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ABSTRACT

In this study, chitosan/poly(vinyl alcohol) (CS/PVA) polymeric nanofibers were produced using the Air-Heated Solution Blow
Spinning (A-HSBS) method and applied for the efficient removal of Microcystis aeruginosa from contaminated water. Nanofibers
were fabricated with chitosan contents ranging from 10 to 50 wt% and subsequently characterized by scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), thermogravimetric analysis (TG), differential scanning calorimetry (DSC), and
apparent porosity measurements. The materials exhibited a highly porous, three-dimensional, cotton-wool-like fibrous mor-
phology, with porosity exceeding 90%. The nanofibers presented smooth surfaces, randomly oriented structures, and average
diameters between 230+ 73nm and 340+ 102nm. Incorporation of chitosan reduced the semicrystalline nature of PVA while
enhancing the thermal stability of the fibers. Under optimized conditions—nanofibers containing 10wt% chitosan and a fiber
dosage of 20mg per 10mL of contaminated water—the system achieved up to 90% removal of Microcystis aeruginosa within
20min. Additionally, MC-LR concentrations below 0.01 ug/L were detected following cyanobacterial removal. These findings
demonstrate the potential of A-HSBS-produced CS/PVA nanofibers as a rapid, effective, and scalable treatment alternative for
addressing cyanobacterial contamination in aquatic environments.

1 | Introduction 2050, there will be at least a 20% increase in drinking water
sources contaminated with harmful algal blooms [3].

Eutrophication in the aquatic environment is a problem faced

worldwide due to the proliferation of cyanophyceous algae (cya-
nobacteria) [1] with the rise in global temperatures. The intensi-
fication of cyanobacteria growth occurs through the deposition
of nutrients and climate warming [2]. Studies indicate that by

The primary challenge posed by the presence of Microcystis
aeruginosa in water resources is the release of microcystins (cy-
anotoxins) following cell rupture (cell lysis). Cyanotoxins are
toxic to the liver and nervous system and can cause liver failure
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and brain damage [4-6]. The same toxin can present different
variants, significantly altering its toxicity. Additionally, the si-
multaneous occurrence of different cyanotoxins can potentiate
their toxic effects, generating complex interactions that cannot
be predicted based on data obtained from individual toxins [7].
Thirty-seven congeners of microcystins (MC) with reported
lethal dose (LDs) values have been described, with microcys-
tin-LR (MC-LR) being one of the most toxic, presenting an LDs,
value of 50 ug/kg in mice by intraperitoneal injection [8]. MC-LR
acts as a potent inhibitor of protein phosphatases 1 (PP1) and 2A
(PP2A), with inhibitory concentrations ranging from 0.1 to 1 nM
in vitro [7, 9].

Microcystis aeruginosa is the dominant species in cyanobacterial
blooms and the most common alga in freshwater environments
worldwide. It features a spherical shape with diameters that can
range between 4.0 and 9.4 um and the ability to move freely in a
vertical direction [2, 10, 11]. The toxin produced by Microcystis
aeruginosa is Microcystin Leucine-Arginine (MC-LR), the
most toxic cyanotoxin among the MC [12]. The World Health
Organization (WHO) recommends a concentration of 1ug/L™!
of MC-LR as a reference value for drinking water [6].

Cyanobacteria can be removed through physical, chemical,
and biological treatments [13]. Additionally, methods such as
the application of chlorine, algaecides, or hydrogen peroxide
can be employed to mitigate the rapid proliferation of harm-
ful algae. However, these removal processes are subject to
significant limitations, including high operational or energy
costs as well as notable ecological impacts [12, 14]. Moreover,
cyanotoxins can be released during or as a consequence of
these treatments, further aggravating the problem of water
contamination.

Cyanobacteria and cyanotoxins adsorption using nanostruc-
tured materials are an alternative to retaining both the bac-
teria and the toxin. As a result, recent studies [12, 15, 16]
have focused on developing efficient materials that can serve
as “membranes” for the adsorption of cyanobacteria and cy-
anotoxins. In this context, nanofibrous materials emerge as
an environmentally friendly alternative with high adsorptive
capacity [15, 17] showing promise for treating water contami-
nated with cyanobacteria.

Among the polymeric materials applied for the removal of
Microcystis aeruginosa, chitosan stands out, with adsorption
predominantly occurring through electrostatic interactions be-
tween protonated amino groups and the negatively charged cell
surface of the cyanobacterium [15, 18]. Chitosan-modified cot-
ton fibers have demonstrated superior efficiency due to the intro-
duction of positive charges on the fiber surface, combined with
the large surface area provided by the fibrous structure of the
material. Cotton fibers subjected to alkaline pretreatment fol-
lowed by chitosan functionalization achieved 95% removal of M.
aeruginosa cells within 12h, indicating that the increased avail-
ability of anionic groups on the fiber surface favors electrostatic
interactions with the —NH3* groups of chitosan under appro-
priate pH conditions [15]. Additionally, chitosan-functionalized
nanobubbles promoted the inactivation of 73.16% + 2.23% of the
cells by disrupting nutrient transport across the cell membrane
[14]. Other materials, such as hydrogels composed of chemically

modified gelatin, graphene nanoparticles, and PVA, also exhib-
ited high performance, achieving removal rates of 90% for cells,
75% for chlorophyll-a, and reductions of 63% and 43% in turbid-
ity and visible color, respectively, after 19h of treatment. In this
case, removal occurred through the formation of small cellular
aggregates followed by cell lysis, with the kinetic data fitting
best to the Elovich model, suggesting a possible chemisorption
mechanism [19].

Polymeric blends of chitosan/polyvinyl alcohol (PVA) with
nanofiber structures and low chitosan content have recently
demonstrated high efficiency in treating water contaminated by
dyes or heavy metals [20-22]. However, no study has evaluated
the potential of this type of material for removing Microcystis
aeruginosa.

Chitosan (CS) is utilized in water treatment as a flocculant and
coagulant agent for cyanobacteria, with the ability to retain ex-
tracellular cyanotoxins, such as microcystin-LR [3, 12, 23]. On
the other hand, PVA is a nontoxic synthetic polymer that exhibits
hydrophilicity and has been utilized in water treatment [24, 25].
The blend of polyvinyl alcohol (PVA) and chitosan enhances
the mechanical strength of chitosan systems and improves the
stability in aqueous systems of PVA bodies. Moreover, the pres-
ence of PVA reduces the repulsive forces during the spinning of
chitosan-based fibers, thereby optimizing the spun process and
producing more homogeneous fibers [20, 26-28].

Studies have reported the production of chitosan/PVA fibers by
electrospinning [29-31], centrifugal spinning [32], and solution
blowing [26, 33]. However, the production of PVA/chitosan fi-
bers containing a high percentage of chitosan (more than 20%
by weight) remains a challenge, despite the high potential of this
system in adsorption processes and water treatment.

Thus, this study aims to synthesize PVA/chitosan fibrous sys-
tems with a high chitosan content through the air-heated solu-
tion blow spinning (A-HSBS) methodology, a recent adaptation
of solution blow spinning (SBS) [34]. It is worth highlighting that
the A-HSBS method differs from the conventional Solution Blow
Spinning (SBS) technique by incorporating heated air into the
process, resulting in optimized cotton-like 3D morphologies and
structures for applications in tissue engineering, catalysis, and
other fields [35-39]. The materials produced using this method
exhibit high interconnected porosity, surface microroughness,
and enhanced physicochemical properties, such as the induc-
tion of oxygen vacancies and specific coloration, thermal stabi-
lization at low temperatures, crystallization control [38], as well
as superior electrochemical performance in oxygen evolution
reaction (OER) processes [37].

In addition to the production of these fibers, the study will as-
sess their potential for removing Microcystis aeruginosa from
water by evaluating their adsorptive capacity. This dual focus
on both the synthesis of the fibers and their practical applica-
tion in microalgae removal will provide valuable insights into
their efficacy for environmental remediation. It is important to
emphasize that, to the best of our knowledge, this study is the
first to investigate the use of A-HSBS-produced chitosan/PVA
nanofibers for removing Microcystis aeruginosa from contami-
nated water.
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2 | Methods and Materials
2.1 | Materials

Chitosan (molecular weight of 50,000-190,000Da and
Deacetylation >75%) and Polyvinyl alcohol (PVA) (molecular
weight of 89,000-98,000Da and 99+% hydrolyzed), in pow-
der forms, were obtained from Sigma-Aldrich. Glacial acetic
acid (>99.5%) (Quimica Moderna) and glutaraldehyde solution
(Grade 1II, 25% in H,0) (Sigma-Aldrich) were used during the
production of the fibrous materials.

2.2 | CS/PVA Fibers Production

PVA was dissolved in distilled water (6.6% w/v) under constant
stirring at 60°C. The solution was acidified using acetic acid.
Then, chitosan was added (from 10 to 50wt% in relation to the
PVA amount) under constant stirring at 60°C. The nomencla-
ture of the samples in this study is PVA, 10% CS/PVA, 20% CS/
PVA, 30% CS/PVA, 40% CS/PVA, and 50% CS/PVA, correspond-
ing to chitosan proportions of 0%, 10%, 20%, 30%, 40%, and 50%,
respectively, in the chitosan/PVA system.

The solutions were spun using an SBS concentric nozzle [34] at
a rate of 6.0"'mL/h. An air pressure at 0.41 MPa and a work-
ing distance of 200 mm were used in the study. For the spinning
process, heat guns were used to assist in solvent evaporation
(A-HSBS), as detailed in previous work [35]. The fibers were
collected in a chamber at 50°C. The humidity in the spinning
chamber was below 30%.

Cotton wool-like CS/PVA fibers were then collected and placed
into a closed chamber, where they were exposed to glutaralde-
hyde vapor. The chamber was heated at 50°C for 168 h for cross-
linking of polyvinyl alcohol (PVA) by glutaraldehyde vapor. The
excess glutaraldehyde vapor (condensed on the sample) was re-
moved using a vacuum for 24 h.

2.3 | Characterization

Fiber's morphology was characterized by scanning electron mi-
croscopy (SEM) (TESCAN, VEGA 4), with fiber diameter mea-
sured using the Image J software (National Institutes of Health,
USA). At least 100 fibers from different samples were used to
determine the mean diameter.

For SEM analysis following the adsorption of cyanobacteria, a
methodology adapted from [40] was used. Cellular dehydration
occurred with ethyl alcohol solutions at 50%, 70%, 80%, 90%,
95%, and 100% for 15 min each. Subsequently, the sample is sub-
jected to the freeze-drying process and sent for analysis using a
FEG-SEM (Tescan, MIRA 4).

Transmission electron microscope (TEM) (Tecnai G2 Spirit
TWIN). For TEM observation, the fibers were deposited by dis-
persion on the TEM copper mesh.

Fibers were characterized by Fourier Transform Infrared
Spectroscopy (FTIR) (Shimadzu, IRAffinity-1/1S), using KBr

pellets with 0.6wt% fibers, from 4000 to 400cm~!, with 32
scans and a resolution of 4cm™; and by X-ray diffraction (XRD)
(Shimadzu, XRD-6000), using Cu Ka (40kV/30mA) under
fixed-time mode, with a step of 0.02°C and a fixed time of 6s.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using a Scienta Omicron ESCA+ spectrometer
equipped with a high-performance hemispherical analyzer
(EAC2000) and a monochromatic Al Ka radiation source (pho-
ton energy=1486.6eV). Data analysis was carried out using
CASA XPS software.

Thermogravimetric analysis (TGA) (Shimadzu, DTG-60H) was
performed under N, atmosphere with a heating rate of 10°C/
min~! and differential scanning calorimetry (DSC) analysis was
performed in DSC25 from TA Instruments (EUA) using a closed
aluminum pan under a nitrogen gas flow of 50mL/min. Samples
of approximately 3 mg were heated from 20°C to 250°C.

The contact angle was measured using SEO brand equipment,
model Phenix I. Images of the distilled water droplet were cap-
tured every 200 ms in static mode on a homogeneous surface of
the material sample at 20°C.

The apparent porosity of the cotton wool-like 3D membranes
was determined using the Archimedes' principle, as per other
studies [41, 42] and ethyl alcohol as the solvent. The measure-
ments were performed in triplicate.

Water uptake was determined using a methodology reported
in the literature [43, 44]. Four milligrams of the material was
weighed (W) and immersed in 30 mL of distilled water for 24 h.
After this period, the samples were dried on a filter paper and
weighed (W)). The value of water absorption is calculated as the
percentage of mass increase [43]. The experiment was carried
out in triplicate.

2.4 | Cultivation of the Microcystis aeruginosa
and Removal Test

Microcystis aeruginosa was cultivated with the strain registered
in the World Date Center for Microorganisms 835. The repli-
cation of these cyanobacteria was performed according to the
methodology reported in the literature [45], with the following
conditions: A 12h photoperiod with illumination of 1200 lux,
at 24°C. The culture medium for Microcystis aeruginosa was
ASM-1 [45]. Cell density was determined with an optical mi-
croscope (Coleman, NIB-100 INF), by the method described by
Utermohl [46].

First, in the removal experiments for Microcystis aeruginosa
were evaluated using the turbidity parameter (Hanna, HI98703).
The amount of adsorbent (5, 10 and 20mg) and the contact time
(5, 20 and 60 min) were evaluated. With Microcystis aeruginosa
a fixed volume of 10mL of Microcystis aeruginosa suspension,
the fibers were deposited under the suspension at a tempera-
ture of 25°C and a rotation speed of 70rpm. Then, the concen-
tration of Microcystis aeruginosa was measured using UV-Vis
spectroscopy (KASVI), following the methodology described in
the literature [12] at a wavelength of 680nm. The algae capture
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efficiency (%CE) was obtained as reported in the literature and
described in Equation (1) [12]:

C-C

%CE =

x 100 )

where, C; and Cfare the optical density at 680 nm at the start and
end time, respectively.

To Microcystis aeruginosa determine the correlation between
optical density (OD) and dry weight of Microcystis aeruginosa
cells (DWM), algal suspensions with varying concentrations
were measured for OD using a V-visible spectrophotometer, as
reported in the literature [12]. The concentration of the algae
(gL~ was determined by dry cell weight (DWM). To determine
DWM, 20 mL of deionized water was passed through Macherey-
Nagel model 85/70 BF glass microfiber filters with 0.6 um reten-
tion using a vacuum pump, followed by drying at 105°C under a
porcelain plate to achieve a constant weight (m ,). Subsequently,
20mL of the algae suspension was passed through the filter,
placed under the porcelain plate, and heated to 105°C until a
constant weight is obtained. The dry weight of the cells (gL™!)
was calculated according to Equation (2):

Mg — My
\%4

DWM = @)

where m, and m are the masses of the dry filter and plate as-
sembly before and after filtration, respectively, and V is the vol-
ume of the seaweed suspension used.

The variation in microcystin concentration after the removal
tests was quantified using an Enzyme-Linked Immunosorbent
Assay (ELISA) with the MC-ADDA kit (Abraxis). For this, the
samples were collected at the end of the removal experiments,
centrifuged, and an aliquot of the supernatant was taken for
analysis. All measurements were performed in duplicate, strictly
following the manufacturer's protocol.

3 | Results and Discussion
3.1 | Morphological Characterization of CS/PVA

Continuous fibers with smooth surfaces and random orienta-
tions, regardless of the chitosan concentration, were observed in
the developed cotton-like fibrous materials (Figure 1). The fibers
obtained in this study presented mean diameters of 231 +85nm,
241+73nm, 230+73nm, 340+102nm, 315+197nm, and
254+96nm for PVA, 10% CS/PVA, 20% CS/PVA, 30% CS/PVA,
40% CS/PVA, and 50% CS/PVA, respectively. The morphology
of the fibers is similar to that observed in electrospun PVA/CS
fibers [20]; however, the diameters were smaller than those re-
ported in the literature for solution blow spun PVA/CS systems
[33]. Moreover, no study (using electrospinning or SBS) reported
success in the production of CS/PVA fibers with a high amount
of chitosan, such as 50%.

The PVA, 10% CS/PVA, and 20% CS/PVA systems exhibited sim-
ilar mean fiber diameters (p>0.05). However, the mean diam-
eter increased in the 30% CS/PVA and 40% CS/PVA materials

(p<0.05), with no statistical difference observed between these
two groups (p=0.6007). This behavior is consistent with find-
ings in the literature [41]. Notably, the mean diameter decreased
with an increase in chitosan content from 40% to 50%, which
is contrary to expectations based on the electrospinning litera-
ture [47].

The increase in chitosan content raises the viscosity of the spin-
ning solution, which generally contributes to larger diameters,
explaining the 30% and 40% increase in the diameter of CS/PVA
fibers.

However, studies on A-HSBS producing ceramic fibers [37]
have observed that slow solvent evaporation rates can lead to
reduced fiber diameters, whereas higher evaporation rates tend
to increase diameter and result in more porous materials. Thus,
at higher viscosities (such as in 50% CS/PVA system), solvent
permeability and drying processes may be impaired, leading to
reduced evaporation rates. This phenomenon may explain the
smaller fiber diameters observed in the 50% CS/PVA system
compared to the 30% and 40% chitosan systems.

To elucidate the location of chitosan in the fiber, transmis-
sion electron microscopy (TEM) analysis was performed
(Figure 2). It is observed that chitosan is partially deposited
on PVA fiber in spherical form. Chitosan has a uniform spher-
ical shape with gauge dimensions that can range from 0.3 to
100nm. According to Zhang et al. [48], TEM-EDS analysis re-
vealed phase segregation in the CS/PVA fibers, indicating that
chitosan was distributed within the fibers and at defect sites,
whereas PVA was distributed in a separate phase. A similar
observation was reported in another study by Adibzadeh et al.
[49], in which the presence of chitosan on the fiber surface
facilitated the deposition of Ag nanoparticles on the surface
of the nanofibers.

Studies reported by Liu et al. [33] using SBS to produce PVA/
CS (CS with an average molecular weight) fibers and using eth-
ylene glycol diglycidyl ether as a crosslinking agent obtained
fibers with diameters ranging from 437 to 475nm. In another
study [26], a variation of SBS methodology, denoted air-blow,
was used to produce chitosan/PVA fibers with diameters rang-
ing from 1.5 to 4 um. Thus, in the present work, thinner fibers
were obtained when A-HSBS was applied to produce CS/PVA
fibers.

Figure 3 presents FTIR spectra of CS/PVA fibers. The vibrations
between 3600 and 3100cm™!, Region I in Figure 2, are assigned
to stretching vibrations of the —OH (PVA) and —NH, (CS)
groups [50]. Studies [51, 52] have depicted that the interaction
between chitosan and PVA causes the formation of an amide
bond in this region. In this study, a displacement of vibration
from 3412 to 3380cm™! was observed in 50% CS/PVA.

In the region between 3070 and 2700 cm~! (Region II), vibrations
are associated with the symmetry of CH, and the asymmetry of
C—H in the polymer chain [51, 53, 54]. In Region III, the vibra-
tion at 1551-1563cm™! is related to the symmetrical deforma-
tion of —NH,, resulting from the ionization of primary amino
groups in the acid medium [55], occurring in all samples with
CS. The vibration at 1430cm™" is attributed to the stretching of
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FIGURE1 | SEM micrographs and graphics distributions of diameters (a) PVA, (b) 10% CS/PVA, (c) 20% CS/PVA, (d) 30% CS/PVA, (e) 40% CS/

PVA and (f) 50% CS/PVA.

the chitosan amino group [51]. The 40% CS/PVA and 50% CS/
PVA compositions exhibited a vibration at 1380cm™, which is
attributed to the C—H bond of the CH,OH group in chitosan,
resulting from the hydrogen bond with PVA [51]. At 1212 and
906 cm™! (Region IV) vibrations occur related to the saccharide
structure of chitosan and at 1022cm™ to the stretching of the
C—O bond [21, 51]. The vibration that occurs at 844 cm™! refers

to the vibrations of the flexures of the C—H bonds of the PVA
molecule [56].

Figure 2 shows the confirmation of the crosslinking of the
CS/PVA samples with glutaraldehyde vapor, evidenced by the
shifts in the vibrations from 1611 to 1653cm™! and from 1538
to 1559cm™!. These shifts correspond to the stretching of the
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FIGURE2 | TEM image showing the morphology of 50% CS/PVA nanofibers. [Color figure can be viewed at wileyonlinelibrary.com]

10% CS/PVA_Cross-linked

~__
40% CS/PVA

Transmitance (u.a.)

50% CS/PVA_Cross-linked

50% CS/PVA

3000 2500 2000 1500 1000 500
Wavenumber (cm™)

4000 3500

FIGURE 3 | FTIR spectra of CS/PVA before cross-linking and CS/
PVA after cross-linking with glutaraldehyde. [Color figure can be
viewed at wileyonlinelibrary.com]

imine group (C=N), resulting from the reaction between the al-
dehyde groups (glutaraldehyde) and the amine groups (chitosan)
[57, 58].

The crosslinking agent forms chemical bonds that join the poly-
mer chains, reducing the solubility of PVA while improving its
mechanical and thermal properties [59, 60]. Glutaraldehyde was
used for crosslinking PVA fibers with chitosan [61], aiming to
improve membrane adsorption efficiency and enhance stability
in an aqueous medium.

To elucidate the chemical modification of CS/PVA nanofibers
crosslinked with glutaraldehyde vapor, X-ray photoelectron
spectroscopy (XPS) analyses were performed before and after
the modification process for the 50% CS/PVA composition
(Figure 4). As shown in Figure 4, the C1s, N1s, and Ols peaks
correspond to the characteristic structure of CS/PVA [62-64].
The high-resolution spectra revealed specific changes in the
binding energies of the Cls and N1s regions after crosslinking.
The C1s peak, initially observed at 288.6eV and attributed to
O—C=0 groups, shifted to 286.7¢eV, corresponding to C—O0—C
bonds. In the N1s region, the binding energy at 399.4¢V, as-
signed to amine (C—NR,, where R=C, H) and/or nitrogen in
aromatic rings (such as pyridine), remained unchanged. In con-
trast, the signal at 397.4eV, associated with pyridinic nitrogen
(pyridinic-N), disappeared. Concurrently, a new peak appeared
at 401.2eV, attributed to imide groups (C=0)—N—(C=0) or
N—(C=0)—0—. This result suggests the occurrence of crosslink-
ing reactions involving the amino groups of chitosan, promoted
by the interaction with glutaraldehyde [63, 65]. Therefore, the
modifications observed in the N1s region indicate the formation
of C=N species and other nitrogen-containing structures. The
alteration in the N1s spectral profile observed in this study rein-
forces the effective crosslinking of the nanofibers. Additionally,
it was found that the carbon content increased from 70.6% to
73.2%, which may be associated with the introduction of carbon-
containing groups from glutaraldehyde, resulting from interac-
tions between the —OH and —NH, groups of the CS/PVA matrix
and the C=0 groups of the crosslinking agent [66].

PVA fibers exhibited three characteristic X-ray reflection
peaks at 26=11.6° 19.79°, and 40.8° (Figure 5), as observed
in other studies [20, 67-69], and corresponding to ICDD card
No. [00-061-1401]. This molecular arrangement enables the
material to preferentially crystallize in an orthorhombic unit
cell. The wide and diffuse bands of PVA are characteristic of
partially acoustic structures; the semicrystalline structure is
formed by means of intra- and intermolecular hydrogen bonds
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FIGURE4 | XPS spectra of 50% CS/PVA before crosslinking, (a) survey spectrum, (b) C1s, (c) N1s, (d) O1s high-resolution spectra; and XPS spec-

tra of 50% CS/PVA after crosslinking, (e) survey spectrum, (f) Cls, (g) N1s, (h) Ols high-resolution spectra and (i) cross-linked CS/PVA schematic
representation. [Color figure can be viewed at wileyonlinelibrary.com]

7 0f 19

85UB0|7 SUOWWOD BAFe81D) 8|edl|dde au Aq peusenob ae ssjoie YO ‘asn Jo saini 10} Ariq1T8UIIUO A8]IM UO (SUORIPUOD-PUB-SWBY/L0D A8 M AReIq | eul JUO//SdNY) SUORIPUOD PUe SWLB | 8U} 885 *[S20zZ/0T/ST] o Ariqi aulluo A8|1M ‘seded Aq 10,25 dde/z00T 0T/10p/wo0 A8 1M Areiq1jeul|uoy/sdiy Woiy papeojumoq ‘v ‘G202 ‘829v.60T


https://onlinelibrary.wiley.com/

g) "] Amine, C-NR2 (R=C H), and/or h) Seiar
N in aromatic ring (e.g. Pyridine) -C-
[ Jimide (C=O)N-(C=0) ou N{C=0)-O- N1s Ots
. ]co
Cl 2
s s
> > 532.2eV
® g 66.2 %
3 8
< =
Tl g e 533.0 eV
/ ----------- 33.8%
4012 eV e U (.
19.2% v
— T T T T T T T T T T T T T ) ) j ] ) L ) : j
408 406 404 402 400 398 396 394 392 944 540 536 532 528 524
Binding Energy (eV) Binding Energy (eV)
|) Intramolecular —{cH, CH—
—{CH,-CH}; Cl)

\
0
\
H

Intramolecular \MM, :
O“—_.//T
H N
y I
/
5 7
—fCH, C;—ﬂ— ok
—CH;- (‘JH)— C/H
o—n

H() \l/
Intramolecular
O

CH OH

Intramolecular —-;
H

/

0

\
“EH,-CHi;—

CH,OH \\/
e /O Intramolecular
QO

(‘HZOH /

\ —{CH, -THL—

—€H, CH}— H/O
HOH \
\[ o \\
_Owwm
//v 7
NH

Intramolecular

CHy

FIGURE4 | (Continued)

with adjacent molecules or atoms [70, 71]. The literature re-
ports that chitosan presents peaks at 260 =10° and 20°, arising
from inter- and intra-molecular hydrogen bonds through the
presence of chitosan free amino groups [72-77]. In addition,
chitosan has its spectrum in XRD corresponding to ICDD
card No. [00-039-1894] with the main amorphous phase, and
the peak at 26 =20° was related to the presence of chitosan
[78-80]. In the present study, peaks were observed at 26 =10°
and 19.9°.

The reduction in the semicrystalline nature of CS/PVA was
indicated by the decrease in peak intensity and enlargement,
or the overlap, suggesting the interaction between chitosan
and PVA. According to the literature [47, 81, 82], if no such in-
teraction occurs, there will be no alteration in the crystalline
characteristics.

The influence of chitosan and glutaraldehyde on the stability
of CS/PVA fibers was evaluated by thermogravimetric analysis

(Figure 6). Pure PVA and pure chitosan present three stages of
mass loss [30, 47, 83-85].

The initial mass loss (first stage) occurs below 100°C and is at-
tributed to the release of hydrogen-bonded water [81]. The sec-
ond stage results from the removal of the organic function —OH
and the rupture of the polymeric chain, with the formation of
polyene structures in PVA (190°C-294°C) [30, 83, 84]; and de-
hydration of saccharide rings, depolymerization, and decom-
position in chitosan (270°C-320°C) [47]. An increase in the
decomposition temperature of CS/PVA was observed upon the
addition of chitosan, indicating greater thermal stability of the
fibers, which can be attributed to the interaction between the
polymers [82]. The interaction between the —NH, and —OH
functional groups, originating from chitosan and PVA, resulting
from the miscibility between the polymers, reduces the mobility
of the polymer chains and increases thermal stability [41, 82].
The third event (370°C-470°C) is related to the decomposition
of residual components formed by the previous stage [30, 83-86].
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FIGURES5 | X-ray diffractograms of CS/PVA and PVA fibers and CS
powder. [Color figure can be viewed at wileyonlinelibrary.com|

Cross-linking with glutaraldehyde (Figure 6c,d) resulted in a new
loss of mass during the first stage, with a peak near 130°C at-
tributed to the release of acetic acid residues [87]. The cross-linked
PVA fibers exhibited increased thermal stability during the second
stage, which is due to the formation of acetal rings and ether bonds
resulting from the reaction between the hydroxyl groups and glu-
taraldehyde [81]. However, the cross-linking process did not sig-
nificantly affect the thermal stability of CS/PVA, as the mass loss
profiles of the samples before and after cross-linking were similar.

The DSC thermograms of PVA and CS/PVA fibers, shown in
Figure 7, provide a detailed and comprehensive visualization
of the complex thermal transitions. There are polymers in
which the glass transition temperature (Tg) is related to the re-
laxation of polymer chains [88-90]. Relaxation « is associated
with the glass transition of the amorphous phase from intra-
and intermolecular interactions [91]. Pure PVA exhibited a
relaxation temperature of 94.3°C, whereas the relaxation tem-
peratures for 10% CS/PVA, 20% CS/PVA, 30% CS/PVA, and
40% CS/PVA were 81.6°C, 82.4°C, 101.9°C, and 106.3°C, re-
spectively. The corresponding relaxation enthalpy values are
summarized in Table 1, with the 40% CS/PVA system having
the highest value of 184.79J/g, compared to 94.31J/g for pure
PVA and 120.51]/g for the 10% CS/PVA system.

The change in the composition of the CS/PVA system altered
the relaxation temperature, due to the increase in the chitosan
concentration. Greater interactions are caused, transforming
the mobility of the polymeric chains [92].

On the other hand, the amount of water influences the relaxation
of CS chains. High humidity will provide additional relaxation
in the chain, known as §_ . relaxation [88, 91]. As presented,
TG (Figure 6) corroborates the presence of water in the CS/PVA

system, demonstrating the decrease in sample weight during the
heating scan.

Therefore, the humidity at which the fiber is formed will in-
terfere with the relaxation of the polymer chain, and conse-
quently, the relaxation temperature and the glass transition
temperature of the material. It is also observed that after
crosslinking, the relaxation temperature of the PVA and CS/
PVA system increased, indicating chemical modification of
the fibers.

The wettability of the CS/PVA composition after crosslinking
with glutaraldehyde was evaluated through the contact angle,
as shown in Figure 8. Chitosan and PVA are polar composi-
tions due to the presence of —NH,, —COOH, and —OH groups,
respectively. A contact angle variation between 90°<6<180°
indicates an apolar character, whereas 6 <90° indicates a polar
character, correlating with hydrophobic and hydrophilic prop-
erties, respectively [93-96]. Chitosan exhibits a contact angle
of 98.3°, indicating a high hydrophobic character, whereas PVA
has a contact angle of 52.4°, indicating the lowest hydrophobic
character. A more hydrophobic character was expected with the
increase in the chitosan concentration in CS/PVA [97] however,
no statistically significant alterations were observed with the ad-
dition of CS in the PVA.

The apparent porosity and water uptake of the cross-linked 3D
fibrous materials are presented in Figure 9a,b, respectively.
The apparent porosity of the 3D fibrous material is import-
ant in terms of their association with their filtration capac-
ity and permeability when used as membranes. As shown in
Figure 7a, porosity greater than 92% for CS/PVA was achieved.
This level of porosity is characteristic of aerogel materials and
is desirable because it provides a significant surface area per
unit volume of the membrane, thereby enhancing its effec-
tiveness for liquid filtration applications [98]. The addition of
chitosan to the fibers to form CS/PVA did not alter the appar-
ent porosity of the 3D cotton-like structure. All samples were
highly porous, which is very interesting for permeability and
filtration processes [99].

The amount of CS influenced the water uptake behavior
(Figure 9b). In this study, water uptake increased with the rise
in CS content, suggesting an influence of interactions between
the —OH and —NH, groups on the water uptake behavior [100].
However, at low concentrations of CS, a decrease in water up-
take was observed compared to PVA. In general, the hydroxyl,
amine, and ether functional groups present in the chitosan
structure contribute with three electron pairs capable of form-
ing hydrogen bonds with the five hydroxyl groups of PVA. If
hydrogen bonding occurs between all the functional groups of
both PVA and chitosan, a reduction in the availability of hydro-
philic groups to interact with water absorption may take place
[101]. This could explain the behavior observed in the 10% CS/
PVA and 20% CS/PVA fibers.

PVA/CS films reported in the literature [102] had a maximum
water uptake capacity of 298% + 1%, with membrane satura-
tion reached after 60 min of exposure to water. In addition.
The literature suggests that a higher water absorption ca-
pacity is associated with a greater amount of PVA, compared
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TABLE 1 | Parameters obtained from the heat flow curves for CS/ to chitosan, in studies involving low amounts of chitosan
PVA and PVA fibers. [42, 48, 103, 104]. Such behavior was attributed to the greater
affinity of the hydroxyl group for water, resulting from the for-
mation of hydrogen bonds. On the other hand, in this work,
PVA 91.7 145.18 an increase in chitosan content can enhance water absorption
capacity, when high amounts of chitosan is used (higher than

ComPOSition T, elaxation (OC) AH elaxation (J/ g)

by by

PVA cross-linked 94.3 152.22 20%), likely because it provides a greater number of hydroxyl
10% CS/PVA 81.5 122.18 and amine groups that can interact with water molecules and
cross-linked form hydrogen bonds [105].

20% CS/PVA 82.4 154.26

cross-linked 3.2 | Removal of Microcystis aeruginosa

30% CS/PVA 101.7 186.65
cross-linked Figure 10a-c shows the results of Microcystis aerugi-
40% CS/PVA 106.3 185.26 nosa removal, considering the turbidity parameter and

Figure 8d-f is related to the Capture efficiency of Microcystis
aeruginosa cells. Colonies of Microcystis aeruginosa contain-
40% CS/PVA 93.7 146.06 ing 2.6x10%-3.7x10°cellsmL~! were removed by CS/PVA
cs 165.2 210.84 nanofibrous cotton-wool-like materials, showing satisfactory
results higher than 80% after 20min of contact, depending
on the concentration of chitosan and of nanofibers in the me-
dium. The addition of chitosan to PVA altered the removal

cross-linked

120 capacity of the fibers and increased the reduction capacity of
110 4 W turbidity (removal of cells) by up to 325%.
100 I : e
5] I Park et al. [15], reports that cotton fibers modified with chitosan
N ] were able to remove up to 95.8% of Microcystis aeruginosa from
% o0 ] i a culture of 6.93+13x10°cells/mL after 12h of treatment. In an-
S 70 T i \ i other study [106], biochar derived from algae sludge treated with
& 60 w L = 1 i 1.0mol/L of HC], to increase the efficiency, presented a turbidity
8 s0l—F = 1 removal of 90% after 12h of treatment. In this study, the 10% and
5 1 20% CS/PVA achieved from 80% to 90% turbidity removal due to
O 401 . ; . . .
E the capture of Microcystis aeruginosa cells after just 20min of con-
307 tact between the water and the fibers.
20
10 Moreover, studies [107] used cotton fibers modified with poly-
0 . . . , , , ethyleneimine (PEI) Microcystis aeruginosa at concentrations
PR "O0%CSEVA 205CSIPVA JUKCSPVA 40%CSPVA; €S ranging from 1% to 3% for the removal of Microcystis aeruginosa,
Composition achieving efficiencies of 65%-94% after 1h. Thus, the developed
FIGURE 8 | Contact angle of the fibrous surface CS/PVA. material demonstrated high efficiency in removing Microcystis
a) ] b)
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FIGURE9 | (a) Apparent porosity and (b) water uptake for cross-linked CS/PVA fibers.
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FIGURE10 | Removalresults through the analysis of turbidity (a-c) and capture efficiency (d-f), variation of removal time and the amount of CS/
PVA (a, d) 5mg; (b, e) 10mg; (c, f) 20mg. [Color figure can be viewed at wileyonlinelibrary.com]|

aeruginosa compared to other fibrous materials, whereas also
offering a fast process and an environmentally friendly ap-
proach using biodegradable materials.

As observed in Figure 10, the performance of cyanobacteria re-
moval was related to the chitosan concentration in the fiber and
the adsorbent concentration. Increasing the concentration of
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the nanofiber adsorbent from 0.5to 2.0gL~! decreases the time
and increases the removal efficiency of Microcystis aeruginosa.
The higher concentration of the adsorbent generates an increase
in the number of active sites, allowing cyanobacteria to be ad-
sorbed more effectively [108]. Chitosan nanofibers are positively
charged adsorbents because of the protonated amine groups
[14]. The removal of Microcystis aeruginosa was likely achieved
through an adsorption mechanism. As reported, Microcystis
aeruginosa has a negative surface charge due to the deprotona-
tion of carboxyls and hydroxyl groups [15]. Providing the ability
to be electrostatically adsorbed by cationic adsorbents.

The addition of 10% chitosan in PVA fibers increased adsorp-
tive capacity by up to 325% for 20mg of adsorbent. It was ex-
pected that the increase from 10% to 50% would provide greater
adsorptive capacity. Since there would be greater electrostatic
attraction between the —NH, groups (present in chitosan) and
the cells of Microcystis aeruginosa [15].

Studies have reported that increasing the chitosan concentra-
tion enhances the removal of cyanobacteria [12, 23]. However,
in these studies, chitosan was used as a coagulant for removing
cyanobacteria. In another study, aimed at enhancing the num-
ber of amine groups on polyethyleneimine (PEI) and boosting
its adsorption capacity, chitosan was used to produce PEI-
modified chitosan-waste biomass composite fibers. These fi-
bers were able to remove 91.2% of Microcystis aeruginosa [109]
when modified with 1% w/w chitosan (degree of deacetylation,
75%-85%).

However, this direct relation between adsorption and CS content
was not observed. It is possible that the balance between attractive
and repulsive charges between the adsorbent and the adsorbate
may have been disrupted due to the high amount of chitosan. To
date, no studies have explored the use of high chitosan concen-
trations in fibrous systems, likely due to processing challenges

5mg
0,09 - —a—PVA
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—<4—50%CS/PVA
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0,01 ~
0,00 - —
T T T T I T T
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Time (min)

associated with these high concentrations. This highlights the need
for further research to better understand Microcystis aeruginosa.

The adsorption mechanism can be elucidated through the
analysis of the zero charge potential (PCZ), which indicates
the surface charge of the adsorbent material and the cyano-
bacteria, allowing one to infer the occurrence of attractive or
repulsive electrostatic interactions between them. According to
[12], chitosan-modified cellulose (CF) fiber exhibits an evident
increase in positive charges, with the zeta potential changing
from —3.1mV to approximately 6.12mV at pH 7. The zeta poten-
tials of Microcystis aeruginosa are negative over a wide pH range
[12, 110], at —30mV at pH 7 [12].

The release of MC-LR cyanotoxin occurs through the cell lysis of
Microcystis aeruginosa. Studies indicate that the adsorption pro-
cess does not cause cell lysis [111]. In Figure 11, concentrations
lower than 0.01 ug/L of MC-LR were detected after the removal of
the cyanobacteria, indicating that cell lysis did not occur during
treatment. Cellulose fibers modified with chitosan were able to
reduce the concentration of MC-LR to 0.24+0.04 ug/L after treat-
ment. This reduction may be attributed to the adsorptive capacity
of fibers in relation to cyanotoxins [18]. In addition, another study
demonstrated that chitosan-modified cotton fibers also have the
ability to reduce MC-LR concentration after treatment [15].

In cellulose fibers modified with chitosan and iron, the modifier
containing —NH, is used to optimize the interactions of the ad-
sorbent particles or fibers with the negatively charged algae. This
description of the mechanism suggests a physical or electrostatic
bond, characteristic of adsorption, rather than a process that
would cause the rupture of the cell membrane. At the increased
concentration of Fe3*, 79% MC-LR was removed simultaneously.
If cell lysis were the primary mechanism, an initial increase in the
concentration of MC-LR in the water would be expected due to
the release of the intracellular toxins, prior to any removal process.
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FIGURE 11 | MC-LR concentration after treatment of Microcystis aeruginosa with CS/PVA fibers. [Color figure can be viewed at wileyonlineli-

brary.com]
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FIGURE 12 | FEG-SEM image of Microcystis aeruginosa capture in nanofibers at (a) 3kx magnification; (b) 50kx; and (c) Photograph of
Microcystis aeruginosa in nanofibers (after 5 and 20 min of contact). [Color figure can be viewed at wileyonlinelibrary.com]

Simultaneous removal of algae and MC-LR suggests that the cells
are removed intact or that the released MC-LR is immediately ad-
sorbed, which still aligns with the adsorption mechanism [12].

According to the FEG-SEM images of the cyanobacteria shown
in Figure 12a,b, the preservation of the spherical cell shape on
the nanofibrous surface was observed, along with the presence
of roughness. This indicates that no cell lysis occurred during
the removal treatment [112]. The filaments around the cells are
attributed to metabolites that can be released naturally [113]. The
change in color of the nanofibers from white to green, Figure 12c,
is related to the chlorophyll pigment present in Microcystis aeru-
ginosa. Park et al. [18] observed that the removal of Microcystis
aeruginosa using cotton fibers treated with chitosan resulted in a
change in fiber color to green, which they attributed to the pres-
ence of chlorophyll from the cyanobacteria. Therefore, the green
coloration can serve as a visual indicator of adsorption and inter-
action between the fibers and the bacteria.

It should be noted that the removal of cyanobacteria without
releasing cyanotoxins due to cell damage is a safer removal pro-
cess. When cell rupture occurs, the toxin released remains in
an aqueous medium, presenting a greater capacity for pollution

in the effluents. Thus, methods that are efficient in removing
Microcystis aeruginosa without cell lysis are significantly im-
portant in drinking water treatment [17].

4 | Conclusions

The study demonstrated that CS/PVA nanofibers produced by
the Air-Heated Solution Blow Spinning (A-HSBS) method are
effective in removing Microcystis aeruginosa from contaminated
water. The addition of 20mg to fibers with 10% chitosan pro-
moted the removal of cyanobacteria by up to 90% in just 20 min,
compared to 30% for PVA fibers. The characterization of the fi-
bers showed a highly porous 3D morphology, with fibers with
diameters ranging from 230+ 73 to 340+ 102nm, making them
suitable for the adsorption process. Chitosan provided variations
in thermal stability, hydrophilic character, and water uptake of
the system. Thus, the developed fibers have great potential for
applications in treating contaminated water, demonstrating
high efficiency in the environmental remediation of pollutants.
In comparison to previous studies, the present work achieved
similar removal efficiencies (up to 90%) but in a significantly
shorter contact time of just 20min, using a simpler and scalable
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fiber production method (A-HSBS) without requiring additional
chemical modifiers. These results emphasize the superior re-
moval kinetics and practical applicability of CS/PVA nanofibers
for the rapid treatment of cyanobacteria-contaminated waters.
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