𝐶𝑖−𝐶𝑒

𝑚
                  (2) 

where Ci is the initial concentration (mg/L), and Ct is the concentration at time t (mg/L). The mass 

of adsorbent (m) in grams and v is the volume of solution in liters and qe is equal to the equilibrium 

adsorption capacity in the adsorption process. 

2.5. Adsorption kinetics study 

The experimental results data were evaluated to study the factors involved in the adsorption 

process, such as mass transfer and types of chemical interactions, to determine the rate-limiting 

step. Thus, kinetics models help select optimized parameters and conditions required for full-scale 

elimination of the estrogenic hormone process. However, choosing the parameters and concluding 

the mechanisms involved in the complex heterogeneous systems is much more complicated 

because of superimposed surface effects on the chemical effects. Therefore, to this concern, five 

models were deployed; Pseudo-first-order, Pseudo-second-order, Weber-Morris intra-

particle/membrane diffusion, Elovich, and Fractional power model equations were best fitted with 
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the experimental data to evaluate the simultaneous uptake of four estrogenic hormones by PSU 

fibers. The mentioned models are popular in describing the nature of aqueous/solid systems. Thus, 

these models can be expressed by the Eq. (3), (4), (5), (6), and (7), respectively. 

The pseudo-first-order introduced by Lagergren is the most common and widely used model for 

such hormones’ adsorption study. It explains that the rate of estrogenic hormone adsorption on the 

surface of PSU fibers is directly dependent on the number of hormones adsorbed from the solution 

phase 40. 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)                                                                                                                                      (3) 

Where qt is the amount of hormone adsorbed per unit mass at time t (mg/g), qe is the amount of 

hormone adsorbed per unit mass at equilibrium (mg/g), k1 is the first-order rate constant (L/min). 

In contrast, the pseudo-second-order equation explains the hormone adsorption capacity and can 

exclusively predict the kinetic behavior over a long period. This model implies that surface 

adsorption is the rate-determining step owing to chemisorption as a consequence of 

physicochemical interactions between the PSU fibers and the hormone solution phase 41. 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑒
                                                                                                                                          (4) 

Where k2 is the second-order rate constant (g/(mg min)). 

Next, the Weber-Morris intra-particle/membrane diffusion is a diffusion-controlled model; it 

suggests that the rate of adsorption is proportional to the speed of adsorbate with which it can 

diffuse towards the surface of the adsorbent. Primarily, the adsorption process occurs in a sequence 

of steps; first, the adsorbate moves from the bulk of the solution to the surface of the adsorbent 

and then diffuses through the boundary layer to the outer surface of the adsorbent. Meanwhile, the 

adsorbate adsorbs on the active sites of the adsorbent and diffuses to penetrate through the pores. 

It is essential for the validity that the linear convergence line of the best fit plotted for estrogenic 

hormone must intersect the coordinates of origin; then, this model is considered to be the rate-

determining step 42. 

𝑞𝑡 = 𝑘3𝑡0.5 + 𝐶                                                                                                                                             (5) 
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Where k3 is the intra-particle reaction rate constant (mg/g h1/2), C is the y-intercept constant (mg/g) 

which gives the information about the boundary layer thickness. 

Furthermore, in interactions where chemisorption is the only dominant mechanism for the 

adsorbate to be deposited on the surface of the adsorbent without desorption of products, then the 

rate of adsorption gradually decreases with time due to the surface layer coverage. In such cases, 

the Elovich model is the most suitable for explaining the chemisorption process 43. 

𝑞𝑡 = 𝛽 ln(𝛼𝛽) +  𝛽𝑙𝑛𝑡                                                                                                                                (6) 

In Eq. 6, α and β are the coefficients such that α represents the initial adsorption rate (g/mg min)) 

and β represents the desorption coefficient (mg/(g min)). These coefficients can be calculated from 

the slope and y-intercept of the plots, respectively. 

Lastly, the fractional power model is the modified and advanced form of the Freundlich equation 

44. 

𝑙𝑛𝑞𝑡 = 𝑙𝑛𝑎 + 𝑏𝑙𝑛𝑡                                                                                                                                        (7)  

In Eq. 7, a and b are the coefficients in the expression at the given condition that b < 1, the product 

of a and b is defined as the specific adsorption rate at a time of 1 min after the experiment is 

initiated. 

2.6. Thermodynamic study 

The impact that surrounds temperature influences the adsorption capacity of spun PSU was studied 

in a temperature-controlled system at 25, 35, and 45 °C. The thermodynamics of the adsorption 

process were estimated using the following equations 45,46. 

𝐾𝐷 =  
𝐶𝑠

𝐶𝑒
                                                                                                                                                         (8) 

𝑙𝑛𝐾𝐷 =  −
𝛥𝐻

𝑅𝑇
+ 

𝛥𝑆

𝑅
                                                                                                                                   (9) 

𝛥𝐺 =  𝛥𝐻 − 𝑇𝛥𝑆                                                                                                                                       (10) 
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Where, ΔG is the Gibbs free energy change, ΔH is the enthalpy change, and ΔS entropy change. 

KD is the distribution coefficient (a ratio of solid phase to solute concentrations), R (8.314 J/mol K) 

is the universal gas constant, Cs (mg/L) is the concentration of the hormone on the adsorbent, and 

T (K) is the absolute temperature. 

2.7. Isotherm modeling 

The adsorption isotherm study was performed at the initial pH of 7, the temperature of 25 °C, and 

different initial concentrations of the E1 hormone mixture (0.1, 0.2, 0.3, 0.4, and 0.5 mg/L). Spun 

PSU was used as the adsorbent, and samples were collected after 9 h of adsorption. The fitting of 

the adsorption equilibrium data was evaluated using the Langmuir and Freundlich isotherms. The 

non-linear regression equations used for the models are shown in Eq. (11) and (12), respectively 

47–49: 

𝑞𝑒 =  
𝑄𝑚𝑎𝑥𝐾𝐿𝐶𝑒

(1 + 𝐾𝐿𝐶𝑒)
                                                                                                                                      (11) 

𝑞𝑒 =  𝐾𝐹𝐶𝑒

1
𝑛⁄

                                                                                                                                               (12) 

Where, qe is the amount of adsorbed hormone on PSU adsorbent at equilibrium (mg/g), Ce is the 

residual equilibrium hormone concentration (mg/L), Qmax is the maximum adsorption capacity 

(mg/g), KL is the Langmuir isotherm constant, KF is the Freundlich constant and n is the Freundlich 

heterogeneity factor. 

2.8. Reusability study 

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

hormone solutions and washed thoroughly with distilled water, followed by gentle stirring at a 

constant 100 rpm for 10 min in a 100 mL mixture of 1:1 water and ethanol to remove the hormones 

entirely and eluted in the mixture. Finally, the nanofibers were placed in 100 mL of water until the 

next adsorption cycle. The procedure was repeated for six consecutive adsorption-desorption 

cycles. The consecutive adsorption cycles were performed at optimum conditions of pH 7, 

temperature 35, 0.2 mg/L concentration of adsorbate (E1), and 40 mg dosage of adsorbent (PSU). 
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2.9. Statistical analysis 

The data are displayed as Mean ± Standard error. OriginLab software version 9.0 was used for 

statistical analysis. The difference between values was determined by a one-way analysis of 

variance (ANOVA). A value of p < 0.05 was determined as statistically significant 50. 
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3. Results and discussion 

3.1. Characterization of materials 

3.1.1. SEM analysis 

 

Figure 1. Electron micrographs with (inset) distribution of frequency size of the electrospun 

nanofibers (a) PSU, (b) PLA, and (c) PVDF at different magnifications of 500x, 1500x, and 5000x. 
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Figure 1 reveals that the electrospun nanofibers were produced without beads or defects, as desired. 

The calculated average fiber diameters from SEM were in the range of 149-183 nm, which are 

firmly in compliance with the range of electrospun nanofiber (174-330 nm) reported in the 

literature 39. These low achieved diameters are attributed to the optimized parameters used to 

prepare electrospinning solutions, including low polymer concentration in the solution, intrinsic 

viscosity, and electrical conductivity. Further properties are mentioned in Table 2. 

Table 2 

SEM, BET, and porometry data of electrospun polymeric fiber materials. 

Nanofiber 

  

  

Average fiber 

diameter  

SEM (nm) 

Porometry 

Mean pore 

size (µm) 

Air 

permeability 

(l/cm2.min.b

ar) 

BET surface 

area  

(m2/g) 

  

PSU 183 ± 32 0.91 244 6.267 

PLA 159 ± 31 1.10  197 0.302 

PVDF 149 ± 36 0.39 077 1.612 

It can be seen in Table 2 that the mean pore size ranged from 0.39 - 1.10 µm and air permeability 

from 77-244 l/cm2.min.bar, which are inversely dependent on the average  mass of nanofiber per 

unit area (Table 1), the relative structural porosity is also visible in SEM micrographs at the same 

magnification. The measured BET surface area ranged from 0.3 - 6.3 m2/g, which is directly 

dependent on the intrinsic viscosities of the solutions (PSU ~2.0, PLA ~0.5, and PVDF ~1.5 Pa.s)  

prior to electrospinning. The effect of the surface area is also evident in the preliminary test for the 

adsorption of hormones, where PSU was observed to adsorb and remove the highest percentage of 

hormones.  
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Figure 2. Thermogravimetric analysis of (a) PSU, (b) PLA, and (c) PVDF, (d) X-ray 

diffractograms, and (e) FTIR spectra of the different electrospun nanofibers. 
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To investigate the physiochemical features of electrospun nanofibers. The TGA graphs in Figures 

2 (a, b, and c) displayed that no nanofibers degradation was observed up to 100 °C for any polymer. 

A slight initial dip in Figures 2a, b, and c is due to the evaporation of water, while the weight loss 

started at around 200 °C for PSU, about 300 ℃ for PLA, and nearly 400 ℃ for PVDF, which is 

far above the tested experimental range for adsorption in this study. Additionally, the degradation 

with a rapid weight loss was observed at 517.73, 345.69, and 480.22 °C for PSU, PLA, and PVDF, 

respectively. The XRD (Figure 2d) also revealed that a broad peak region was observed for each 

polymer around 2θ = 17-20°, which indicates the semi-amorphous nature of the polymer 

electrospun nanofibers. For PVDF, two broad spikes are seen at around 18° and 22° that belong to 

the α and β phases, respectively 51. 

The IR spectra in Figure 2e shows characteristic peak at about 2974 cm−1 assigns to CH2 symmetric 

stretching present in all three polymeric nanofibers. Then, the spike at 1453 cm-1 for PVDF is the 

scissoring or in-plane bending of CH2 in the α-phase. Furthermore, the rocking of CH2 or CF2 

asymmetric stretching is observed at 840 cm-1, and in-plane bending at 745 cm-1 is seen in the β-

phase 52. PVDF appears in different crystal phases; the spike at 840 cm−1 is considerably large, 

representing the β-phase, as well as the peaks at 1431 and 1278 cm−1 define the crystalline phase. 

The peak at 1074 cm−1 is mainly due to the β-phase, but traces of other phases could also be found 

around this location in the literature 51. The absorption peak at 1187 cm−1 is due to the combination 

of β and γ phases, and the large peak at 880 cm−1 is a result of the combination of all existing 

phases. Whereas, peaks at 840 and 1278 cm-1 are the usual β-phase peaks 53. 

In PLA, the characteristic peaks observed at 1754, 1267, and 754 cm−1 assigned to –C=O are due 

to the strength vibration, bending vibration, and torsion vibration, respectively. The peak located 

at 955 cm−1 corresponds to C–C group. In addition, the spikes at 1132, 1045, and 867 cm−1 belong 

to C–O groups for strength vibration. The deformation of C-H appears at 1450 cm−1, and the 

symmetric and asymmetric strength vibration of the –CH bond are indicated at 1362 and 1384 

cm−1. The formed peaks at 867 and 754 cm−1 are evidence of the amorphous and crystalline regions 

present in PLA, respectively 54. 

The spectra peak intensity for PSU revealed at 1323 and 1293 cm-1 corresponds to the asymmetric 

absorption of the S═O group, while the peak at 1169 cm-1 belongs to the symmetric absorption of 
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the S═O group. In addition, the characteristic absorption peaks at 1584 and 1487 cm-1 are 

attributed to the benzene rings 55. The main characterized peaks are present at 1584, 1245, 1323, 

1154, 1106, and 1013 cm−1, corresponding to the stretching caused by aromatic C=C, C-O-C (ether 

group), and O=S=O bonds, respectively 56. 

3.2. Batch adsorption studies 

3.2.1. Preliminary adsorption for different prepared polymeric nanofibers 

To evaluate and distinguish the efficiency of the prepared spun PSU, PLA, and PVDF nanofibers, 

short-term batch tests using the materials were performed to ascertain their adsorption efficiency 

against four different hormones of E1, E2, EE2, and E3. According to deduced results (Figure 3a), 

spun PSU showed more than 50% removal efficiency for almost all studied hormones. Removal 

efficiency for the different spun nanofibers was in the magnitude of PSU˃PLA˃PVDF. Based on 

this initial evaluation, spun PSU material was used for subsequent study due to its high adsorption 

capacity for different estrogenic hormones. 

 

Figure 3. (a) Comparative adsorption efficiency of hormones (E1, E2, E3, and EE2) on PSU, PLA, 

and PVDF electrospun nanofibers (left panel), and (b) Adsorption efficiency trends of E1, E2, E3, 

and EE2 hormones on PSU nanofibers as a function of time (right panel). (pH: 7, concentration of 

each hormone: 0.2 mg/L, and testing duration: 9 h) 

3.2.2. Effect of contact time 

The contact time plays a major role in the adsorption of the hormones onto the different spun 

nanofibers. The effect of contact time on the adsorption of the various hormones (E1, E2, EE2, 
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and E3) by spun PSU as the adsorbent with the highest adsorption capacity was further investigated 

and is shown in Figure 3b. It can be observed that the initial uptake of the hormones occurred 

within the first 2 h, and after that, a gradual increase with time up to 9 h depicted as apparent 

equilibrium. This initial rapid uptake of the hormones could be due to the availability of the 

adsorption sites on the adsorbent materials. It was evident that the adsorbed amount of the 

hormones adsorbed onto the adsorbent increased by increasing the contact time. After 4 h, the 

removal of the hormones from the aqueous phase was more than 50%. The removal capacity of 

PSU for the different hormones was in the magnitude of E1˃EE2˃E2˃E3. This indicated that the 

E1 hormone had the highest binding affinity to PSU. This may be due to the stoichiometric 

structural arrangement of the E1 hormone molecule that favored more hydrogen bonds and π-π 

interaction with the adsorbent 39. 

3.3. Adsorption kinetics 

The adsorption of estrogenic hormones on PSU increased with time until equilibrium was 

achieved. The initial rate was fast for 60 min, and then it gradually decreased with an increased 

contact time, assuming saturation at 540 min. The adsorption kinetic plots for the adsorption of E1 

on PSU nanofibers are shown in Figure 4, and the obtained kinetic parameters from the models 

mentioned above are presented in Table 3. 



19 

 

 

Figure 4. Adsorption kinetics plots of the four estrogenic hormones (E1, E2, EE2, E3) on PSU 

nanofibers, (a) Pseudo-first-order, (b) Pseudo-second-order, (c) Weber-Morris intraparticle 

diffusion, (d) Elovich, and (e) Fractional power model. 
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Several kinetic models were used to investigate the experimental data that can best fit to understand 

the ability of concomitant adsorption of estrogenic hormones on the surface of PSU fibers. In 

Figure 4a, the plotting In (qe-qt) vs. t shows a strong agreement of E3 hormone with a linear best 

fit line covering the data set points, and the predicted adsorption capacity of 0.307 mg/g is close 

to the experimental equilibrium adsorption capacity of 0.354 mg/g with a high regression 

coefficient of 0.954. Whereas, the theoretical adsorption capacities for E1, E2, and EE2 are 0.367, 

0.423, and 0.451, which are unsatisfactory and reasonably less expected compared to the 

experimental values of 0.508, 0.550, and 0.703 mg/g, respectively. However, the rate constant K1 

is precise and similar for each estrogenic hormone, but the data set points do not match the 

generated lines of best fits for E1, E2, and EE2 for the pseudo-first-order equation. 

For Figure 4b, the plots of t/qt vs. t must be linear lines to accurately and precisely estimate the qe 

and k2 values from the slopes and y-intercepts of each data set, respectively. The results obtained 

clearly indicate that E1, E2, and EE2 estrogenic hormones follow Pseudo-second order model 

kinetics. The data set points mostly match the lines of best fit with a high regression coefficient of 

0.962, 0.970, and 0.975 for E1, E2, and EE2, respectively. Also, the calculated adsorption 

capacities of 0.528, 0.576, and 0.715 are strongly in compliance with the experimentally achieved 

values of 0.508, 0.550, and 0.703, respectively. The slightly lower values obtained during the 

experiment are referred to as the inhomogeneous active sites on the surface of PSU because the 

rate of adsorption is primarily dependent on the concentration of hormone solution and the number 

of available active sites present on the surface of the adsorbent material. Similar results have been 

observed and reported by Al-Khateeb et al. in the literature using MWCNTs as an adsorbent for 

these hormones. The adsorption capacities reported were 0.423, 0.472, and 0.472 for E1, E2, and 

EE2, respectively 43. Furthermore, E3 shows a clear mismatch using the pseudo-second-order 

model. The data points do not fit the linear best fit line, and in fact, two separate portions are 

observed; one for the first 120 min and the second from 180 min till the end of the experiment. 

The plots in Figure 4b were used to determine the rate constants (k2) and the calculated equilibrium 

adsorption capacities (qe) expressed in Eq. (4) to obtain the regression coefficient (R2) shown in 

Table 3. 

The plot of qt vs. t0.5 is shown in Figure 4c, representing the intraparticle diffusion model. The 

linear plots of all estrogenic hormones have a high regression coefficient of 0.992, 0.993, 0.995, 
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and 0.975 for E1, E2, EE2, and E3, respectively, but the plots do not intercept through the origin. 

This indicates that intraparticle diffusion is involved in the adsorption process, but it is only a part 

of the mechanism and is not wholly the rate-determining step. The plausible reason could be that 

estrogenic hormones do not converge properly. This could be due to the surface boundary layer 

effects that might have dominated the interaction of the adsorption process in the latter half. 

Therefore, the diffusion rate decreases as the adsorption progresses, and a gentle slope is observed 

because of the low concentration of estrogenic hormones remaining in the solution. 

The plot in Figure 4d of qt vs. lnt depicts high adsorption rates per minute, which indicates and 

elucidates that chemisorption is the most dominant adsorption mechanism in the interaction of 

estrogenic hormones with PSU nanofibers. EE2 had the highest adsorption capacity of 0.703 mg/g 

and an initial adsorption rate of 18.870 g/mg.min. The descending order of removal rates is in the 

magnitude of EE2˃E1˃E2˃E3, with E1 having the highest regression coefficient of 0.942 and the 

highest overall adsorption removal percentage (Figure 3) owing to its binding affinity to PSU. The 

plausible reason could be the stoichiometric structural arrangement of the E1 molecule that favored 

more hydrogen bonds and π-π interactions with the PSU fibers based on its structure. 

In Figure 4e, the plots of lnqt vs. lnt are represented. As can be seen, an entire mismatch is evident 

for most of the estrogenic hormones, except for E1, where a linear relationship is seen with a 

regression coefficient of 0.990, but the adsorption capacity is unsatisfactory. This indicates that 

the fractional power model is not appropriate for these estrogenic hormones. The calculated 

parameters using Equations (3), (4), (5), (6), and (7) are shown in Table 3. 

Table 3 

The kinetic models’ parameters with each hormone using PSU electrospun nanofibers. 

Models 

parameters 

Hormones 

E1 E2 EE2 E3 

qe, expt (mg/g) 0.508 0.550 0.703 0.354 

Pseudo-First Order model 

k1 (min-1) 0.003 0.002 0.002 0.002 

qe, cal (mg/g) 0.367 0.423 0.451 0.307 

R² 0.962 0.970 0.975 0.954 

Pseudo-Second Order model 

k2 (g/mg.min) 0.038 0.027 0.031 0.026 

qe, cal (mg/g) 0.528 0.576 0.715 0.383 

R² 0.980 0.968 0.981 0.929 
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Intraparticle diffusion model 

k (mg/g h0.5) 1.009 1.152 1.256 0.807 

I (mg/g) 0.136 0.110 0.225 0.035 

R² 0.992 0.993 0.995 0.975 

Elovich Model 

α (g/mg.min) 11.641 7.302 18.870 5.796 

β (mg/g.min) 0.077 0.085 0.094 0.058 

R² 0.942 0.881 0.909 0.819 

Fractional power model 

a 0.100 0.093 0.176 0.041 

b 0.255 0.270 0.210 0.320 

a+b 0.025 0.025 0.037 0.013 

R² 0.990 0.939 0.957 0.885 

 

3.4. Adsorption based on the variation of single parameters 

Following the preliminary adsorption, contact time, and kinetic studies, the E1 hormone was 

selected as the most suitable hormone for further investigation of adsorption due to high interaction 

with the adsorbents, leading to the highest removal efficiency. As one of three major endogenous 

estrogens found in humans, this hormone serves as a suitable candidate. Different adsorption 

parameters of solution pH, hormone concentration, adsorbent dosage, and temperature effect were 

investigated by varying one factor and keeping the others constant.  

3.4.1. Effect of solution pH 

Solution pH is a vital index controlling parameter for the adsorption performance of an adsorbent. 

The solution pH was varied from 3 to 9 at a constant dosage of 20 mg, 0.2 mg/L hormone 

concentration, pH 7, and temperature 25 °C under shaking at 150 rpm. Figure 5a reveals that the 

hormone uptake by PSU is slightly affected by the initial solution pH ranging from 3.0 to 7.0, 

while the adsorption efficiency significantly increased from pH 7 to 9. The lowest removal 

efficiency was observed at pH 3 at 44.32% compared to 79.92% determined at pH 9.0. This 

observation can be traceable to the ionization state of the estrone (E1) hormone molecule. 

Generally, estrogen hormones are considered weak Lewis acid, and their ionization state is 

strongly dependent on solution pH. The reported value in literature for pKa of E1 is approximately 

10.34 57.  pKa represents the acid dissociation constant of E1, which above this value, the hormone 

deprotonates and becomes negatively charged, thereby losing its hydrogen atom affinity. As such, 

the adsorption study was investigated below pH 9 to favor interaction between the hormone 
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molecules and the adsorbent materials 58. Though maximum adsorption was achieved at pH 9, for 

environmental and better safety handling of the system, pH 7, which shows more than 50% 

removal efficiency, was selected as the most suitable solution pH.  

3.4.2. Effect of hormone concentration  

The effect of the initial concentration of the hormone on spun PSU adsorption properties was 

investigated as presented in Figure 5b. According to the plot, the amount of hormone adsorbed on 

spun PSU was evaluated by varying initial concentrations from 0.1 to 0.5 mg/L at a dosage of 20 

mg, pH 7, and temperature of 25 °C under shaking at 150 rpm. It was observed that the amount of 

hormone adsorption increased with an increase in initial concentration. However, the removal 

efficiency decreases with an increase in initial hormone concentration. As seen depicted in Figure 

5b, the removal efficiency decreased from 52.95% to 48.62%. This phenomenon was attributed to 

the gradual saturation of the adsorbent adsorption sites with an increase in initial hormone 

concentration 59. 

3.4.3. Effect of adsorbent dosage 

Dosage of adsorbent plays a crucial role in the whole adsorption process. Investigations were 

performed by varying the amount of spun PSU (10, 20, 30, and 40 mg) while keeping the other 

factors constant at 0.2 mg/L, pH 7, and temperature 25 °C under shaking at 150 rpm. Figure 5c 

shows that increasing the amount of adsorbent led to increased adsorption capacity. This is 

ascribed to more available adsorption sites as the amount of the adsorbent increases, allowing for 

an increase in the number of hormone pollutants attached to the adsorbent 60. It is evident that 

increasing the amount of the adsorbent directly increases the adsorption surface giving rise to an 

increased removal percentage of the hormone from an aqueous phase. The removal efficiency rises 

from 37.42% to 79.82% by increasing the adsorbent amount from 10 mg to 40 mg. In addition, it 

was observed that the removal percentage was greater than 50% using adsorbent amounts ≥ 20 

mg.  

3.4.4. Effect of temperature 

The effect on removal efficiency of the hormone by spun PSU was investigated by varying the 

medium’s temperature (25, 35, and 45 °C) at constant 20 mg, 0.2 mg/L, and pH 7 under shaking 

at 150 rpm. Based on obtained results (Figure 5d), low temperatures (25 and 35 °C) favoured 
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higher adsorption capacity as compared to a decrease in adsorption at elevated temperatures (45 

°). This observation was mainly attributed to the exothermic nature of the adsorption process 61. In 

addition, low adsorption at elevated temperatures may relate to the denaturing of the molecular 

hormone structure, affecting binding affinity to the adsorbent adsorption sites. The adsorption 

efficiency of the hormone was most significant at 35 °C, with a removal capacity of 65.33% 

compared to 40.26% for higher temperatures. This suggested that adsorption at mild room 

temperature best suited the removal of the hormone, and continued heating would decrease the 

adsorption efficiency. Thus, for economic and environmental considerations, the best conditions 

for removing the estrogenic hormone were suitable for temperatures between 25 – 35 °C.   

 

Figure 5. Effects of different adsorption parameters: a) solution pH, b) initial adsorbate 

concentration, c) adsorbent dosage, and d) temperature on the removal of E1 hormone using spun 

PSU nanofibers.  
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3.5. Adsorption mechanism 

The types of mechanism depend on several factors such as the hydrophobic nature of the hormone, 

surface area of the polymeric nanofiber available for active sites interaction, functional groups 

present on hormone and nanofiber, and pH of the solution. There can be more adsorption 

mechanisms present together that contribute and can lead to the adsorption of E1 on PSU 

nanofibers as shown in Figure 6. Size exclusion can contribute to a negligible amount of adsorption 

on the surface of PSU nanofibers (BET mean pore diameter on fiber surface was 10.288 nm and 

SEM mean fiber diameter equaled 183 ± 32 nm). This is expected because the reported diameter 

size of the E1 molecule in literature is approximately 0.8 nm using the Stokes-Einstein equation 

62. Thus, a minuscule amount of E1 molecules can be entrapped in the pores on the fibers’ surface. 

However, most of the E1 molecules can readily pass through the porous non-woven structure of 

nanofibers owing to its mean porosity of 0.91 µm and similarly for PLA (1.10 µm) and PVDF 

(0.39 µm). Additionally, the dissociation of hydroxyl groups of E1 attached to its aromatic rings 

is dependent on the acid dissociation constant (pKa); this value of E1 is 10.34, which is higher than 

that of phenol (pKa = 10). This indicates that E1 would not deprotonate and stay predominantly 

neutral at pH <10.5; therefore, the influence of electrostatic charge is absent in this system. The 

other possibility of E1 adsorption on the PSU internal and external surfaces could be due to the 

hydrophobic interactions; the log Kow (octanol-water partitioning coefficient) is 3.43, which is a 

greater value than 2.5; therefore, it suggests that E1 could readily be adsorbed on hydrophobic 

surfaces of PSU, PLA and PVDF nanofibers. Next, the electron-rich and deficient benzene 

aromatic rings possessed by both adsorbate (E1) and the adsorbent (PSU) will lead to π–π 

interactions by overlapping double-bonded C=C atoms present in the two molecules. Furthermore, 

the phenolic hydroxyl and carbonyl functional groups present on E1 can facilitate the formation of 

hydrogen bonding by acting as either a proton donor or acceptor. However, in this case, the -OH 

terminal group present in E1 molecules will serve as a proton donor and bind with the groups 

containing highly electronegative oxygen atoms in the structure of PSU nanofibers 62. Similarly, 

the C=O bond present at 1754 cm-1 in PLA (Figure 2e) is responsible for its hydrogen bonding 

with hormones; however, this interaction is absent in the case of PVDF.  This is the strongest of 

all the interactions and provides a boost in the rapid adsorption of the E1 hormone. Similar 

hydrogen bonding interactions of nylon 6,6 membrane and electrospun polyurethane fibers with 
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E1 are reported in the literature 35,39. Hence, a similar interaction behavior is expected to occur in 

the remaining hormones (E2, EE2, E3) of the same estrogenic family 57.  

 

Figure 6. Schematic representation of the possible different interaction mechanisms between PSU 

nanofibers and E1 hormone; (a) hydrophobic interactions, (b) π–π stacking interaction, and (c) 

hydrogen bonding. Strong bonding interactions are represented with bold arrows, while weak 

interactions are represented with dotted lines. 

Therefore, comparing the types of adsorption interaction mechanisms between estrogenic 

hormones and PSU nanofibers with PLA and PVDF, the overall descending trend of hormones 

adsorption on nanofibers is as PSU >PLA >PVDF, which is also evident from Figure 3a.  

3.6. Thermodynamic study 

The thermodynamic parameters were estimated by plotting a Van’t Hoff plot of lnKD versus 1/T, 

while values of ΔS and ΔH were determined from the slope and intercept, respectively. Values of 

ΔG at different temperatures were then calculated and are given in Table 4. 

Table 4 

Thermodynamic parametric values for the adsorption of E1 hormone. 

Parameters Temperature 



27 

 

298 K 308 K 318 K 

∆G° (kJ/mol) -0.596 -0.566 -0.536 

∆H° (kJ/mol) -1.478 

∆S° (J/mol K) -2.958 

 

In general, the adsorption capacities of the PSU sample decreased at higher temperatures (Figure 

5d). The highest increase in adsorption capacity occurred by increasing the temperature from 25 

to 35 °C. This increase in temperature may have facilitated diffusion of the hormone molecules 

through the spun PSU material’s matrix, thereby favoring adsorption. The calculated 

thermodynamic parameters from Eq. (8), (9), and (10) summarized in Table 4 depicted ΔH and 

ΔG values to be negative. This indicated that the adsorption process of the estrogenic hormone 

onto PSU was exothermic and spontaneous, demonstrating favourability at lower temperatures. 

The values of ΔG ranging from −0.536 to −0.59 kJ/mol, imply that evaluated estrogenic hormones 

were adsorbed onto PSU through the mechanism of physical adsorption. The ΔH value (≤ 20 

kJ/mol) determined for the hormone adsorption on PSU also suggested that adsorption occurred 

through the mechanism of physical adsorption 58. The negative ΔS entropy value suggested a 

decrease in randomness at the solute/solid interface. 

3.7. Isotherm modeling 

By plotting qe vs. Ce, the equilibrium adsorption data were fitted with isotherm models as presented 

in Figure 7, while the calculated isothermic parameters are given in Table 5. 

The Langmuir model is based on the assumption of monolayer coverage on a homogenous surface 

with identical adsorption sites, given there is no interaction between the adsorbate molecules, while 

the Freundlich model describes multilayer adsorption with the interaction between adsorbate 

molecules and heterogeneous adsorbent surface for various adsorption sites 63,64. Adsorption 

capacities of spun PSU increased with initial hormone concentration, although the characteristic 

plateau was not achieved in the investigated concentration range. According to R2 values (˃ 0.990), 

both models fit well with the experimental. This was supported by the low values obtained for the 

other error analysis parameters (Sum of squared errors and Chi-squared). However, the 

experimental data best fitted with the Freundlich isotherm model. This indicates that the adsorption 
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of the hormones on the surface of PSU was mainly heterogeneous. Freundlich parameter KF is an 

indication of the PSU capacity, while n is a measure of the surface heterogeneity. For the 

investigated hormone, the n value was below one, indicating the heterogeneous surface of the 

adsorbent. Maximum adsorption capacities calculated from the Langmuir isotherm was 10.65 

mg/g for hormone, which was in close agreement with that calculated from the combined 

Langmuir-Freundlich isotherms was 12.88 mg/g, indicating the suitability of these isotherms in 

describing the adsorption process of the hormone on the adsorbent. Similar results for the same 

hormone have been reported by Patel et al. 60 and Prokic et al. 47, with maximum adsorption 

capacities determined as 10.12 mg/g and 12.66 mg/g, respectively.  

 

Figure 7. Adsorption isotherms for E1 hormone using PSU electrospun nanofibers; a) Langmuir, 

b) Freundlich and c) Langmuir-Freundlich model. 

Table 5 

Calculated adsorption isotherm parameters for the adsorption of the E1 hormone. 
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Langmuir model 

Qmax (mg/g) KL (L/mg) RL R2 SSE χ2 

10.651 0.543 0.696 – 0.887 0.998 0.00144 0.00048 

Freundlich model 

KF (mg/g)(L/mg) n R2 SSE χ2 

4.267 0.878 0.999 0.00172 0.00057 

Langmuir – Freundlich model 

Qmax (mg/g) KLF n R2 SSE χ2 

12.888 0.424 0.975 0.996 0.00142 0.00071 

SSE = Sum of squared errors, χ2 = Chi-square 

3.8. A comparative study with other adsorbents  

The following Table 6 compares the reported electrospun nanofibers and other adsorbents particles 

reported in the literature for effective removal of E1 hormone.  

Table 6 

Comparison of adsorption capacity of E1 hormone using PSU to various adsorbents. 

Material Hormone pH and 

Temperature 

(℃) 

Adsorption 

capacity (mg/g) 

Reference 

PES nanofibers E1 7 and 25 0.442 39 

PAN nanofibers E1 7 and 25 0.396 39 

PA nanofibers E1 7 and 25 0.331 39 

MWCNTs E1 7 and 25 0.423 43 

Activated sludge E1 7 and 25 0.002533 43 

Hydrophobic hollow 

fiber membrane 

E1 7 and 25 0.000062 43 

Carbonized 

hydrothermal carbon  

E1 7 and 25 0.95 48 

PSU nanofibers E1 7 and 25 0.508 Present study 

 

PSU possesses a high adsorption capacity owing to its surface area of 6.3 m2/g, which is relatively 

low for the other compared materials reported in the literature. The results revealed that PSU 

nanofibers at pH 7 and room temperature (25 ℃) possessed a cumulative adsorption capacity of 

2.115 mg/g with an individual adsorption capacity of E1 to be 0.508 mg/g. This value is higher 

than the adsorption capacity of the compared electrospun nanofibers, MWCNTs, activated sludge, 
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and hollow fiber membrane shown in Table 6. However, the value is slightly low compared to 

carbonized hydrothermal carbon owing to its high surface area compared to electrospun nanofibers 

based on the nature of that material. When comparing PSU with the other electrospun nanofiber 

reported in the literature, the value for PSU nanofibers is high owing to its high surface area and 

small average fiber diameter of 183 ± 32 nm (PES: 199 ± 51 nm, PAN: 330 ± 73, PA: 220 ± 51 

nm), the structure that allows hydrophobic and π–π interactions, and functional groups present on 

the surface that facilitate hydrogen bonding with E1 hormone, as discussed in adsorption 

mechanism. 

3.9. Adsorption-desorption study 

It can be seen in Figure 8 that the highest adsorption was achieved at around 82.2%, which was 

gradually reduced, reaching the efficiency of about 60% in six adsorption cycles which is evidence 

of the high performance of PSU nanofibers. Similarly, desorption cycles followed the same trend; 

however, the efficiency remained slightly higher in most of the cycles using desorption of E1 from 

PSU nanofibers which clearly indicates the effectiveness of the process for recovery of E1 

hormones from the nanofibers. Additionally, The SEM image shows surface morphology of 

nanofibers after six cycles. A slight increase in the diameter of nanofiber is observed rising from 

183 to 246 nm. A plausible reason of swelling is attributed to the interaction of nanofiber with the 

ethanol while in contact during the desorption cycles 39.  
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Figure 8. SEM micrograph after study with (inset) distribution of the fiber diameter (in the left 

panel) and cycles of adsorption-desorption for E1 by PSU nanofibers (in the right panel). 

4. Conclusions 

Polymeric nanofibers that include PSU, PLA, and PVDF were successfully produced via the facile 

electrospinning method and could adsorb all types of estrogenic hormones. These fibers possessed 

a mean fiber diameter of 149 - 183 nm and a specific surface area of 1.6 - 6.3 m2/g. The preliminary 

study showed that PSU was the best among these polymers, with the highest percentage of removal 

(71.2%) of E1. The adsorption of hormones on PSU is significantly high compared to other 

polymers owing to the hydrogen bonding interactions. Therefore, five models (pseudo-first-order, 

pseudo-second-order, intraparticle diffusion, Elovich, and fractional power model) were deployed 

on experimental data to obtain the adsorption kinetics and to understand the characteristics of PSU 

fibers with contact time. The obtained results showed that E3 followed pseudo-first-order kinetics 

while E1, E2, and EE2 best fitted pseudo-second-order kinetics. It was found that PSU fibers had 

maximum removal efficiency of 71.2, 65.9, 56.9, and 36.1 % for E1, EE2, E2, and E3, respectively. 

Adsorption obeyed Langmuir-Freundlich isothermal adsorption models; thermodynamics and 

mechanisms were evaluated, revealing that the adsorption process of E1 was exothermic and 

spontaneous in nature. The adsorption-desorption cycles were conducted over six cycles to 

determine the reusability and effectiveness of PSU, which remained above 60%. Overall, the 

results indicate that PSU can be a potential and efficient adsorbent for the effective simultaneous 

removal of estrogenic hormones from water streams. 
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