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ABSTRACT: Sub-100 nm resolution local thermal analysis, X-ray photoelectron
spectroscopy (XPS), and water contact angle (WCA) measurements were used to relate
surface polymer distribution with the composition of electrospun fiber mats and spin
coated films obtained from aqueous dispersions of lignin, polyvinyl alcohol (PVA), and
cellulose nanocrystal (CNC). Defect-free lignin/PVA fibers were produced with radii
which were observed to increase with lignin concentration and with the addition of
CNCs. XPS and WCA results indicate a nonlinear relationship between the surface and
the bulk compositions. A threshold around 50 wt % bulk composition was identified in
which extensive partitioning of PVA and lignin components occurred on the surface
below and above this value. In 75:25 wt % lignin/PVA solvent cast films, phase
separated domains were observed. Using nanoscale thermal analyses, the continuous
phase was determined to be lignin-rich and the discontinuous phase had a lignin/PVA
dispersion. Importantly, the size of the phase separated domains was reduced by the
addition of CNCs. When electrospun fiber surfaces were lignin-rich, the addition of CNCs affected their surfaces. In contrast, no
surface effects were observed with the addition of CNCs in PVA-rich fibers. Overall, we highlight the importance of molecular
interactions and phase separation on the surface properties of fibers from lignin as an abundant raw material for the fabrication of
new functional materials.

KEYWORDS: lignin, films, fibers, electrospinning, cellulose nanocrystals, contact angle, X-ray photoelectron spectroscopy,
space-resolved AFM-thermal transitions

■ INTRODUCTION

Electrospinning is ideal for the production of random fiber mats
that are flexible and porous. Because the mats have nano- to
micrometer features, they have high surface area to volume
ratios and can display unique mechanical, thermal, and catalytic
properties compared to what they exhibit on a macroscale.1−3

Electrospun fiber mats are suitable for designing novel materials
and components in a variety of applications, including filters,
sensors, medical textiles, and flexible coatings.4−8 Many
polymer systems have been used to electrospin fibers;2,9,10

however, in this work, we focus on lignin-based systems. Lignin
is an attractive material because it is readily available as a
byproduct from biomass processing, biorefineries, and second
generation bioethanol operations.11 Applications for lignin
already investigated include precursors for carbon fiber,12,13

engineering plastics,14−18 and adsorbents and adhesive
materials.19−22 Recently, we reported novel nanofiber systems
produced by electrospinning aqueous dispersions of lignin,
polyvinyl alcohol (PVA), and cellulose nanocrystals (CNCs).
We correlated the properties of the starting aqueous dispersion
(viscosity, electro-conductivity, and surface tension) with

electrospinnability.23 Also, the mats were observed to have
excellent thermal properties that were mainly ascribed to the
strong intermolecular hydrogen bonding between hydroxyl
groups of the lignin/PVA matrix and the dispersed CNCs.
In this study, we investigate the morphology of the lignin/

PVA/CNC electrospun fibers with emphasis on understanding
the distribution of polymers on the fiber surfaces as related to
the fiber composition. An understanding of fiber surface
properties, such as surface energy, is needed to tailor
electrospun mats for different applications, including tissue
engineering, drug delivery, membranes, fuel cells, and aerospace
materials. The morphology of electrospun lignin-based fibers
and respective reference films are investigated here using sub-
100 nm local thermal analysis, X-ray photoelectron spectros-
copy (XPS), and water contact angle (WCA) measurements.
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■ EXPERIMENTAL SECTION
Lignin/PVA solutions and lignin/PVA/CNC dispersions were
prepared according to the method described previously.23 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). The lignin was used as received.
Poly(vinyl alcohol) (PVA) was acquired from the same supplier under
trade name Mowiol 20-98 (CAS Number: 9002-89-5), with reported
molecular weight of 125 kDa and degree of hydrolysis of 98% (2%
acetyl groups).
Cellulose nanocrystals (CNCs) were prepared by acid hydrolysis of

pure cotton. 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 obtaining
neutral pH by successive centrifugation at 12 000 rpm (10 °C, 20
min). Dialysis for 1 week against deionized water with 12 000 MWCO
membranes (Spectrum Laboratories, Inc., USA) was performed to
remove trace amounts of residual sulfuric acid from the suspension.
The dimensions of the obtained CNCs (Figure S1 of Supporting
Information) were typically 100−150 nm in length and 10−20 nm in
width, in agreement with values reported elsewhere.24,25 The obtained
CNC dispersion was sonicated for 15 min with a probe-type sonicator
operated at 250 W to avoid nanoparticle aggregation and kept
refrigerated at 4 °C until use. The concentration of CNCs in the
dispersions was determined gravimetrically.
Multicomponent Electrospun Fibers, Spin Coated and

Solvent Casted Films. Aqueous PVA solutions (5 or 8 wt %
concentration) were prepared, and lignin was added to obtain
solutions with lignin/PVA dry mass ratios of 0:100, 20:80, 50:50,
and 75:25. Aqueous dispersions of 4.5 wt % CNCs were added to the
lignin/PVA 20:80 and 75:25 solutions to obtain dispersions with 5, 10,
and 15 wt % of CNCs based on dry mass. The dispersions were kept
under vigorous mechanical agitation at 60 °C for 15 min, followed by
cooling to room temperature under stirring for 120 min. Dispersions
with less than one week storage time were used to produce the
electrospun fibers, spin coated films, and solvent cast films.
For electrospinning, 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 designed to
produce a voltage up to 50 kV DC (Glassman High Voltage, Series
EL). A thin aluminum foil covering a 15 cm diameter aluminum plate
was used as a collector. The plate was connected to the negative
electrode of the power supply (ground) and set at a working distance
of 22 cm. An operating voltage of 19 kV was used. A constant 8 μL/
min flow rate was maintained during electrospinning using a
computer-controlled syringe pump. Electrospinning was performed
at room temperature and at 35−45% relative humidity. The collected
electrospun mats were kept in a desiccator containing anhydrous
CaSO4.
Spin-coated films of lignin, PVA, and 75:25 lignin/PVA with and

without CNCs were manufactured on top of silicon wafers. Silicon
wafers (10 × 10 mm2) were first cleaned thoroughly by immersion in
10 wt % NaOH solution, rinsed with distilled water and ethanol, and
finally subjected to UV−ozone treatment. The lignin, PVA, and lignin/
PVA solutions were spin coated onto the silicon surfaces by first using
2000 rpm for 2.5 min followed by 700 rpm for 30 s. In the case of
lignin/PVA/CNC dispersions, the second spinning stage was
conducted at 1500 rpm for 15 s. The films were dried at room
temperature for 8 h followed by vacuum drying at 40 °C for 12 h (see
Figure S2 of Supporting Information for atomic force microscopy
images of spin-coated film surfaces).
Additionally, solid films were obtained by solvent casting 20:80 and

75:25 lignin/PVA solutions as well as 75:25/5% and 75:25/15%
lignin/PVA/CNC dispersions. The film casting was carried out by
pouring the solution onto a clean Teflon plate and storing them in a
dust-free atmosphere overnight at room temperature to dry. The
resulting films were between 20 and 100 μm thick detected by optical
microscopy.

Fiber Characterization. The morphology of nanofibers in
electrospun mats was examined using a field emission scanning
electron microscope (FE-SEM, JEOL, 6400F) operating at 5 kV and a
working distance of 11 mm. A small piece of the nanofiber mat was
fixed on carbon tape and then sputtered with Au/Pt to obtain a
coating layer thickness of about 4 nm. The diameter distribution was
obtained from 40 fibers that were selected randomly and image-
analyzed (Revolution software). Lignin/PVA electrospun fibers loaded
with 15 wt % CNC (75:25/15%) were also imaged with a field
emission in-lens scanning electron microscopy (FEI-SEM, Hitachi
SU9000) operating at 1 kV and working distance of 2.6 mm.

Water Contact Angle. The contact angles of water droplets (4 μL
volume) delivered from a needle connected to a syringe pump and
deposited on the surface of electrospun mats and spin-coated films
were measured with a Phoenix 300 system (SEO Corp., Korea). The
images of the sessile drop were analyzed with respect to their width
and height to yield the contact angle and drop volume using the
“Image J” software (National Institutes of Health, U.S.). The averages
of at least three contact angles for each substrate are reported.

X-ray Photoelectron Spectroscopy (XPS). The surface chemical
composition of 20:80, 50:50, and 75:25 lignin/PVA electrospun fiber
mats and lignin and PVA spin-coated films was determined using X-ray
photoelectron spectroscopy (XPS). Electrospun fiber mats with
thicknesses of ca. 100 μm were used in these measurements. The
measurements were performed with an AXIS 165 (Kratos Analytical,
Manchester, UK) spectrometer using a monochromated Al Kα X-ray
source at 100 W. All samples were pre-evacuated overnight to stabilize
ultrahigh vacuum (UHV) conditions. Each sample was analyzed at
least on three different locations, together with ash-free 100% cellulose
filter paper used in situ as a reference.26 Elemental surface composition
was determined from low resolution scans recorded with 80 eV pass
energy and 1 eV steps. The carbon C 1s high resolution spectrum was
collected using 20 eV pass energy at 0.1 eV steps. In XPS analysis,
binding energies were charge-corrected in all high-resolution data
using the aliphatic CC-carbon component at 285.0 eV.27 XPS signals
between 288 and 290 eV were identified and ascribed to
contamination from the atmosphere and from sample handling.
However, the binding energy region of these peaks did not interfere
with the analyses that used the fingerprint intensity of lignin and PVA
and the respective intensity ratio. The C1s high-resolution regions
were curve fitted using Kratos software, Shirley backgrounds, and a fit
with four symmetric Gaussian components corresponding to carbon
atoms with 0, 1, 2, or 3 bonds to oxygen neighbors.26 For the
evaluation of surface lignin concentrations, the S2p, Na1s, and C−C
component of the C1s high resolution signals were employed.

Local Thermal Analysis. Sub-100 nm spatial resolution local
thermal analysis (TA) was performed using a nano-TA (Anasys
Instruments, Santa Barbara, CA, USA). The nano-TA consists of an
atomic force microscope (AFM) equipped with a ThermaLever self-
heating cantilever. Temperature calibration of the ThermaLever
cantilever was carried out following manufacturers protocols using
melting point standards of poly(caprolactone), poly(ethylene), and
poly(ethyleneterepthalate). Specimens for local thermal analysis
consisted of freeze fractured samples that were glued and positioned
vertically on a silicon wafer substrate using a solid lateral support, a
small piece of a silicon wafer. The probe areas were cross sections of
lignin/PVA 20:80 and 75:25 solvent cast films. In local thermal
analysis, first the ThermaLever cantilever is used to make a high
resolution contact mode AFM image. Using the AFM image, the
cantilever is placed on the specimen surface within a chosen region of
interest. The tip of the cantilever is then heated at a rate of 20 °C/s.
During heating, the vertical deflection of the probe is monitored.
Initially, an upward deflection caused by thermal expansion of the
material beneath the tip is typically observed. However, when the
material crosses a thermal transition, such as melting temperature, the
material softens and the tip penetrates the surface resulting in a
downward deflection. This downward deflection is interpreted as a
material thermal transition. Using the sub-100 nm spatial resolution of
the nano-TA, individual phase separated components of the lignin/
PVA composites can be probed. Thermal measurements were
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conducted on various locations on the specimen, and for each position,
data was acquired following multiple runs. Imaging of the probed area
was acquired around the indentation mark, which helped to identify
the exact location of the tip−surface contact. Assessed thermal
transitions were used to help identify the composition of the different
phase separated components.

■ RESULTS AND DISCUSSION
Aqueous lignin/PVA solutions with and without CNCs were
electrospun into defect-free fibers to produce randomly
oriented fiber mats. We recently reported additional
information about the electrospinnability of aqueous lignin/
PVA/CNC solutions.23 The fibers’ radii (Table 1) increased

with lignin concentration; the average radii were 89 ± 2 and
148 ± 4 nm for 20:80 and 75:25 lignin/PVA systems,
respectively. With the addition of 5 wt % CNCs, the fiber
radii decreased for both the 20:80 and 75:25 lignin/PVA
systems. However, for CNC loadings of 15 wt %, the fiber radii
increased to 104 ± 5 and 194 ± 7 nm for the 20:80/15% and
75:25/15% lignin/PVA/CNC fibers, respectively. The typical
morphology and size histograms of 20:80 ligin/PVA and
20:80/15% lignin/PVA/CNC fibers are shown in Figure 1.
Figure 2 shows a field emission in-lens scanning electron

microscopy (FEI-SEM) micrograph of a cross-section of an

Table 1. Radius of Electrospun Fibers and Water Contact
Angle of Electrospun Fiber Mats of Different Composition,
without or with CNC Loaded (Lignin/PVA and lignin/PVA/
%CNC, respectively)a

composition
water contact angle,

degrees fiber radius, nm

Lig:PVA 0:100 50 ± 3 99 ± 8
20:80 48 ± 0 89 ± 2
50:50 43 ± 3 116 ± 7
75:25 21 ± 1 148 ± 4

Lig:PVA/%
CNC

20:80/0% 48 ± 0 89 ± 2
20:80/5% 49 ± 2 68 ± 3
20:80/10% 46 ± 1 117 ± 4
20:80/15% 47 ± 1 104 ± 5
75:25/0% 21 ± 1 148 ± 4
75:25/5% (0) 113 ± 5
75:25/15% (0) 194 ± 7

aAll fibers were defect-free and without indication of beading.

Figure 1. Field emission scanning electron microscope (FE-SEM) micrograph of electrospun fibers (top) and radius distribution (bottom) of 20:80
lignin/PVA fibers (a and b, respectively) and 20:80/15% lignin/PVA/CNC fibers (c and d, respectively).

Figure 2. Field emission in-lens scanning electron microscopy (FEI-
SEM) image for 75:25/15% lignin/PVA/CNC electrospun fibers. The
inset shows a cross-section of the fiber prepared by the freeze fracture
method. The bright features originate from the higher electron density
of CNCs which allows their identification. No metal-coating was used
for imaging.
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electrospun 75:25/15% lignin/PVA/CNC fiber. Bright features
in the interior of the fibers are identified as CNC nanoparticles
embedded in the fibers. The detailed features in the cross
sections are ascribed to the fracture of the sample, and
therefore, one cannot rely on such image for any discussion on
phase separation, which is better addressed in the next section.
Local Thermal Analysis. AFM-based thermal analysis

combines the high spatial resolution imaging capabilities of
atomic force microscopy with the ability to unveil the thermal
behavior of materials with sub-100 nm spatial resolution.
Because of difficulties associated with testing individual fibers,
experiments were performed on reference 20:80 and 75:25
lignin/PVA solvent cast films. Figure 3 includes AFM images of
film cross sections. The AFM images show phase separation in
the 75:25 lignin/PVA film (Figure 3d), but no phase separation
is observed in the lignin/PVA 20:80 film (Figure 3b). Three
locations on the cross sections of 20:80 lignin/PVA films were
randomly chosen for local thermal analysis. A clear downward
probe deflection in each position is observed in the range of
191−201 °C (average 195 °C) (Figure 3a), which likely
corresponds to the 200 °C melting temperature of PVA
reported for Mowiol 20-98.28 In our previous report, using
differential scanning calorimetry, we found the melting
temperature of 20:80 lignin/PVA electrospun fiber mats to
be 220 °C.23 The higher melting temperature observed in the
electrospun fiber mats could be caused by surface effects or
differences in PVA structure resulting from the higher

solidification rates and smaller domains in the electrospun
fibers. The AFM image in the 75:25 lignin/PVA system shows
phase-separated domains with characteristic sizes on the order
of 500−1000 nm (Figure 3d). The AFM-thermal probe allows
the identification of two distinct phases. In the continuous,
outer phase, no thermal transition is observed. However, in the
round, discontinuous phase a thermal transition at 238 °C is
measured (Figure 3c,d). Using thermogravimetric analysis on
75:25 lignin/PVA electrospun fiber mats, we previously
observed a degradation peak at about 233 °C that corresponds
to the dehydration of PVA. It is possible that the thermal
transition of the discontinuous phase corresponds to this PVA
degradation peak. The lack of PVA melting temperature and
presence of PVA degradation peak suggests that the
discontinuous phase is a lignin/PVA composite in which the
molecular interactions between lignin and PVA prevent the
formation of crystalline PVA regions. The lack of thermal
transition in the continuous phase suggests that it is primarily
lignin, which has no melting temperature and a thermal
degradation peak at around 308 °C.23

Surface Composition and Water Contact Angle. Pure
lignin solutions did not produce fibers upon electrospinning,
but the water contact angle (WCA) for such system can be
expected to be similar to that measured on a thin film prepared
by spin coating (5 wt % lignin aqueous solution), 10 ± 1°. This
low WCA supports the hydrophilic character of the lignin
employed here.29 The WCA of neat PVA electrospun fibers was

Figure 3. Local thermal analysis on cross sections of 20:80 (top) and 75:25 (bottom) lignin/PVA solvent cast films; 5 × 5 μm2 AFM contact-mode
topography images (b and d) and probe deflection profiles (a and c) are shown. The lignin-rich domains (blue curve in deflection plot, c) and PVA-
rich phases (red curves) are indicated. The blue and red squares added on the AFM images represent the location of the thermal probe indentation,
indicating lignin-rich and PVA-rich components, respectively.
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50 ± 3°. The change in WCA of electrospun fiber mats as a
function of wt % lignin in the solid fiber is shown in Figure 4a.

The WCA of the lignin/PVA fiber systems roughly remained
unchanged as the amount of lignin was increased from 0 to 40
wt %. Above this 40 wt % threshold value, a substantial WCA
reduction is observed. The addition of CNCs to 20:80 lignin/
PVA systems was observed not to produce changes in the WCA
(Table 1); however, WCA decreased rapidly, close to 0°, in the
75:25 lignin/PVA systems with the addition of CNCs.

The WCA results can be used to assess the distribution of
PVA and lignin on the surface of the fibers and gain insights
into the influence of CNC addition. In Figure 4a, the near
constant contact angle below 40 wt % lignin suggests that the
fiber surfaces are dominated by PVA for these compositions.
To better judge the influence of such effects, we examined
further the WCA for spin coated lignin/PVA films (Figure 4b).
All lignin/PVA composite films were continuous and smooth
with an average root-mean-square (RMS) roughness of 0.6 nm.
Noting that the WCA depends not only on the chemical
composition (surface energy) but also on the surface roughness
and morphology, it is interesting to observe that the WCA
values of the spin coated films were similar to those obtained
from the electrospun fiber mats (Figure 4a,b). This observation
can be taken as an indication that electrospinning and spin
coating produce bicomponent materials with similar surface
chemical composition and that their differences in surface
roughness/morphology did not affect the WCA. This
unexpected observation was confirmed after repeated measure-
ments. With the addition of CNCs, no differences in WCA
were observed in 20:80 lignin/PVA fiber mats (Table 1). This
suggests that the CNCs did not influence the PVA-rich surface
of these fibers. However, WCA decreased to 0° with the
addition of CNCs to the 75:25 lignin/PVA system, suggesting
strong interactions between the lignin-rich domains of these
fibers and the CNCs.
The surface chemical composition of 75:25, 50:50, and 20:80

lignin/PVA electrospun fibers and pure PVA and lignin spin-
coated films were determined using XPS (Figure 5). From the
C1s high resolution spectra (Figure 5b), it is observed that as
the amount of PVA increases the relative intensity of the C−O
contribution (at ca. 286.6 eV binding energy) also increases.
Both Na and S signals originate only from lignin and can be

used to identify and quantify surface lignin (Figure 5a,c,
respectively); the C−C signal, typically used in quantitative
determinations in lignocelluloses, is also available. Calculations
based on the S2p signal are reported here in our quantitative

Figure 4. Water contact angles of bicomponent lignin/PVA
electrospun fiber mats (a) and spin coated films (b) as a function of
lignin wt % based on total solids. The error bars indicate the standard
deviation calculated from three different samples. Typical surface
morphologies from SEM analyses of electrospun fiber mats (500 nm
scale bar) and from an AFM scan (1 × 1 μm2) of spin coated films are
added as insets in (a) and (b), respectively.

Figure 5. XPS spectra of lignin/PVA electrospun fibers (75:25, 50:50, and 20:80 lignin/PVA compositions, indicated by violet, blue, and light blue,
respectively). Included are also reference spectra for spin coated films of pure lignin (100:0, red) or pure PVA (0:100, bright green). From top to
bottom, the spectra are lignin/PVA 100:0, 75:25, 50:50, 20:80, and 0:100. The survey scans shown in (d) include the contributions from the main
atomic surface components, which are analyzed in high resolution for Na 1s (a), C 1s (b), and S2s and S2p (c).
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analyses, but we note that the compositions calculated from Na
2p or C−C component of the C1s signals are in close
agreement, within a ±10% deviation. The lignin surface
concentration in the electrospun fiber (calculated from the
S2p signal intensity) plotted against the lignin wt % is shown in
Figure 6. From this figure, it can be concluded that the surface

of the fibers is depleted in lignin when the lignin bulk
composition is under ca. 50 wt %, which is in close agreement
with the WCA analysis (Figure 4a). It is noted that the amount
of lignin on the surface is significantly increased at bulk
concentrations above the threshold concentration of ca. 50%
lignin. These results support the hypothesis that a thin layer of
PVA is formed at the air−solid interface during the formation

of fibers when the dominant component in the precursor
polymer mixture is PVA.
The nonlinear relationship between the surface and the bulk

composition obtained from XPS (Figure 6) and WCA (Figure
4) analyses reveal the existence of interesting phase separation
phenomena in electrospun fibers. During the extremely rapid
solvent evaporation and solidification during electrospinning, it
is expected that polymer structure is quenched into a
nonequilibrium thermodynamic state and the polymer chains
are locked into highly strained states near the surface. However,
our XPS (Figure 6) and WCA (Figure 4) results show that
surface composition is not directly proportional to fiber
composition. There is a threshold value around 40−50 wt %
lignin above which lignin dominates the surface. The nonlinear
behavior suggests that, despite the extremely fast quenching
during electrospinning, some phase separation processes might
still be occurring.
Further insights can be gained looking at the structures of

solvent-cast films which are expected to be closer to
thermodynamic equilibrium because of their “slow” solid-
ification. Between lignin and PVA, PVA has lower surface
energy and is therefore more likely to enrich the surface at an
air/solid interface during solidification. In 20:80 lignin/PVA
solvent cast films, no phase separation could be observed
(Figure 3b) and using local thermal analysis we found evidence
of crystalline PVA domains throughout the continuous phase.
In contrast, in the 75:25 lignin/PVA solvent cast film, we
observed phase separation (Figures 3d and 7) with the
discontinuous phase having PVA and the continuous phase,
which would be expected to also be on the surface, to be lignin-
rich. So despite PVA’s lower surface energy, for the 75:25
lignin/PVA systems, it is possible that a lignin-rich surface is
more thermodynamically favorable. Figure 8 shows schemati-
cally the proposed component distribution in lignin/PVA

Figure 6. Lignin surface concentration of bicomponent (lignin/PVA)
electrospun fibers as a function of the total lignin wt % in the fiber.
The lignin concentrations were calculated from the S 2p XPS signal
intensity. Lines are added as guides to the eye.

Figure 7. SEM images of cross sections of lignin/PVA (75:25) films. The two interfaces indicated correspond to the air/film interface and film/
Teflon support. The size of the domains is reduced as they are closer to the air/film interface. The addition of CNC to the aqueous dispersion used
as precursor of the films is observed to reduce the characteristic size of the phase-separated domains (see images in bottom panels with cross sections
of films loaded with 5 and 15% CNCs).
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electrospun fibers. For lignin contents under 50%, lignin is the
dispersed phase within a continuous PVA matrix, but at higher
concentrations, discontinuous PVA/lignin phases form within a
continuous lignin-rich phase.
One question that emerges is to what extent does the

addition of CNCs influence component distribution in the
fibers. WCA of 75:25 lignin/PVA electrospun fiber mats
decreased with the addition of 5 and 15 wt % CNCs from 21 ±
1o to 0o. However, for 20:80 lignin/PVA electrospun fiber mats,
the WCA remained unchanged with 48 ± 0, 49 ± 2, 46 ± 1,
and 47 ± 1 for CNC 0, 5, 10, and 15 wt %, respectively (Table
1). We also note that in the case of 75:25 lignin/PVA systems
the WCA was lower than that compared to pure lignin spin-
coated films (Figure 4b) after CNCs were added (Table 1).
These results indicate that CNCs affect the surface polymer
distribution of the 75:25 lignin/PVA electrospun fibers,
possibly because the CNCs are more prevalent in the lignin
phase which dominates the surfaces of these fibers. We also
point out the observation that in the 75:25 lignin/PVA systems
the addition of CNCs reduces the characteristic domain size in
solvent cast films, i.e., improves the compatibility or mixing of
the lignin and PVA polymers (Figure 7). These observations in
WCA and morphology highlight the strong interaction that
exists between CNCs and lignin, which is the principal
component in 75:25 lignin/PVA systems.

■ CONCLUSIONS
The surface structure and interfacial properties of lignin/PVA/
CNC electrospun fibers were studied by WCA, XPS, and local
thermal analyses. The results indicate that the surface
composition of the electrospun fibers is not directly propor-
tional to the bulk composition. Below a threshold of about 50
wt % lignin, PVA dominates the electrospun fiber surfaces, and
above the threshold, lignin dominates. In 75:25 lignin/PVA
solvent-cast films, phase separated domains are observed. Using
local thermal analysis, the continuous phase is determined to be
lignin-rich and the discontinuous phase has a PVA/lignin
material with suppressed PVA crystallinity. The sizes of the
phase-separated domains are reduced by addition of CNCs to
the system. Also, the addition of CNCs affected the 75:25
lignin/PVA electrospun fiber surfaces but not the 20:80 lignin/
PVA electrospun fiber surfaces, suggesting CNCs are more
closely associated with lignin.
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