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Abstract: Carboxymethyl cellulose (CMC) is a plant-derived polymer known for its excellent anti-
adhesive properties, making it suitable for dressings for highly exudative lesions. However, CMC
alone is considered an un-spinnable biopolymer due to its complex intermolecular interactions. This
study explored the spinnability of CMC through electrospinning by blending it with poly(vinyl
alcohol) (PVA) at an 8:2 (PVA/CMC) ratio. Two types of PVA with varying molecular weights and
degrees of hydrolysis were used at different concentrations. Solutions were prepared with Milli-Q
water at 90 ◦C for about 2 h, followed by electrospinning under different voltages and flow rates.
Scanning electron microscopy (SEM) was used to assess spinning ability, while Fourier-transform
infrared spectroscopy (FTIR-ATR) characterized the mats’ chemical composition. Thermal behavior
was analyzed using thermogravimetry analysis (TGA) and differential scanning calorimetry (DSC).
Results showed that the neat PVA.1 solution produced smaller nanofibers (~217.9 nm), while the
PVA.1/CMC blend resulted in a smaller fiber diameter (129.9 nm) but with more defects due to
higher surface tension. In contrast, PVA.2 and PVA.2/CMC exhibited larger diameters (448.6 nm and
270.1 nm, respectively) and better thermal and morphological stability, indicating their potential for
anti-adhesive chronic wound dressings.

Keywords: carboxymethyl cellulose; electrospinning; nanofibers; morphology; wound dressing

1. Introduction

Wound dressings based on carboxymethylcellulose (CMC) are known for their flex-
ibility, high exudate absorption capacity, promotion of angiogenesis, and autolytic de-
bridement [1,2]. CMC is widely used due to its non-toxic nature; it is water soluble and
abundantly available in nature. It serves as the basis for many medications and materials
implanted or used in the human body. As a result of these advantages, CMC-based bioma-
terials (hydrogels, films, nanocomposites) are extensively employed for wound dressings
and drug delivery applications [3–6].

CMC is one of the most widely used cellulose-derived polymers in the industry. It is a
cream-colored powder primarily used in the food industry, pharmaceuticals, detergents,
and coatings [7]. Its most common form is as a sodium salt (CH2COONa). In this form,
sodium carboxymethyl groups are attached to the hydroxyl group of the glucopyranose
chain of the cellulose molecule. These side groups are responsible for the hydrophilic
nature of CMC, in contrast to its precursor, cellulose [8,9].

However, one of the main disadvantages of CMC is its difficulty in processing using
conventional methods. This is due to its strong hydrogen bonds, which result in low
plasticity and a helical conformation in solution, significantly influencing the rheological
behavior of CMC solutions. Such materials undergo thermal decomposition before reaching
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their melting temperature [10]. The presence of specific chain conformations, hydrodynamic
responses, and repulsive forces between the polyanions of natural polymers like CMC
limits its practical applications and makes the electrospinning process challenging for many
researchers [11]. Nevertheless, some researchers have successfully electrospun CMC using
other easily spinnable polymers as support, such as PEO and PVP, among others [12–15].

Poly(vinyl alcohol) (PVA) is one of the most widely used polymers in skin dressing ap-
plications due to its water solubility, which allows its use in burns or wounds that produce
high levels of exudate [16,17]. This property enables it to maintain moist environments that
favor tissue regeneration.

PVA is a synthetic, semi-crystalline, hydrophilic, water-soluble polymer characterized
by a simple chemical structure that includes hydroxyl (OH) side groups resulting from
the alkaline hydrolysis of poly(vinyl acetate) (PVAc). The literature links the degree of
hydrolysis to the fundamental properties of PVA, which affect the polymer’s solubility,
crystallinity, and surface tension in solution. PVAs with 100% hydrolysis exhibited greater
hydrophilicity but lower water solubility [18,19]. Conversely, the presence of residual
acetate groups results in weaker hydrogen bonds between and/or within chains compared
to 100% hydrolyzed PVA. This weakening of hydrogen bonds between adjacent hydroxyls
groups in PVA increases water solubility and decreases the melting temperature of the
polymer [20].

For dressing applications, Jatoi et al. (2018) developed PVA nanofibers loaded with
silica spheres containing silver nanoparticles anchored to the surface [21]. PVA nanofibers
were electrospun using water as a solvent and glutaraldehyde as a crosslinking agent,
resulting in fibers with an average diameter of approximately 170 nm for pure PVA and
277 nm for PVA with 15% mass of nanoparticles. The study demonstrated effective an-
timicrobial activity against E. coli and S. aureus, showing significant inhibition zones in
plate studies, suggesting a promising methodology for biomedical applications, including
wound dressings.

Elhaleem et al. (2020) utilized electrospun PVA nanofibers as a carrier matrix for
cefotaxime, an antibacterial drug used in clinical settings [22]. However, this drug has
a limited shelf life, which restricts its applicability. Therefore, the sustained release of
encapsulated cefotaxime directly onto the burn was studied to prevent the proliferation
of both Gram-negative and Gram-positive bacterial colonies, a significant issue in second-
degree burns. A study in rats demonstrated that the application of these biomaterials
promoted complete healing of the epithelial layer, indicating that the antimicrobial activity
provided by the drug was crucial for an efficient healing process. However, the authors
noted that for dressing applications, pure PVA presented some deficiencies due to its
inadequate elasticity and hydrophobicity, recommending its use in dressings made from
blends with polysaccharides and/or synthetic materials that enhance the biocompatibility
of the blend, such as collagen and cellulose [23].

Oliveira et al. (2024) [24] studied the PVA and CMC blend as hydrogel carriers for
phytopharmaceuticals and its influence on skin wounds, evaluating its swelling capacity
as a model for exudate adsorption. The release of natural extracts from the studied hy-
drogels demonstrated effective behavior in delivering the different phytopharmaceuticals,
particularly the flavonoids present in the secondary metabolites, which are characteristic
substances of the various natural extracts. This indicates that this PVA/CMC polymer blend
is capable of localized drug delivery to different skin wounds while hydrating the wound
bed, thus promoting tissue repair—a characteristic feature of hydrocolloids like CMC.

A significant study on this blend was conducted by Cen et al. (2024) [25], who suc-
cessfully synthesized a CMC from natural 1,3-β-glucan (CU), a component capable of
promoting the healing of diabetic wounds. This CMC was electrospun using PVA as a
spinning support at a ratio of 1:4. Solutions varying in the concentration of native CU and
its derivatives with PVA were electrospun to produce nanofiber mats with homogeneous
diameters. The obtained samples were characterized to evaluate their potential in the regen-
eration of diabetic skin wounds in animal models, demonstrating a survival rate exceeding



Processes 2024, 12, 2759 3 of 21

90% in mice after three injections of STZ. This investigation highlights the amplified healing
potential of electrospun PVA/CMC matrices compared to other electrospun blends of CU
derivatives in diabetic wounds.

Electrospinning is one of the most widely employed methodologies for producing
biomaterials for tissue regeneration and/or wound dressing applications [26]. This is
primarily attributed to the submicrometric fibrillar structure of the mats, which mimics
the natural structure of the extracellular matrix (ECM) of tissues [27]. Additionally, the
properties offered by these nanostructures as biomaterials yield a high surface-to-mass ratio
and high porosity, allowing for fluid exchange and the permeability of damaged tissues to
the surrounding environment [28,29].

Thus far, the literature has reported studies utilizing PVA as a support matrix for
electrospinning CMC to produce nanostructured mats for biomedical applications [30–33].
However, there is a lack of studies exploring the optimal PVA grade for producing defect-
free electrospun mats. Given the challenges posed by high-degree hydrolyzed PVA, partic-
ularly in electrospinning processes, it is essential to address this gap [34]. A comparative
study of different PVA grades would be valuable to understand their influence on spinnabil-
ity when combined with carboxymethyl cellulose (CMC), a biopolymer widely employed
in biological applications.

Based on this, the objective of this study was to investigate the reliability of car-
boxymethyl cellulose (CMC) as an additive in poly(vinyl alcohol) (PVA) for the production
of electrospun fibers. Two types of PVA, differing in degree of hydrolysis and molecular
weight, were examined to evaluate how these variables influenced fiber formation and
morphology. Initially, the PVA was characterized in solution through viscosity and surface
tension analyses at different concentrations. The spinning capacity of the PVA solutions,
both with and without CMC, was assessed using scanning electron microscopy (SEM).
Samples that exhibited the best morphology, defect free, were subjected to composition and
thermal stability analyses using FTIR-ATR and TGA/DSC, respectively. This study aimed
to establish optimized formulations of PVA/CMC (in an 8:2 ratio) for the production of
electrospun mats, with potential applications as bioactive dressings for skin regeneration.

2. Materials and Methods
2.1. Materials

In this study, two different types of poly(vinyl alcohol) (PVA) were used. The first,
PVA.1, was purchased from Sigma—Aldrich (São Paulo, Brazil), with a Mn: 85,000–
124,000 g/mol, and a degree of hydrolysis of 99%. The second, PVA.2, was purchased
from Vetec—Indústria Química (Rio de Janeiro, Brazil), with an Mn of 60,000–80,000 g/mol,
and a degree of hydrolysis of 86.5–89.5%. Sodium carboxymethyl cellulose (CMC) was
acquired from Sigma—Aldrich (Rio de Janeiro, Brazil), with an Mn of ~250,000 g/mol and
a substitution degree of 0.7.

2.2. Solution Preparation

Initially, two solutions of PVA (PVA.1 and PVA.2) were prepared using an oil bath
at 80 ◦C with magnetic stirring for 12 h, followed by cooling to room temperature and
subsequent refrigeration. A 100 mL solution of PVA.1 was prepared at 12 wt.% using
Milli-Q water as the solvent. Subsequently, three aliquots were prepared and adjusted
to 4, 5, and 6 wt.% with a volume of 5 mL taken from the initial 12 wt.% solution. The
same method was applied to PVA.2, which was prepared using 100 mL of Milli-Q water
as the solvent at the concentration of 16 wt.%. Aliquots of 5 mL from this solution were
withdrawn and adjusted with Milli-Q water to obtain concentrations of 6, 8, and 10 wt.% of
PVA.2.

For the preparation of the CMC solution, 4 g were weighed and dissolved in 100 mL
of Milli-Q water. The solution was prepared with magnetic stirring at room temperature by
gradually adding the polymer to avoid the formation of aggregates. After dissolution, the
solution was refrigerated at approximately 4 ◦C.
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The PVA/CMC solution was prepared by mixing the aforementioned solutions with
magnetic stirring in a volumetric ratio of 8:2, as described by Oliveira et al. (2017), who
reported this polymer ratio as the optimal proportion for use in skin dressings [16]. Based
on the previous research, the concentrations of PVA and CMC in the final solution were
evaluated by performing different mixtures.

2.3. Electrospinning Process

In this study, a horizontal electrospinning apparatus was used. It consists of a high-
voltage power supply (model PS/FC 60p02.0-1), an injector pump for syringe (KDS series
100), and an aluminum collecting plate connected to the ground. A volume of 5 mL of each
solution was loaded into a plastic syringe with an 18-gauge metal needle using 11 cm of the
distance tip needle–collector. The solutions were electrospun for a duration of 20 min to
observe the influence of variables on fiber morphology. For this, parameters were evaluated
as the applied voltages were 15, 17, and 20 kV, and using flow rates of 0.1, 0.5, 0.6, and
1.0 mL/h. Once the electrospinning parameters for the optimal defect-free morphology
were selected, the PVA and PVA/CMC solutions were spun for approximately 4 h. The
collector was covered with aluminum foil sheets to facilitate the removal and subsequent
handling of the produced samples.

2.4. Characterization
2.4.1. Viscometry Study

Viscosity analysis of the polymeric solutions of PVA (1 and 2) and PVA/CMC blends,
with varying concentration of the polymers, was performed on a ViscoQC-100 rotational
viscosimeter (Anton Paar Trading Co., Shanghai, China). The analysis utilized the CC18
spindle and varied the shear rate (1 to 10 rpm) at room temperature.

2.4.2. Surface Tension of Solutions

The surface tension for each solution was evaluated using the drop weight method.
For this, a Pasteur pipette was used to 50 drops of each solution, and the weight of the drops
was compared with that of distilled water, maintaining a relationship with the surface
tension of water (0.72 N/m) [35]. The surface tension (γx) value was calculated using
Equation (1):

γx =
γw × Mx

Md
(1)

2.4.3. Morphological Evaluation—SEM

The surface morphology of the electrospun mats was assessed using a Versa 3D Dual
Beam—FEI (OR, USA), operating at an acceleration voltage of 15 kV. Prior to analysis, the
samples were coated with gold using a Denton Vacuum—Desk V sputter coater (NJ, USA)
for 120 s at 30 mA and vacuum of 50 mTorr. Image processing of the obtained images was
performed using Size Meter 1.1 software to quantify the fiber diameter (n: 50).

2.4.4. Chemical Composition—(FTIR-ATR)

The composition of the mats and the chemical interaction of the polymers were
evaluated using a Fourier Transform Infrared Spectrophotometer PerkinElmer Frontier
(Norwalk, USA) with an attenuated total reflectance (ATR) accessory. The analysis was
performed in the region of 4000 to 550 cm−1 with 64 scans and a resolution of 4 cm−1.

2.4.5. Thermal Behavior—(TGA/DTA—DSC)

The thermal stability and weight loss of the neat PVA and PVA/CMC electrospun
mats were assessed using thermogravimetry analysis (TGA) with TA TGA Q500 instrument
(New Castle, USA), operating with a heating range of 25 ◦C to 700 ◦C at a heating rate of
10 ◦C/min under an N2 atmosphere.
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The thermal behavior of the samples was investigated using differential scanning
calorimetry (DSC) on a Hitachi—DSC 7000 Thermal Analysis system (Japan). Approxi-
mately 10 mg of each sample was used in this analysis, conducted at a rate of 10 ◦C/min
under a nitrogen atmosphere with a flow rate of 50 mL/min. The analysis involved two
heating cycles, first from 20 ◦C to 250 ◦C, followed by a cooling cycle to −20 ◦C, and then
reheating from −20 ◦C to 250 ◦C, also at a rate of 10 ◦ C/min under a nitrogen atmo-
sphere with a flow rate of 50 mL/min. The crystallinity degree (Xc) was calculated using
Equation (2) as follows:

XC =
∆H f

(1 − w)× ∆H f
0 × 100 (2)

where ∆Hf is the melting enthalpy of the endothermic peak of the DSC thermogram (second
heating), w is the PVA concentration (80%), while ∆Hf

0 = 138.6 J/g is the theoretical melting
enthalpy for a 100% crystalline PVA sample [36].

3. Results and Discussion

The main objective of this study was to incorporate carboxymethyl cellulose (CMC)
into the formulation of dressings, leveraging the advantages this polymer offers for wound
regeneration. CMC is known for its excellent exudate absorption capacity, ability to provide
moisture to the wound, and antimicrobial properties, among others [3]. These properties
could be further enhanced by combining them with the morphological features achieved
through electrospinning, resulting in nanofiber mats that resemble the extracellular matrix
of the skin and harness the healing properties of CMC [31,37].

However, significant challenges were encountered in electrospinning CMC, categoriz-
ing it as an unreliable biopolymer for fiber formation. Various methodologies have been
explored to address this issue, including physical and chemical treatments to synthesize a
thermoplastic CMC suitable for electrospinning [9]. An alternative approach involves the
production of a polymer blend using a second, easily spinnable polymer as a support for
CMC fiber formation.

In line with this alternative, PVA was used as a spinning support to reinforce the CMC
chains. According to literature records, PVA is widely used in the production of electrospun
nanofibers and is capable of generating thinner fibers compared to those achieved with
other easily spinnable polymers, such as poly(ε-caprolactone) (PCL). Therefore, a study
of the spinning variables for pure PVA was conducted as a preliminary phase before
investigating the electrospinning of PVA/CMC, following the variables studied in previous
research within our research group.

3.1. PVA and PVA/CMC Solution Characterization

Initially, a viscosity study was conducted to evaluate the behavior of PVA, CMC,
and their respective blends as a function of the concentrations of the PVAs used in this
research. To achieve this objective, concentrations of PVA.1 and PVA.2 solutions were
varied (Figure 1) using ultrapure water (Milli-Q) as a solvent system.

Figure 1 shows the comparative evaluation of two different solutions of PVAs with
varying molar masses and degrees of hydrolysis, which are characteristics that influence
the polymeric solution. For each PVA, three different concentrations were evaluated, along
with the influence of CMC on the PVA solutions, following a mass ratio of PVA to CMC of
8:2. The viscosity and surface tension of PVA solution and their blends were assessed.

Viscosity analysis is crucial for understanding the behavior of PVA and CMC solu-
tion during the electrospinning process, as viscosity directly affects fiber formation and
morphology [38]. In this study, two PVAs were utilized, differing in molecular weights:
PVA.1 (Mn: ~100,000 g/mol, HD: >99%) and PVA.2 (Mn: ~70,000 g/mol, HD: 88%). The
viscosities of the solutions were analyzed by varying the concentrations of the polymers:
PVA.1 at 4, 6, and 8 wt.%, and PVA.2 at 6, 8, and 10 wt.%.

As shown in Figure 1A,C, the solutions of PVA.2 exhibited higher viscosities com-
pared to those of PVA.1 (Figure 1C), due to the high degree of interactions between the
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polymer chains, resulting in increased resistance to flow [39]. As the concentration of PVA
increases, viscosity also tends to rise, reaching 325.9 mPa·s for the 8% PVA.1/CMC solution,
which facilitates better formation of the Taylor cone during electrospinning, essential for
producing finer and more homogeneous fibers.

The solutions of PVA.2, at higher concentrations of 8 and 10 wt. %, also exhibited
significant increases in viscosity, reaching 566.8 mPa·s for the 8% PVA.2/CMC solution,
as shown in Figure 1C. However, its lower molecular weight may limit the formation of
robust interaction networks compared to PVA.1, potentially resulting in inferior stability
of the Taylor cone and, consequently, the production of fibers with larger diameters and
greater variability.

In addition to viscosity, the surface tension of the solutions plays a fundamental
role in the electrospinning process. The surface tension of all solutions was measured
and is presented in Figure 1B,D. This parameter is critical, as it influences jet formation
during electrospinning; solutions with lower surface tension favor the formation of a more
continuous and stable jet [40]. The addition of CMC to the PVA solutions, following a
mass ratio of PVA/CMC of 8:2, can significantly impact surface tension. CMC, with its
surfactant properties, tends to reduce the surface tension of the solution, allowing for better
jet atomization and contributing to the formation of finer and more uniform fibers.
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The interaction between PVA and CMC may result in a synergy that enhances solu-
tion stability; however, it can also complicate the relationship between viscosity, surface
tension, and fiber formation. Thus, optimizing these rheological and interfacial properties
is fundamental for the success of the electrospinning process.
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3.2. Morphological Evaluation (SEM)
3.2.1. CMC Spinning Using PVA.1

In the initial phase of this research, the PVA with a molecular weight (Mn) of ~100,000 g/mol
and a hydrolysis degree of 99% was employed. The polymer was solubilized in Milli-Q
water (QW). A solution containing 4 wt.% PVA was subjected to electrospinning using
previously determined spinning variables. This solution was electrospun along with a
4 wt.% collagen solution, forming the collagen/PVA system, with a collagen/PVA mass
ratio of 1:1 [41].

PCL-type I collagen core-shell electrospun nanofibers for wound healing applications
was also effectively obtained using acetic acid as solvent [41]. However, the solubility of
CMC in acetic acid is poor. For this reason, the electrospinning process in this study utilized
an aqueous solvent system with 4 wt.% of PVA.1 in Milli-Q water, varying the rate flow in
two points (0.1 and 0.5 mL/h). The electrospun PVA.1 and PVA.1/CMC nanofibers under
these variables are shown in Figure 2. The presence of micrometric beads and defects was
observed for two flow rates used, while the nanofibers exhibited nanometric diameters.
The morphology of electrospun nanofibers is shown, varying the flow rate from 0.1 mL/h
to 0.5 mL/h, with average diameters of 86.8 nm ± 37.1 nm and 103 ± 28.6 nm observed,
respectively, indicating a slight increase in diameter with the presence of defects.
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The images presented in Figure 2 indicate that the polymer concentration used was
inadequate, as reflected in the obtained morphology. The presence of the thin fibers with
more spherical micrometric beads may be attributed to the low viscosities of the studied
solution. Liu et al. (2008) demonstrated that higher polymer concentrations result in a
decreased quantity and size of beads produced by electrospinning. Thus, the concentration
of 4 wt.% of PVA.1 likely did not exhibit sufficient viscosity for the formation of consistent
and fine fibers [42].

Incorporation of CMC into the formulation of PVA.1 at a concentration of 4 wt.% (in an
8:2 mass ratio) altered the morphologies of the nanofibers obtained from neat PVA.1 with-
out CMC (Figure 2A,B) into bead-like morphologies, as shown in Figure 2C (ϕ = ~2.99 µm).
This corroborates the difficulty of electrospinning CMC. Figure 2D highlights the morpho-
logical variations observed when the polymer flow rate is increased, confirming that an
increase in flow rate enhances the distribution of nanofiber diameters. This can primarily
be attributed to the increase in the available polymer mass for fiber formation, which
consequently creates greater instability in the formation of the Taylor cone.
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Two solutions were prepared to continue the electrospinning of PVA.1 in this study: the
6 wt.% PVA.1 solution and PVA.1/CMC (8:2) solution with 6 wt.% PVA. Both samples were
electrospun for 20 min using the same parameters. The resulting fibers were characterized
by SEM, as shown in Figure 3.
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Figure 3 shows the morphology of electrospun nanofibers using the same processing
conditions for a PVA.1 solution and a PVA.1/CMC blend. The nanofiber diameters for these
samples were measured, showing similar morphologies for both electrospinning conditions.
In other words, the nanofibers obtained from PVA.1 and PVA.1/CMC did not exhibit signif-
icant variations in diameter, with an approximate 14% increase observed for PVA.1/CMC
nanofibers compared to neat PVA for the 0.5 mL/h flow rate. The electrospun PVA.1
nanofibers had an average diameter of 192.3 ± 71.1 nm, while PVA.1/CMC nanofibers had
an average diameter of 219.2 ± 70.3 nm (Figure 3A,B). This behavior was also observed for
nanofibers prepared using the flow rate of 0.6 mL/h, as shown in Figure 3C,D). The varia-
tions in the diameter of PVA.1/CMC nanofibers (250.2 ± 74.5 nm) showed an approximate
22% increase compared to pure PVA.1 nanofibers (204.1 ± 65.5 nm).

As demonstrated in Figure 1, the incorporation of CMC into PVA.1 solution did not
generate significant variations in viscosities; however, nanofibers with larger diameters
than those of PVA.1 nanofibers were reflected, as expected. Indeed, an increase in the
viscosity of the PVA.1/CMC solution was noted, a characteristic that directly influences the
diameters of electrospun nanofibers. The variation in the average nanofiber diameter can be
attributed to an increase in the surface tension of the solution due to the presence of CMC,
as shown in Figure 1. These characteristics are inherent to CMC in solution, as described in
the study by Benchabane and Bekkour (2008), where the rheological properties of neat CMC
solutions were investigated [43]. The study revealed that Newtonian viscosity was observed
for low concentrations (~1% w/v); however, above these values, the solutions began to
exhibit rheological properties of thixotropic fluids. This fact could be related to greater
difficulties in the production of electrospun nanofibers, explaining the increased defects and
agglomerates in the nanofibers. Viscosity and surface tension are crucial variables in the
electrospinning process, directly influencing the formation of the Taylor cone, as reported
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in the literature [44]. Therefore, the increase in the diameter of PVA.1/CMC nanofibers
compared to pure PVA.1 can be attributed to these variations in solution properties.

Thus far, electrospun nanofibers with PVA.1 (4 and 6 wt.%) have generated fine
nanofibers on a submicrometric scale. However, all samples have shown defects and
beads, with a lower quantity for films obtained with PVA.1 concentrations of 6 wt.%. The
result suggests that increasing the concentration provides greater stability to the Taylor
cone for the studied variables. However, solutions with this concentration exhibited high
viscosity (Figure 1), which also posed greater challenges for processing, ranging from
longer solubilization times to instability in PVA.1/CMC solutions.

To assess whether the increase in solution viscosity could generate defect-free nanofibers,
electrospinning of PVA.1 and PVA.1/CMC solutions with a mass concentration of 6%
relative to PVA.1 was studied. Some of the obtained results are documented in Figure 3,
which presents SEM micrographs for two electrospun samples using the same processing
variables for PVA.1 solution.

Continuing this study, a PVA.1/CMC solution was electrospun, following the pre-
viously described results. For this, variables such as flow rate (1.0 mL/h) and needle
tip–collector distance (11 cm) were kept constant. The results are presented in Figure 4,
showing the morphological variations of electrospun PVA.1/CMC nanofibers (6 wt.%)
using three different applied voltages (15, 17, and 20 kV).
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Varying the applied voltage. Operating conditions: 1.0 mL/h, needle tip–collector distance: 11 cm.
(A) 15 kV; (B) 17 kV; (C) 20 kV, and (D) histogram comparative.

Under the electrospinning conditions used in this phase of the study, it was observed
that voltage variations influenced nanofiber formation (Figure 4). At 15 kV, the presence of
large beads is noticeable, which significantly decreases when a voltage of 17 kV is applied,
demonstrating a slight improvement in interactions between the polymeric solution and
the charges imposed by the applied voltage. This allows electrostatic forces to overcome
the surface tension of the solution, enabling the polymer chains to stretch and be ejected at
a speed that facilitates the formation of more homogeneous nanofibers. However, some
clusters and defects are visible in the micrograph, which may be attributed to insufficient
flight time, allowing the deposition of polymeric material still containing solvent. On
the other hand, results obtained with 20 kV voltage are consistent with those reported in
the literature. Liu et al. (2019) reported that for electrospinning PVA in deionized water,
voltages above 20 kV may create instability in the jet and Taylor cone, favoring the formation
of multiple jets that induce the formation of coarse defects in nanofiber morphology [45].
However, at this voltage, an improvement in the morphology of electrospun nanofibers
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was observed, albeit still with the presence of rounded beads, suggesting that the applied
voltage is excessive for the evaluated variables.

In the continuation of the study, solutions with 8 wt. % of PVA.1 and the PVA.1/CMC
blend were prepared in aqueous solution (QW), studying voltage variations at 15 and 20 kV
for both the PVA.1 and PVA.1/CMC solutions.

In Figure 5, SEM images of electrospun fibers of PVA.1 and PV.1/CMC are shown
as a function of applied voltage. To observe this influence, images with two different
magnifications (2k and 10k) are presented to provide a more general view of the produced
mats. The solutions used in this part of the investigation had a concentration of 8% w/v
of PVA.1.
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Figure 5A,B illustrate the morphology of PVA.1 nanofibers obtained at 15 kV and
20 kV, respectively, showcasing the production of nanofibers without beads, with average
diameters of 245.9 ± 96.1 nm (Figure 5A) and 217.9 ± 76.4 nm (Figure 5B). In these
two samples, the formation of beads and/or flattened fibers (ribbons) is the observed
morphological characteristic of electrospinning PVA with high viscosity, as described
by Koski et al. (2004) [34]. These authors demonstrated that obtaining nanofibers with
higher winding or twisting indicates a splitting and spreading of the jet due to Taylor cone
instability generated by strong polymer–solvent interaction in viscous PVA/water solutions
with a high degree of hydrolysis, which also leads to flattened fibers called ribbons.

Figure 5C,D show the nanofibers produced under the same electrospinning condi-
tions for the PVA.1/CMC solution. The experiment aimed to provide a comparison of
morphologies and the effect of CMC incorporation as a function of applied voltage. As
shown in Figure 5C, electrospinning the PVA.1/CMC blend resulted in an increase in bead
presence when a voltage of 15 kV was applied, compared to the PVA.1 sample (Figure 5A),
suggesting a deficiency in the attractive force between the solution and the collector, allow-
ing Taylor cone instability. This behavior was attributed to a possible increase in solution
viscosity caused by addition of CMC to PVA, as also observed in Figure 5D, as described by
Hashimi et al. (2020). They used polyvinylpyrrolidone (PVP) to reduce solution viscosity,
obtaining more stable solutions for use in electrospinning [31].

A study related to the applied flow rate for the PVA.1/CMC solution was conducted.
The nanofibers formed by the electrospun samples with this solution are shown in Figure 6,
comparing the morphology of PVA.1/CMC nanofibers as a function of the applied flow rate.
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It was observed that even with a small increase in the flow rate of ~0.1 mL/h, the
amount of polymeric mass available at the needle tip increased the instability of the Taylor
cone, leading to greater bead formation and defects deposited on the collector. This aligns
with literature reports indicating that providing a larger amount of polymer requires more
force to stretch the available mass, resulting in larger diameter nanofibers and coarser
defects. However, the diameters of the produced nanofibers did not show significant
variation, measuring 130.1 ± 48.0 nm for the sample with a flow rate of 0.6 mL/h and
129.9 ± 78.7 nm for the sample obtained with a flow rate of 0.5 mL/h. This demonstrates
that neither of the two conditions allowed for the defect-free formation of nanofibers with
homogeneous diameters. Therefore, it can be concluded that the spinning conditions used
for these polymers were not efficient for the formation of fine nanofibers.

As shown in previous studies [41,46], it was observed that this parameter did not
influence the electrospinning processing, which could be attributed to instabilities in the
Taylor cone resulting from high surface tension of the PVA solution (Figure 1); this result is
according to reports in the literature, which show high surface tension for solutions with a
high degree of hydrolysis. Some authors who used this same type of PVA (Mn 100,000 and
degree of hydrolysis 99%) in electrospinning processes overcame this problem by adding a
surfactant to reduce the surface tension of the polymeric solution [18]; however, this is not
the focus of this study.

On the other hand, the ease of PVA spinning was studied using a second polymer
with a lower degree of hydrolysis (partially hydrolyzed PVA), which are polymers that
are easier to solubilize and have lower surface tension. For this second polymer used, the
nomenclature PVA.2 was employed, using a PVA polymer with 88% hydrolysis.

3.2.2. CMC Spinning Using PVA.2

Similarly, to PVA.1, a study was conducted to investigate variations in PVA concen-
trations at 6, 8, and 10% (w/v), maintaining the volumetric ratio of 8:2 between PVA and
CMC. The flow rate was kept constant at 0.5 mL/h, and the applied voltage was the main
variable studied.

This phase of the study began with a PVA.2 solution at a mass concentration of 6 wt.%.
The morphology of the nanofibers was assessed for this concentration based on the applied
voltage. The micrographs obtained in this study are presented in Figure 7.
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Figure 7 shows the morphology of electrospun nanofibers produced from PVA.2 and
PVA.2/CMC, starting from a solution with a 6 wt. % mass concentration. However, it is
important to note that bead formation at the micrometer scale occurred for all three applied
voltages, comparing the micrographs obtained for the PVA.1 under the same processing
conditions and concentration. This polymer formed better morphologies compared to the
desired ones (nanofibers with smaller defects), related to the lower molecular weight of
PVA.2 (Mn: 80,000 g/mol) compared to PVA.1 (Mn: 100,000 g/mol). Thus, in previous
studies, it was found that the polymer’s molecular weight has a significant influence
on processing, as it is directly linked to the viscosity of the spinning solution and the
entanglement of polymer chains [47–49]. Therefore, it can be said that these conditions were
not favorable for promoting the intertwining of polymer chains, favoring the formation of
continuous and defect-free nanofibers [50]. The presence of beads with smaller sizes than
those seen in the micrographs for 15 and 17 kV is evident. As reported in the literature,
voltages above 20 kV in the electrospinning of PVA create unstable jets over time, promoting
defect formation [48].

On the other hand, Figure 7 (center column) shows the nanofibers obtained from the
PVA.2 solutions with CMC. It is possible to observe a potential increase in the number of
defects and beads, as well as the average diameter of the nanofibers, compared to the mats
obtained under the same processing conditions for pure PVA.2 (Figure 7, right column).
This may be related to the difficulties in spinning caused by CMC and the instability of the
Taylor cone that the PVA.2 solution still experiences due to its low molecular interaction
stemming from its low viscosity (Figure 1B). According to the morphology shown in
Figure 7, it can be affirmed that the use of solutions with higher concentrations is necessary.

Therefore, the solution concentration was increased to 8 wt. % by mass of solubilized
PVA.2 in Milli-Q water. This was used to evaluate the influence of the molecular weight
of this polymer, as well as its spinning capability, since PVA.2 also has a lower degree of
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hydrolysis. These results are presented in Figure 8, which shows an overall micrograph
of the sample to provide a more comprehensive view of the morphology of the produced
nanofibers, as well as an image at a higher magnification to facilitate a more detailed view
of the nanofibers.
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In the micrographs presented in Figure 8, the morphologies of electrospun nanofibers
from PVA.2 are shown as a function of the applied voltage. The figure shows that for
8 wt.% PVA.2, the formation of the Taylor cone is stable, which resulted in homogeneous,
defect-free nanofibers for all applied voltages (15, 17, and 20 kV), with average diameters
of 466 ± 104.8 nm, 448.6 ± 117.5 nm, and 487.4 ± 72.5 nm, respectively. However, the
diameters of the nanofibers produced with this polymer are larger than the diameters
obtained for PVA.1. The diameters were, however, within the range found in the literature
from 100 nm to 2 µm. Studies on electrospun PVA report that the higher the molecular
weight of the polymer, the larger the diameter of the produced nanofiber when efficient
processing parameters are achieved [44,45].

After studying the morphology of the fibers obtained from the PVA.2 (8 wt.%) solution,
CMC was added, and the mixture was subjected to electrospinning under the following
operational conditions: a flow rate of 0.5 mL/h, an applied voltage of 17 kV, and a distance
of 11 cm. Under these parameters, the electrospun sample shown in Figure 8H was obtained.
The incorporation of CMC resulted in the formation of defects, as well as a slight reduction
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in fiber diameter (270 ± 90 nm) compared to the average diameter of the sample prepared
with pure PVA.2 (Figure 8D). This can be attributed to a lower surface tension of the
solution compared to that of PVA.1, which facilitates the formation and stability of the
Taylor cone during the spinning process. Furthermore, the negative influence of CMC on
the plastic deformation of the solution was evident, potentially leading to the observed
defects, which are absent in the neat PVA.2 samples. The viscosity of the solutions for
this PVA.2 formulation did not show significant variations, indicating that the presence of
defects is merely related to the inclusion of carboxymethyl cellulose.

An additional formulation with 10 wt.% PVA.2 was evaluated to assess the stability of
the morphology of the nanofibers produced from a solution with higher concentration and
viscosity, following the conditions established for the 8 wt.% PVA.2 solution.

Figure 9 shows the nanofibers obtained from this PVA.2 solution with 10 wt.% mass
concentration.
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Figure 9. SEM micrographs and their histograms for electrospun samples of PVA.2, 10 wt.%
(Mn: 80,000 g/mol) with a voltage of 20 kV at two magnifications of 2k (A) and 10k (B), and
of PVA.2/CMC (C,D).

Figure 9A shows the SEM image magnified 2k times with its distribution of fibers
obtained, with average diameters of 259.9 ± 48.9 nm. This provides a more generalized view
of the fiber morphology, showing the presence of nanofibers free from agglomerates and
beads. In the micrograph with a magnification of 10,000 times (Figure 9B), it is shown that
despite the homogeneity in the diameters of the fibers, defects caused by fiber coalescence
can be seen. This effect can be attributed to solvent residues in the fibers that allowed them
to fuse when deposited with high humidity from the solvent, creating some agglomerates
as highlighted in Figure 9C,D.

Once the electrospinning study of CMC was conducted using two different PVAs as
spinning supports, this section presents the SEM micrographs of the selected samples of
PVA and PVA/CMC previously studied in this paper. The electrospinning conditions are
recorded in Table 1, under which it was possible to obtain mats of nanofibers with minimal
defects or none at all.

Once the spinning parameters for the solutions studied in this paper were chosen, the
solutions were subjected to electrospinning for 4 h, followed by characterization of the
polymers (CMC, PVAs) and their blends (PVA/CMC).



Processes 2024, 12, 2759 15 of 21

Table 1. Summary of electrospinning process conditions for PVA and PVA/CMC (8:2) mats.

Sample Concentration
PVA [wt.%] Voltage [kV] Flow Rate

[mL/h]
Diameters

[nm]

PVA.1
8

20 0.5 217.9 ± 76.4
PVA.1/CMC 20 0.6 129.9 ± 78.7

PVA.2 8 17 0.5 448.6 ± 117.5
PVA.2/CMC 10 20 0.5 270.1 ± 90.6

3.3. Chemical Characterization

Figure 10 shows the FTIR spectrum of carboxymethyl cellulose (CMC), revealing
several characteristic absorption bands that highlight its chemical structure and functional
groups. A prominent and large band is observed at 3280 cm−1, corresponding to O–H
stretching vibrations from hydroxyl groups, which are abundant in CMC and contribute to
its hydrophilicity. The spectrum also features a strong absorption band at around 1584 cm−1,
indicative of C=O stretching vibrations associated with carboxyl groups (–COOH), which
play a crucial role in the polymer’s reactivity and solubility. Additionally, the C–O stretching
vibrations appear in the region of 1000 to 1200 cm−1, reflecting the ether and alcohol
functionalities within the cellulose backbone. Furthermore, bending vibrations of –CH
groups are typically seen near 1414 cm−1, enhancing the overall characterization of the
polymer [51,52]. In Figure 11, the spectra of PVA.2 (Figure 11D) also show a band located
around 1733 cm−1 corresponding to the C=O stretching vibration, which may indicate the
presence of residual acetyl groups, particularly in partially hydrolyzed PVA; these peaks
were not observed for PVA.1 (Figure 11C).
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uating for 4000–500 cm−1: (A) PVA.1 and PVA.1/CMC mats, (B) PVA.2, and PVA.2/CMC. Zoom
of spectrogram in range of 2000 to 500 cm−1: (C) for PVA.1 and blend mats and (D) for PVA.2 and
blend mats.
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Figure 11. TGA and DSC thermograms for different PVAs and PVA/CMC electrospun mats produced
by TGA: (A) PVA.1; (B) PVA.2; DSC: PVA.1; (C) first heat cycle; (E) second heat cycle; and PVA.2:
(D) first heat cycle; (F) second heat cycle (DSC analysis: Exo up).

Figure 10C,D show that the C–O stretching vibrations are typically found in the
range of 1000 to 1300 cm−1, exhibiting multiple peaks that reflect the complexity of the
polymer backbone. Furthermore, the bending vibrations of the hydroxyl groups can be
observed near 1400 cm−1. Together, these spectral features provide valuable insights into
the chemical properties and functional groups of PVA, influencing its solubility, reactivity,
and potential applications [48,50,53].

Finally, the band located at 1584 cm−1 for CMC shifted slightly to approximately
1600 cm−1 in the PVA/CMC blend for both types of PVA, highlighting a possible interaction
between CMC and PVA, as evidenced in Figure 10C,D, with the shift of this band to lower
wavenumbers below 1590 cm−1, especially for the PVA.1 samples. This may be attributed
to the molecular interactions between the hydroxyl groups on PVA and the carboxymethyl
group on CMC [54]. This interaction can be described as a complexation between PVA
and CMC, which can lead to changes in the molecular chain structure. According to the



Processes 2024, 12, 2759 17 of 21

literature, PVA–CMC complexation can be identified by changes in the C-O-C, -COO-, and
-OH bands, where shifts or reductions in their wavenumbers and intensities are observed.
In Figure 10C,D, a decrease in the intensity of the 1733 cm−1 band (C=O, acetate) confirms
the incorporation of CMC into PVA. In addition, Figure 10D shows that a band decreased
significantly in the region of 1140 cm−1 for the PVA/CMC blend compared to PVA; this
peak is attributed to the crystalline stretching of C=O in the complexation between PVA and
CMC. The analysis shows that the complexation reduced crystallinity due to this stretching.
This analysis suggests that the complexation process is more favorable for PVA.2, likely
due to the residual C=O bonds present in this type of PVA, which has a lower degree of
hydrolysis. In contrast, this effect was not observed in the mats produced with PVA.1
(degree of hydrolysis > 99%) in this study [55,56].

3.4. Thermal Behavior

The thermal stability of the electrospun mats was evaluated via TGA; the comparative
thermograms are shown in Figure 11A for samples produced from PVA.1 and Figure 11B
from PVA.2 solution. The thermal transitions of PVA and blends were evaluated using DSC
and TGA analysis, and the results are presented in Tables 2 and 3.

Table 2. Values of thermal characteristics—TGA of CMC, PVA, and PVA/CMC blended nanofibers
electrospun with mass relationship PVAs/CMC of 8:2.

Sample and Degradation
Event

Tonset
(◦C)

Tmax
(◦C)

Tendset
(◦C)

Mass Loss
(%)

CMC
1◦ 25.0 50.6 251.4 19.9
2◦ 251.4 266.6 349.6 40.0
3◦ 349.6 429.5 550.5 8.7

PVA.1
1◦ 214.5 231.4 445.3 60.2
2◦ 399.6 430.3 545.1 29.9

PVA.2
1◦ 214.5 231.4 308.6 60.1
2◦ 399.7 430.3 524.9 30.1

PVA.1/CMC
1◦ 206.1 224.5 389.8 62.4
2◦ 398.3 432.1 505.9 16.3

PVA.2/CMC
1◦ 253.4 292.6 205.1 76.2
2◦ 234.8 254.4 347.2 17.7

Table 3. Thermal transition evaluated from DSC measurements for CMC, PVAs, and its blended
electrospun nanofibers.

Sample
1st Cycle Heat 2nd Cycle Heat

Tg (◦C) Tm (◦C) ∆H (J/g) Xc
(%) Tg (◦C) ∆HC

(J/g)
Tm
(◦C)

∆Hm
(◦C) Xc (%)

CMC -- -- -- -- -- -- 229 29.8 --
PVA.1 47 226.5 47.7 34.4 80 0.07 187.6 17.2 12.4

PVA.1/CMC -- 222.1 17.8 10.3 56 0.33 175.6 13.8 8.0
PVA.2 53 194.0 46.6 33.6 68 0.75 157.6 7.5 5.4

PVA.2/CMC -- 194.1 30.1 17.4 70 0.36 157.3 3.9 2.3

The thermal stability of the CMC, PVA, and PVA/CMC samples was evaluated using
thermogravimetric analysis (TGA). For CMC, three thermal events of mass loss were ob-
served, with the first occurring around 50 ◦C, resulting in an approximate mass loss of 20%.
This initial mass loss can be attributed to the moisture present in the CMC molecules, as
CMC exhibits hydrocolloid characteristics and has a high capacity for moisture adsorption
within its polymer chains. The second event is attributed to the thermal degradation of the
CMC chains, resulting in the release of CO2 [57].
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The interaction observed between PVA and CMC is evidenced in Figure 11A,B, where
accelerated degradation is noted, reducing the thermal stability of CMC. This is illustrated
in Table 2, which shows the presence of two thermal events in the PVA/CMC blends
exhibiting a thermal behavior similar to that of PVA, primarily attributed to the higher
mass ratio of PVA in the blends. This result corroborates the findings observed via FTIR
(Figure 10), where the change in thermal behavior can be attributed to the formation of
bonds between the hydroxyl groups of PVA and the carboxymethyl groups of CMC, which
influence the structure and thermal stability of the blended mat.

DSC analysis shows the thermal transitions of polymers and blends studied in this
research over two heating cycles. The first cycle reflects the thermal history of the electro-
spinning process, while the second heat cycle shows the characteristic transitions of the
samples. Figure 11C,E depict the comparative thermograms of the first heating cycle for the
samples related to PVA.1 and PVA.2, respectively. In this analysis, a large peak is observed
at approximately 58 ◦C for the CMC sample, attributed to heat required to vaporize the
molecular water present in this biopolymer. Another peak appears in this cycle at around
225 ◦C for PVA.1 (Figure 11C) and 190 ◦C for PVA.2 (Figure 11E), corresponding to the
melt temperature of PVA crystallites. The second heating cycle is shown in Figure 11D,F.
In summary, this thermal behavior is depicted in Table 3, showing that the crystallinity
of PVA significantly decreases when its blend with CMC was electrospun, indicating that
CMC molecules interfere with the formation of the lamellae of the crystallites. In the first
heating for PVA.1 (Figure 11C), three endothermic peaks were observed, attributed to the
melting of the crystallites formed during the electrospinning process. These peaks align
with those reported in the literature, where the two peaks at temperatures of 221 ◦C and
250 ◦C represent the melting of two different populations of PVA crystals, while a smaller
peak at 230 ◦C is associated with the melting temperature of CMC crystals [49,57,58].

4. Conclusions

This study investigated the electrospinning of carboxymethyl cellulose (CMC) when
supported in a PVA blend. Two different polymers with varying molar masses and de-
grees of hydrolysis were examined. It was observed that the surface tension of the spun
solutions is one of the most significant variables. Even when using solutions with simi-
lar viscosities but different surface tensions, it was found that the solution using PVA.2,
which had lower surface tension, produced fibers with more homogeneous diameters
and fewer defects compared to the fibers obtained from solutions with a higher degree
of hydrolysis (PVA.1). These solution conditions also demonstrated greater ease of elec-
trospinning; however, the mats produced with the PVA.2 solutions exhibited larger fibers
(~448.6 ± 117.5 nm), specifically submicrometric fibers, compared to those produced with
PVA.1 (~217.9 ± 76.4 nm). This behavior was also observed in the composite fibers with
CMC (PVA.1/CMC: 129.9 ± 78.7 nm and PVA.2/CMC: 270.1 ± 90.6 nm). However, due to
the difficulty in spinning CMC, there was a noticeable loss in the quality of fiber morphol-
ogy across all PVA/CMC formulations.

The incorporation of CMC into the electrospun PVA samples resulted in reduced
crystallinity of PVA at approximately 4% for PVA.1 and 3% for PVA.2, while thermal
stability was enhanced in the polymer blends compared to neat PVA. Furthermore, it was
observed that these electrospun matrices based on PVA/CMC could serve as drug delivery
systems with rapid release due to the hydrocolloid properties conferred by the polymers
used in this study. This demonstrates significant potential for their application as dressings
for chronic wounds that require moist environments for regeneration.
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