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ABSTRACT: Lignin-based fibers were produced by electrospinning aqueous dispersions of lignin, poly(vinyl alcohol) (PVA),
and cellulose nanocrystals (CNCs). Defect-free nanofibers with up to 90 wt % lignin and 15% CNCs were achieved. The
properties of the aqueous dispersions, including viscosity, electrical conductivity, and surface tension, were examined and
correlated to the electrospinnability and resulting morphology of the composite fibers. A ternary lignin−PVA−water phase
diagram was constructed as a tool to rationalize the effect of mixing ratios on the dispersion electrospinability and morphology of
the resulting fibers. The influence of reinforcing CNCs on the thermal properties of the multicomponent fibers was investigated
by using thermal gravimetric analysis and differential scanning calorimetry. The thermal stability of the system was observed to
increase owing to a strong interaction of the lignin−PVA matrix with the dispersed CNCs, mainly via hydrogen bonding, as
observed in Fourier transform infrared spectroscopy experiments.

■ INTRODUCTION
Lignin is found as a natural macromolecule in the cell wall of
vascular plants, making it one of the most abundant
macromolecules in the biosphere, second to cellulose. Lignin
has attracted renewed attention given its anticipated role as a
byproduct in biorefinery operations and second generation
bioethanol from lignocellulose.1 The use of lignin as a precursor
in the fabrication of new materials has been reported.2

Composites of commercially available kraft or organosolv
lignins can be produced after mixing with hydrophilic or
hydrophobic polymers, such as polyethylene oxide (PEO),3

polyvinyl alcohol (PVA),3,4 polyhydroxybutyrate,5 polyethylene
terephthalate,3 polypropylene,3 and polycaprolactone.6 The
obtained resins can be thermally processed into fibers,
compostable plastics, and structural materials. Related studies
have indicated that lignin possesses an affinity for hydrophilic
polymer because of lignin’s many polar groups, which include
alcoholic and phenolic structures.7 Kubo et al.8 reported on the
use of kraft and organosolv lignins as precursors for carbon
fibers after thermal stabilization and carbonization. Following
these efforts, different lignin-based fibers (30−80 μm diameter)

have been produced by melt spinning or extrusion.9 A
commercially available organosolv lignin was electrospun into
carbon micro- and nano-fibers, both solid and hollow, by using
ethanol and glycerin solutions in a coaxial or triaxial spinneret
setup.10,11 We also reported on the production of fibers based
on lignin after electrospinning aqueous solutions of kraft lignin
in PEO.12 More recently, kraft and organosolv lignins were
blended with PEO to produce electrospun fibers. Structural and
intermolecular interactions, such as hydrogen bonding and
association complexes, were proposed as main factors
influencing the electrospinnability of these systems.13

In electrospinning,14 extremely rapid solvent evaporation
occurs with continued jet flow, resulting in the formation of an
outer polymer “skin” and quenching of the polymer matrix
macrostructure within a few milliseconds, in a nonequilibrium
state.15−17 Electrospun mats exhibit high porosity and specific
surface area, which make them suitable for the production of
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high performance materials such as filters, sensors, medical
materials, flexible coating, and so on.18−22 Recently, cellulose
nanocrystals (CNCs)23−25 have made inroads in the
production of new materials as reinforcing solid phase in
electrospun fibers.26−30 The high specific surface of CNCs and
the available hydroxyl groups suggest the possibility to exploit
hydrogen bonding in host matrices to further these initial
efforts to produce new materials.
This work describes the manufacture of lignin-based fiber

mats produced by electrospinning aqueous dispersions of
lignin, PVA, and CNCs. The resulting composite fibers
displayed unique and tailorable morphologies and properties.
Additionally, they can be considered as a simple model to
investigate the nature of intermolecular interactions and their
role in structure−property relationships, which could be
translated to the more complex natural fibers. PVA was used
as an adhesive for cellulose and lignin, the latter of which is a
principal component of the fiber matrix. The morphology of
the resulting fibers was analyzed via scanning electron
microscopy (SEM) and the enhancement of the thermal
stability of the electrospun mats by incorporation of CNCs was
demonstrated by thermal gravimetric analysis (TGA) and
differential scanning calorimetry (DSC).

■ MATERIALS AND METHODS
Lignin (kraft lignin from softwood) was obtained from Sigma-Aldrich
(St. Louis, MO) with reported molecular weight of 10 kDa (alkali
lignin, low sulfur, CAS number 8068-05-1). Poly(vinyl alcohol)
(PVA), also from same supplier under trade name Mowiol 20-98
(CAS Number: 9002-89-5), was reported to have a molecular weight
of 125 kDa and degree of hydrolysis of 98% (2% acetyl groups). The
lignin and PVA were used to prepare aqueous solutions for
electrospinning without further purification.

Cellulose nanocrystals (CNCs) were prepared by acid hydrolysis

from pure cotton (Figure 1). Briefly, cotton was first acid hydrolyzed

with 65 wt % sulfuric acid at 50 °C for 20 min. The resulting

dispersion was poured into ∼500 g of ice cubes and washed with

distilled water until neutral pH by successive centrifugation at 12000

rpm (10 °C, 20 min). Finally, dialysis for 1 week against deionized

water with 12000 MWCO membrane was performed to remove trace
amounts of residual sulfuric acid from the suspension.

The dimensions of the obtained CNCs (Figure 1) were typically
100−150 nm in length and 10−20 nm in width, in agreement with
values reported in the literature.31,32 The obtained CNC suspension
was sonicated for 15 min to avoid aggregation of CNCs and kept
refrigerated at 4 °C until use. The concentration of CNCs in the
suspension was determined gravimetrically.

Multicomponent Electrospun Fibers and Solid Films. PVA
aqueous solutions with concentrations ranging from 1.25 to 20 wt %
were prepared and given amounts of lignin were added. In addition,
aqueous dispersions containing CNC were prepared by using the
respective mass ratios of lignin, PVA and CNC. The solutions or
suspensions were kept under vigorous mechanical agitation at 60 °C
for 15 min, followed by cooling to room temperature under stirring for
120 min. Any given batch of these systems was used to produce
electrospun fibers or thin films after no more than 1 week storage time.

The suspensions were loaded into a 10-ml plastic, disposable
syringe with a 22 gauge needle. The needle was connected to the
positive terminal of a voltage generator, which generated positive
voltages up to 50 kV DC (Glassman High Voltage, Series EL). An
operating voltage of 19 kV and a flow rate of 8 μL/min (by a
computer-controlled syringe pump) were used in typical electro-
spinning experiments. An aluminum plate of 15 cm diameter covered
with a thin aluminum foil and connected to the negative electrode of
the power supply (ground) was used as a collector. The working
distance was adjusted to 22 cm. Electrospinning was performed at
room temperature and at a relative humidity between 35 and 45%. The
collected electrospun mats were kept in a desiccator containing
anhydrous CaSO4. Solvent-casting was applied in the production of
multicomponent solid films. To this end, the solutions or suspensions
were poured onto a clean Teflon plate, kept in a dust-free atmosphere,
and allowed to dry overnight at room temperature.

Conductivity, Surface Tension, and Viscosity. Conductivity
and surface tension of the respective solutions or suspensions were
measured at room temperature using a conductivity meter (Cornig
Inc., model 441) and an electrobalance (CAHN, DCA-312),
respectively. The viscosity was determined at 25 °C by a program-
mable rheometer (TA Instruments, AR2000), as a function of shear
rate over a range of 0.1−1000 s−1 in a parallel plate configuration (40
mm diameter geometry).

Fiber Characterization. The morphology of the nanofibers in the
electrospun mats was examined using a field emission scanning
electron microscope (FE-SEM, JEOL, 6400F) operating at 5 kV and a
working distance 20 mm. A small piece of the nanofiber mat was fixed
on carbon tape and then sputtered with Au/Pd. The diameter
distribution was obtained from 40 fibers that were selected randomly
and image-analyzed (Revolution software).

Fourier transform infrared spectroscopy (FT-IR) was used to
investigate the basic chemical characteristics of the electrospun mats. A
Nicolet FT-IR spectrometer (Thermo Scientific) was used in the
transmittance mode. The multicomponent electrospun mats were
dried overnight at 40 °C under vacuum and then grounded with KBr.
During any intermediate preparation procedure the samples were
maintained in desiccators containing anhydrous CaSO4 to maintain a
moisture-free environment. All spectra were collected with a 4 cm−1

wavenumber resolution after 64 continuous scans.
Thermogravimetric analyses were performed using TGA (Q500

TGA, TA Instruments) with 10 mg of sample mounted in a platinum
pan and heated from 30 to 600 °C at a rate of 10 °C/min under a N2
atmosphere. Additional thermal properties were determined with a
differential scanning calorimeter (DSC Q100, TA Instruments) by
following two different procedures. In the first set of experiments, 5
mg of the “as produced” fiber mats was placed in the DSC cell and
heated from −50 to 250 °C using a 10 °C min−1 heating rate. In the
other experiments, the fiber mats were heated up to 160 °C and
maintained at this temperature for 5 min, followed by cooling down to
0 °C (10 °C/min cooling rate), then heated again to 240 °C (10 °C/
min heating rate). The melting temperature (Tm) was taken as the
peak temperature of the endotherms in thermograms from both

Figure 1. AFM height image of cellulose nanocrystals prepared from
cotton fibers by acid hydrolysis. The CNCs were spin coated onto a
silicon wafer primed with a layer of polyethyleneimine.
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experimental procedures. The degree of relative crystallinity (Xc) was
estimated from the endothermic area using eq 1:

= Δ Δ ×X H H(%) / 100c
0 (1)

where ΔH is the measured enthalpy of fusion from DSC thermograms
and ΔH0 is the reference enthalpy of fusion for 100% crystalline PVA
(ΔH0 = 158 J g−1), as reported in the literature.33 All the samples used
in DSC measurements were dried overnight at 40 °C under vacuum.

■ RESULTS AND DISCUSSION

Bicomponent Electrospun Fibers. Fiber mats based on
lignin and PVA were obtained after electrospinning aqueous
dispersions of given compositions. The concentration of lignin
in the precursor aqueous solution was varied to obtain fibers
with lignin content from 5 to 90 wt % based on solids. Pure
lignin solutions did not produce fibers after electrospinning.
Figure 2 shows typical SEM images of the electrospun fiber
mats (PVA and lignin−PVA) obtained from the aqueous
solutions of 10 (Figure 2a series) and 5% (Figure 2b series)
PVA concentration. The lignin-free, PVA solution at 10%
concentration was readily electrospun and yielded bead-free
fibers (Figure 2a-1). Likewise, bead-free and uniform fibers
were obtained upon the addition of lignin to this solution
(Figure 2a-2−4). Lignin−PVA mixtures of 80:20 mass ratio or
higher, were difficult to electrospin due to the onset of phase
separation and the significantly high viscosity of the system. In
contrast to the case of 10% PVA precursor solution, some
beading takes place upon electrospinning lignin-free, 5% PVA
solutions (Figure 2b-1). Interestingly, the addition of lignin to
these solutions enhances fiber formation (Figure 2b-2−4): a
transition from beading to fiber formation occurred as the
lignin concentration increased, eventually resulting in bead-free
fibers for lignin-PVA mass ratio of 75:25. The enhanced
electrospinnability and fiber morphology as lignin is incorpo-
rated to the PVA solution is hypothesized to originate by the
effect of molecular interactions in the precursor aqueous
solution, as will be discussed in other sections of this paper.
In the case of 10% PVA precursor solutions, it is observed

that the radius of the fibers increased with lignin addition (see

Figure 2a-1−4 and Figure 3), with average values ranging from
61 ± 3 to 509 ± 34 nm.

The electrospinning process fundamentally requires the
transfer of electric charges from the electrode to the spinning
fluid at the terminus of the tip. Solutions of low electrical
conductivity are subject to insufficient elongation by electrical
forces on the fluid jet which is otherwise a condition required
to produce uniform fibers.34−36 In addition, the density of bead-
free fibers can be improved by lowering the surface tension of
the solution.34−36 Therefore, we report the electrical con-
ductivity and surface tension (Table 1) as well as the viscosity
(Figure 4) of the systems that were more difficult to
electrospin, including solutions consisting of 5 or 7 wt %
PVA (with and without lignin added).

Figure 2. Representative FE-SEM micrographs of lignin-based fibers upon electrospinning aqueous solutions containing PVA at concentrations of 10
(upper row, (a) series) and 5% (bottom row, (b) series). The different lignin−PVA mass ratios of the obtained, solid fibers are indicated as follows:
0:100 (1); 20:80 (2); 50:50 (3); and 75:25 (4). The SEM scale bar corresponds to 5 μm.

Figure 3. Average radius of fibers obtained after electrospinning
precursor 10 wt % PVA aqueous solutions before and after loading it
with lignin (% lignin in the solid fiber is indicated in the plot; see
Figure 2a-1−4). The standard deviations were in most cases smaller
than the size of the symbols used. Lines are added as guides to the eye.
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The electrical conductivity of the lignin-PVA solutions
significantly increased and their surface tension decreased
with lignin concentration. Beading upon electrospinning was
identified to occur at conductivities lower and surface tensions
higher than the respective critical values (≤5.24 mS/cm and
≥43.2 mN/m, respectively; see Table 1 and also Figure 2b-1,2).
The viscosity of lignin−PVA solutions increased with the
addition of lignin. At about 75% lignin, a steep increase in
viscosity with lignin loading is clearly noted (Figure 4). At this
concentration, the morphology of the electrospun system
changes from beaded fibers to bead-free fibers, as discussed
previously. This behavior at the threshold concentration can be
explained by the enhanced interaction between PVA and lignin
molecules. Overall, it is concluded that lignin−PVA systems can
be tuned to facilitate electrospinnability by a proper
formulation of the dispersion and, thus, solution properties
(mainly electrical conductivity, surface tension, and viscosity).

A ternary phase diagram was constructed after performing
electrospinning with a number of lignin−PVA dispersions, as
indicated (Figure 5). This ternary diagram helps to better

identify and predict electrospinnability domains. The relation
between solution composition (expressed as mass fractions in
the precursor dispersion) and resultant fiber morphologies can
be elucidated. Varying composition along a vertical line in the
ternary diagram indicates changes in solvent (water) content,
which increases as the composition moves closer to the “water”

Table 1. Electrical Conductivity and Surface Tension of Solutions Based on 5 or 7% PVA Concentration (To Produce Fibers
with Lignin Contents of 0−90 wt % Based on Solids)a

fiber (solid) composition
lignin−PVA:% CNC

PVA precursor aqueous
solution, wt %

polymer concentration,
wt %

conductivity,
mS/cm

surface tension,
mN/m morphology

0:100/0 5.0 5.0 0.13 63.1 ± 0.4 beads
20:80/0 5.0 6.2 0.17 47.5 ± 0.6 beads + fibers
50:50/0 5.0 9.5 5.24 43.2 ± 0.3 beads + fibers
75:25/0 5.0 9.5 11.89 41.6 ± 0.5 bead-free fibers
85:15/0 5.0 17.4 16.03 40.6 ± 0.1 bead-free fibers
90:10/0 5.0 34.5 20.80 b no jet
75:25/0 5.0 17.4 11.89 41.6 ± 0.5 bead-free fibers
75:25/5 5.0 17.4 11.76 43.2 ± 0.3 beads + fibers
75:25/10 5.0 17.4 11.84 50.8 ± 0.7 beads + fibers
75:25/15 5.0 17.4 11.93 53.7 ± 0.5 bead-free fibers
20:80/0 7.0 8.6 2.17 51.7 ± 2.4 beads + fibers
20:80/5 7.0 8.6 2.07 44.9 ± 0.1 beads + fibers
20:80/10 7.0 8.6 2.05 43.0 ± 1.5 beads + fibers
20:80/15 7.0 8.6 2.03 43.6 ± 1.1 beads + fibers

aData for lignin−PVA−CNC dispersions are also included. The composition of the solution is expressed as lignin:PVA mass ratios and % CNC on
total solids (lignin:PVA/%CNC), and the morphology of the electrospun systems are indicated. bCannot be measured due to the high viscosity.

Figure 4. Mean apparent viscosity of 5 wt % PVA solutions with
different lignin loads (expressed as % lignin in the solid fibers). The
viscosity was calculated from the ratio of shear stress and shear rate in
the range of 140−550 s−1.

Figure 5. Ternary diagram indicating electrospinnability domains
according to the composition of the precursor solutions (mass
fractions of lignin, PVA, and water). The respective morphology after
electrospinning is represented by half-filled circles to indicate beading,
filled circles for bead-free fibers, and unfilled circles for a phase
separation zone (not suitable for electrospinning). Lines are added as
guides to the eye to identify the interfaces between the different
domains and iso-radius contour lines are also included according to
SEM images of electrospunfibers (representative SEM images are
added around the ternary diagram and they include size bars of 5 μm).
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apex. The changes in the horizontal direction indicate the given
lignin:PVA mass ratios.
Three distinctive composition domains were determined,

corresponding to (1) beaded fibers, (2) bead-free fibers, and
(3) macroscale phase separation. In the latter case, solutions of
very high viscosity were obtained and electrospinning failed.
Bead-free fibers were observed within a range of component
concentrations in precursor solutions between 0 and 32%
(lignin), 2 and 19% (PVA), and 66 and 86% (water),
respectively. It was found that the diameter of the electrospun
fibers increased with the total polymer concentration. High
lignin loading was required to produce bead-free fibers. This is
an interesting observation because usually PVA is regarded as a
good fiber-forming polymer while lignin is not; yet, the
synergistic effect when the two components are mixed is
apparent (see also Figure 2). Contour lines corresponding to
iso-radius were drawn. To the best of our knowledge, such a
ternary diagram is reported here for the first time to identify
electrospinnability domains.

Multicomponent Electrospun Fibers. CNCs were used
to produce multicomponent (lignin−PVA−CNC) nanofibers
of different compositions. The concentrations of lignin and
PVA are given as relative mass fraction in the respective fiber
and the % of CNC is given based on total solids. The
composition is thereafter represented by “lignin/PVA/%CNC”
to indicate the mass ratio between lignin and PVA and the %
CNC based on total solids. Lignin−PVA−CNC fiber−
precursor dispersions are discussed in more detail in the
following sections, but for brevity, only two of the many
lignin−PVA compositions tested are described as far as fiber
formation, specifically, we focus on dispersions with mass ratios
of the matrix system (lignin−PVA) of 75:25 and 20:80 (and 5,
10, and 15% CNC loading based on total solids).
We examine the role of the interactions between the

dispersed CNCs and the lignin−PVA medium by measuring
the apparent viscosity of the dispersions as a function of the
shear rate γ (Figure 6). The results indicate a non-Newtonian
behavior that is well described by a power law relationship
between shear stress (τ) and shear rates (γ),37 τ = kγc, yielding a

Figure 6. Changes in apparent viscosity as a function of the shear rate for lignin−PVA solutions and lignin−PVA−CNC dispersions: 75:25/%CNC
(a) and 20:80/%CNC (b). The CNC loading (%CNC) is varied between 0 and 15%, as indicated in the respective plot.

Figure 7. SEM images of nanofibers obtained by electrospining lignin−PVA systems (75:25 and 20:80, upper (a) and lower (b) series, respectively)
with different CNC loadings (% CNC in lignin−PVA−CNC). Included are reference CNC-free systems (lignin−PVA/0% CNC), 75:25/0 (a-1), or
20:80/0 (b-1), and fibers with 5% CNC loading (lignin−PVA/5%CNC; a-2 or b-2), 10% CNC loading (lignin−PVA/10%CNC; a-3 or b-3), and
15% CNC loading (lignin−PVA/15% CNC; a-4 or b-4).
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power-law index c between 0.26 to 0.89 (shear thinning) and a
consistency coefficient k from 0.15 to 20.
The viscosity of the precursor suspensions (lignin−PVA)

increased with addition of CNC, which was more evident in the
case of 75:25/%CNC systems. There are abundant exper-
imental and theoretical studies which have shown that the
viscosity of dispersions of polymers filled with nanoparticles
increases with the content of the dispersed phase (and also
becomes more shear-thinning).38−42 In fact, when sheared at
low shear rates these systems are highly viscous and gel-like due
to the network that is formed. This observation highlights the
strong interaction that exists between CNCs and lignin, which
is the principal component in 75:25 (lignin−PVA) systems. A
significant shear-thinning behavior is observed and explained by
the fluctuating structure of the dispersion which is disrupted
under shear which produces CNC alignment along the flow
direction. In fact, the viscous 75:25/%CNC lignin−PVA−CNC
suspensions becomes less viscous under increased shear rates;
interestingly, the viscosity of the dispersions decreased
asymptotically until reaching values close to the corresponding
base, CNC-free lignin−PVA solutions at 1000 s−1.
The morphology of the multicomponent fibers produced

from 75:25/CNC systems was significantly influenced by the
presence of CNCs (see Figure 7a series for 0, 5, 10, or 15%
CNC based on total solids). Fibers with a typical radius of 73 ±
5 and 114 ± 4 nm were obtained at the lowest and highest
CNC concentrations tested, 5 and 15% CNC, respectively.
More specifically, an increase in fiber radius is observed with
the addition of CNC. In addition, a few beads were observed at
the lower CNC loadings. The shapes of the beads changed
from spherical to spindle-like as the concentration was
increased from 5 to 10%. Furthermore, considering Figure 6a
and Figure 7a series, it can be inferred that more uniform
multicomponent fibers are produced with highly shear-thinning
dispersions.
In 75:25/%CNC systems the interaction between the CNCs

and lignin is expected to dominate. Both the surface tension
(Table 1) and viscosity (Figure 6a) are observed to increase
with CNC loading. The increase in surface tension of the
suspension favors beading while the increase in viscosity favors
bead-free fibers.35 It is apparent that, for dispersions with 15%
CNCs, viscous effects are dominant.
In the systems with PVA as the principal component (20:80/

%CNC systems), beaded fibers were obtained in all 20:80/%
CNC systems (Figure 7b series). Noticeably, upon the addition
of CNCs the surface tension decreases (Table 1) and the

viscosity increases (Figure 6b); however, compared to 75:25
systems, these changes are more limited and do not
substantially influence the resulting fiber morphologies. Overall,
the observed changes in the multicomponent nanofibers upon
addition of CNCs depend on a complex balance of effects
brought about by the dispersed nanoparticles. Importantly, the
viscosity and observed morphology results support the
hypothesis that a strong interaction exists between CNCs and
the lignin phase.
Electrospining is an extremely rapid process where solvent

evaporation occurs with continuous jet flow, resulting in the
formation of an outer polymer layer and the quenching of the
polymer matrix structure.15−17,43 Nevertheless, further insight
into the effect of CNCs on the molecular interactions between
lignin and PVA can be gained from solid thin films prepared by
the evaporation-casting method. In this process, the character-
istic times are much higher due to the slow rates of solvent
evaporation, leading to final conditions that are closer to
equilibrium. Figure 8 includes SEM images for such films where
large phase-separated domains (with characteristic sizes of the
order of 500−1000 nm) can be observed for CNC-free systems
(Figure 8a). When CNCs are loaded in the system, the
characteristic domain size is reduced or suppressed (Figure
8b,c). In general, phase separation occurs during evaporation of
highly concentrated polymer solutions.44 The phase-separated
polymer usually evolves into domains with spherical shapes due
to the effect of interfacial tension. However, phase separation is
prevented if the molecular mobility of the dispersed polymer is
much lower than the evaporation rate of the solvent. This effect
is hypothesized to occur in the present systems after addition of
CNCs: the molecular mobility of the lignin−PVA matrix is
decreased with the addition of CNCs, and therefore, phase-
separation is reduced.
We now turn our attention to the chemical characterization

of electrospun mats produced from the multicomponent
systems discussed so far. FT-IR spectra of lignin-based fibers
as well as solid film prepared from a CNC suspension were
recorded under transmittance mode (Figure 9). As a reference,
a pure CNC solid film was prepared by evaporation-casting
from 5 wt % CNC aqueous suspension. Characteristic
absorbance peaks of lignin at 1598, 1267, 1219, 1130, and
1037 cm−1 were assigned respectively to the aromatic skeletal
vibration, C−O of guaiacyl ring, C−C and C−O stretch,
aromatic C−H in plane deformation in guaiacyl ring, and
aromatic C−H in plane deformation.45 Typical absorbancies for
cellulose were assigned to wavenumbers of 1316, 1161, and

Figure 8. Scanning electron microscopy of the cross-section of solid thin films produced from lignin−PVA−CNC systems prepared by evaporation-
casting. The specimens were prepared by a freeze fracturing method using liquid nitrogen. Shown are the films with three CNC loadings, that is,
lignin−PVA/%CNC of 75:25/0% (a), 75:25/5% (b), and 75:25/15% (c).
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1059 cm−1 for the CH2 vibration, C−O−C asymmetric valence
vibration, and C−O valence vibration, respectively. These peaks
correlated with the CNC content in the respective system.
Most importantly to the present discussion is the observation
that compared to CNC-free matrices, fibers with increased
amounts of CNCs yielded a shift of the main OH peak region
of about 3400 cm−1 to lower wavenumbers. This can be
explained by the strong hydrogen bonding interactions between
the hydrophilic CNC particles and the lignin and PVA medium.
Further support for this hypothesis is provided by the shape of
the broad absorbance peak between 3550 and 3200 cm−1,
which is characteristic of OH stretching from the inter- and
intramolecular hydrogen bonds.9,46 The shape of this band is
substantially different for samples with or without CNC
present. Kraft lignin is a polyphenolic compound containing
substituted aromatic groups with different functions ranging
from hydroxyl (phenolic or alkyl), conjugated double bond, and
methoxyl groups.47 Therefore, it is expected that some of these
functional groups can participate in hydrogen bonding with the
hydroxyl groups on the surface of CNCs.
Sulfate groups were grafted onto the surface of CNCs during

acid sulfuric acid-catalyzed hydrolysis. The amount of such
groups estimated from elemental analysis was about 0.7%,
which according to the surface area of the CNC nanoparticles,
corresponds to a surface charge density of about 0.30 e/nm2.48

Thus, the surface density of sulfate groups on the CNCs is
relatively small compared to the total available hydroxyl groups.
Therefore it is reasonable to expect that the interactions
between dispersed CNCs and the lignin/PVA matrices are
mainly ascribed to the contribution of hydroxyl groups in
hydrogen bonding.
Figure 10 shows thermogravimetric profiles and their

derivatives for multicomponent electrospun mats of different
CNC content (the curves for pure CNC are included as a
reference in the inset of Figure 10). For the weight loss
derivative, a sharp and a broad degradation peak are observed
for CNC-free mats (lignin−PVA ratio of 75:25, Figure 10d)
centered at around 233 and 308 °C, respectively. These peaks
correspond to the thermal decomposition of PVA and lignin,
respectively. The melting point of pure PVA is 220 °C and the
first degradation signal corresponds to chain-stripping reaction
produced by the removal of water molecules (dehydration of
PVA polymers).49,50 Lignin decomposition is observed over a
broad temperature range and a residue at 500 °C equivalent to

40% of the initial mass is considered unreacted lignin from the
composite structure. Some interesting features are observed
when cellulose is added to the fibers making the mat. A new
peak centered at about 282 °C (unfilled arrow in Figure 10) is
identified in the case of CNC-filled systems, which is attributed
to cellulose decomposition. This peak is intensified with the
addition of CNCs. The degradation peak attributed to pure
CNCs at 211 °C was not detected in the CNC-filled systems.
Therefore, the addition of CNCs in the matrix system produces
better dispersion, as shown in Figure 8, and improves the
thermal properties of the composite fibers. The temperature for
maximum mass loss of PVA is increased from 233 to 262 °C
with the CNC loading of 15%. The suppression of the thermal
decomposition of the multicomponent mats could be ascribed
to the excellent thermal conductivity of CNC. This property of
CNCs has been explained as the result of small phonon
scattering in the crystal cellulose chains, which is able to induce
more efficient pathway for heat transfer.51,52

Returning to our discussion on the increase of fiber radius
with the addition of CNC (Figure 7), it is interesting to note
that this observation is in contrast with results reported for
other nanocomposite systems, including PVA−CNCs.26,30,52
Such difference can be explained by the intermolecular
interactions between the dispersed CNCs and the matrix
phase. DSC analyses were performed to investigate the nature
of such molecular interactions and Table 2 summarizes the
results in terms of the melting temperature and degree of
crystallinity. In earlier work, intermolecular interactions
between cellulose and PVA were explained on the basis of
hydrogen bonding and associated thermodynamic effects.53,54 A
melting point depression can be also caused by morphological
effects, such as the reduction of crystalline perfection and the

Figure 9. FT-IR spectra for electrospun lignin−PVA−CNC mats with
different CNC content: lignin−PVA/%CNC of 75:25/0% (a), 75:25/
5% (b), 75:25/10% (c), and 75:25/15% (d). A reference film
consisting of pure CNC is also included (e).

Figure 10. Thermogravimetric curves and derivatives of lignin−PVA−
CNC electrospun mats with different CNC content. Indicated are the
systems consisting of lignin−PVA/%CNC of 75:25/0% CNC (a),
75:25/5% CNC (b), 75:25/10% CNC (c), and 75:25/15% CNC (d).
The inverted triangles in the figure show first (filled) and second
(open) degradation processes. The inset includes the thermogravi-
metric profile and derivative of a reference film consisting of pure
CNC (100% CNC).
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size of the crystallizable polymer, possibly varying with
composition in the blends.55,56 Electrospinning involves
extremely rapid solvent evaporation in the continuous jet
flow, resulting in thermal quenching of the polymer structure
during fiber formation.15−17,43 Therefore, crystallization of PVA
is expected to be induced under nonequilibrium conditions,
and kinetic and morpholgical effects are likely to be more
dominant than thermodynamic ones.
The melting endotherm of PVA in 75:25 lignin−PVA fibers

unfortunately overlapped with the baseline shift as a result of
lignin pyrolysis. Thus, only the effect of addition of CNC in
20:80 lignin-PVA systems could be assessed. Therefore, the
data in Table 2 corresponds to DSC thermograms of
multicomponent lignin−PVA−CNC mats consisting of
20:80/0% (CNC-free fibers), 20:80/5%, 20:80/10%, and
20:80/15%.
For “as produced” (electrospun) fiber mats, an endothermic

peak (Tm) at 221 °C was observed in CNC-free systems,
assigned to the melting of crystalline PVA (Table 2). The
corresponding Tm decreased by about 4 °C with addition of
CNC at the highest loading (15%). These changes were
accompanied by a reduction in the heat of fusion (ΔHm).
Therefore, the degree of crystallinity of PVA estimated from
ΔHm (eq 1) were calculated to be about 76, 67, 53, and 44%
with CNC-free and CNC loading of 5, 10, and 15%,
respectively. The suppression of crystallinity of PVA can be
explained as the result of the intermolecular interactions
between the dispersed CNC particles and the matrix (lignin−
PVA), which was also related to the smaller domain sizes
observed in Figure 8. In addition, the PVA chains restricted on
the surface of CNCs would be less ordered at higher loading of
CNCs causing a lower overall crystallinity. This leads to higher
excluded volume effects and, as a consequence, the radius of the
electrospun fibers increases, as was noted before.
The melting temperature Tm and ΔH data after thermal

treatment at 160 °C (above Tg and near Tm) for 5 min are
included in Table 2. The data after this thermal treatment show
a similar trend in the depression of melting point and
crystallinity of the system with increasing CNCs content.
This observation may be explained in terms of thermodynamic
mixing accompanied by exothermic interaction between a
crystalline and an amorphous polymer.56 Overall, the results
suggest that strong intermolecular interactions exist between
the CNCs and the matrix consisting of lignin and PVA.

■ CONCLUSIONS
Fiber mats were produced from electrospinning dispersions of
various compositions containing lignin, poly(vinyl alcohol)
(PVA), and cellulose nanocrystals (CNC). The morphology of
the multicomponent fibers was examined by SEM and
correlated to the phase behavior of the precursor dispersions
as well as key properties such as viscosity, electrical
conductivity, and surface tension. Ternary phase diagrams
were constructed to identify electrospinnability domains and to
predict fiber morphology depending on composition. The
critical effect of solution rheology was elucidated and the effect
of CNC loading was studied. The intermolecular interactions,
mainly hydrogen bonding between the polymer matrix and the
dispersed CNCs, played an important role. The addition of
CNC improved the thermal stability of composite electrospun
fibers. Overall, lignin-based fibrous architectures from electro-
spinning are expected to have great potential for tailoring new
functional materials.
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