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Innovative electrospun macromolecule-based
nanofibers for cationic dye removal and

antibacterial applications

Reem Fathy,®® A. M. Abdelghany,® Wael |. Mortada

*d and E. Abdel-Latif?

A novel nanocomposite fiber membrane, made from polycaprolactone (PCL), barium titanate (BT), and

sodium lauryl sulfate (SLS), was prepared and investigated for its methylene blue (MB) adsorption

properties and for antibacterial activity. The nanofibers (SLS-PCL/BT) were fabricated via electrospinning
and characterized using SEM, FTIR, AFM, and contact angle measurements. Batch adsorption tests
assessed the effects of pH, contact time, sorbent dose, initial dye concentration, temperature, and salt

concentration. The maximum uptake of MB uptake was achieved at pH 12, sorbent dose of 60 mg, and

180 min contact time, and at room temperature. The adsorption data exhibited an excellent fit with the

Langmuir isotherm model with a maximum adsorption of 68.79 mg g~’. Kinetic studies revealed the

adsorption process conformed to a pseudo-second-order

model. The nanocomposite fibers

demonstrated good reusability over 5 adsorption—desorption cycles. The SLS-PCL/BT nanofiber
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membrane displayed antibacterial activity against various strains of pathogenic bacteria (S. aureus, B.

subtilis, E. coli, and Salmonella) with an inhibition zone of 16.56, 19, 25, and 25 mm, respectively. This
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rsc.li/rsc-advances

1. Introduction

Water scarcity, exacerbated by industrial pollution, poses crit-
ical challenges to public health and environmental sustain-
ability.' Organic dyes, extensively used across different
industries such as textiles, paper manufacturing, pharmaceu-
ticals, and cosmetics, represent a considerable threat to
ecosystems and human health owing to their persistence,
toxicity, and potential carcinogenic properties.>* These pollut-
ants not only contaminate water bodies but also prevent the
penetration of sunlight, disrupting aquatic ecosystems and
their biological processes. To address this pressing issue,
various water treatment methods have been developed, broadly
categorized into physical, chemical, and biological
approaches.*® Among these, adsorption and membrane tech-
nologies have emerged as particularly promising solutions due
to their cost-effectiveness, operational simplicity, and
reusability.*®
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study demonstrates that SLS-PCL/BT nanofibers are highly effective, reusable adsorbents for removal of
MB from aqueous solutions. Moreover, it has antibacterial properties against some bacterial strains.

Electrospinning yields nanofiber membranes with high
surface area and porosity, ideal for adsorption applications.®
Electrospinning produces membranes composed of interwoven
nanofibers with diameters in the nanometer range, creating
structures with exceptional surface area and porosity. These
characteristics make them highly effective for adsorption
applications, surpassing traditional membrane production
methods. The process is influenced by various parameters
including solution properties, processing variables, and envi-
ronmental factors, all of which contribute to the final fiber
morphology.* Both natural and synthetic polymers can be used
in nanofiber synthesis, with synthetic options like poly-
caprolactone (PCL), polylactide (PLA), polyethersulfone (PES),
and polyvinylidene fluoride (PVDF) being favored for their cost-
effectiveness and superior mechanical properties." The result-
ing nanofibers possess several advantageous characteristics,
including high surface area-to-volume ratios, adaptable surface
modification, reduced density, and excellent pore inter-
connectivity. These properties can be further enhanced through
the incorporation of specific functionalities, such as nano-
particles or surfactants, improving their effectiveness in
contaminant removal processes."*

The versatility of nanofiber-based applications extends
beyond water treatment to numerous fields, including tissue
engineering, sensors, drug delivery systems, protective clothing,
and energy storage." In environmental applications, particu-
larly water treatment, nanofibers demonstrate exceptional
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capability in removing various contaminants including heavy
metals, persistent organic pollutants, and oily substances.'
Their effectiveness in both fixed-bed columns and membrane
reactors adds to their practical utility. Current research focuses
on exploring these applications, particularly in the context of
wastewater treatment, where the removal of dyes like methylene
blue presents a significant challenge. The continued develop-
ment and optimization of nanofiber technology promises to
play a crucial role in addressing global water pollution chal-
lenges while offering sustainable solutions for various indus-
trial applications. This technology's ability to combine high
performance with practical applicability makes it a particularly
valuable tool in the ongoing effort to protect and preserve water
resources for future generations.'®”

Nanofibers have become significant as antibacterial
surfaces, especially in wound care and medical device coatings,
owing to their extensive surface area, porosity, and capacity to
integrate antimicrobial chemicals. A study produced electro-
spun nanofibers synthesized from bacterial cellulose, silver
nanoparticles, and Clavanin A, exhibiting substantial suppres-
sion of both Gram-positive and Gram-negative microbes, such
as Pseudomonas aeruginosa. Another method entails the inte-
gration of natural extracts; poly (lactic-co-glycolic acid) nano-
fibers infused with aloe vera extract shown antibacterial efficacy
against Staphylococcus aureus and Staphylococcus epidermidis,
concurrently facilitating expedited wound healing in diabetic
mice. These examples demonstrate the adaptability of nano-
fibers in improving antibacterial characteristics via diverse
functionalization techniques.®

Here, we fabricate a novel mixed-matrix membrane of SLS-
PCL/BT nanofibers using an electrospinning technique. The
addition of BT and SLS to PCL membrane improves the
adsorption properties and wettability. In this work, the proper
incorporation of BT/SLS in the polymeric matrix was evaluated
by examining the properties of the resultant membrane using
SEM, calculating the contact angle, determining the roughness
by AFM. All of this is done with the goal of functioning as
a continuous flow system, so providing a novel approach to
a significant environmental issue. The prepared nanofiber was
applied for removal of methylene blue (MB) from water and for
antibacterial properties against S. aureus, B. subtilis, E. coli, and
Salmonella.

2. Materials and method

2.1. Chemicals

Polycaprolactone (CgH100,),, (PCL, My: 80000 g mol %),
barium titanate (BaTiOs, =99.0%), and sodium lauryl sulfate
(C12H,5504Na, SLS, =98.5%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Methylene blue (C;cH;5CIN;S,
MB, 98.0%), dimethyl formamide (C3H,NO, DMF, 99.9%) and
chloroform (CHCl3, 99.8%) were supplied from Merck (Darm-
stadt, Germany). A 1000 mg per L stock solution of MB was
prepared by dissolving 1.0 g of the dye in 1000 mL of distilled
water. Various concentrations of MB were then obtained by
appropriate dilution.
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2.2. Preparation of polycaprolactone@barium titanate
nanofibers

PCL (1.0 g) was dissolved in 10.0 mL of CHCI; : DMF (8:2 v/v)
mixture under magnetic stirring for 4 h at room temperature.
In the subsequent step, different percentages of BT (0, 0.5, 5.0,
10, 15, and 20) w/v% were added to 10 w/v% PCL solution. Each
of the PCL/BT solutions was placed in a plastic syringe with
a needle of 14.5 mm in diameter. Electrospinning equipment
(Nano-01A) was used for the horizontal electrospinning process.
The chosen voltage values produce homogeneous fiber
electrospun membranes devoid of structural beads. The applied
voltage selected, the feed rate of the PCL solution, and the
distance between the tip and collector were 20 kV, 0.5 mL h™,
and 15 cm, respectively. The formed membranes were dried
under vacuum for 24 h at ambient temperature.

2.3. Fabrication of polycaprolactone@barium titanate
nanofibers

The PCL/BT nanofibers obtained were modified by three
methods, i.e., plasma treatment (P-PCL/BT), alkaline activation
(OH-PCL/BT), and surfactant addition (SLS-PCL/BT), to improve
the adsorption properties.

2.3.1. Plasma treated fibers. The PCL/BT nanofibers were
modified by air plasma for 10 min using a plasma cleaner -
pcd001-Hp (Plasma Etch, Inc., USA). During the plasma process,
RF power of 75 W, a chamber pressure of 100 mTorr, and air
flow of 10 SCCM were employed.

2.3.2. Activation by NaOH. The Nanofiber (PCL/BT) was
immersed in different concentrations (1.0-2.0 mol L") of
NaOH (Merck, Germany) aqueous medium for different periods
(1-8 h) under shaking (250 rpm) at room temperature. The
nanofiber was then extracted and washed with distilled water
until the pH of the eluent reaches 7.0. After that the activated
nanofiber (OH-PCL/BT) was dried under vacuum for overnight
at 37 °C.

2.3.3. Surfactant-fabricated nanofibers. SLS-PCL/BT nano-
nofiber was prepared by dissolving 1 g PLA and 0.25 g BT in
10 mL a mixture of CHCL;-DMF (8 : 2) with stirring at 250 rpm
for 4 h at ambient temperature. Then, 0.1 g of SLS was added to
the PCL/BT solution under continuous stirring for 1 h to attain
a uniform solution. The SLS-PCL/BT solution was loaded in
10 mL a plastic syringe in electrospinning equipment under the
same device parameters as mentioned previously in the step of
preparing PCL/BT nanofiber.

2.4. Characterization of nanofiber membranes

The surface morphology of the nanofiber membrane was
examined with a scanning electron microscope (SEM), (Quanta
250 FEG, FEI, USA). Functional groups and chemical bonds
within the nanofiber samples were identified by FT-IR spectra
between 4000-500 cm ™' using a Nicolet i10 FT-IR spectrometer
(Thermofisher Scientific, USA). An atomic force microscope
(AFM) (flex AFM3, Switzerland) was utilized to acquire 3d image
and determine the roughness of the nanofiber surface, the scan
area: 10 x 10 pum” and the number of data points: 256 x 256 at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the scan rate: 1 Hz. The AFM operated in tape mode using
a nano conductive silicon probe using nanosurf C3000 (version
3.5.0.31) software Magnetic stirrer (VELP, SCIENTIFIC, Italy)
was utilized for the stirring of solutions. GALLENKAMP (flask
Shaker, five speeds) was used for shaking. Analytical balance
(Mettler AJ150, USA) was used to accurately measure the weight
of the substance. The solution pH was determined using a pH
meter (Jenway 3310, UK).

2.5. Contact angle measurement

The sessile drop technique is used for determining the contact
angle on SLS-PCL/BT nanofiber, which involves placing a small
drop of liquid (water) by micropipette on a solid surface (SLS-
PCL/BT nanofiber).” After that a high-resolution camera
(Casio high speed camera EX-F1) captured a side view of the
droplet, and then the contact angle was estimated by detecting
the droplet outline and fits a tangent line at the point where the
droplet meets the surface of nanofiber.

2.6. Point of zero charge

The pH drift method was employed to evaluate the point of zero
charge (pHyp,c) of the adsorbent.* A sequence of bottles was
prepared containing a mixture of 50.0 mg of SLS-PCL/BT and
20.0 mL of a 0.05 mol per L KCI solution, at initial pH (pH;)
ranged from 2.0 to 12.0 by adding 0.1 mol L™ " of NaOH or HCL.
The bottles were agitated (150 rpm) at 25 °C for 24 h. The final
pH (pHy) of the supernatant was determined. The shift in pH
(ApH = pH; — pH;) was plotted against pH;, and the point of
intersection of the curve with the x-axis was determined to
obtain pH,,.

2.7. Adsorption study

The purpose of the batch experiment was to improve the
adsorption process and examine the effects of different
parameters on the adsorption performance, including pH,
contact period, adsorbent dose, dye concentration, tempera-
ture, and salt. MB dye adsorption experiment was executed
under experimental variables were selected as follows: pH (3—
12) was controlled with 0.1 mol per L NaOH and 0.1 mol per L
HCI solution, contact time (15-240 min), adsorbent dosage (20—
100 mg), initial MB dye concentration (20-200 mg L™%),
temperature (25-80 °C), and salt (0.2-5.0 w/v%) by shaking in
a sequence of bottles containing 20 mL of MB dye solution at
200 rpm. The concentration of the remaining MB in the solu-
tion was measured spectrophotometrically at 668 nm. The
adsorption capacity (g.) and percent removal (R) of MB were
estimated by using eqn (1) and (2), respectively.

V(Cy— Ce)
m

ge(mgg') = 1)

CO - Ce)

R = % 100 @)

0

where, Cy and C, are the initial and equilibrated concentrations
of MB (mg L"), respectively, V is the initial volume of the
solution (in L) and m (g) is the dry mass of the sorbent.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.8. Desorption study

For desorption study, 60 mg of SLS-PCL/BT nanofiber was
soaked in 25 mL of 50 mg L™" of MB solution for 180 min at
250 rpm at room temperature. After that, the sorbent was
thoroughly washed with distilled water to get rid of the extra
dye. The sorbent was treated with 20 mL of various eluents
(0.1 mol per L HCL, 0.1 mol per L NaOH, or ethanol) for 30 min
at 250 rpm. Finally, the sorbent was washed again by distilled
water, dried, and then exposed to another adsorption-desorp-
tion cycle to investigate the reusability of SLS-PCL/BT nanofiber.
The % desorption of MB dye was determined as:

CaVy

D %= G =)V

x 100 (3)
Here, Cy4 represents the concentration of MB that has been
desorbed, measured in mg L™%; Vq is the volume of the eluent
used, in L. C, and C. denote the initial and equilibrium
concentrations of MB (mg L"), respectively, while V refers to
the initial volume of the solution, also in L.

2.9. Antibacterial activity

Antibacterial activity of SLS-PCL/BT nanofiber was performed
against Staphylococcus aureus (S. aureus, ATCC6538), Bacillus
subtilis (B. subtilis, DMS 1088), as Gram-positive, and Escherichia
coli (E. coli, ATCC 10536), and Salmonella typhimurium (ATCC
25566) as Gram-negative bacteria. These strains were selected to
represent both bacterial classes commonly found in water
contamination. In brief, the pure cultures of the bacteria were
suspended in Mueller-Hinton agar plates, and the concentra-
tion of bacterial suspension was modified to 10° colony-forming
units (CFU) per mL utilizing a spectrophotometer at 600 nm.
The sample discs (10 x 10 mm) were positioned on the surface
of agar plates that had been inoculated with the test microor-
ganisms. The plates were incubated at 37 °C. Diameters of
inhibition zones (mm) around PCL with different concentra-
tions of BT (0, 5.0, 10, and 20) w/v% and SLS-PCL/BT nanofibers
were evaluated after 18-24 h for bacteria. Azithromycin (2 mg
mL ') was used as the positive control.

3. Result and discussion

The preliminary investigation indicated that the synthesized
PCL nanofiber had poor adsorption efficiency for MB (20%) and
no effect against the target bacteria. To enhance the capacity of
adsorption and the antibacterial activity of the fibers, PCL was
fabricated with BT. However, the improvement was not as ex-
pected (the adsorption efficiency did not exceed 52.0% with no
antibacterial activity). To further enhance the properties of PCL/
BT nanofiber, several methods were used such as plasma
treatment, alkaline activation, and surfactant addition to yield
different fabricated fibers denoted as P-PCL/BT, OH-PCL/BT,
and SLS-PCL/BT, respectively. The adsorption rates signifi-
cantly increased to 78.86%, 85.5%, and 90.06% for P-PCL/BT,
OH-PCL/BT, and SLS-PCL/BT, respectively. Among them, only
SLS-PCL/BT exhibited a marked antibacterial activity against
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the studied bacteria. Therefore, in this study we focused on the
surfactant-based fibers (SLS-PCL/BT).

3.1. Characterization of nanofiber membrane

3.1.1. AFM study. In this investigation, AFM was used to
examine the nanofibers' surface morphology. AFM is a depend-
able method for obtaining a microscopic view of the surface and
quantitatively characterizing its roughness. The average surface
roughness (S,) is typically used to assess the surface roughness
of samples. As recorded in Table 1, the BT concentration
increases, resulting in raised average roughness of nanofiber
and SLS-PCL/BT nanofiber was the highest S, followed by PCL/
BT and PCL nanofiber. An increase in surface roughness results
in an enhancement of the surface area, wettability, and
promoting dye adhesion, and potentially improving the
adsorption process.** Moreover, the change in the roughness of
the nanofiber membranes may also impact the hydrophilic
property of the electrospin nanofiber according to Wenzel
model (Fig. 1).>

3.1.2. SEM investigation. Fig. 2 illustrates the morphology
and structural characteristics of the PCL nanofibers and their
composite. The PCL nanofiber had a connected network struc-
ture and a smooth fiber surface. One possible explanation for
the PCL membrane's interconnected network structure is that
the solvents employed in the electrospinning process did not
evaporate completely.” It was observed that when adding
different amounts of BT to PCL, there was no observed change
in the morphology of the resulted membranes. On the other
hand, when the BT concentration increased from 0 to 20 w/v%,
the fiber diameter decreased. Reduction-in nanofiber diameter
significantly enhance dye removal efficiency due to the
increased specific surface area, higher surface density and
improved diffusion of dye molecules through the inter-
connected porous network. SLS-PCL/BT nanofibers exhibited
smooth, homogeneous, bead-free morphology with diameters
of 350-512 nm Fig. 2. It was noticed that the addition of SLS led
to the aggregation of nanofibers, which is expected to enhance
their mechanical strength and water stability.

3.1.3. FTIR-ATR analyses. FTIR optical absorption spectral
data was employed to identify the functional groups present on
the synthesized nanofibers and to approve the successful
interaction with Barium Titanate (BT) and Sodium Lauryl
Sulfate (SLS). The spectrum of pristine PCL nanofibers shown in
Fig. 3 reveals presence of a characteristic bands at

Table 1 Average surface roughness (S,) of nanofibers

Value of average

Sample roughness S, (nm)
PCL 223.02
PCL/0.5%BT 275.85
PCL/5.0%BT 344.73
PCL/10%BT 436.69
PCL/15%BT 508.38
PCL/20%BT 547.55
SLS-PCL/BT 578.57
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Sample

PCL/10%BT PCL/5%BT PCL/0.5%BT PCL

PCL/15%BT

X* 10 pm

PCL/20%BT

SLS-PCL/BT

Fig. 1 AFM images of the prepared nanoomposite fibers.

approximately 2942 and 2864 cm ', corresponding to the

asymmetric and symmetric stretching vibrations of CH, groups,
respectively. The strong band at ~1720 cm ™" is attributed to the
C=O0 stretching vibration of the ester carbonyl group in PCL.
Peaks in the region of 1300-1000 cm ™' are associated with C-O
and C-C stretching vibrations, while those at 1470 and
1360 cm™ " are due to CH, bending vibrations.?*?* In other hand
PCL/BT spectra shows a a slight but consistent shift or broad-
ening of the carbonyl (C=0) peak at ~1720 cm ' which
suggests a potential electrostatic interaction or weak coordina-
tion between the ester oxygen of PCL and the surface ions of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SLS-PCL/BT

o

Fig. 2 Morphology and structural characteristics of nanofibers according to SEM images.

BT nanoparticles, confirming the successful integration of BT
into the polymer matrix. Moreover, the spectrum of SLS-PCL/BT
reveals the most significant changes, directly supporting the
proposed adsorption mechanism. New, distinct peaks emerge
at approximately 1222 cm™ " and 1085 cm™ ', which are charac-
teristic of the asymmetric and symmetric stretching vibrations
of the sulfonate group (S=O0) in SLS.>* The appearance of these
peaks is a clear fingerprint of the anionic surfactant on the fiber
surface. The main FTIR signals and their interpretation are
listed in Table 2.

3.1.4. Contact angle. The wettability of membranes is a key
factor in assessing their appropriateness for various water
treatment processes. PCL nanofiber has a contact angle of 115°

SLS-PCL/BT P W
]
PCL/ 20% BT ) L
8 :
S |PcLis% BT |
s w e oy
_
2
2 [pcutoxer | Y W
PCL/ 5% BT A s
PCL/0.5% BT .A\__._M-J"uwf_;fh
PCL J u.uﬁﬂ%
v ) M 1 N 1 v L M 1 M L N I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm™

Fig. 3 FTIR spectra of the fabricated fibers.

© 2025 The Author(s). Published by the Royal Society of Chemistry

indicating that neat PCL possesses hydrophobic characteristic,
as shown in Fig. 4. The PCL chains' hydrophobic characteristic
is primarily caused by the presence of CH, groups in their
backbone. The hydrophobic characteristic of neat PCL may
restrict its wide utilization. Therefore, adding some additive to
PCL may be a practical method of increasing the hydrophilicity
of PCL. It can be observed that the contact angle dramatically
reduces with additional BT and SLS in the nanofiber structure
from 115° to 0° (complete wetting). Therefore, adding nano-
particles (BT) and surfactant agents (SLS) to PCL may be
a workable strategy to increase PCL's hydrophilicity, as illus-
trated in Fig. 4. As a result, it is possible to change the surface
topography of the membrane and raise the surface roughness
and this agreement with the result of AFM analysis, which is
necessary to cause the surface to become highly wettable.
Similar result was mentioned in ref. 27.

3.2. Impact of BT and SLS incorporation on the fundamental
characteristics of fibers

Incorporating varying percentages of BT into the polymer
solution for nanocomposite fiber fabrication resulted in notable
alterations in the fiber properties. BT is deposited onto the
granules' highly porous surface, significantly enhancing the
available surface area and thereby promoting effective dye
adsorption. As displayed in Fig. 5, by rising the percentage of
BT, the adsorption rate of the dye improves. In addition to, the
modified PCL/BT nanofiber by anionic surfactants such as SLS
demonstrated a pronounced adsorption capacity toward MB
dye molecules, where the removal efficiency of MB increased by
about 37.9%, owing to the ionic coupling between the cationic
MB particles and the anionic surfactant. Adsorption is

RSC Adv, 2025, 15, 46063-46078 | 46067
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Wavenumber (cm ™)

Assignment and observations

Pristine PCL

2942, 2864 Asymmetric & symmetric CH, stretching
Characteristic bands of the polymer backbone
~1720 C=0 stretching (ester carbonyl)
Strong band confirming the PCL ester group
1470, 1360 CH, bending vibrations
Further confirmation of hydrocarbon chains in PCL
1300-1000 C-O and C-C stretching vibrations
Expected vibrations for the polymer structure
PCL/BT composite
~1720

C=0 stretching (ester carbonyl), slight shift/broadening of the peak. Suggests electrostatic

interaction or weak coordination between PCL's ester oxygen and BT nanoparticles, confirming

successful integration

SLS-PCL/BT composite
~1720
1222, 1085

C=0 stretching (ester carbonyl) (implied presence, used as reference for other changes)
Asymmetric & symmetric S=O stretching (sulfonate group)

New, distinct peaks. A clear fingerprint confirming the successful adsorption of sodium lauryl
sulfate (SLS) onto the fiber surface

significantly impacted by the chemical nature of the surfac-
tant's functional groups. It is simple to dissociate and exchange
MB ions with the cations linked to the strong acid conjugate
base of SLS in an aqueous solution, including sodium ions (R-
SO; -Na') and protons (R-SO; -H").?® It was observed that the
SLS-PCL/BT nanofiber demonstrated a strong MB removal,
because there are active hydrophilic groups of SLS. MB removal
efficiency reached 90.1% at 50 mg per L initial concentration.

3.3. Adsorption study

3.3.1. Effect of pH. The value of pHp;c of SLS-PCL/BT
nanofiber was 8.1 as shown in Fig. 6B, indicating that the

surface of the nanofiber is positively charged at pH values below
8.1 and negatively charged above this value. pH influences the
adsorbent's surface charge, functional group ionization, and
dye chemistry.”® The adoption of MB by SLS-PCL/BT nanofiber
was examined in the pH range (2-12). Fig. 6A shows that at low
pH, the uptake of MB is poor but it progressively increases with
the pH, reaching optimum level at pH 12. When the pH is low,
the high concentration of hydrogen ions (H') encourages
protonating the functional groups of SLS-PCL/BT membrane,
and this competes with MB dye for active sites due to the high
total positive charge. At elevated pH, the surface of the SLS-PCL/
BT nanofiber becomes more negatively charged, improving

Fig.4 Contact angles values of the nanofibers membranes of (A) PCL, (B) PCL/BT 0.5%, (C) PCL/BT 5%, (D) PCL/BT 10%, (E) PCL/BT 15%, (F) PCL/

BT 20%, and (G) SLS-PCL/BT.
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Fig. 5 Influence of BT content (0, 0.5, 5, 10, 15 and 20 w/v%) and SLS
added into PCL nanofiber on the methylene blue adsorption.

adsorption of the cationic particles. Additionally, as pH
increased, the fibers' electronegativity also increased which
facilitates the electrostatic interaction between the dye and the
SLS-PCL/BT nanofiber. A similar result has been reported by
previous authors for other sorbents.>** Based on these findings,
pH 12 was evaluated as the suitable pH for eliminating MB.
3.3.2. Impact of contact time. To evaluate the effect of
contact time (ranging from 5 to 180 min) on the removal of MB
using SLS-PCL/BT nanofibers, experiments were conducted
under the following conditions: initial dye concentration of
50 mg L', pH 12, adsorbent dosage of 60 mg, and temperature
of 25 °C. The removal efficiency increased markedly during the
first 60 min, attributed to the plentiful active sites available on
the surface of the nanofibers, as shown in Fig. 7. The system
reached the equilibrium in around 180 min. Beyond this point,
the diffusion of MB dye into the internal pores slowed down
considerably. This slower phase was likely due to the saturation
of external pores and the full occupation of functional groups
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Fig. 7 Adsorption of MB dye onto SLS-PCL/BT nanofiber: impact of
contact time (dye concentration 50 mg L™, pH = 12, adsorbent
dosage 60 mg, temperature 25 °C).

on the adsorbent. Based on these observations, a contact time
of 180 min was identified as optimal for maximum removal of
MB dye.

3.3.3. Effect of adsorbent dosage. The effect of SLS-PCL/BT
nanofiber dosage from 3 to 80 mg on the removal of 50 mg L™
of MB was examined as shown in Fig. 8. It was observed that as
the amount of SLS-PCL/BT nanofiber raised from 3 to 60 mg, the
removal percentage of MB dye enhanced from 38.5% to 92.7%
because there are more adsorbent pores and adsorption sites. At
doses higher than 60 mg, there was a slight increase in the
percentage of MB adsorption. 60 mg was selected as the best
adsorbent dose for the other investigations.

3.3.4. Influence of initial concentration of the adsorbate.
Fig. 9 displays the impact of the initial concentration of the dye
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Fig. 6 (A) The impact of pH on the adsorption of MB by SLS-PCL/BT (concentration of the dye 50 mg L™, adsorbent dosage 60 mg, contact
period 120 min, temperature 25 °C) and (B) pHp,c of SLS-PCL/BT nanofiber.
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(20-200 mg L") on the adsorption of MB dye. The results
showed that the removal percentage was found to drop from
92.6 to 78.6 as the concentration raise from 20 to 200 mg L.
The maximum adsorption was observed within the concentra-
tion range of (20-50 mg L") due to the tendency of MB dye
tends to create larger molecular aggregates at higher concen-
trations, that unable enter the interior pores of the adsorbent.
Moreover, at higher concentration of MB dye, saturation of the
active sites on the SLS-PCL/B nanofiber, leading to a noticeable
reduction in removal efficiency as illustrated in Fig. 9. Similar
result was recorded in another study.?®

3.3.5. Influence of temperature and adsorption thermody-
namics. The impact of temperature on MB adsorption onto SLS-
PCL/BT nanofiber was studied at various temperatures (25, 40,
60 and 80 °C), and the results obtained are illustrated in
Fig. 10A. It was observed that the SLS-PCL/BT nanofiber's ability
to remove MB decreases with rising temperature. This behavior
suggests that the adsorption process proceeds via an
exothermic. A possible explanation for this result is the reduc-
tion in the adsorptive forces holding the MB dye molecules to
the SLS-PCL/BT nanofiber's active sites.>® The adsorption ther-
modynamic factors including change in free energy (AG°),
change in enthalpy (AH°), and change in entropy (AS°) have
been employed to understand the variation in the extent of MB
dye adsorption onto SLS-PCL/BT nanofiber with temperature.
These parameters were determined based on the equations
presented below, and the calculated values are recorded in
Table 3.

AG = —RTInK; 4)
AS  AH

Ink = > _ 87

A= R T RT ()
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K = g— (6)
where Ky (L mol ') is adsorption equilibrium constant, g. is
equilibrium adsorption capacity, C. is equilibrium concentra-
tion (mg L"), R is the gas constant (8.314 J mol " K™ '), and T is
the temperature (K). According to the results, the desorption of
the adsorbed MB dye molecules from SLS-PCL/BT nanofiber is
preferred at high temperatures since the K;, values reduced as
the temperature rose, shifting the equilibrium to the left.** The
slope and intercept of the In Kj, versus 1/T plot as illustrated in
Fig. 10B were employed to determine the values of AH° and AS°
and these parameters' values are recorded in Table 3. The
results displayed that the negative signs of AH° and AS° were
indicative of the exothermic nature of MB dye adsorption onto
SLS-PCL/BT nanofiber adsorbent and reduced in randomness at
the solid-liquid interface during the adsorption of the MB dye
on SLS-PCL/BT nanofiber.?” As well, the negative values of AG°
illustrate the adsorption of MB is spontaneous. When the AH® <
20 kJ mol ! show that the adsorption process involves physical
adsorption; however, a value between 40-200 k] mol ™" proposed
a chemical adsorption,® suggesting that the adsorption mech-
anism involves chemical interactions rather than purely phys-
ical adsorption. This chemical adsorption may be attributed to
electrostatic attraction and possible hydrogen bonding between
the negatively charged -SO,~ groups of SLS and the cationic MB
molecules.

3.3.6. Influence of salt. The influence of concentration of
the salt (KCl) on the eliminate of MB was studied using
a constant adsorbent dose of 60 mg, at various KCI concentra-
tions of 0.2, 0.4, 0.6, 1.0, 3.0, and 5.0 w/v%. The results revealed
that the adsorption efficiency of MB dye onto the SLS-PCL/BT
nanofiber gradually decreased as the amount of KCl dosage
increased, as shown in Fig. 11. The observed result could be
explained by the shielding effect caused by the elevated
concentration of inorganic salts, which reduces the abundance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Evaluation of thermodynamic parameters associated with the
adsorption of MB onto SLS-PCL/BT nanofiber

Table 4 Isotherm model parameters for the adsorption of MB dye
onto SLS-PCL/BT nanofiber at 25 °C

Temperature (K) 298 313 333 353
AGe (k] mol Y —2.69 —1.05 0.90 4.58
K, 2.96 1.50 0.72 0.21
AHC (k] mol ™) —40.42 — — —

AS° (J K~ mol™) —125.96 — — —

90 4
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emoval (%)

\1
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2 3
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Fig. 11 Effect of salt concentration on the removal of MB by SLS-PCL/
BT nanofiber (concentration of the dye 50 mg L™, adsorbent dosage
60 mg, contact period 180 min, pH = 12, temperature 25 °C).

of charged active sites on the adsorbent and consequently
inhibits electrostatic interactions with the adsorbat.*

3.3.7. Isotherm study. MB dye adsorption onto SLS-PCL/BT
nanofiber adsorbent with different initial concentrations (20-

© 2025 The Author(s). Published by the Royal Society of Chemistry

Adsorption

isotherm Parameter Value

Langmuir Om (mg g™ 68.790
Ky (Lmg ™) 0.066
R 0.997

Freundlich n 1.520
K (mgg™) 4.900
R 0.977

Temkin B (J mol ) 11.26
AlLg™ 1.430
R 0.919

200 mg L") was investigated with the remaining other factors
constants (pH = 12; dose 60 mg; time 180 min). In the literature,
there are several models that examine the adsorption process.
In the current study, Freundlich, Langmuir and Temkin models
were employed to investigate the adsorption experimental
data.**** Table 4 lists the adsorption experimental data
isotherm modeling.

The Langmuir model proposes monolayer adsorption, where
all sites on the adsorbent are uniform and possess identical
capacities.*®*® The Langmuir's equation is explained as follows:

C. 1 C.

qe B KL *Gmax

qmax (7)
where C. is MB equilibrium concentration (mg L"), ¢. is the
equilibrium adsorption capacity at distinct concentration of the
MB (mg g ), ki (L mg™") is Langmuir constant and ¢,, (mg g~ ")
is the adsorption capacity of fabricated adsorbent. Adsorption is
considered to be a multilayer process that occurs on
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Table 5 Kinetic models and their factors for the adsorption of MB on
SLS-PCL/BT nanofiber

Kinetic adsorption Parameter Value

Pseudo-first order (PFO) Q. (mgg™) 7.2300
K, (min) 0.0013
R 0.9700

Pseudo-second order (PSO) Qe (mgg™) 9.2000
K, (g mg ' min") 0.0400
R 0.9990

heterogeneous surface, per Freundlich's model. The Freundlich

isotherm linear equation is illustrated in eqn (8):
1

Ing. =In K; + (Z) InC, (8)

where Ky (mg g ') is the Freundlich constant; (1/n) is the

adsorption intensity. The Temkin model views the adsorbent-

contaminant interaction as a chemical adsorption process.
The Temkin isotherm equation is illustrated in eqn (9) and (10):

0. = ElnA + ElnCe 9
b b
RT
B= e (10)

46072 | RSC Adv, 2025, 15, 46063-46078

where b (mg L") is the Temkin isotherm constant, A (L g ') is
the Temkin isotherm equilibrium binding constant, and B is
the constant correlated to the heat of adsorption (J mol™%).
Nonlinear curves of isotherms models are illustrated in Fig. 12.
Based on the obtained results which were recorded in Table 4,
the criteria for selecting the best isotherm model were based on
the determination coefficient (R*) obtained from the nonlinear
plots. The Langmuir model is the high correlation coefficient
(R*) of nonlinear isotherm models indicating a superior fit to
the experimental data than that's Freundlich and Temkin
model. These results indicated that the adsorption of MB on
SLS-PCL/BT nanofiber adsorbent was a monolayer adsorption
process and the adsorption sites of the adsorbent for MB were
uniformly distributed. The maximum adsorption MB on SLS-
PCL/BT nanofiber adsorbent was 68.79 mg g ' at room
temperature. The homogenous adsorption sites for SLS-PCL/BT
nanofiber were produced by the uniform covering of the
nanofiber's surface by surfactant molecules. Therefore, it can be
assumed that physical and chemical monolayer adsorption was
the mechanism of the adsorption of MB by SLS-PCL/BT
nanofiber.

3.3.8. Adsorption kinetic. To Study the mechanism and
rate of MB adsorbed onto SLS-PCL/BT nanofiber at equilibrium
and at time ¢ (min), the kinetic experimental data was analyzed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by models of pseudo-first order (PFO-eqn (11)) and pseudo-
second order (PSO-eqn (12)).%¢

(11)

(12)

In(g. — q,) = In(ge) — kit
1 L
q: K2 qez qe

where ¢, and g. (mg g~ ") are the adsorbed dose of MB at time ¢
(min) and at equilibration, respectively, and K; (min~') and K,
(g mg " min~") are the rate constant for pseudo-first order and
pseudo-second order, respectively. The experimental data and
the curve-fitting results of PFO and PSO are illustrated in Table
5 and Fig. 13. The pseudo-second order exhibited a higher
correlation coefficient (R*) compared to the pseudo-first order,
indicating that MB adsorption onto the adsorbent surface
follows the pseudo-second-order model. The result suggests the
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existence of strong binding forces between the adsorbent and
the adsorbate, attributed to the complexation of methylene blue
(MB) with functional groups on the adsorbent surface.
Furthermore, according to the pseudo second-order model,
chemisorption is the adsorption process’ rate-controlling step.

3.3.9. Desorption and regeneration study. The feasibility of
reusing the nanofiber membrane is a significant component in
investing it for financial and environmental reasons. Therefore,
different eluents (ethanol, HCl, NaOH, and distilled water) were
used to determine the ability to remove MB from the surface of
SLS-PCL/BT nanofiber. As illustrated in Fig. 14A, the %
desorption of ethanol > HCI (0.1 mol L™") > NaOH (0.1 mol L)
> distilled water, so ethanol was chosen as the best solvent for
desorbing of the dye to regenerate the fibers. It can be observed
that the adsorption performance of the nanofiber membrane

100
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(A) Desorption and (B) regeneration study for adsorption of MB onto SLS-PCL/BT nanofiber.
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Fig. 15 The suggested adsorption mechanism of MB dye on SLS-PCL/BT nanofiber.

reduced after the fifth cycle as presented in Fig. 14B. The reason
for this was that the fiber membrane's texture may turn soft,
and repeated adsorption cycles would block the membrane's
pores and partially destroy the fiber structure. However, after
five adsorption cycles, adsorption efficiency dropped by 33.16%
and this indicates the SLS-PCL/BT nanofiber membrane's
regeneration capabilities in the MB adsorption process.

3.4. The suggested mechanism for the adsorption process

The integration of SLS and BaTiO; within PCL nanofibers signif-
icantly improves their performance in dye adsorption through
a cooperative mechanism. The presence of the anionic surfactant
SLS contributes sulfate (-SO, ) groups to the fiber surface,
imparting a strong negative charge and enhancing surface
hydrophilicity as illustrated in Fig. 15. These modifications
promote the attraction and binding of positively charged dye
molecules such as methylene blue (MB) via electrostatic interac-
tions and improved liquid penetration.*” In parallel, the embedded
BT nanoparticles introduce polarized and negatively charged
regions arising from their dielectric and piezoelectric characteris-
tics, which further intensify the interaction between the fiber
surface and the dye species.* As a result, the dual incorporation of
SLS and BT generates a highly reactive, polar interface that

46074 | RSC Adv, 2025, 15, 46063-46078

significantly increases both the adsorption capacity and stability of
dye molecules on the PCL nanofiber matrix (Table 6).

3.5. Comparison with different adsorbents

Table 6 shows a comparison between the adsorption capacity of
SLS-PCL/BT membrane with that of other adsorbents regarding
MB. As indicated the adsorption capacity of the prepared
membrane is superior over the other materials.

3.6. Antibacterial activity

In this study, the antibacterial activity of electrospun nanofiber
membranes composed of PCL, PCL/BT, and SLS-PCL/BT was
evaluated against both Gram-positive (Staphylococcus aureus
and Bacillus subtilis) and Gram-negative (Escherichia coli and
Salmonella) bacteria after 24 h of incubation. The inhibition
zones (ZOI, mm) are illustrated in Fig. 16. As shown in Fig. 16A
and B, all samples showed negligible inhibition against S.
aureus, except for the SLS-PCL/BT nanofiber, which exhibited
a distinct ZOI of approximately 16.56 mm. In the case of B.
subtilis (Fig. 16C), the PCL/BT nanofiber demonstrated
moderate antibacterial activity about (14.0 mm), whereas the
SLS-PCL/BT nanofiber achieved a significantly higher ZOI of
about 29.0 mm. For Gram-negative bacteria (Fig. 16D and E),
the PCL/BT nanofiber showed no inhibition against E. coli or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The adsorbent's MB adsorption capacity is compared to that of other adsorbents previously reported

Adsorbents Qmax (Mg LY Ref.
Acid-factionalized biosorbent derived from coconut shell 50.60 39
Zn-based metal organic framework 26.30 40
Benzimidazole-based covalent organic framework 63.30 41
Uncalcined solution blow spun PAN and PVDF NF membrane 55.91 and 44.06 42
Electrospun crosslinked gelatin/B-cyclodextrin NF membrane 47.40 43
Bacteria-immobilized electrospun nanofiber 48.05 44
Modified PVDF NF membrane incorporated with HAPNP and 10.83 45
PVP

Electrospun PAN NF membrane 42.66 46
SLS-PCL/BT NF membrane 68.79 Current study

Salmonella, while SLS-PCL/BT exhibited a pronounced anti-
bacterial effect with inhibition zones of approximately 25 mm
for both strains. These findings clearly demonstrate that the
incorporation of SLS into the PCL/BT matrix substantially
enhances antibacterial performance. The improvement can be
attributed to a synergistic effect between SLS and BT. Sodium
lauryl sulfate (SLS), an anionic surfactant, interacts with the
bacterial cell membrane through -electrostatic attraction,

disrupting the lipid bilayer, increasing membrane permeability,
and causing leakage of intracellular components.*”** Mean-
while, barium titanate (BT) nanoparticles contribute by
inducing localized surface polarization® and generating reac-
tive oxygen species (ROS),*® which can oxidize cellular constit-
uents and further damage bacterial walls. The combination of
these two mechanisms results in stronger antibacterial efficacy.
The observed trends are consistent with previous reports,*"**

Fig. 16 Antibacterial activities of nanofibers against (A and B) S. aureus, (C) B. subtilis, (D) E.coli, and (E) Salmonella.
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Table 7 Inhibition zones of electrosun nanofibers against some types of bacteria

Samples name PCL PCL/5%BT PCL/10%BT PCL/20%BT SLS-PCL/BT
S. aureus —ve —ve —ve —ve 16.56 mm
B. subtilis — — — 14.00 mm 29.00 mm
E. coli — — — —ve 25.00 mm
Salmonella — — — —ve 25.00 mm

which highlighted that integrating metal oxide nanoparticles
with surfactant-modified polymers could yield nanocomposites
with markedly improved antimicrobial activity (Table 7).

4. Conclusion

In this work, PCL, PCL/BT, P-PCL/BT, OH-PCL/BT and SLS-PCL/
BT nanofibers were fabricated and evaluated for their effec-
tiveness in MB dye and microbial control. The SLS-PCL/BT
nanofiber was selected as the best sorbent because it has high
efficiency for removing of MB from aqueous media. Functional
groups on the surface of SLS-PCL/BT nanofiber, namely (-SO;)
and (-COO-) play a significant role in the binding of MB dye to
the SLS-PCL/BT nanofiber surface, based on the FTIR spec-
troscopy investigations. And according AFM investigation, SLS
can used to increase the hydrophilicity of SLS-PCL/BT nano-
fiber. Different factors including pH, contact period, dye
concentration, adsorbent dose, salt concentration and temper-
ature had a significant impact on SLS-PCL/BT nanofiber's
adsorbent performance. pH 12, contact period of 180 min,
60 mg of the adsorbent, an initial concentration of the dye of
50 mg L~" were the ideal working parameters. The Langmuir
model exhibited a better fit to the equilibrium adsorption data
of MB dye compared to the Freundlich and Temkin models.
This suggests monolayer adsorption with a maximum adsorp-
tion capacity of 68.79 mg g~ ' of the SLS-PCL/BT nanofiber at
25 °C and pH 12. The adsorption of MB dye onto SLS-PCL/BT
nanofibers was best investigated by the pseudo-second-order
(PSO) kinetic model, indicating that the process is governed
by chemisorption. Based on thermodynamic results, the
adsorption process was exothermic. The regeneration study
performed using ethanol demonstrated notable efficiency even
after five cycles, with only a 33.16% decrease in removal effi-
ciency. The study demonstrates that SLS-PCL/BT nanofibers
exhibit antibacterial activity against S. aureus, B. subtilis, E. coli,
and Salmonella, with inhibition zones of 16.56, 29, 25, and 25
mm, respectively. This indicates their potential as eco-friendly
adsorbents for efficient MB dye removal from aqueous media.
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