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ABSTRACT: The efficient removal of lead ions at low
concentrations is paramount in combating the significant threat
posed by water pollution resulting from industrial activities and
population growth. In this study, electrospun C. barbata/PAN
fibers were developed to efficiently remove lead(II) ions from
water. The morphology, structure, and mechanical properties of
the fibers were examined, highlighting that the augmentation of the
surface area through the conversion of C. barbata into the polymer
fibers facilitates increased metal bonding sites during sorption. C.
barbata/PAN fibers exhibited superior characteristics, including
higher surface area, smaller pore size, and increased pore volume,
compared to powdered C. barbata. The effects of factors such as
shaking time, algae percentage, sorbent amount, pH, metal
concentration, and temperature on Pb(II) sorption were investigated by the batch method. At an initial ion concentration of
100 μg L−1 and pH 4.0, C. barbata (5 wt %)/PAN fiber demonstrated a notable sorption efficiency of 89−90% (270 μg/g) after 60
min. The equilibrium data align with the Freundlich and Dubinin−Radushkevich isotherm models, whereas the pseudo-second-
order kinetic model provides the most suitable description. The characterization of fibers after sorption revealed that carboxyl,
hydroxyl, and sulfonyl groups play an active role in Pb(II) sorption.
KEYWORDS: Algae, Electrospinning, Heavy metal, Nanofiber, Biosorption

■ INTRODUCTION
Water pollution is a significant environmental issue, and
finding efficient ways to remove contaminants has been of
significant research interest. The main categories of pollutants
found in water include physical (suspended sediment or
organic material), chemical (inorganic such as industrial
chemicals, heavy metals, nutrients, and organic like detergents,
industrial dyes, oil spills, pesticides, petroleum hydrocarbons,
pharmaceuticals), biological, such as pathogens (bacteria,
viruses, parasites, etc.), and thermal or radioactive substances.1

Among them, heavy metals have become one of the important
water pollutants due to the increasing population, rapid
industrialization, and growing industrial and human activities,
such as the textile industry, metal smelting, batteries,
pesticides, the mining industry, petrochemicals, paper
production, and electrolysis applications.2 Furthermore,
because of their toxicity, protracted presence in water,
accumulation in living things and the food chain, and lack of
biodegradability, heavy metal ions pose a serious threat.3 When
exposed to these metals, they can cause severe critical health
issues for humans such as organ toxicity, decreased develop-
ment and growth, cancer, and also death.4 Therefore, the
removal of heavy metals is very important for protecting
human health and the environment. The presence of lead (Pb)

and its compounds in heavy metals is a serious environmental
and health problem. The World Health Organization has set
the maximum acceptable Pb limits as 10 μg L−1, and the action
level for the Environmental Protection Agency is 15 μg L−1 in
drinking water.5

A variety of methods, including physical (sorption,
coagulation, flocculation, ion exchange, membrane separation)
and chemical (chemical precipitation, electrochemical treat-
ment, electrodialysis, reverse osmosis, solvent extraction), have
been used for the removal of heavy metals from aqueous
systems.5 The widely used water treatment method is sorption
due to its low cost, high efficiency, easy operation, renewable,
environmentally friendly, and versatile properties. Many
different sorbents, such as activated carbon, oxide minerals,
polymer resins, and biological materials, have been used to
adsorb heavy metal ions effectively.2 Recently, in the pursuit of
environmental sustainability and protection, researchers
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evaluated several biosorbents such as algae, fungi, bacteria, and
yeast for the remediation of polluted water in the biosorption
concept.6 Algae are biosorbents with an excellent metal
binding capacity. Because their cell walls are composed of
cellulose, carotenoids, lipids, polysaccharides, protein, and
vitamins. Characteristic functional groups such as amino,
carboxyl, hydroxyl, phosphate, sulfhydryl, and sulfate contrib-
ute to metal biosorption with different mechanisms, mainly ion
exchange, complexation, and coordination.6,7 Brown algae are
the most preferred biosorbent because they offer better
biosorption uptake than red or green algae.8 In particular,
alginic acid, alginates (the sodium/calcium salt of alginic acid),
and fucoidan (sulfated polysaccharides) present in the cell
walls of brown algae offer carboxyl groups, making them
potentially excellent materials for heavy metal binding.6 The
frequently used brown algae sorbents are Sargassum f ilipendula,
S. muticum, S. f luitans, S. glaucescens, S. wightii, Laminaria
digitata, L. japonica, Fucus vesiculosus, F. spiralis, Macrocystis
pyrifera, M. integrifolia, Padina pavonica, Undaria pinnatif ida,
and C. barbata.8,9 Among them, C. barbata is widespread in the
Mediterranean and Eastern Atlantic Ocean coasts and the
Black Sea.10 The cell wall of C. barbata is poor in cellulose but
rich in alginic acid and total phenol content. It contains various
carotenoids such as chlorophyll a, b, and fucoxanthin as
pigment material and laminarin, sulfated polysaccharides.11

Notably, brown algae’s chemical composition changes
according to species, habitat, and season.12

Heavy metal sorption studies use seaweed-derived sorbents
as living (wet) or nonliving (dried and ground) sorbents. In
this study, C. barbata, which was selected as the biomass, was
converted into fibers through electrospinning, increasing its
mechanical integrity, hardness, porosity, and thus the perform-
ance of biosorption.13 Electrospinning is a simple and efficient
technique used to obtain polymer fiber with diameters ranging
from micrometers to submicrons or nanometers using natural
and synthetic polymers.14,15 Electrospun fibers have properties
such as tunable porosity, a high surface-to-volume ratio,
flexibility in surface functionalities, superior mechanical
performance, the ability to control the fiber composition, and
the ability to prepare in various sizes and shapes.16 Due to
these advantages, they are preferred in wide areas such as
filtration applications, catalysis, cosmetics, energy, protective
clothing applications, and sensor technology, in addition to
biomedical applications such as wound dressing, tissue
engineering, drug delivery, and pharmaceutical composi-
tion.17,18

Nanofibers have received a lot of attention recently in the
field of environmental pollution reduction. Functional
polymers with amino, hydroxyl, carboxyl, and sulfhydryl

groups can be preferred to fabricate functional nanofibers
with good sorption affinity for heavy metals. The ability to alter
nanofiber surfaces or combine electrospinning with functional
polymers allows them to remove heavy metals from water.
Polyacrylonitrile (PAN) is particularly interesting in the
sorption of heavy metal ions as its surfaces can be modified
to contain various functional groups.19 Furthermore, PAN is
easily electrospinnable and has good mechanical properties,
thermal stability, and high chemical resistance. Integrating
algae with PAN in a fibrous structure can minimize PAN
synthetic polymer usage and fabricate an environmentally
friendly product suitable for diverse applications. Großerhode
et al.20 reported that the growth and adhesion of the
microalgae Chlamydomonas reinhardtii on PAN fibers, and in
a recent study, Mantripragada et al.21 developed that Chlorella/
PAN nanofibrous membranes for the adsorption of short-chain
per- and polyfluoroalkyl substances from water.

In this study, C. barbata/PAN biocomposite fiber sorbents
were fabricated and then used to remove Pb(II) ions from
aqueous media. The morphological, structural, and mechanical
properties of the obtained fibers were investigated. To the best
of our knowledge, there is no study on using algal-doped
polymer biocomposite fibers for heavy metal filtration. This
study demonstrated for the first time that C. barbata was
transformed into a fibrous mat and used as a sorbent for
Pb(II). Parameters affecting biosorption were evaluated,
encompassing shaking time, algae percentage, pH, biosorbent
amount, initial ion concentration, and temperature. The
biosorption behavior was comprehensively analyzed utilizing
a range of isotherm models, including Langmuir, Freundlich,
and Dubinin−Radushkevich, and kinetic models, such as the
pseudo-first-order and pseudo-second-order. Postsorption
analysis of the fiber sorbent was performed by using SEM/
EDS, FTIR, and XPS techniques.

■ RESULTS AND DISCUSSION
The main aim of this study is to design an algae-doped
electrospun fiber and use it as a sorbent material to remove
Pb(II) ions from aqueous media for the first time. For this
purpose, we prepared fibers by doping brown algae C. barbata
into PAN by electrospinning, and the sorption ability of the
PAN and C. barbata/PAN fibers was studied.
Preparation and Characterization of the C. barbata/

PAN Fibers. The initial step involved the dehydration of raw
C. barbata using a lyophilizer, followed by grinding and sieving
before the electrospinning. Figure 1a−c shows the variations in
size, ranging from 3.92 to 49.13 μm with an average diameter
of 11.74 ± 1.10 μm. Qualitative determination of elements in
the algae sample via EDX spectra (Figure 1d) revealed varying

Figure 1. Stereo microscope images of C. barbata: (a) raw, (b) milled, (c) sieved, and (d) EDX spectrum of the C. barbata powder.
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percentages of C, O, Na, Mg, S, K, and Ca, indicative of
environmental influences on C. barbata growth conditions.
The metal content of the algae sample was quantified using
CRM with ICP-MS before its incorporation into the polymer
solutions. The raw C. barbata utilized in this study exhibited a
Pb(II) concentration of 0.585 ± 0.045 mg L−1. The variations
in Pb(II) concentrations in C. barbata samples collected from
diverse regions of the Black Sea and across different seasons
are given in Table S2. The variability in metal contents within
macroalgae is influenced by factors such as seasonal changes,
geographical location, and algae type. Moreover, algae’s
position, morphological features, age, and environmental
conditions in the tidal zone contribute to variations in metal
compositions.22 The disparities in metal concentrations
observed in C. barbata from the Black Sea are attributed to
the specific conditions of the region where the algae grow,
coupled with seasonal fluctuations.

The physicochemical properties of electrospinning solutions
are known to play an important role in fiber size and
morphology during electrospinning of polymeric fibers. The
viscosity of the solution is pivotal in determining the
concentration range necessary to achieve continuous fibers. A
solution with an elevated concentration or viscosity results in
the fabrication of larger and smoother fibers. Conversely, lower
viscosity leads to the formation of beads or beaded fibers,
primarily due to the dominance of surface tension.14 The
physicochemical parameters of electrospinning solutions are

given in Table S3. A rise was noted in the electrical
conductivity and viscosity values of the formulated PAN
solutions, correlating with the concentration and proportionate
to the amount of PAN in the solution. Incorporating C.
barbata into the PAN solution resulted in an initial reduction
in solution viscosity, followed by a linear increase correspond-
ing to the rising algae concentration. This phenomenon is
believed to be associated with the diminished overall solution
viscosity due to the inclusion of a low-viscosity solvent during
the preparation of C. barbata preparation process. An initial
increase (from 1% to 5%) in solution conductivity values was
noted upon the addition of algae, followed by a subsequent
decrease. The anticipation was that depending on the marine
environment supporting the growth of C. barbata, the sample
would contain salts from its surroundings, thereby elevating
the conductivity. Nevertheless, while conductivity tends to
increase with biomass at low concentrations, this trend is not
mirrored at higher concentrations. This discrepancy is
attributed to the limited solubility of the biomass in the
solution and its poor electrolyte properties.23

SEM micrographs of the fibers obtained from PAN solutions
at different concentrations and the concentration-diameter
relationship are presented in Figure S2. The average fiber
diameter of the PAN fibers were 0.17 ± 0.04 μm (5 wt %),
0.52 ± 0.28 μm (8 wt %), 0.68 ± 0.19 μm (10 wt %), and 0.72
± 0.30 μm (13 wt %). PAN fibers exhibiting bead-like
structures were observed with solutions at 5 and 8 wt %, while

Figure 2. SEM micrographs and photos of C. barbata/PAN fibers at different concentrations of C. barbata: (a) 0 wt %, (b) 1 wt %, (c) 5 wt %, (d)
10 wt %, and (e) 20 wt %; the relationship between C. barbata concentration and (f) average fiber diameter and (g) contact angle (applied voltage:
14 kV, tip-to-collector distance: 19 cm, flow rate: 1 mL h−1, temperature: 25 ± 3 °C, relative humidity: 40 ± 5%).
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the 13 wt % solution formed discontinuous and thicker fibers.
The most regular and homogeneous fiber structures were
achieved at a concentration of 10 wt %. The optimum solution
concentration is crucial for electrospinning as an increase in
concentration corresponds to an increase in fiber diameter.
The solution concentration, also related to the viscosity, affects
the fabrication of continuous fibers. At lower concentrations,
beads form rather than fibers, while higher concentrations
hinder the formation of continuous fibers due to the challenge
of sustaining the solution flow at the needle tip, leading to the
formation of larger fibers.24

Figure 2a−e depicts SEM micrographs, photographic
images, and average fiber diameter of PAN and C. barbata/
PAN fibers, illustrating the variations observed with increasing
concentrations of C. barbata (1, 5, 10, and 20 wt %).
Depending on their increasing concentrations, C. barbata
particles were dispersed in the resulting fibers, and the color of
the fiber mats changed from white to brown. In Figure 2(f),
the PAN fiber shows a fiber diameter of 0.68 ± 0.19 μm, while
the diameters for C. barbata/PAN fibers vary with concen-
trations: 0.21 ± 0.04 μm (1 wt %), 0.34 ± 0.08 μm (5 wt %),
0.70 ± 0.17 μm (10 wt %), and 1.09 ± 0.47 μm (20 wt %).
The addition of C. barbata initially reduced the fiber diameter,
possibly due to the decreased conductivity of the electro-
spinning solutions. Subsequently, an increase in the fiber
diameter of C. barbata/PAN was noted, attributed to the
higher concentration of C. barbata and the resulting increased
viscosity of the solutions (see Table S3). We illustrated the
extent to which the algae amount could be integrated into the
solution, maintaining a constant PAN concentration without
interfering with fiber formation, particularly the occurrence of
beaded fibers. Hence, C. barbata (5 wt %)/PAN fiber
exhibiting the most uniform distribution was selected for
subsequent characterizations.

EDX spectra and mapping of PAN and C. barbata/PAN
fibers were analyzed (Figure S3). The distribution of C and N
elements inherent to PAN revealed a homogeneous distribu-
tion of C. barbata along the PAN fibers. Other elements such
as C, O, Na, Mg, S, Cl, K, and Ca further confirm the
successful fabrication of the C. barbata/PAN fibers. The
wettability of the fibers was evaluated through contact angle
measurements (Figure 2g). PAN fiber exhibited the highest
contact angle (115.48 ± 2.16°). However, with an increase in
C. barbata from 1% to 20% in the PAN fiber, contact angles of
the C. barbata/PAN fibers decreased (from 88.64 ± 4.59° to
63.13 ± 6.83°), imparting notably enhanced hydrophilic
properties. A similar trend in hydrophilicity was observed by

Choi et al.25 for Spirulina/PCL nanofibers, where increasing
Spirulina concentration corresponded to a decrease in contact
angles.

Functional groups, including amine, carbonyl, carboxyl,
hydroxyl, sulfhydryl, sulfonate, and phosphonate, in the
structures of algae, contribute to metal biosorption by different
mechanisms.8 Figure 3a shows FTIR spectra of C. barbata
powder, PAN, and C. barbata (5 wt %)/PAN fibers. Both
fibers have a distinctive band of nitrile groups (−C�N)
associated with PAN at 2244 cm−1.26 The bands in the range
of 1450−1000 cm−1 are indicative of the C−H (bending)
vibration.27 In the spectrum of C. barbata powder, the weak
band around 2920 cm−1 may be assigned to the −CH2
stretching.28 Strong asymmetric stretching observed at 1605
cm−1, along with the weak symmetric stretching bands at 1421
cm−1, were linked to carboxylate ions. The presence of these
bands resembled those observed in the Ca-alginate-based resin,
revealing a substantial presence of alginate in the algal
biomass.29 The band at 1209 cm−1 is mainly due to the
symmetrical stretching of the −SO3 bonds in the sulfonic acids
of polysaccharides, such as fucoidan, commonly present in
brown algae. Additionally, the bands at 1030 and 818 cm−1 are
attributed to the −C−O stretching of the alcoholic and sulfate
groups, respectively.28,29 A broad band is centered at 3300
cm−1, indicative of −OH groups (H-linked alcoholic,
carboxylic, and phenolic) in the C. barbata powder,7,29 and
this characteristic band was similarly identified in the
composite fibers.

Figure 3b shows the XRD patterns of PAN and C barbata/
PAN fibers. The strong diffraction signal at 2θ = 16.5°
corresponds to the crystal plane of the PAN.30 The weak signal
at about 27° is assigned to the amorphous region and
rotational disorder in the chain packing.31 The semicrystalline
nature of PAN is attributed to the strong interactions among
its nitrile groups.32 The prominent signal of the C. barbata/
PAN fiber at about 17° signifies a decrease in crystallinity due
to the incorporation of C. barbata into the PAN fiber.
Additionally, the presence of a signal at 2θ = 22.54° indicates
the amorphous structure of C. barbata,33 reducing the
crystallinity (56.66% and 36.16% for PAN and C. barbata/
PAN, respectively).

The thermal stability profiles of both PAN and C. barbata/
PAN fibers were assessed based on the percentage of weight
loss, as depicted in Figure 3c. According to the thermograms,
the PAN fiber exhibited no weight loss up to 100 °C,
attributed to the cyclization reaction.34 Initial degradation
occurred at around 100 °C, related to moisture and the

Figure 3. (a) FTIR spectra, (b) XRD pattern, and (c) TGA curve of PAN and C. barbata/PAN fibers.
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evaporation of the residue within the polymer. A subsequent
PAN fiber degradation occurred at about 280 °C, indicative of
functional group separation.35 In contrast, the C. barbata/PAN
fiber displayed its initial degradation at around 295 °C,
attributed to the improved thermal stability resulting from the
algae doping.

The notable features of electrospun fibers, such as high
surface area, porosity, and mechanical integrity, were combined
with the biosorption ability of C. barbata. Sorption operates
primarily at the surface level, requiring a sorbent with a
considerable surface-to-volume ratio. Table 1 lists the surface

area, pore volume, and pore size characteristics of C. barbata
and PAN powder, as well as PAN and C. barbata/PAN fibers.
Upon transforming PAN powder into the fibers, the specific
surface area underwent an approximately 4-fold increase, rising
from 6.20 to 24.56 m2 g−1. Similarly, the transformation of C.
barbata into the composite fibers resulted in a more than 2-
fold increase, with the specific surface area rising from 4.00 to
8.77 m2 g−1. A trend was observed for both fibers, where the
BET surface area tends to rise alongside increased pore
volume, particularly in the presence of smaller pore sizes. By
augmenting the surface area, more binding sites are generated
within the sorbent regions, facilitating the straightforward
binding of metal ions at the solid−liquid interface during
biosorption.36

Mechanical Properties of the C. barbata/PAN Fibers.
The mechanical properties can influence the performance of
the fibers for effective sorption applications. Tensile tests and
Young’s modulus were used to assess the structural integrity
and durability of the fibers. The stress−strain behavior of the
fibers, as depicted in Figure 4, indicates that the incorporation
of C. barbata (5 wt %) into the PAN fibers reduces their tensile
strength.

A similar situation has been observed in examinations
involving fibers doped with algae and their constituents.37,38

This phenomenon is believed to arise from the presence of
algae powders dispersed extensively within the fibers, where
the applied tensile stress is highly concentrated.38 Further-
more, a simultaneous increase in Young’s modulus was
observed along with the reduced tensile strength. In addition,
PAN fiber modified with C. barbata shows increased stiffness
and rigidity due to a higher Young’s modulus, indicating
enhanced deformation resistance and resulting in lower
elongation percentages.

Studies indicate that nanofibers with smaller diameters
contribute to an elevated Young’s modulus, correlating with
the enhanced regularity in their structure.39,40 Naraghi et al.
proposed that PAN nanofibers exhibit an elevated Young’s
modulus when their diameter is below 300 nm.41 Similarly, the
introduction of C. barbata to PAN nanofibers reduced fiber
diameter (from 0.68 ± 0.19 to 0.34 ± 0.08 μm), resulting in an
approximately 2.5-fold increase in Young’s modulus.

Sorption Studies. The biosorption process is influenced
by factors such as the characteristics of the biosorbent (surface
area, porosity, functional groups) and analyte conditions (pH,
temperature, and initial concentration). Additionally, the
amount of biosorbent and the contact time are crucial in
determining biosorption efficiency.

Effect of Shaking Time. Figure 5a shows the effect of
various shaking times and amounts of C. barbata in the
composite fiber on sorption. The experiments commenced at
pH 7 and 25 °C, employing a 10 mL solution with an initial
ion concentration of 100.0 μg L−1 and 5 mg of the sorbent.
Both the addition of C. barbata and the shaking time
contributed to an overall enhancement in the sorption capacity
of the fibers. The maximum sorption value, achieved at 60 min
of shaking time, was 129.68 μg/g (66.54%) using the fiber-
containing 5 wt % C. barbata. However, a decrease in sorption
capacity with the algae concentration occurred upon prolonged
exposure of 120 min. It may be due to the desorption of some
weakly bound metal ions36 and the potential aggregation or
blocking of active sorption sites by the increasing concen-
tration of algae biomass. This decrease can also be influenced
by a reduction in surface area and an increase in pore size,
which may lead to fewer available active sorption sites and the
presence of larger void spaces within the sorbent material,
thereby restricting the accessibility of sorption sites (Table S4).

Sorption Kinetics. Kinetic models offer insights into the
sorption process mechanism. The sorption kinetics of Pb(II)
ions were evaluated using C. barbata-loaded fibers, employing
both pseudo-first-order and pseudo-second-order kinetic
models. The mathematical equation of the pseudo-first-order
model42 is expressed as eq 1:

=q q q k tln( ) ln( )e t e 1 (1)

where qe and qt (mg g−1) are the amounts of Pb(II) sorbed on
C. barbata/PAN fiber sorbent at equilibrium and time t,
respectively. The pseudo-first-order rate constant (k1, min−1) is
determined to establish the representative linear relationship of
ln(qe − qt) vs t (Figure S4(a)).

The mathematical equation of pseudo-second-order42 is
given as eq 2:

Table 1. Surface Area Properties of PAN and C. barbata
Powder and PAN and C. barbata/PAN Fibers

BET surface area
(m2 g−1)

pore volume
(cm3 g−1)

pore size
(nm)

Cb powder 4.00 0.021 15.42
PAN powder 6.20 0.016 21.39
PAN fiber 24.56 0.142 11.24
Cb (5 wt %)/PAN
fiber

8.77 0.034 11.96
Figure 4. Mechanical testing of the PAN and C. barbata/PAN fibers.
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= +t
q k q q

t1 1

t e e2
2

(2)

where k2 is the rate constant of the pseudo-second-order at the
equilibrium (g mg−1 min−1). The values of qe and k2 were
estimated based on the slope and intercept values of the linear
plot of t/qt vs t (Figure S4(b)).

The parameters influencing sorption kinetics, along with the
corresponding correlation coefficient values (R2) and RMSE,
are summarized in Table 2. The pseudo-second-order kinetic
model yielded a high correlation coefficient (R2 > 0.99),
suggesting a better fit for describing Pb(II)’s biosorption
behavior onto the C. barbata (5 wt %)/PAN fiber than the
first-order equation. Furthermore, the theoretical value (qe,

Figure 5. Effect of on the sorption of Pb(II) by C. barbata/PAN fibers: (a) shaking time, (b) fitting graphs of adsorption kinetic models, (c) pH
(inset figure shows speciation diagram for Pb(II) species), (d) sorbent amount, (e) initial concentration, and (f) fitting graphs of adsorption
isotherms models.
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calc) aligns well with the experimental data (qe, exp), indicating
that the biosorption process is governed by pseudo-second-
order kinetics (Figure 5b). The low RMSE value also supports
the reliability of the pseudo-second-order model. The results of
the pseudo-second-order kinetic analysis suggest that the
biosorption process occurs due to chemical interactions
between the metal ions and the binding sites on the sorbent
surface.43

Effect of pH. The solution pH is an important factor
affecting the metal ion species, the dispersed bilayer of the
solid−liquid interface, and the sorption process. Furthermore,
pH serves as a key determinant in the removal of metal ions
from aqueous solutions, impacting factors such as metal ion
solubility, the concentration of counterions on the sorbent, the
extent of ionization of the sorbate during the reaction, as well
as influencing hydrolysis, complexation with organic or
inorganic ligands, redox processes, and precipitation phenom-
ena.44 The pH effect of C. barbata (5 wt %)/PAN fiber on the
sorption of Pb(II) ions is given in Figure 5c along with the pH-
dependent species. pH values were investigated within the
range 2.0 to 8.0. The initial Pb(II) concentration was set at 100
μg L−1, and the shaking time was standardized at 60 min. The
maximum sorption of the Pb(II) metal occurred at pH 4.0,
reaching 88.89%. At this pH, Pb2+ exists predominantly, while
at pH 5.0 and beyond, Pb hydroxide species begin to form.
This finding aligns with the observations made in the metal
sorption study involving C. barbata by Yalçiń et al., where it

was reported that the optimal pH range for Pb(II) ions was
between 2.5 and 5.0.7

Different functional groups (e.g., hydroxyl, carboxyl, and
sulfonate groups present in algae cell wall components) are
involved in selective metal ion binding, depending on the
solution pH.3 These groups participate according to the
dissociation constant (pKa), responsible for electrostatic
interactions with metal ions and creating a negative charge
on the algae surface.45 The sulfonic acid groups (R−S(=O)2−
OH) of fucoidan found in brown algae participate in the
binding of cations, even at very low pH values, within a pH
range where the functionality is most active (typically pKa
values ranging from 1.0 to 2.5). The carboxylic acid groups
(R−COOH) of alginic acid undergo changes in their reactivity
within the pH range between 3.0 and 5.0. On the other hand,
hydroxyl groups (R−OH) are implicated in the metal ion
sorption at very high pH values, demonstrating enhanced
functionality around a pKa value of approximately 10.0. Since
sorption is avoided at high pH values that cause algae damage
and metal precipitation, metal uptake of brown algae is
primarily provided with alginate and fucoidan content.3

Effect of Sorbent Amount. The sorption efficiency of
Pb(II) by C. barbata (5 wt %)/PAN at different sorbent
amounts (3−5−10−15−20 mg) is depicted in Figure 5d. The
experiments were performed at an initial concentration of
100.0 μg L−1, pH 4.0, and 25 °C. The maximum sorption of
Pb(II) (86.66%) was observed for 5 mg of the sorbent. At the
outset, the initial rise in the amount of sorbent increased the
sorption percentage of Pb(II) ions. However, a slight decrease
in sorption was noted with a higher amount of sorbent. This
situation is explained in two ways: First, during the
electrospinning process, the fibers tend to disperse randomly,
forming independent fibers. Second, prolonged shaking causes
the fibers to coalesce into bundles. This coalescence results in a
reduction of the surface/volume ratio within the system.
Consequently, a higher barrier is created against the sorption
of ions, leading to a decrease in the sorption percentage.36

Figure 5e shows the effect of the initial concentration of
Pb(II) ions (5.0−10.0−25.0−50.0−100.0−200.0 μg L−1) on
the sorption behavior with all other parameters and conditions
held constant. The results showed an almost linear increase
with the initial Pb(II) concentrations. When the sorption curve

Table 2. Kinetic Parameters Derived from Both the Pseudo-
First-Order and Pseudo-Second-Order Models for the
Biosorption of Pb(II) onto C. barbata (5 wt %)/PAN Fiber

kinetic parameters Pb(II)

experimental qe,exp (mg g−1) 0.1707
pseudo-first-order R2 0.8057

RMSE 0.1533
qe,calc (mg g−1) 1.0168
k1 (min−1) 3.2 × 10−6

pseudo-second-order R2 0.9962
RMSE 0.0062
qe,calc (mg g−1) 0.1776
k2 (g mg−1 min−1) 2.2347

Table 3. Removal of High Concentrations of Pb(II) Ions Using Various Composite Fiber Sorbents at Room Temperature

sorption parameters

sorbent

sorption
percentage

(%)

shaking
time
(min) pH

sorbent
amount
(mg)

initial ion
concentration
(mg L−1)

volume
(mL) sorption isotherms ref

HEMA modified
cellulose

67 180 5.0 100 30 20 Langmuir (R2: 0.999); Freundlich (R2: 0.995) 4

PVA/chitosan 84 60 6.0 25 400 10 Langmuir (R2: 0.915); Freundlich (R2: 0.894) 46
PVA/PAA 58 120 4.0 100 1 1000 Langmuir (R2: 0.999); Freundlich (R2: 0.871) 47
PAN/SL CNF 63 240 5.0−6.0 25 100 250 Langmuir (R2: 0.999); Freundlich (R2: 0.990) 48
PVPT/PCL 97 30 8.0 50 10 Langmuir (R2: 0.970); Freundlich

(R2: 0.980); Dubinin−Radushkevich
(R2:0.934)

49

CA/HAp 99.7 35 6.0 100 10 50 Langmuir (R2: 0.996); Freundlich (R2: 0.986) 50
maleate/PAN 98.5 60 6.0 92.5 25 50 Langmuir (R2: 0.99); Freundlich (R2: 0.97);

Dubinin−Radushkevich (R2: 0.83)
51

PVDF/AOPAN 99 90 6.0 50 10 20 Langmuir (R2: 0.997); Freundlich
(R2: 0.842); Redlich−Peterson (R2: 0.969)

52

Hal-NH2/CS/PVA 84 120 5.5 450 Langmuir (R2: 0.996); Freundlich (R2: 0.944) 53
CA/P-CNFs 80 1 7.0 2 1 50 Langmuir (R2: 0.994); Freundlich (R2: 0.871) 54
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reached 100.0 μg L−1, indicating saturation of the sorbent, the
sorption percentage was determined to be 88.89% ± 0.63,
while at 200.0 μg L−1, it remained nearly unchanged at 88.97%
± 0.27. Sorption capacities were calculated as 270 μg/g ±
11.27 and 420 μg/g ± 4.75, respectively.

The sorption parameters of fiber sorbents prepared with
biodegradable materials for Pb(II) removal are given in Table
3. Various composite fibers include PVA/Chitosan, HEMA-
modified cellulose, PVA/PAA, PAN/Sago lignin, and PEO/
alginate used for Pb(II) sorption. However, it is important to
note that the sorption studies listed in the table were
conducted using high concentrations of Pb(II) ions (mg
L−1). Due to the inherent difficulty in removing heavy metals
at low concentrations (μg L−1), there are limited studies
available, as indicated in Table 4. Nevertheless, the
comparative data support the effectiveness of the C. barbata/
PAN fiber as a promising sorbent for Pb(II) metal ion removal
from aqueous media, as demonstrated in this study.

Sorption Isotherms and Thermodynamics. For sorption
isotherm studies, the experimental parameters encompassed a
pH of 4.0, a shaking duration of 60 min, a temperature of 25
°C, a sorbent amount of 5 mg, and a varied initial
concentration of Pb(II) ions ranging from 10 to 200 μg L−1.
Plots of experimental equilibrium data of Pb(II) ions on the C.
barbata (5 wt %)/PAN fiber with Langmuir, Freundlich, and
D-R isotherm models are shown in Figure 5f. Freundlich and
Dubinin−Radushkevich isotherms were identified as more
fitting, while the Langmuir model proved to be unsuitable for
the observed data. The linear plots of the isotherm models
with the experimental data for the sorption of Pb(II) ions onto
the fiber sorbent are shown in Figure S5. The results for the
linearized isotherm models, the regression coefficients (R2),
and the specific parameters are listed in Table 5. The best-fit
models were in the following order: Dubinin−Radushkevich
(R2 = 0.9978) > Freundlich (R2 = 0.9839) > Langmuir (R2 =
0.9794).

The Langmuir isotherm demonstrates limitations, relying on
the assumption of monolayer adsorption of metal ions onto the
sorbent surface with a constant system energy. Despite a high
R2, the negative slope and Langmuir isotherm constant indicate
its inadequacy in explaining this adsorption process.57,58 In
addition, the fundamental properties of the linearized
Langmuir isotherms can be explained in terms of a
dimensionless separation factor (RL) for the equilibrium
parameter,59 which is expressed in eq 3:

=
+

R
K C
1

1L
L 0 (3)

where C0 is the initial Pb(II) concentration (mg L−1) and KL is
the Langmuir constant that indicates the nature of sorption (L
mg−1). RL was assessed to see if the adsorption is favorable
over the entire range of concentrations, further explaining the
fit of the linearized Langmuir model. The presence of negative
values (RL < 0) in the linearized Langmuir equations implies
inadequacy of the equations.57,59 The RL values for the
Langmuir model range from −0.9349 to −0.2794 for the initial
concentrations of 100 to 200 mg L−1 (Table 5). The trend of
increasing RL values with higher initial concentrations implies
potential favorability in the adsorption of Pb(II) ions.
However, the negative RL values obtained in this case indicate
that the Langmuir isotherm is not a suitable model for
describing the favorable adsorption of Pb(II) ions.57

The Freundlich sorption capacity (KF) represents the
maximum adsorption capacity. On the other hand, the
adsorption density (n) characterizes the intensity of adsorption
and the nature of the adsorption process. Adsorption is
considered promising if the KF value falls within the range of
1−20, and the n value exceeds 1.60 A KF value of 10.9330 and
an n value of 0.8598 (Table 5) collectively suggest nuanced
adsorption behavior with a substantial adsorption capacity and
a preference for lower concentrations, respectively. This may

Table 4. Removal of a Low-Concentration Pb(II) Ion with Different Sorbents at Room Temperature

sorption parameters

sorbent

sorption
percentage

(%)
shaking
time (h) pH

sorbent
amount
(mg)

initial ion
concentration

(μg L−1)
volume
(mL) sorption isotherms ref

SPES containing
Eucommia ulmoides/ PES

85−88 2 7.0 25 200 10 Langmuir (R2: 0.997); Freundlich
(R2: 0.996)

55

Bauxite, powder >90 48 250 100 250 Langmuir (R2: 0.999); Freundlich
(R2: 0.998)

56

C. barbata/PAN fiber 88.89 1 4.0 5.0 100 10 Langmuir (R2: 0.979); Freundlich
(R2: 0.984); Dubinin− Radushkevich
(R2: 0.998)

this
study

Table 5. Isotherm Parameters Obtained by Linear Regression Modeling and Thermodynamic Parameters for Pb(II)
Biosorption onto the C. barbata/PAN Fiber

isotherm model parameters

Langmuir qm KL R2 RMSE
−0.2062 −18.0310 0.9794 0.5702

Freundich KF n R2 RMSE
10.9330 0.8598 0.9839 0.0422

Dubinin−Radushkevich E qs R2 RMSE
2.32 × 10−8 1.1871 0.9978 0.0486

thermodynamic parameters ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS° (J K−1 mol−1)
298 K 323 K
−7.76 −4.5 −46.58 −130.29
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also indicate the possibility of multilayer adsorption or
heterogeneous surfaces.61

The Dubinin−Raduskevich (D-R) model provides impor-
tant insight into whether the adsorption mechanism is physical
or chemical.62 This is determined by the D-R characteristic
energy (E) value (eq 4), indicating physical interactions such
as electrostatic or hydrogen bonding between the sorbent and
metal ions.62 The sorption is categorized as physical when the
E number is between 1 and 16 kJ mol−1 and as chemisorption
when it is greater than 16 kJ mol−1.61 Table 5 shows that the
computed value of E is 4.64 kJ mol−1, indicating that Pb(II)
ion sorption onto the fiber sorbent through physical
interactions. In addition, the D-R isotherm model outperforms
the Langmuir isotherm model due to its exclusion of
assumptions regarding a homogeneous surface or constant
adsorption potential.60

=E
K

1
2 D (4)

In addition to the isotherm curves given in Figure 5f, all
isotherm models seem to be suitable for the experimental data
regarding R2 values. On the other hand, Pb(II) sorption can be
explained by both Freundlich and Dubinin−Radushkevich due
to high R2 values and low RMSE values (Table 5), indicating
that the adsorption mechanism has a heterogeneous
structure.63

Table 5 also lists the thermodynamic parameters for Pb(II)
biosorption onto the fiber, providing information about the
type and mechanism of the sorption process. A negative value

of the enthalpy change (ΔH°; −46.58 kJ mol−1) indicates that
the sorption of Pb(II) ions onto the fiber sorbent is
exothermic. These results are consistent with our experimental
results, as the Pb(II) ion sorption percentage decreases with
temperature (88.89% ± 0.63−71.07% ± 0.34). On the other
hand, a negative value of entropy change (ΔS°) represents
decreased randomness at the solid-solution interface during the
sorption process, which can be indicative of specific binding
sites, surface interactions without substantial changes in the
sorbent structure.64 Furthermore, a negative value of Gibbs
free energy (ΔG°) indicates the feasibility and spontaneous
nature of the Pb(II) ion sorption process.64 However, with an
increase in temperature, the magnitude of ΔG° rises, leading to
a less favorable scenario for the sorption.

Postsorptive Sorbent Characterization. Morphological and
structural postsorptive characterization of the sorbent is crucial
for a comprehensive understanding of the sorption mechanism.
Figure 6a,b shows the SEM micrograph and EDX analysis of
the used C. barbata (5 wt %) /PAN fiber. The fibrous structure
of the sorbent was retained even after the sorption of Pb(II)
ions, and elemental analysis evidenced the presence of Pb(II)
ions on the fiber sorbent. Figure 6c illustrates the changes in
the FTIR spectrum after sorption, confirming the attachment
of the Pb(II) ions to the fiber surface.

Accordingly, the interaction of Pb(II) ions with the
composite fibers was mainly reflected by the blue shift in the
stretching vibration of the asymmetric C�O band (from 1661
to 1760 cm−1), and the decrease in the symmetric C�O
vibration at 1450 cm−1, while the C−O band at 1060 cm−1

Figure 6. (a) SEM micrograph, (b) EDX spectrum, and (c) FTIR spectra of the C. barbata/PAN fibers after Pb(II) sorption.
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became apparent. Furthermore, changes were observed in the
vibrational modes of the sulfonic acid groups upon sorption,

accompanying an increase in the asymmetric and symmetric
−SO3 stretching bands at 1372 and 1243 cm−1, respectively,

Figure 7. XPS analysis of the C. barbata/PAN fibers before and after Pb(II) sorption. (a) A wide scan survey and deconvoluted spectra of (b) Pb
4f, (ci and cii) C 1s, (di and dii) O 1s, (ei and eii) S 2p. The subscripts i and ii indicate the state before and after sorption, respectively.
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and a decrease in the S�O stretching band at 874 cm−1. The
contribution of carboxyl groups of the alginate and sulfonate
groups of fucoidan to heavy metal biosorption has been
reported in the literature.7,28,65

XPS analysis was performed to elucidate the Pb(II)−
adsorbent interactions by examining the binding energies of
the relevant species. Figure 7a shows a wide survey of the fiber
sorbents before and after Pb(II) sorption. The signals arise
from the backbone of PAN and C. barbata, namely, C, N, O,
and S. Upon sorption, the detection of Pb 4f confirms the
presence of Pb(II) on the surface of the fiber sorbent. The Pb
4f profile in Figure 7b revealed prominent signals at 143.75 and
138.85 eV, corresponding to Pb 4f5/2 and Pb 4f7/2, respectively.
The Pb 4f7/2 signal can indeed be associated with various
chemical species, including −COOPb+, (−COO)2Pb, and
−OPb+, as mentioned in the study by Liang et al.66 Functional
groups, such as carboxyl and hydroxyl, indicate that these
groups are active as electron donors in the sorption of Pb(II)
ions onto the fiber.

C 1s XPS spectra of the C. barbata/PAN nanofiber exhibited
peaks at binding energies of 285.57, 286.83, and 288.18 eV,
which can be attributed to C−C/C−H, C−O/C−N, and C�
O, respectively, thereby confirming the incorporation of C.
barbata within the fiber (Figure 7ci). After sorption, the
observed shift of C�O to a higher binding energy may be
attributed to the coordination of Pb(II) with C�O groups,
thereby reducing their carboxyl character and predominantly
converting into C−O bonds (Figure 7cii). Similarly observed in
the O 1s profile, the peak associated with C�O at 531.31 eV
disappeared completely, while the two peaks at 534.72 and
532.87 eV (Figure 7di) shifted to 533.54 and 532.03 eV,
respectively (Figure 7dii). It is also evident that changes in the
electron distribution of oxygen atoms in the environment may
occur due to the formation of bonds between Pb(II) ions and
oxygen atoms, complexation with hydroxyl groups, and ion
exchange reactions with carboxylate groups. Furthermore, the
increase in the peak area after sorption can also be attributed to
S�O originating from the sulfonic acid groups of fucoidan in
the C. barbata biomass, contributing to Pb(II) sorption.67,68

This finding is further supported by the alterations observed in
the S 2p spectra (Figure 7ei and eii), which are deconvoluted
into two peaks (S 2p3/2 and S 2p1/2), attributed to −SO3H
groups.68 Upon sorption, both peaks shifted to lower binding
energies. This harmonious shift, which occurs almost without a
significant change in the area, is an indicator of the change in
electron distribution in the oxygen groups to which the sulfur
atoms are attached.

■ EXPERIMENTAL SECTION
Materials. Polyacrylonitrile (PAN, Mw = 150000 g mol−1) and

N,N-dimethylformamide (DMF) were purchased from Sigma-Aldrich,
Germany. Lead(II) nitrate (Pb(NO3)2) was supplied by Merck,
Germany. Nitric acid (HNO3, 64−66% Sigma-Aldrich, Germany) and
ammonia solution (NH3, 25% Merck, Germany) were used for pH
adjustment. The chemicals were of analytical grade, and all aqueous
solutions were prepared with ultrapure water (electrical conductivity
= 0.05 μS/cm).
Algae Preparation. Cystoseira barbata, a marine brown algae

(Phylum: Ochrophyta, Class: Phaeophyceae, Order: Fucales, Family:
Sargassaceae), was collected in the upper infralittoral zone from the
coastal region of Hamsilos (Sinop, Turkey; 42° 3′ 38.4″ N; 35° 2′
40.4″ E) in August 2020, at the depth 0−3 m. Freshly collected algae
were washed with tap water to remove salt, sand, epiphytes, and other
marine organisms and then washed several times with distilled water.

Freeze-drying of algae was done using a freeze-dryer (XQ-Instrument
freeze-dry/XQ-12B) at −40 °C, working pressure of 1 Pa for 72 h.
Dried C. barbata was milled with a ring mill (Retsch RS 200) and
sieved at ∼100 μm. Different sizes of C. barbata of images were
acquired by a stereo microscope (Olympus, SZX7). The C. barbata
powder was stored at −20 °C until used.
Electrospinning. The electrospinning solution of PAN was

prepared with different concentrations (5, 8, 10, and 13 wt %) by
dissolving the polymer in DMF. The solutions were stirred at room
temperature for 24 h until homogeneous.19 The concentrations of C.
barbata in the 10 wt % PAN solution were added as 1, 5, 10, and 20
wt %. Algae dispersed in an ultrasonic bath for 1 h, then homogenized
by mixing for 5 h. The solutions of PAN and C. barbata/PAN were
filled in a 10 mL syringe. The syringe was attached to the metal needle
tip with an inner diameter of 0.2 mm and was fixed horizontally on
the micro syringe pump. The PAN and C. barbata/PAN fibers were
obtained using electrospinning (Inovenso Basic Set-up). The
electrospinning process conditions were as follows: flow rate is 1
mL h−1, voltage is 14 kV, and distance between the needle tip and
collector is 19 cm.19 The process was conducted at 25 ± 3 °C and 40
± 5% humidity for 2 h.
Characterization of Algae and Electrospun Fibers. The metal

concentration of C. barbata was measured by inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 7800) after the algae
sample was mineralized with a microwave digestion system (Mile-
stone ETHOS EASY). The accuracy of the analyses was checked
using certified reference material (CRM-BCR-279, Sea Lettuce (Ulva
lactuca)). The surface morphology of C. barbata and electrospun
fibers were analyzed by scanning electron microscope (SEM Carl
Zeiss 300 VP) equipped with an energy-dispersive X-ray (EDX)
detector after the gold coating. Element distributions on the
micrographs were obtained with EDX elemental mapping. The
average fiber diameters (AFD) were evaluated from approximately
100 randomly selected fibers on SEM micrographs by using the
ImageJ software. The water contact angles of the fibers were measured
with a KSV Attension Theta Optical Tensiometer. Fourier transform
infrared spectra were acquired using an FTIR spectrometer (Thermo
Fisher Scientific, 105 ATR and PerkinElmer Spectrum Two FT-IR) to
examine functional groups of C. barbata and fibers. The thermal
properties of the fibers were conducted using a TGA-SDT Q600
thermogravimetric analyzer. X-ray diffraction (XRD) patterns were
collected by a Philips X′Pert Pro diffractometer. The surface area and
pore size distribution of the fibers were determined by a Brunauer−
Emmett−Teller (BET, Micromeritics 3Flex) analyzer using the
nitrogen adsorption method. The superficial composition of C.
barbata/PAN nanofibers was analyzed using X-ray photoelectron
spectroscopy (XPS) employing a monochromatic energy source (Al
Kα radiation, 1486.6 eV) with the Thermo Scientific K-Alpha
instrument.
Mechanical Properties of Fibers. The tensile tests of the fibers

were conducted using universal tensile testing equipment (Shimadzu
AGS-X) with a load capacity of 5 kN to determine their mechanical
properties. The tests were conducted at the tension speed of 10 mm/
min and ambient temperature (n = 3).69 The size of the samples was
45 × 30 mm (length × width), and the thickness was 90−250 μm
(the thicknesses used for the calculation were measured individually
for each sample; Figure S1a−d). The fiber thicknesses were measured
by scaling stereo microscope images taken at various points
(Olympus, SZX7).
Biosorption Studies. Batch trials were carried out to evaluate the

biosorption efficiency of the C. barbata/PAN fiber for Pb(II). A
thermostat-controlled water bath (GFL 1083) was used, and the
solutions underwent stirring at 1000 rpm. The stock solution (1000
mg L−1) of Pb(II) was prepared by dissolving the Pb salt in ultrapure
water. By diluting the stock solution, the standard solutions of Pb(II)
with different concentrations (5, 10, 25, 50, 100, 200, 500, and 1000
μg L−1) was obtained. All solutions were acidified with HNO3 (1% v/
v) and were stored in the refrigerator at 4 °C. The effects of
biosorption parameters such as initial metal ion concentration (5, 10,
25, 50, 100, and 200 μg L−1), pH (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0),
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shaking time (5, 15, 30, 60, and 120 min), sorbent amount (3, 5, 10,
15, and 20 mg), the content of C. barbata in the PAN (1, 5, 10, and
20 wt %), and temperature (25 and 50 °C) on the removal of Pb(II)
ions were studied. The residual concentration in the solution was
measured by ICP-MS, and the instrument operating parameters were
presented in Table S1. The biosorption percentage and capacity were
calculated using the following eqs 5 and 6, respectively:

= ×C C
C

biosorption(%) 100i f

i

i
k
jjjjj

y
{
zzzzz (5)

= ×q
C C

W
V(mg g )e

1 i fi
k
jjj y

{
zzz (6)

where Ci and Cf represent the initial and final concentrations of Pb(II)
ions, and W and V denote the mass of sorbent and the volume of the
analyte, respectively. The speciation diagram of Pb(II) ions at
different pH levels was constructed by using Visual MINTEQ
software.

To evaluate the relationship between the equilibrium concentration
of sorbate in bulk and the amount sorbed at the fibrous surface,
different isotherm models, including Langmuir, Freundlich, and
Dubinin−Radushkevich, were applied. The linear form of the
Langmuir isotherm model is written as the following eq 7.27

= × +
q K q C q
1 1 1 1

e L m e m

i
k
jjjjjj

y
{
zzzzzz (7)

According to the linear fits of Pb(II) ions on the C. barbata/PAN
fiber sorbent (Figure S5), Langmuir isotherm parameters were
obtained using the graph between 1/qe and 1/Ce.

Similarly, Freundlich isotherm parameters were calculated using the
plot between log qe and log Ce, depending on the eq 8:27

= +q K
n

Clog log
1

loge F e (8)

Ce is the equilibrium metal ion concentration (mg L−1), qe is the
equilibrium biosorption capacity (mg g−1), qm is the maximum
biosorption capacity (mg g−1), KF and n are Freundlich isotherm
constants, KF is an indicator of biosorption capacity, and KL is the
Langmuir constant related to the energy of biosorption, L mg−1.
Likewise, the relative parameters of the Dubinin−Radushkevich
isotherm62 were also determined from the plots of ln qe vs ϵ2, applying
eqs 9 and 10:
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qs (mg g−1) is a constant in the Dubinin−Radushkevich isotherm
model related to biosorption capacity and KDR (mol2 kJ−2) is a
constant associated with the mean free energy of biosorption. ϵ (kJ
mol−1) is the Polanyi potential, R is the universal gas constant (8.314 J
mol−1 K−1), and T is the temperature (K).

The agreement of the plot obtained from isotherm and kinetic data
was evaluated by the Root Mean Square Error (RMSE) in eq 11.70

=
=N

X XRMSE
1

( )
i

n

1
exp cal

(11)

To investigate the effect of temperature on Pb(II) biosorption, the
experiments were carried out at 25 and 50 °C. Using the data
obtained, the thermodynamic parameters such as standard Gibbs free
energy change (ΔG°), enthalpy change (ΔH°), and entropy change
(ΔS°) were calculated by the following equations.64

° =G RT Kln c (12)

° = ° °G H T S (13)

The linear form of the Van’t Hoff equation (eq 14) can be obtained
by combining eqs 12 and 13:

= ° °
K

S
R

H
RT

ln c (14)

where R (8.314 J mol−1 K−1) is the ideal gas constant and T (K) is the
temperature. The slope and intercept of the Van’t Hoff plot, i.e., as the
linear plot of ln Kc versus 1/T, give ΔH° and ΔS°, respectively.64

■ CONCLUSION
The electrospinning of PAN fibers doped with C. barbata for
removal of Pb(II) from waters was successfully achieved. The
conversion of C. barbata powder into fibers has an increased
surface area, enhancing the availability of metal binding sites
during the sorption process. The maximum sorption
percentage of the C. barbata (5 wt %)/PAN fibers for Pb(II)
was (89−90%) at pH 4.0 and an initial concentration of 100
μg L−1, after 60 min. When the R2 and RMSE values are
considered together, the equilibrium data fit well with the
Freundlich and Dubinin−Radushkevich isotherm model, while
the pseudo-second-order kinetic model offers the best
description of the sorption. Postsorption characterization
revealed that the carboxyl, hydroxyl, and sulfonyl groups
provided by algae doping played active roles in Pb(II)
sorption. C. barbata/PAN fiber emerged as a low-cost,
practical, and environmentally friendly sorbent for removing
Pb(II) ions, demonstrating promising potential in water
treatment applications. Furthermore, addressing the removal
of heavy metals at low concentrations is crucial for mitigating
potential environmental hazards and safeguarding human
health, as even trace amounts of these contaminants can
accumulate over time and pose significant risks to ecosystems
and organisms.
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(15) Horzum, N.; Muñoz-Espí, R.; Hood, M. A.; Demir, M. M.;

Crespy, D. 2. Green Processes and Green Fibers. Green Electro-
spinning; De Gruyter: Berlin, Germany, 2019; pp 11−40.
(16) Huang, Z.-M.; Zhang, Y.-Z.; Kotaki, M.; Ramakrishna, S. A

review on polymer nanofibers by electrospinning and their
applications in nanocomposites. Compos. Sci. Technol. 2003, 63,
2223−2253.

(17) Fang, J.; Niu, H.; Lin, T.; Wang, X. Applications of electrospun
nanofibers. Chin. Sci. Bull. 2008, 53, 2265−2286.
(18) Horzum, N.; Mete, D.; Karakus,̧ E.; Üçüncü, M.; Emrullahoğlu,
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