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A B S T R A C T

This work presents a sustainable strategy for fabricating thiol-functionalized electrospun nanofibrous membranes 
(ENMs) for heavy metal removal and detection in water. The membranes are produced via green electrospinning 
of an aqueous styrene–butadiene rubber (SBR)/poly(ethylene oxide) (PEO) dispersion, followed by UV irradia
tion that simultaneously induces thiol-ene crosslinking and surface functionalization. This process stabilizes the 
nanofibrous structure while enabling precise control of the surface density of accessible thiol (-SH) groups 
through stoichiometric tuning, reaching values of approximately 180 μmol/g. The resulting ENMs exhibit 
effective interaction with multiple heavy metal ions (i.e., Cu(II), Pb(II), Hg(II), and Ag(I)), combining adsorption 
capability with colorimetric detection in aqueous media. A distinct response toward Cu(II) allows detection down 
to 3 mg/L. The nanofibrous architecture enhances functional group accessibility compared to dense materials, 
while maintaining mechanical robustness and favorable wettability for operation in aqueous environments. This 
solvent-free, low-energy approach provides a scalable and environmentally benign route to multifunctional 
nanofibrous membranes with tunable surface chemistry and dual detection–removal functionality, highlighting 
their potential for advanced water treatment and monitoring applications.

1. Introduction

Electrospun nanofibrous membranes (ENMs) represent a significant 
advancement in membrane technology due to their high specific surface 
area, interconnected porous structure, and tunable surface chemistry 
[1]. These features enable enhanced mass transport, high permeability, 
and efficient interfacial interactions, which are critical for separation 
and adsorption-based processes. Electrospinning is a versatile and 
well-established technique for producing continuous nanofibers with 
diameters down to the nanoscale by applying a high electric field to a 
viscoelastic fluid jet [2]. This process allows the formation of nonwoven 
fibrous membranes with controllable thickness, porosity, and fiber 
alignment. A key advantage of electrospinning is its exceptional material 
versatility, enabling the fabrication of nanofibers from a wide range of 
feedstocks, including biobased and synthetic polymers as well as organic 
and inorganic systems [3,4]. Furthermore, the electrospinning process 
allows precise control of fiber morphology and membrane architecture 
by carefully adjusting solution properties, processing parameters, and 
fabrication conditions [5,6]. As a result, ENMs find applications in 
diverse fields, such as energy storage, biomedical devices, textiles, and, 

notably, water treatment technologies [7–10]. In the context of water 
purification, their high surface-area-to-volume ratio, interconnected 
pore network, and ease of surface functionalization make ENMs 
particularly attractive for the removal and detection of dissolved con
taminants, including heavy metal ions [11].

Among the various electrospinning approaches, suspension electro
spinning has emerged as a particularly green and versatile technique 
[12], as it employs aqueous colloidal suspensions or dispersions rather 
than polymer solutions that often require organic solvents or melt pro
cessing at elevated temperatures. This water-based methodology 
significantly reduces environmental impact while expanding the range 
of processable materials, including latex systems and particle-based 
formulations. In addition, crosslinking strategies can be integrated 
with electrospinning, either during or after fiber formation, to enhance 
mechanical integrity and introduce targeted surface functionality [13,
14]. Our previous work has demonstrated that suspension electro
spinning combined with photo-induced crosslinking enables the fabri
cation of rubber-based nanofibrous membranes with unique 
morphologies, improved structural stability, and tunable physicochem
ical properties, while maintaining a fully water-based and sustainable 
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processing route [15].
Building on this strategy, the present study describes a sustainable 

and efficient approach for fabricating functionalized ENMs based on 
styrene-butadiene rubber (SBR) latex. Poly(ethylene oxide) (PEO) is 
employed as a sacrificial template to facilitate fiber formation, while a 
multifunctional thiol acts as both a crosslinker and a surface function
alization agent. Upon UV irradiation, a “click” thiol-ene hydrothiolation 
reaction occurs between the thiol groups of the crosslinker and the C––C 
double bonds of the SBR backbone [16–19], generating a stable 
three-dimensional fibrous network. This photo-induced crosslinking 
effectively suppresses cold flow and enhances the morphological sta
bility, mechanical integrity, and chemical resistance of the membranes, 
while allowing removal of the PEO template without loss of the nano
fibrous structure [20].

Most importantly, control over the thiol-ene stoichiometry enables 
the introduction of free thiol (–SH) functional groups on the fiber sur
face. Among commonly used functional groups for water treatment 
applications, such as -NH2, -COOH, and -SO3H, thiol groups are partic
ularly attractive due to their strong affinity and selective binding toward 
heavy metal ions, forming stable metal-sulfur complexes [21]. As soft 
Lewis bases, thiol groups preferentially interact with soft Lewis acid 
metal ions through coordinate covalent bonding [22–24]. This interac
tion is especially relevant for toxic, non-biodegradable heavy metals 
such as mercury (Hg) and lead (Pb), which are widely recognized as 
priority pollutants [3,5]. These metals can enter the human body 
through contaminated drinking water and the food chain and may cause 
severe health effects, including metabolic dysfunction, organ toxicity, 
and chronic diseases, due to their strong interactions with biological 
molecules [1,5,25,26]. To address the issue of contaminated water 
threatening human health, ecosystems, and environmental integrity, 
several water purification technologies are currently employed, 
including chemical precipitation and ion exchange [27,28]. However, 
these methods often suffer from limitations such as low efficiency, high 
reagent consumption, and the generation of secondary toxic wastes [29,
30]. Filtration and adsorption-based approaches offer distinct advan
tages [31], particularly when the filtering materials combine efficient 
mass transport with strong, selective binding sites. In this context, 
functionalized ENMs are particularly promising, as their porous fibrous 
architecture enables physical sieving of particulate contaminants, while 
tailored surface chemistry allows selective binding of metal ions, even at 
very low concentrations [32–34]. Moreover, ENMs can offer high 
removal efficiency, low operating pressure, high permeation flux, and 
potential for regeneration and reuse [35,36].

In addition to heavy metal removal, ENMs can also be engineered as 
colorimetric sensing platforms for rapid detection in aqueous media. 
Simple, low-cost, and portable sensing materials capable of providing an 
immediate visual response are highly attractive for preliminary on-site 
screening and real-time water quality monitoring [37]. Although 
established analytical techniques, such as atomic absorption spectros
copy (AAS), inductively coupled plasma optical emission spectroscopy 
(ICP-OES), inductively coupled plasma mass spectrometry (ICP-MS), 
and anodic stripping voltammetry (ASV), remain the methods of choice 
for highly sensitive and quantitative analyses [38], functionalized ENMs 
can provide a rapid first-level assessment of heavy metal contamination. 
Contaminated samples can then be subjected to conventional laboratory 
analyses to verify compliance with regulatory limits.

Herein, thiol-functionalized ENMs are introduced as self-standing, 
rubber-based materials capable of effective heavy metal detection and 
removal in aqueous environments. By integrating green suspension 
electrospinning with photo-induced thiol-ene chemistry, this work es
tablishes a versatile and sustainable platform for the development of 
advanced membranes capable of both heavy metal adsorption and 
chemical recognition. The present work focuses on the design, fabrica
tion, and proof-of-concept demonstration of these multifunctional 
membranes using single-metal systems as a first step toward future 
evaluation under more complex wastewater conditions

2. Experimental section

2.1. Materials

SBR latex S19 from RESCOM srl was used as the primary electro
spinning material; it contains 50 wt% of styrene-butadiene copolymer 
with an average particle size between 100 and 200 nm, has a Tg = 6 ◦C, 
and a viscosity at 25 ◦C of 300 cP. PEO (Mw = 106 g/mol) from Sigma- 
Aldrich was employed as a template polymer to allow the electro
spinning process. The tetrafunctional thiol monomer pentaerythritol 
tetrakis(3-mercaptopropionate) (TETRA), purchased from Bruno Bock, 
served as a crosslinker and functionalization agent. Ethyl phenyl(2,4,6- 
trimethyl benzoyl)phenyl phosphinate (TPO-L), provided by IGM Resins 
Italia, was used as the photoinitiator. The structure of TETRA and TPO-L 
are drawn in Figure S1 of the Supporting Information. Ellman’s reagent 
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) was supplied by Sigma- 
Aldrich to quantify the amount of available functional groups on the 
surface of the membranes. Standard heavy metal solutions of Cu(II), Pb 
(II), Ag(I), and Hg(II) at 1000 mg/L, supplied by Sigma-Aldrich, were 
used to investigate the detection of heavy metal ions in electrospun 
nanofibrous membranes. Hydrochloric acid (HCl) from Sigma-Aldrich 
was used to adjust the pH of the diluted heavy metal solutions. All 
other chemicals were purchased from Sigma-Aldrich. All materials and 
chemicals were used without any further purification or modification.

2.2. Electrospun nanofibrous membranes fabrication

The electrospinning suspensions were prepared by combining SBR 
latex, the polymer template PEO, the photoinitiator TPO-L, and the thiol 
crosslinker TETRA, using only distilled water as the electrospinning 
medium. Firstly, PEO powder was dissolved overnight under magnetic 
stirring in distilled water to obtain 6 wt% aqueous solutions. Subse
quently, SBR latex was introduced into the PEO solution at a constant 
100/30 (SBR/PEO) weight ratio and mixed for 2 h. In the next step, TPO- 
L and TETRA were added to the mixture and stirred by a magnetic stirrer 
for 45 min. The concentration of TPO-L was fixed at 1 phr (parts per 
hundred rubber), while the crosslinker content varied from 5 to 50 phr 
relative to the SBR dried content. The composition of the different 
electrospinning formulations is detailed in Table 1.

The ENMs were fabricated through three consecutive steps: elec
trospinning, photo-crosslinking, and template removal. First, the elec
trospinning technique was performed using a horizontal electrospinning 
setup (E-fiber SKE apparatus) equipped with a syringe tip (inner diam
eter of 1 mm) and aluminum foil as the substrate. The working voltage 
was maintained between 16 and 18 kV, the flow rate was set at 0.4 – 
0.45 mL/h, and the distance from the spinneret head to the collector was 
kept at 20 cm. After electrospinning, the membranes were exposed to UV 
light to crosslink the membrane structure. Irradiation was performed for 
10 min at an intensity of 32 mW/cm2 using the LIGHTNIGHCURE 
Spotlight Source LC8 (Hamamatsu), which was equipped with an optical 
fiber. Finally, the membranes were immersed in distilled water for 15 h 
to remove the PEO template and air-dried under ambient conditions. At 
the end of the fabrication process, the ENMs were carefully peeled from 
the substrate, yielding flexible, free-standing fibrous membranes with 

Table 1 
Composition details of the electrospinning formulations. The unit of measure for 
each component is phr (parts per hundred rubber), considering the SBR polymer 
as 100 parts.

Sample Component concentration (phr)

SBR PEO TPO-L TETRA

TETRA05 100 30 1 5
TETRA10 100 30 1 10
TETRA25 100 30 1 25
TETRA50 100 30 1 50
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thicknesses of 60–110 μm, depending on the electrospinning duration. 
The membrane thickness was measured using a digital micrometer, and 
at least five different points on each membrane were tested to obtain an 
average value and ensure measurement accuracy.

A continuous thin film (TETRA50_thinfilm) with a thickness of 110 
μm, prepared by cast molding using the same TETRA50 composition, 
was also fabricated to serve as a reference for comparing the properties 
of the electrospun fibrous membranes with those of the non-fibrous film. 
After cast molding and water evaporation, the thin film was crosslinked 
under UV light and subsequently treated with water to remove the 
template, following the same procedure used for the ENMs.

2.3. Characterization of the electrospun nanofibrous membranes

The morphology of the ENMs was evaluated using a ZEISS Supra 40 
Field-Emission Scanning Electron Microscope (FE-SEM). The samples 
underwent sputter coating with a 15 nm Pt film utilizing a Quorum 
Q150T ES apparatus before FE-SEM imaging. Quantitative analysis of 
the average fiber diameter distribution across all membranes was con
ducted using ImageJ, with approximately 200 random measurements 
per sample. The surface porosity and average projected pore area of the 
electrospun membranes were also determined from FESEM images using 
ImageJ software. FESEM micrographs were converted into binary im
ages by threshold segmentation, and the projected pore regions of the 
uppermost fiber layer were identified and quantified. Surface porosity 
was calculated as the ratio of the projected pore area to the total 
analyzed image area, while the average projected pore area was deter
mined from the identified pore regions.

Attenuated Total Reflectance – Fourier Transform Infrared (ATR- 
FTIR) spectroscopy was performed using a ThermoFisher Scientific 
Nicolet iS50 spectrophotometer to investigate the chemical structure of 
the ENMs before and after the photo-crosslinking process within the 
4000 – 500 cm-1 spectral range. Additionally, the photo-crosslinking 
kinetics of all samples were monitored in real time using the same 
FTIR instrument in transmittance mode, equipped with a liquid 
nitrogen-cooled mercury-cadmium-telluride (MCT) detector. The con
version percentage of vinyl groups at 910 cm-1 was calculated by the 
decrease of the C––C double bonds peak area as a function of irradiation 
time (t) (Eq. (1)), where A and Aref represent the peak areas of C––C 
double bonds and out-of-plane bending of the C–H groups (reference 
peak) in the aromatic ring, respectively. 

Conversion (%) =

(

1 −

⃒
⃒A
/
Aref

⃒
⃒
t⃒

⃒A
/
Aref

⃒
⃒
t=0

)

x100 (1) 

Ellman’s reagent DTNB method was performed to quantify the 
amount of active thiol groups available on the membrane surface 
(Figure S2 of the Supporting Information) [39–41]. The thiol concen
tration was determined by using the Beer–Lambert law (Eq. (2)): 

A = εbc (2) 

where A is the absorbance at 412 nm (i.e., the characteristic absorbance 
peak of DTNB), b is the path length of the cuvette for UV–Vis mea
surement (1 cm), c is the concentration of the DTNB solution, and ε is the 
molar absorption coefficient (with a value of 14,1500 M-1cm-1) [42]. A 
DTNB solution with a concentration of 100 μM was prepared by dis
solving Ellman’s reagent powder in phosphate-buffered saline (0.01 M 
and pH 7.4). Then, approximately 10 mg (dried weight) of the 
free-standing membrane was immersed in 20 mL of the testing solution 
under ambient conditions for 24 h, with gentle agitation to ensure 
completion of the reaction. UV–Vis spectra were acquired from 200 to 
700 nm using an Evolution One Plus UV–Vis spectrophotometer (Ther
moScientific). After the UV–Vis measurement, the concentration of 
available active thiol groups was normalized to the weight of the dried 
free-standing membrane.

To evaluate the mechanical properties of the ENMs, a Small Tensile 
Tester Z5 (Thumler GmbH) in uniaxial tensile mode, equipped with a 
500 N load cell, was utilized. The membranes were cut into tensile 
samples with the dimensions of 25 × 10 × 0.12 mm3. All measurements 
were performed under ambient conditions at a consistent stretching 
speed of 5 mm/min. For each formulation, a minimum of four replicate 
measurements were conducted to ensure statistical validity, from which 
average values for the tensile stress and strain at break were derived.

The wettability of the ENMs was assessed by measuring the static 
water contact angle under ambient conditions using an FTA 1000 Drop 
Shape Instrument (First Ten Angstroms). The reported values were ob
tained from five independent measurements performed on different 
areas of the membrane, using bidistilled water (surface tension γ = 72 
mN/m at 25 ◦C).

2.4. Investigation of heavy metals binding by ENMs

Four heavy metal ions, i.e., Cu(II), Pb(II), Hg(II), and Ag(I), were 
chosen as model contaminants for evaluating the metal-binding capacity 
of the ENMs. The heavy metal ion solutions were prepared by diluting a 
1000 mg/L standard solution with distilled water to achieve concen
trations ranging from 2 to 200 mg/L at pH 1. At low concentrations, the 
pH value was adjusted by adding dilute HCl to ensure a constant pH 1 
across all samples. To evaluate the influence of solution pH on metal 
uptake, Cu(II) binding experiments were also performed over the pH 
range 1–6.5 following the same procedure. The free-standing membrane 
samples (approximately 10 mg, dry weight) were immersed in the pre
pared heavy-metal ion solutions and maintained under static conditions 
with gentle agitation for 120 min to promote metal-thiol interactions. 
After that, the membranes were carefully retrieved, thoroughly rinsed 
with distilled water, and air-dried in ambient conditions for 24 h. 
Control experiments were performed by immersing the membranes in 
distilled water (pH 1) under the same experimental conditions.

The samples were then analyzed using an Evolution One Plus UV–Vis 
Spectrophotometer (ThermoScientific) equipped with an ISA-220 Inte
grating Sphere Accessory, operating in total reflectance mode over the 
wavelength range of 200–700 nm. Moreover, Energy Dispersive X-ray 
Spectroscopy (EDX, Oxford Inca Energy 450) was used to detect the 
presence of heavy metals on the membrane surface.

Unless otherwise stated, at least three independent membrane sam
ples were tested for each membrane formulation and experimental 
condition to assess the reproducibility of the results. For UV–Vis char
acterization, representative spectra are presented, while the observed 
spectral features and the corresponding conclusions were confirmed by 
replicate measurements. Quantitative results are reported as the average 
of the measurements, and the corresponding standard deviations are 
provided where applicable.

3. Results and discussion

3.1. Fabrication of the nanofibrous membranes and their characterization

With the aim of producing rubbery ENMs for the detection and 
removal of heavy metals, shape-stable SBR nanofibrous membranes 
were fabricated by suspension electrospinning of an aqueous SBR latex 
containing PEO as a template, a photoinitiating agent, and a tetrafunc
tional thiol crosslinker (TETRA). Following electrospinning, the mem
branes were subjected to UV irradiation to initiate photo-induced thiol- 
ene reactions. The tetrafunctional thiol crosslinker plays a dual role in 
the fabrication process. First, it enables crosslinking of the SBR matrix 
through radical-mediated addition of thiol (-SH) groups to the C––C 
double bonds in the SBR backbone, resulting in the formation of a 3D 
crosslinked network that imparts structural stability to the rubbery 
nanofibers. Second, the thiol-ene reaction introduces accessible thiol 
functional groups on the fiber surface, enabling chemical functionali
zation without additional post-treatment steps. Subsequently, the PEO 
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template was selectively removed without compromising the nano
fibrous architecture, yielding stable rubber ENMs with surface-exposed 
active thiol groups. Owing to the strong affinity of thiol functional 
groups toward heavy metal ions [21,24] the resulting membranes were 
designed to function both as active sorbents for metal ion removal and as 
detection platforms in aqueous environments.

The overall process for fabricating the functional rubber ENMs, 
together with representative optical and FESEM images of the resulting 
membranes, is schematically illustrated in Fig. 1.

Four different formulations were prepared by varying the crosslinker 
content from 5 to 50 phr (Table 1). The resulting SBR membranes, 
named TETRA05, TETRA10, TETRA25, and TETRA50, were fabricated 
using a standardized electrospinning time of 60 min, yielding membrane 
thicknesses in the range of 60–70 μm. The comparable thickness values 
across all formulations indicate consistent deposition rates that are un
affected by formulation composition. Additionally, a linear correlation 
between electrospinning duration and membrane thickness was 
observed, suggesting that membrane thickness could be effectively 
predicted and controlled by adjusting the processing time.

Following electrospinning, the membranes were exposed to UV 
irradiation, and the progression of the photo-induced thiol-ene reaction 
was monitored by ATR-FTIR spectroscopy. During irradiation, a pro
gressive decrease in the characteristic absorption bands associated with 
both reactive species was observed, confirming the occurrence of thiol- 
ene crosslinking [15,17,20,43]. In particular, the intensity of the C––C 
double-bond bands at 910 and 962 cm-¹, corresponding to vinyl and 
2-butene units, respectively, as well as the S-H stretching band at 
approximately 2565 cm-¹, gradually decreased with irradiation time. As 
a representative example, Fig. 2a shows the ATR-FTIR spectra of the 
TETRA50 membrane before and after 20 min of UV irradiation. After 
irradiation, a pronounced reduction in both the thiol and C––C absorp
tion bands is observed, further evidencing the consumption of reactive 
groups during the crosslinking process (see also Figure S3 in the Sup
porting Information).

The influence of thiol crosslinker content on the photo-crosslinking 
kinetics was further investigated by real-time FTIR measurements. 
Fig. 2b shows the evolution of vinyl group conversion as a function of UV 
exposure time. Because the thiol absorption band becomes relatively 

noisy at low crosslinker concentrations, the conversion was quantified 
using the decrease in the vinyl absorption peak only. All formulations 
exhibited a rapid increase in conversion within the first minute of irra
diation, indicating efficient consumption of vinyl groups under UV 
exposure. Subsequently, the reaction kinetics reached a plateau region 
after approximately 10 min of irradiation, indicating the completion of 
the thiol-ene reaction and the onset of competing processes, such as 
butadiene homopolymerization, which may occur as thiol groups 
become depleted or sterically inaccessible [20].

The TETRA05 formulation, containing the lowest amount of cross
linker (5 phr), exhibited the lowest final conversion, reaching only 
~40% vinyl group consumption after 20 min of irradiation. In contrast, 
formulations with a higher amount of crosslinker (10–50 phr) presented 
a comparable conversion plateau of around 70%, indicating the pres
ence of a critical crosslinker threshold (i.e., the critical thiol concen
tration required for effective network formation). The similar final vinyl 
conversions observed for TETRA10, TETRA25, and TETRA50 formula
tions further suggest that, beyond 10 phr, the thiol-ene reaction pro
ceeds under thiol-excess conditions, thus unreacted -SH groups are 
expected to be present in the network. This observation provides an 
initial indication of how formulation composition influences the avail
ability of active thiol groups, which is quantitatively evaluated later in 
this work in relation to heavy metal binding performance.

Overall, the FTIR analyses confirmed the successful light-mediated 
thiol-ene reaction, yielding a stable 3D polymer network within the 
SBR membranes. Since the conversion plateau was reached after 
approximately 10 min, this irradiation time was selected for membrane 
fabrication. The formation of a robust network was further supported by 
the ability to remove the PEO template by simple water washing, as 
previously reported [15]. The morphology of the resulting ENMs at the 
end of the fabrication process (i.e., after template removal) was char
acterized by FE-SEM to confirm membrane integrity and assess the in
fluence of the crosslinker concentration (5–50 phr) on the fiber 
architecture. Representative FE-SEM images of the surface morphology 
of ENMs obtained from all four investigated formulations are shown in 
Fig. 3a–d, while the corresponding fiber diameter distributions are 
presented in Fig. 3e.

FE-SEM analysis confirmed that all examined samples consisted of 

Fig. 1. (a) Schematic illustration of the fabrication procedure of the thiol-functionalized ENMs: (1) suspension electrospinning, (2) UV irradiation, and (3) template 
removal. (b) Optical photograph of the resulting membrane together with a representative FE-SEM image showing the nanofibrous structure.
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continuous, cylindrical fibers with well-defined borders. No evidence of 
structural defects, collapse points, or fiber fusion was detected, indi
cating that the structural integrity of the nanofibrous membranes was 
preserved via the thiol-ene photo-mediated crosslinking step. Addi
tionally, all fibers exhibited a rough surface morphology, attributed to 
the assembly of SBR nanoparticles during electrospinning and the sub
sequent removal of the PEO template.

The TETRA05, TETRA10, and TETRA25 membranes exhibited a 
comparable average fiber diameter of approximately 550–600 nm. 
Whereas the TETRA50 formulation produced thinner fibers, with an 
average diameter of about 450 nm. This reduction in fiber diameter at 
high crosslinker content could be attributed to the plasticizing or 
lubricating effect [44] of the thiol crosslinker on the polymer chains. At 
this concentration, the small TETRA molecules can reduce intermolec
ular friction, increase chain mobility, and decrease polymer entangle
ments during electrospinning. As a result, the polymer jet becomes more 
responsive to elongational forces, leading to enhanced stretching and 
the formation of thinner fibers.

Considering the intended application of the membranes for heavy- 
metal ion treatment in aqueous environments, their mechanical integ
rity and surface wettability were assessed by tensile tests and water 
contact angle measurements, respectively. Generally, the membranes 

exhibited comparable mechanical performance despite the wide range 
of crosslinker concentrations investigated (5–50 phr). The maximum 
stress ranged from approximately 1.0 to 1.5 MPa, while the strain at 
break remained below 40% for all formulations (Figure S4 of the Sup
porting Information). These results indicate that increasing the cross
linker concentration does not significantly affect the mechanical 
properties of the membranes, suggesting that an effective crosslinked 
network is already established even at relatively low crosslinker 
contents.

The wettability of the ENMs was assessed by static and time- 
dependent water contact angle measurements, as shown in Fig. 4. All 
samples exhibited an initial hydrophobic behavior, characterized by a 
water contact angle higher than 90○, due to the intrinsic hydrophobic 
SBR feature (Fig. 4a). Importantly, variation in crosslinker content did 
not noticeably affect the initial wettability of the membranes. On the 
other hand, the time-dependent wetting behavior of the membranes 
revealed the quick adsorption and lateral spreading of the water droplet 
on the membrane surface. As illustrated for the TETRA50 sample 
(Fig. 4b), the water contact angle decreased sharply within a few sec
onds, from around 107○ to 40○. This phenomenon is due to the intrinsic 
porous micro- and nanostructure of the ENMs, which creates a network 
of interconnected voids within the fibers. Such a structure facilitates 

Fig. 2. (a) ATR-FTIR spectra of the membrane containing the highest amount of crosslinker (TETRA50) before (TETRA50_no UV) and after (TETRA50_UV) 20 min of 
irradiation. (b) Vinyl conversion percentage as a function of irradiation time for all formulations, as determined by real-time FTIR measurements.

Fig. 3. Morphological analysis of the ENMs with different amounts of thiol crosslinker from 5 to 50 phr: FESEM images of (a) TETRA05, (b) TETRA10, (c) TETRA25, 
and (d) TETRA50; and (e) corresponding normalized average fiber diameter distributions.
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capillary-driven water penetration and spreading, effectively increasing 
the accessible surface area in aqueous environments. This time- 
dependent hydrophilic property is particularly advantageous for water 
treatment applications, as it can promote efficient interaction between 
the membrane surface and dissolved heavy metal ions.

Overall, the combination of stable mechanical properties and 
favorable wetting behavior across all formulations confirms that these 
properties are not significantly influenced by membrane composition.

3.2. Quantification of thiol-functionalization and thiol-metal 
coordination behavior

As the availability of active thiol groups on the membrane are 
fundamental for heavy metal ions binding, their concentration at the 
end of the fabrication process was quantified using Ellman’s reagent, 
5,5′-dithiobis-(2-nitrobenzoic acid) or DTNB. The reaction scheme is 
reported in Figure S2 of the Supporting Information. In addition to the 
four investigated ENMs, a continuous thin film with the same compo
sition as TETRA50, produced by cast molding, was also analyzed as a 
reference to assess the effect of nanofibrous membrane morphology on 
thiol accessibility. After immersing the membranes and the thin film in 

the fresh Ellman’s reagent solution, all the solutions turned into a yellow 
coloration of varying intensities (Fig. 5a), qualitatively confirming the 
presence of surface-accessible thiol groups. The intensity of the yellow 
coloration increased systematically with increasing thiol crosslinker 
content, from pale yellow for TETRA05 to intense yellow for TETRA50. 
Notably, the solution containing the TETRA50 nanofibrous membrane 
exhibited a significantly higher colour intensity than that of the corre
sponding thin film, demonstrating enhanced thiol accessibility provided 
by the nanofibrous architecture compared to a dense, continuous film.

UV–Vis spectra analysis of the DTNB solutions after sample immer
sion is shown in Fig. 5b. The pristine DTNB solution displayed a single 
absorption band at approximately 325 nm, corresponding to unreacted 
DTNB. Following exposure to the samples, a new absorption peak 
appeared at around 412 nm, attributed to the formation of the yellow- 
colored 2-nitro-5-thiobenzoate anion (TNB2-), confirming the presence 
of active thiol groups on the surface of both ENMs and thin-film samples 
[39,40,45]. For all samples, the coexistence of DTNB and TNB2- ab
sorption bands indicates at the same time the presence of residual 
unreacted Ellman’s reagent and the completion of the thiol-DTNB 
reaction.

The calculated concentrations of free thiol groups are reported in 

Fig. 4. Wettability of the thiol-functionalized ENMs: (a) water contact angle values of all investigated samples immediately after drop deposition, and (b) the 
evolution of water contact angle with time of the TETRA50 sample.

Fig. 5. Quantification of thiol functional group concentrations on the ENMs: (a) photographs of DTNB solution after immersing the functionalized membranes and 
thin-film (I: TETRA05; II: TETRA10; III: TETRA25: IV: TETRA 50; V: TETRA50_thinfilm); (b) UV–Vis spectra of the DTNB solution prior and after membrane/thin-film 
immersion, showing the progressive increase of the 412 nm absorption peak, associated with TNB2-, with the amount of the TETRA crosslinker in the electrospinning 
formulation; (c) free thiol concentration of the functionalized membranes and thin-film normalised by dried sample weight.
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Fig. 5c. The TETRA05 sample, which contained the lowest crosslinker 
content, exhibited only a limited amount of residual thiol groups 
(around 8 μmol/g), consistent with the low vinyl conversion observed in 
the rubber matrix (Fig. 2b). This behaviour indicates that, at low 
crosslinker content, the thiol-ene reaction proceeds nearly to comple
tion, leading to extensive consumption of thiol groups, with only a small 
fraction remaining unreacted due to steric hindrance or limited acces
sibility to the unsaturated sites of the SBR backbone. In contrast, 
membranes fabricated with higher crosslinker contents (TETRA10, 
TETRA25, and TETRA50) exhibited an excess of thiol functionality, 
leaving a significant number of unreacted and available thiol groups 
within the polymer network. Among these samples, TETRA50 mem
branes provided the highest surface concentration of active thiol groups, 
reaching approximately 182 μmol/g. These residual thiol groups play a 
key role in defining the surface reactivity and functional performance of 
the ENMs toward heavy metal ions.

Although the TETRA50 nanofibrous membrane and the corre
sponding TETRA50_thinfilm were prepared from the same formulation 
and exhibited comparable thicknesses, the ENM showed nearly twice the 
concentration of surface-accessible thiol groups compared to the thin 
film (≈93 μmol/g). This pronounced difference can be attributed to the 
advantages of the nanofibrous architecture over a dense, continuous 
film. FESEM images revealed an interconnected three-dimensional 
fibrous network composed of overlapping fibers, resulting in an open 
porous structure. Quantitative image analysis yielded a surface porosity 
of approximately 34% and an average projected pore area of 44.4 μm2 

(Figure S5 of the Supporting Information), whereas the cast film 
exhibited a dense morphology with negligible porosity. This open 
porous architecture increases the accessibility of both external and in
ternal thiol functional groups, thereby promoting more efficient 

interactions with heavy metal ions.
It is important to consider that the concentration of accessible thiol 

groups influences not only the adsorption capacity of the membranes but 
also their sensing performance. A higher density of available thiol 
groups provides a larger number of coordination sites for heavy metal 
ions, thereby increasing the probability of metal binding, particularly at 
low analyte concentrations. Consequently, membranes with higher thiol 
densities are expected to exhibit improved sensitivity by generating a 
stronger response for the same metal ion concentration. Nevertheless, 
the ultimate detection limit is governed not only by the number of 
available binding sites, but also by both the intrinsic affinity of thiol 
groups toward the target metal ion and the associated coordination 
chemistry.

Due to the highest concentration of accessible thiol groups, together 
with its favorable mechanical integrity and wettability, the TETRA50 
membrane was selected for the investigation of thiol–metal coordination 
and heavy metal detection, as well as for evaluating its potential in water 
treatment applications. Four representative heavy metal ions, i.e., Cu 
(II), Pb(II), Hg(II), and Ag(I), were chosen as the target analytes due to 
their high environmental relevance, widespread occurrence in industrial 
wastewater, and well-documented yet distinct coordination chemistries 
and affinities toward thiol functional groups. After the immersion test, 
the visual appearance of the membranes after exposure is shown in 
Fig. 6a: the samples exhibited different visual responses depending on 
the identity of the ion and its coordination chemistry, demonstrating 
their ion-selective response. After removing the membranes from the 
heavy-metal ion solutions, the membrane exposed to the copper solution 
changed its appearance from white to yellow and maintained this color 
throughout the drying process and storage time. The observed yellow 
appearance of the membrane could be attributed to the formation of Cu 

Fig. 6. Thiol-metal coordination of the thiol-functionalized ENMs. (a) Visual appearance of membranes after immersion in aqueous solutions of Cu(II), Hg(II), Pb(II) 
(concentration of 200 mg/L, pH 1) and subsequent air-drying for 1 day (except for the membrane exposed to Ag(I) solution, which was air-drying for 30 days). (b) 
Corresponding UV–Vis spectra of membranes after 1 day of air-drying, highlighting ion-dependent spectroscopic responses. (c) Quantitative elemental analysis of 
heavy metal uptake by the membranes determined by EDX after immersion in the respective metal ion solutions. Error bars represent the standard deviation of three 
independent experiments.
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(II)-thiolate complexes. During coordination, the thiol groups can 
reduce Cu(II) to Cu(I) while being oxidized to disulfide (-S-S-), leading to 
the formation of Cu(I)-thiolate complexes, which give the membrane its 
yellow color (Figure S6 in the Supporting Information) [46–49]. This 
observation provides direct visual evidence of strong thiol-copper in
teractions. In contrast, the membranes immersed in mercury and lead 
solutions retained their original white coloration throughout the 
experiment and drying process. The unchanged color of these mem
branes could be attributed to the formation of colorless thiol-metal co
ordination complexes or to interactions below the visual detection 
threshold under the tested conditions.

Notably, the membrane exposed to the Ag(I) solution initially 
remained white after treatment; however, a gradual color transition 
from white to brown was observed after approximately 20 days of 
storage under ambient conditions. Fresh Ag(I)–thiolate complexes are 
typically colorless, explaining the absence of an immediate visual 
response. Under ambient conditions, however, these complexes can 
undergo progressive reduction to metallic silver (Ag0), followed by 
nucleation and growth of silver nanoparticles, which are responsible for 
the characteristic brown coloration. This behavior confirms the capture 
and long-term retention of Ag(I) on the membrane surface. The observed 
color evolution is likely the result of several concurrent redox pathways 
promoted by ambient conditions, e.g., exposure to visible and UV light, 
atmospheric oxygen, moisture. Among these, photo-induced ligand-to- 
metal charge transfer has been widely reported as one of the principal 
mechanisms driving the reduction of coordinated Ag(I) species, whereby 
excitation of the thiolate ligand promotes electron transfer to Ag(I), 
leading to the formation of metallic silver while the thiol groups are 
concomitantly oxidized to disulfides (Figure S7, Supporting Informa
tion). In addition, direct reduction by residual thiol groups and electron 
transfer associated with the autoxidation of the unsaturated SBR back
bone may also contribute to Ag◦ formation during prolonged storage 
[50–52].

The selective binding behavior of the thiol-functionalized ENMs was 
further investigated by UV–Vis spectroscopy (Fig. 6b), which revealed 
ion-specific spectroscopic responses consistent with thiol-metal coordi
nation chemistry. Mercury ion detection exhibited the most significant 
spectroscopic response, with two distinct absorption peaks in the 
525–550 nm region. This behavior is attributed to the strong affinity for 
reduced sulfur functional groups of Hg(II) ions [53]. Typically, Hg(II) 
forms linear (two-coordinate) complexes with two thiolate ligands, [Hg 
(SR)2], and this phenomenon has been attributed to the easy formation 
of d-s-p hybrid orbitals (ligand-to-metal charge transfer) from the 
sulfur-based orbitals to the mercury orbital [54]. For the membrane 
exposed to the copper solution, three characteristic absorption peaks 
were observed at approximately 230, 250, and 325 nm. The peak at 
around 230–240 nm represents the free thiol groups still available on the 
membrane surface, while Cu(II) ions can form copper-thiolate com
plexes, leading to a peak around 310–330 nm [48]. In this complex 
formation, the thiol is oxidized to create a thiyl radical, while Cu(II) is 
reduced to Cu(I). Subsequent recombination of thiyl radicals leads to 
disulfide bond formation, reflected by an additional absorption feature 
in the 240–260 nm range, while Cu(I) can be re-oxidized to Cu(II) by 
oxygen [47]. Similarly, the spectra of the membrane exposed to the Pb 
(II) solution showed two peaks at approximately 230 and 250 nm, cor
responding to free thiol groups and disulfide bonds, respectively, 
although no visible-region signature peak was detected. In contrast, the 
membranes exposed to Ag(I) solution exhibited only minimal changes in 
UV–Vis spectra, consistent with the initially colorless nature of Ag(I)– 
thiolate complexes.

To directly confirm heavy metal uptake after exposure to the heavy 
metal ion solutions, the membranes were further analyzed by EDX 
spectroscopy (Fig. 6c and Figure S8 of the Supporting Information). In 
this study, EDX was employed as a semi-quantitative surface elemental 
analysis technique to verify the presence of adsorbed metal ions on the 
membrane surface rather than to determine adsorption capacity. As 

shown in Fig. 6c, with the exception of Pb(II), whose signal overlapped 
with that of sulfur, all investigated metal ions were successfully detec
ted, confirming metal uptake by the thiol-functionalized membranes. 
Notably, despite the absence of a visible color change, Hg(II)-treated 
membranes exhibited the highest metal content, reaching approxi
mately 15 wt.%. In comparison, Cu(II)- and Ag(I)-treated membranes 
showed lower values of approximately 7.5 and 3.5 wt.%, respectively. 
These results demonstrate that the visual response does not directly 
correlate with the amount of retained metal, but rather reflects differ
ences in coordination chemistry and electronic structure.

The observed trend is consistent with the Hard and Soft Acids and 
Bases (HSAB) principle. Thiolate sulfur is a typical soft Lewis base and 
therefore exhibits preferential interactions with soft Lewis acids, while 
showing much lower affinity toward hard cations commonly present in 
natural waters, such as Na+, K+, Ca2+, and Mg2+ [22]. Among the 
investigated heavy metal ions, Hg(II) is the softest Lewis acid and 
consequently forms the strongest Hg–S coordination bonds. Ag(I) also 
exhibits high affinity toward sulfur-containing ligands, whereas Cu(II) 
and Pb(II) behave as borderline Lewis acids, resulting in comparatively 
weaker interactions with thiol groups. This behavior is consistent with 
the higher Hg content detected by EDX and suggests that common 
inorganic ions are expected to exert only limited competition for the 
thiol binding sites.

Since solution pH strongly influences both heavy metal speciation 
and the protonation state of surface thiol groups, its effect on the 
interaction between the membrane and Cu(II) was further investigated. 
The corresponding EDX results are reported in Figure S9 of the Sup
porting Information and confirm measurable Cu retention on the 
membrane surface throughout the investigated pH range (1–6.5). The 
most acidic condition (pH 1) was deliberately selected for the compar
ative study of Cu(II), Pb(II), Hg(II), and Ag(I) because, under these 
conditions, all metal ions remain predominantly as free ionic species, 
minimizing hydrolysis and precipitation phenomena that could interfere 
with the interpretation of thiol–metal coordination. This enables a direct 
comparison of the different metal ions under identical solution chem
istry. Although the high proton concentration competes with metal ions 
for thiol binding sites, the strong affinity of soft metal ions toward sulfur- 
containing ligands still promotes stable thiolate complex formation. As 
the pH increases, Cu(II) hydrolysis becomes increasingly significant, 
reducing the concentration of free Cu2+ ions available for coordination 
with surface thiol groups, which is reflected in the lower Cu content 
detected on the membrane surface. It is also worth noting that highly 
acidic conditions are representative of several industrial wastewaters, 
such as acid mine drainage and hydrometallurgical process streams, 
where efficient heavy metal removal under strongly acidic conditions is 
of particular importance.

The sensitivity assessment of the ENMs toward Cu(II) was then 
conducted by varying the copper solution concentration from 200 to 2 
mg/L. The concentration-dependent color transition of the membranes 
and the corresponding UV–Vis spectral evolution are shown in Fig. 7, 
together with a reference membrane immersed in distilled water. Visual 
inspection revealed a discernible color change down to a Cu(II) con
centration of approximately 10 mg/L (Fig. 7a and b), defining the 
practical colorimetric detection limit of the thiol-functionalized mem
brane. At lower concentrations, UV–Vis spectroscopy allowed detection 
of the copper–thiolate absorption band at 310–330 nm down to 
approximately 3 mg/L (Fig. 7c), below which the signal became indis
tinguishable due to insufficient thiol saturation.

Overall, the combined colorimetric response, UV–Vis spectroscopic 
signatures, and quantitative EDX analysis demonstrate that thiol- 
functionalized ENMs interact effectively with heavy metal ions 
through thiol–metal coordination mechanisms. The membranes exhibit 
dual functionality, acting both as active sorbents and, in the case of Cu 
(II), as intrinsic colorimetric sensors with concentration-dependent re
sponses. This behavior, together with the high surface accessibility of 
thiol groups provided by the nanofibrous architecture, highlights their 
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potential for integrated heavy metal monitoring and remediation in 
aqueous environments.

From a scalability perspective, the proposed fabrication approach is 
compatible with industrial processing. Suspension electrospinning from 
aqueous dispersions can be extended to large-scale production using 
needleless or roll-to-roll systems, while the use of water as the sole 
solvent reduces environmental impact and simplifies processing. The 
combination of commercially available SBR latex and rapid, energy- 
efficient UV-induced thiol-ene crosslinking further supports integra
tion into continuous manufacturing lines. Overall, the simplicity of the 
process and tunability of the formulation indicate strong potential for 
scalable production of functional nanofibrous membranes for water 
treatment applications.

4. Conclusions

In this work, thiol-functionalized rubber-based electrospun nano
fibrous membranes were successfully prepared by integrating suspen
sion electrospinning with photo-induced thiol-ene crosslinking and 
simultaneous surface functionalization. The resulting membranes 
exhibit stable nanofibrous structures, tunable surface chemistry, and 
high densities of accessible thiol groups (up to ~180 μmol/g), enabled 
by control of the formulation. Compared to dense thin films, the nano
fibrous architecture significantly enhances the accessibility of thiol 
functional groups, highlighting its advantage for surface-driven 
applications.

The membranes demonstrated ion-dependent interactions with 
multiple heavy metal ions, combining adsorption capability with 
intrinsic colorimetric sensing. In particular, Cu(II) detection was ach
ieved with a spectroscopic limit of 3 mg/L.

Overall, the combination of sustainable aqueous processing, tunable 
thiol surface functionality, robust mechanical and wetting properties, 
and dual detection–removal capability highlights the potential of these 
materials for water treatment applications. The simple, solvent-free 
process and compatibility with scalable electrospinning technologies 
further support industrial potential.

Future work will focus on quantitative adsorption studies, including 
adsorption capacity, adsorption kinetics, regeneration, and performance 
in multicomponent water matrices under environmentally relevant 
conditions, while further advancing the scalability of the fabrication 
process toward practical implementation.
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