ABSTRACT
PERESIN, MARIA SOLEDAD. Novel Lignocellulosic Composites. (Under the direction of
Prof. Orlando J. Rojas and the co-direction of Dr. Joel J. Pawlak).

Obtained by acid hydrolysis of ramie fibers, cellulose nanocrystals (CNC) were used to
reinforce nanofiber webs of different polymeric matrices via electrospinning. Poly vinyl acetate
(PVA) with different degrees of hydrolysis was chosen due to its biodegradability and ease of
processability. Homogeneous webs of smooth, defect-free and continuous fibers were prepared
presenting diameters on the nanoscale, containing from 5 to 15% wt of CNC. The webs were
characterized in terms of chemical, morphological, and thermo- mechanical properties. Strong
interaction between PVA matrix with CNC, mainly via hydrogen bond network was evidenced;
however, it was reduced in samples with higher content of acetyl groups. Most interestingly, the
elastic modulus of the nanocomposite mats increased significantly as a consequence of the
reinforcing effect of CNC, via the percolation network held by hydrogen bonds and the efficient
stress transfer between the reinforcing CN and the fully hydrolyzed PVA electrospun fibers.
Reduction in the degree of crystallinity of CN-loaded webs was observed as a result of
transnucleation effect of the nanoparticles.
Due to the hydrophilicity of the matrix, the effect of different relative humidities on the
morphological and thermo- mechanical properties of the electrospun was also studied. The
incorporation of CNC was shown to improve the morphological stability of the webs even at
high humidity levels. The thermo- mechanical behavior of the electrospun fiber webs was
drastically affected by the balance between the moisture-induced plasticization and the rigidity of
the reinforcing CNC. Results indicated that water absorption might have a negative effect on the

stabilizing effect of CNC in the PVA matrix due to a disruption of the hydrogen bond network
within the structure. Humidity- induced reduction in tensile strength of neat PVA fiber webs was
shown to be significantly prevented by the presence of CNC in the webs; and a fully reversible
recovery in mechanical strength after cycling of relative humidity was observed in the CNloaded PVA webs.
Target applications for these ultra high surface area webs include the manufacture of sensors
and selectively permeable membranes, in which case, their high hydrophilicity can be
detrimental in applications were aqueous media is involved. In order to overcome this problem,
we proposed a vapor phase, acid catalyzed crosslinking reaction, using maleic anhydride and
posterior temperature curing. Interactions of the modified composite webs with solvent of
different polarities were analyzed, as well as their mechanical integrity after water immersion,
morphological, thermal, and chemical properties before and after modification.
Finally,

mixtures of cellulose acetate,

dissolved

in a

mixture of acetone and

dimethylacetamide, with different degrees of substitution were electrospun, obtaining nanofiber
webs of various compositions. The fibers were reinforced with CNC, and also effectively
deacetylated via alkaline hydrolysis, to obtain purely cellulosic webs. The effect of deacetylation
on morphology and thermal behavior was evaluated using a variety of techniques. Results
showed that thermal, surface and chemical properties of the fibers were drastically changed a fter
deacetylation to cellulose; however, the morphological structure was preserved. Finally, the
presence of CNC in the CA and regenerated cellulose polymeric matrix induced an increase in
hydrophilicity on the electrospun webs, as revealed by water contact angle results.
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Chapter 1.

Background
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1.1 Electrospinning
Electrospinning is a technique that consists on spinning of continuous polymeric fibers in
the micro- and nano scales, facilitating the uniaxial stretching of a visco-elastic solution by
means of electrostatic forces.1 These fibers can be obtained from a variety of synthetic and
natural polymer solutions, polymer alloys, and even polymers filled with particles, metals,
etc.2, 3

Figure 1-1 a) Scanning electron microscope (SEM) image of a single human hair surrounded by
electrospun nanofibers of poly vinyl alcohol (PVA) and b) Comparison of e lectrospun fibers and
different objects.2

Electrospun fibers can be hundreds of times thinner than human hair (Figure 1.1.a). These
fiber diameters make the surface area of the mats obtained extraordinary high. As examples,
1 gram of polyethylene can produce 13 km of fibers of 10 μm diameter via electrospinning,
with a surface area of 0.4 m2 /g. However, if the diameter of the fibers is reduced to 100 nm,
the total length will be 130,000 km and the surface area, as high as 40 m2 /g. The type of
nanostructure products obtained with electrospinning present a wide range of applications,
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i.e. biological applications, taking advantage of the fact that these fibers are in the same
dimensional scale than bacteria, and viruses.3 (Figure 1-1.b)
The electrospinning technique has been performed and successively e nhanced for more
than 200 years.1 In the early 1700‟s, the study and understanding of electrostatics on liquids
was performed by Gray.4

Later, the primary question regarding the electrospinning

technique was brought up by the Nobel Prize Lord Rayleigh back in the 1800s. He studied
the amount of charges needed to overcome the surface tension of a drop. 5 His research was
followed by John Zeleny in the early 1990s with more insights on the electrical discharges
from liquid points.6 The first patents describing the use of electric charge in the spraying of
liquids were reported by Cooley and Morton in the early 1900s,7-9 and was followed by the
work of Hagiwaba on the production of artificial silk using the same method. 10
Approximately 100 years later, Larmor used electrodynamics to elucidate the influence of an
electric charge in the excitation of dielectric fluids.1 It was not until 1934 that Formhals11
patented the first device for electrospinning of polymers, which set up the basis to the patent
for the commercial production of fibers of around 1 μm in diamterer by Simm et al.12 in
1970‟s, for applications in filters in the nonwoven area. 3 Reneker et al. led the academic
interest in electrospinning around the 1990‟s, by combining fundamental and applicationoriented research in a multidisciplinary perspective that included engineering and different
sciences, such as chemistry, physics, and biology. 3

Since then, its interest has grown

exponentially with a vast number of publications that framed a very wide spectrum of
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modifications in the process. In the last 10 years, the scientific publications related to
electrospinning reached a very large number, as it is reflected in Figure 1-2.
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Figure 1-2 Number publications related to electrospinning per year in the last decade (graph built
with data obtained with SciFinder Scholar; key word: electrospinning)

1.1.1 Electrospinning: Fundamentals and set-up
Although electrospinning is an easy and simple technique, there still exist many details
related to the physical phenomena behind the process, and their interaction, that are very
difficult to interpret.
There are three main components of the electrospinning set-up, including a capillary tube
with very small nozzle to hold the polymer solution, a power supply to provide the high
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voltage, and a metallic collector which holds a substrate to collect the produced fibers. 2, 3 A
basic schematic of the electrospinning set up is illustrated in Figure 1-3.
The nozzle associated with the syringe is connected to the positive electrode of the power
supply, and on the other extreme end of the setup, there is a grounded collector ( the polarity
arrangement can be inverted with same results).2 The type of collecting devices and their
effects on the alignment and morphology of the fibers have been studied. 1 Among the
different collectors, the most popular include static, dynamic, single or multiple array of
electrodes in a variety of configurations, such as collector plate, rotating drum,13-15 rotating
wire drum,16 rotating tube collector with knife-edge electrodes,17 disc collector,18 parallel
electrodes,19 and multiple spinnerets.20-23

Power supply
Voltage
Positive
electrode
ІІІІІІІ + + +

Syringe Pump

-

Grounded
Collector

Tip-Collector Distance
(TCD)
Figure 1-3 Schematic illustration of an electrospinning setup
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The given polymer in solution is pumped through a syringe and forms a hanging drop at
the tip of the capillary.2 The polymer drop is held by its surface tension; once the electrical
field is applied, free charges will be induced in the polymer solution. 2, 24 The induced free
charges respond to the electric potential by travelling from the tip of the capillary or nozzle in
the direction of opposite polarity, to the collector.
As a result, the liquid solution gets a tensile force applied to by the electric field, and along
with an increment in the intensity of the electrical field, the surface of the polymer at the tip
of the nozzle starts to stretch, transforming the drop from a hemisphere to a conical shape,
called a Taylor cone.2,

24

This cone was named after Sir Geoffrey Ingram Taylor, who

studied these phenomena back in 1964. He demonstrated that the angle between the cone
and the nozzle was 49.3o 25 . Even though it was demonstrated later, the cone formed in liquid
surfaces by critical applied electric fields is of 33.5 o .2, 26 These electrical forces, along with
the intrinsic surface tension of the polymer solution will cause the accumulation of charges,
pulling the solution to form this conical shape and initiating a jet of solution coming out of
the nozzle.2,

27

Once a critical value of applied voltage is reached, the surface tension is

overcome by the electrostatic forces, and a jet of liquid will be expelled from the Taylor cone
towards the counter electrode.2, 3, 24
During the process, the uncharged solution will suffer several chaotic motions,
instabilities and as a consequence, elongation of the polymer jet. The stretching forces make
the jet thinner and longer, as solvent is evaporated, and by the time the polymer solution hits
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the collector, it is no longer a polymer solution, but an interconnected cluster of polymer
fibers with diameters in the range of the micro- or nano- meters, depending on the conditions
used in the system.2, 3, 24, 28
Mathematical modeling for critical voltage, whipping amplitude as well as charge
repulsion and surface tension balance in electrospinning have been carried out to help
understand the effect of the electric field distribution in the resultant fibers. 24,

29-32

The

process can be modeled considering two stages: jet initiation and bending instability which
includes jet thinning and solidification. 2, 24, 29, 31, 32 The shape and angle of the initiating jet
governs the instability that the jet of polymer undergoes along its way to the collector device,
also dependent on the polymer solution properties and the applied electrical field.2, 33 Figure
1-4.a), illustrates the evolution of the Taylor cone with increasing voltage applied for a
constant nozzle-collector distance, while Figure 1-4.b) shows a high-speed photograph of a
typical conical shape of the electrospinning jet when undergoing the whipping instabilities.
The repulsive forces in the charged jet accelerate the solution towards the opposite
electrode, in a natural attempt of closing the electrical circuit. 26 In this way, the jet splits into
smaller multiple filaments as a result of increased charge density, due to the stretching of the
jet and solvent evaporation on the way, as explained by Doshi and Reneker. 34 Later it was
suggested that the stretching and bending of the jets are increased due to whipping (nonaxisymmetric) instability (Figure 1- b).
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a)

b)

Taylor
cone

Electrical field

Figure 1-4 a) Stable jet profiles from polyethylene oxide (PEO) in water electrospun s ystem with
increasing electrical field applied (nozzle outside diameter 1.6 mm),33 b) High-speed photograph
of a typical conical electrospinning jet when suffering the whipping instabilities (scale bar = 1
mm).35

The whipping of the jet is so rapid that it ends up splitting in numerous micro- nanofibers. In 2001, Shin et al. suggested a competition of the different instabilities occurring
during the process by modeling the instability behavior based on fluid and operating
variables.35

1.1.2 Parameters in the electrospinning system
In order to obtain continuous, single and defect- free nanofibers with electrospinning, there
are some key variables to take into account. The variables affecting the process and resulting
fiber diameters can be divided as follows:
i)

Solution properties, such as viscosity, conductivity, surface tension, and elasticity;
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ii)

Operational parameters, such as electric field strength (applied voltage and nozzle-

collector distance), flow rate and hydrostatic pressure on the nozzle;
iii)

Ambient conditions such as temperature, humidity, and air velocity.

A very challenging task is to carefully combine and control this rather complex set of
parameters, to accurately tune the properties of the resultant fibers.24,

34

Increasing fiber

diameters will be obtained by increasing the solution viscosity, while the viscosity of the
solution depends on the polymer concentration. It has been shown that the diameter of
electrospun fibers obeys a power law relationship with polymer concentration.32

More

precisely, the diameter of the fiber is proportional to the cube of the polymer concentration in
solution.36 However, since the amount of fluid coming out with the jet in presence of higher
electrical field is regulated by the flow rate and the applied voltage; higher electrical fields
and flow rates render fibers with larger diameters.36

The choice of the solvent in the

electrospinning system also affects the diameters of the obtained fibers.

Increasing the

volatility of a binary mixture of solvents, fibers with thinner diameters will be obtained as
reported by different research groups.21, 37
A common problem when setting the parameters for a new system is that of beading. The
formation of beads has been explained in different reports.38-40 Fong et al.38 stated that the
beads are associated with the instability of the jet of polymer solution, and are also
influenced by polymer concentration (a higher polymer concentration, reduces the number of
beads). Although beading is a detrimental phenomenon, increasing polymer concentrations
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also increase its viscosity, and thus that visco-elastic forces that oppose rapid changes in
shape.19,

34

Extremely high concentrations of the solution prevents the fiber formation.2

When the solution concentration is below a certain range, undulating, ribbon-type fibers can
be obtained. This morphological characteristic is attributed to a delaying in drying and
consequent stress relaxation of the fibers. 41
Surface tension is the second most important force considered in the beading
phenomenon.
fibers.38

Reducing surface tension could potentially lead to obtaining beads- free

The formation of droplets from the breaking up of the jet is called Rayleigh

instability. This effect occurs when the surface tension of the liquid tends to transform the
liquid jet in lower surface energy spherical droplets. 42

Surface tension depends on the

solvent compositions, and not all the solvent systems can be used in electrospinning. 38, 43
Third and not least important is the net charge density of the solution, which affects the
forces governing electrospinning.

Along with the right surface tension values, higher

conductivity of the polymer solution has been shown to produce defect- free and thinner
fibers41,

28, 38

The radius of the jet during the electrospinning process is inversely

proportional to the cube root of the electrical conductivity of the solution, as was determined
back in the 70‟s by Baumgarden et al. 44
The effect of the applied voltage on the formation of beads has been studied.2,

24, 30-32

Higher electrical fields decrease the amount of beads in the formation process, as shown by
Deitzel.32 This was explained as originated by a change in the shape of the initiating jet that
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would influence the prevailing instability mode. 32 Following the same trend of analysis, Tan
et al.31 explained the formation of beads as resulting from the splitting of the jet at the end of
the Taylor cone, disintegrating in many small droplets.
Along with the type of solvent used in a specific system, the distance between the tip of
the nozzle and the collector device (working distance) can be detrimental to the morphology
of the produced fibers.

Aqueous polymer solutions electrospun under short working

distances can produce beading and fibers still wet if compared with volatile organic
solvents.2, 45
By manipulating some of the above mentioned variables, it is possible to obtain microand nano- pores in the spun fibers. The velocity of the jet and its mass transfer rate will be
strongly affected by the flow rate of polymer solution from the nozzle. Porous fibers have
been reported by different groups and for different polymers, mostly in highly humid
environments.46, 47 At a constant applied electrical field, electrospinning systems using high
flow rates produce beaded fibers with pores.47

This pore formation was explained by

evaporative cooling of condensed moisture droplets in the air that surrounds the nozzles,
imprinting the fibers with nano-cavities that receive the name of “breath figures”.48 Another
reason for the presence of pores is the rapid solvent evaporation, mostly in the case of
organic solvents. The vapor pressure of the solvent regulates the evaporation rate, drying
time and consequent phase separation process,2 which makes easier the fibers solidification.21
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1.1.3 Applications of electrospun fibers
There are several applications of polymer nanofibers. About 60 % of the applications are
related to medical and pharmaceutical fields, but they are also used in membranes and
sensors manufacture.42 Figure 1-5 summarizes the most popular applications for electrospun
nonwovens.
TISSUE ENGINEERING

LIFE SCIENCE APPLICATIONS

Scaffolds for skin and in 3D as bone and cartilage
regeneration blood vessels tubes

Drug delivery
Haemostatic and wound dressing

FILTRATION MEDIA

COSMETICS
Cleansing, healing,
and therapy skin masks

POLYMERIC
NANOFIBERS

For liquid, gas and molecular
filtration

NANO SENSORS

MILITARY PROTECTIVE CLOTHING

Thermal, piezoelectric, biochemical,
and fluorescence sensors

Minimal air impedance; aerosols entrapment
Barrier for bio-chemicals and gases

INDUSTRIAL APPLICATIONS
Micro- and nano electronic, photovoltaic (nano solar cells), and LCS devices
Electrostatic dissipation
High efficiency catalysts carriers

Figure 1-5 Potential applications of electrospun nonwovens (adapted from Burger, et al). 48

The incorporation of molecules with a certain function or reinforcement components to
the fibers for different applications can be a challenge when using conventional
electrospinning. Modifications in the electrospinning setup and the use of two different
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polymers or suspensions in a co-axial geometry allows the production of bi-component
fibers.3 Several structured fibers have been produced by using this technique, such as coresheath fibers and hollow fibers. Basically, these fibers are formed by manipulating different
polymer solutions and spinning them from the same nozzle that is compounded by two
concentric capillaries. A schematic of a coaxial electrospinning setup is shown in Figure 1-6.

Figure 1-6. Schematic illustration of the coaxial electrospinning setup used to generate core-shell
structured fibers.49

Coaxial electrospinning has been widely used in the production of fibers for application in
drug release, bioactive tissue scaffolds, biochemical sensors, gas storage, and nano-electronic
devices.31 Some of the research conducted in this area includes bi-component fibers of
polycaprolactone (PCL) and gelatin, 49-51 and PCL and polylactic acid (PLA) for microencapsulation of antibiotics52, 53 , viral gene,54 and proteins for drug release.55 Moreover, coaxial electrospinning can be used to encapsulate other materials such as silver
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nanoparticles,56 magnetic particles,57 and even cellulose nanocrystals.15,

58-74

“Nano-cables”

using PEO as the isolating shell, surrounding a conductive core of polyhexylthiophene have
been obtained,75 conferring novel properties to the fibers.
Through the co-axial electrospinning, it is possible to design sacrificial templates for
hollow nanofibers or nanotubes.

Ceramic nanostructures have a high impact in

photocatalysis and photovoltaics. Li et al. developed a protocol to produce hollow TiO 2
nanofibers by co-spinning two immiscible solutions, polyvinylpirrolidone (PVP) and a
titanium alkoxide (Ti(OiPr)4) as a ceramic precursor in the outer layer and a heavy mineral
oil in the core. After selectively removing the oil, Ti/PVP composite hollow fibers were
obtained. Also a uniform, circular cross-section, pure hollow TiO 2 fiber was obtained upon
calcination of the precursor. Similar procedure was applied to incorporate fluorescent dyes
into PVP hollow fibers.76 Examples of these fibers can be seen in Figure 1.7.
Different efforts have been made to enhance the strength and mechanical properties of
electrospun composite nanofibers.24 To this end, the most effective strategy reported is to
incorporate a number of diverse reinforcing agents.31 Such reinforcing effect is governed by
three main parameters:
a)

Tensile modulus of the as-spun fibers.

b)

The actual axial fiber ratio, and

c)

The interaction between the reinforcing agent or filler and the polymer matrix.3
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A key property in the use of particles to reinforce nano-composite fibers is because of their
small diameter, and very small refraction; leading to a transparent composite.3

Figure 1-7. a) TEM image of hollow electrospun TiO2/PVP composite fibers77 ; b-c) TEM and
SEM micrograph of pure TiO 2 after calcining TiO2/PVP composite fibers;77 d) Fluorescence
optical micrograph of hollow PVP fibers with inner surface derivatized with fluorescence dye
(DilC18)76 ; c) TEM image of hollow PVP-dye derivitized fibers, decorated with superparamagnetic iron oxide

Carbon nanotubes are among the most used reinforcing inorganic nanoparticles reported78,
79

, also glass,80, 81 and metal particles such as gold82 or Zn.83 Organic, renewable nanofibers

have also been incorporated in polymeric matrixes with reinforcing purposes in composite
developments.

Several research groups have focused efforts on incorporating cellulose

whiskers coming from different natural fibers in polymeric electrospun nanofibers.15, 58-74
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1.1.4 Challenges in electrospinning
Perhaps the most often encountered challenge when electrospinning polymers is related to
the randomness of the collected fibers.

Nonwovens with aligned fibers can improve

mechanical properties and therefore increase the range of applications.1, 24 Many efforts have
been made to align electrospun nanofibers, such as the development of diverse collector
devices.

However, it is a common problem when attempting to obtain aligned

electrospinning fibers, to balance the collection speed and the coverage area.
Another important challenge in electrospinning of nanofibers is the scaling- up of the
process in order to make it commercially- feasible. Elmarco Nano for Life (Liberec, Czech
Republic) was the first company that scaled up the nanofiber production. Elmarco patented a
unique technology under the name of NanospiderT M for high through-put production of
electrospun nonwovens.84 NanospiderT M is able to electrospin up to 1 g/m2 of raw material in
less than one minute. There is a commercial, laboratory scale unit available at the College of
Textiles at North Carolina State University. Furthermore, other companies have developed
high-speed devices for scaled-up nonwoven production, such as e-Spin Technologies Inc.,85
and Donaldson filtration.86
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1.2 Polyvinyl alcohol (PVA) matrices
1.2.1 Production of PVA and general properties.
Polyvinyl alcohol (PVA) is among the most commonly used synthetic polymer due to its
unique properties.87 Vinyl alcohol, the monomer of PVA cannot be isolated, due to its
instability, as it tautomerizes in the form of acetaldehyde. Hence, the synthesis is done
through the initial polymerization of polyvinyl acetate (PVAc), which is further hydrolyzed
to PVA.88,

89

This polymerization is achieved by PVAc hydrolysis with methanol

(alcoholysis) in presence of sodium hydroxide as catalyst,90 as shown in Figure 1-8. The
residual content of acetyl groups in PVA vary depending on the concentration of the catalyst
and the time and temperature of the reaction. Alcoholysis in alkaline media render residual
groups distributed in blocks.90

Figure 1-8. Polymerization of PVAc and hydrolysis of PVAc to PVA

The overall properties of PVA depend on the amount of the residual acetyl groups after
the hydrolysis reaction. Several grades of PVA are commercially available. 91 Based on the
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degree of hydrolysis reached, PVA can be classified as “fully hydrolyzed” when the degree
of hydrolysis ranges between 97 and 100% (Figure 1-9. a). On the other hand, when the
degree of hydrolysis ranges between 97 and 100%, PVA falls under the category of “partially
hydrolyzed” (Figure 1-9. b), which is a mixture of PVA/PVAc where the acetyl content is
about 11 % wt. The properties of these categories are distinctive in terms of polarity, thermal
properties (melting point, crystallization), emulsifying and consequently solubility
properties.90 In partially hydrolyzed PVA, the hydrophobic acetyl groups alter the intra and
intermolecular hydrogen bonds of neighboring hydroxyl groups thereby decreasing their
strength and degree of crystallinity.92

Figure 1-9. Molecular structure of fully (a) and partially hydrolyzed (b) PVA

In order to understand the structure of polyvinyl alcohol, it is important to consider the
polymerization of its precursor, polyvinyl acetate. Polyvinyl acetate is produced by radical
chain polymerization of vinyl acetate in a methanol medium. Initiators with peroxy- or azo
groups can supply the needed radicals for the reaction to take place by decomposition in the
reaction mixture. The molar masses of the product can be adjusted by the right selection and
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amount of initiator, which, along with the methanol, act as a chain transfer agent. Moreover,
methanol eliminates the heat produced during the reaction by evaporative cooling, and is
used later in the hydrolysis of polyvinyl acetate in the polyvinyl alcohol production.90
Making the assumption that a “head-tail- head” polymerization of PVAc occurs, after
alcoholysis, PVA will present a 1,3- glycol chain structure as shown in Figure 1-10.
Even though several variations exist, the structure of PVA modifies the properties of the
resultant polymer, such as 1,2-glycol structure, when the polymerization pattern occurs in a
“head- head-tail-tail” sequence.93 Also, branching along the PVA chain can occur when the
reaction takes place in prolonged times. Branching consequently affects the rheology of
PVA solutions in water. Finally, terminal aldehyde groups can be present in the polymer
back bone in the case that acetaldehyde is present during the PVAc synthesis. 90, 94
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Figure 1-10 1,3-glycol chain structure of PVA with the different stereo-chemistries alternatives

The tacticity or steric structure of PVA impacts its final properties and it can be predicted
from the PVAc polymerization. There is a favored atacticity structure for polymers obtained
by radical chain polymerization reactions, but it is also possible to produce syndio- and
isotactic PVA structures. PVA chains with higher regularity favor increasing alignment
among them with a tendency to possess mutual orientation, based on the polarity of their
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functional groups. Therefore, the amount of residual acetyl groups will be detrimental in the
orientation of the chains, and also in the property profiles of PVA.

1.2.2 PVA properties and applications
PVA is a light white solid powder,89 a semi-crystalline polymer, that is easy to process
because of its natural bio-adhesive nature, and has good physical and chemical properties. 87,
88, 90, 95

The molecular weight of PVA can range from few thousand up to one million Daltons,
and it is water soluble. Viscous solutions of PVA in water can be obtained at temperatures
above 70 o C under vigorous agitation. Because of its hydrophilicity, most solvents of organic
character are not suitable to dissolve PVA. Fusion of PVA and its decomposition are reached
at temperatures close to 250 o C, and in its bulk form, it does not easily burn in air.94
PVA is among the synthetic polymers that are biodegradable and biocompatible,95 and
physiologically inert in terms of acute oral toxicity, showing LD50 between 15 and 20 g/kg
(with LD50 being the lethal dose, based on 50 % of a group of animals after oral
application).88 Once ingested, PVA rarely absorbs on the intestinal tract and it does not show
accumulation in the body. In fact, PVA is cataloged as an indirect food additive by the US
Food and Drug Administration (FDA), used in products that are in contact with food, such as
additive in egg shell mixtures.88 PVA is not a skin or mucous membrane irritant, 90 it is noncarcinogenic, not mutagenic or clastogenic. 88 Lastly, PVA can be biodegraded into CO 2 and
water by adapted microorganisms.90

Many microorganisms present in either natural or
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artificial environments like landfills, soils, and septic systems, have been reported to posses
the ability to enzymatically degrade PVA. This property enhances the environmentallyfriendly nature of PVA and its low environmental impact.88
PVA is widely used in the textiles, adhesive, cosmetic, food, drug, paper and packaging
industries. The main function of PVA involve filtration, catalyst supports,42, 96 membranes
and electrospun nonwoven,97-99 optics, drug release,100,

101

enzyme mobilization,101 tissue

engineering,99 protective clothing,102 and others.103 PVA also exhibits remarkable barrier
properties against oils and fats,95, 104 aromas and perfumes and small molecules (nitrogen,
oxygen, etc.)105 .
PVA can also be used to produce fibers via electrospinning, therefore expanding its
already broad spectrum of applications. 87 Electrospun fibers produced from PVA has been
extensively studied over the past few years in regards to the effects of production
parameters,106-109 molecular weight,103, 106,

110, 111

concentration,97,

112

solvent and pH,113 as

well as the presence of additives.114, 115 Also, the mechanical and thermal properties as well
as the structural stability of PVA fibers have been studied. 116, 117
Once the challenges are overcome, PVA should be considered an excellent candidate for
use in several types of membranes. Currently, the field of membranes has acquired attention
in the chemical community for several applications. Perhaps the most important property in
membranes is their ability to control permeation rates of different species. In the case of
membranes for controlled drug delivery, the release rate from a reservoir in the body has to
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be moderated. In membranes for separation purposes, the target is to permit one of the
components in a mixture to permeate through the membrane, while the permeation of the rest
of the components can be prevented.88

Examples of relevant applications for PVA

membranes are given in Table 1-1.88, 118
Table 1-1 Example applications of PVA membranes
Application

Principle

Microfiltration
(MF)

Removal of particulate material, microbial cell residues and turbidity

Ultrafiltration
(UF)

Removal of large organic molecules; by molecular size to separate small
particles from liquid media

Nanofiltration
(NF)

Small organic molecules removal and softening

Reverse
osmosis (RO)

Desalination

Pervaporation
(PV)

Separation of mixtures of aqueous and organic components, removal of
residues of volatile organic compounds from aqueous media, and even
separation of two or more organic solvents. Based only on polarity (not
volatility), one of the components of the mixtures is transferred throughout
the membrane.

Fuel cells

Substitute to available power sources in transportation and portable
electronics

Many of the key properties of PVA, such as those mentioned above, are the result of its
significant cohesive energy due to its polarity from hydroxyl groups. 119, 120 However, the
same characteristics that endow PVA with unique performance and hydrophilicity make it
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susceptible to plasticization in humid environments, 120 and consequent significant lost of
dimensional stability in aqueous media. This deficit on integrity has triggered alternatives
such as post-treatment,121 crosslinking,97, 122 and blending.98, 123
In order to stabilize the polyvinyl alcohol in aqueous media, several methods have been
approached. Following, the most commonly used methods are listed.
Heat treatment. Membranes for reverse osmosis118, 124 (RO) with decreased salt and water
permeability, have been successfully obtained upon treatment of the PVA membranes at
120–175 o C during 30–80 min. The exposure of the membranes to higher temperatures
implies chemical cross-linking but carrying associated disadvantages such as chain scission
and unsaturation.118 In the case of fully hydrolyzed PVA, heat treatment at 160 o C shown a
decrease in hygroscopicity and water vapor transmission rate and permeability due to a
change in crystallinity.125
Inducement of crystallization by freezing–thawing cycles.

This method consists on

exposing the PVA film to temperature cycles. Freezing the sample and thawing it to room
temperature, for up to ten cycles induces an increase in crystallinity.126,118 Even though, the
changes in properties due to physical cross-linking were not as significant as those reported
for chemical techniques.127
Radical polymerization – peroxidisulphate. Sanderson and Immelman128 used potassium
persulphate, a strong oxidizing agent in aqueous medium, as initiator for aqueous vinyl
polymerization via free radicals. The main idea was to create a permanent gel layer insoluble
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membrane via polymer radicals coupling cross- linking which can be further chemically
modified to improve salt rejection properties.
Acid-catalyzed dehydration.

Chemical modifications of polyvinyl alcohol can be

performed using compounds that react with the hydroxyl groups of polyvinyl alcohol. 124, 129
Multifunctional compounds such as dialdehydes, dicarboxylic acids or anhydrides as
crosslinking agents have been reported.124

1.3 Cellulose
1.3.1 Cellulose overview
Widely distributed in nature, cellulose is the most abundant polymer in the Earth‟s
biosphere. Being renewable, sustainable and abundant, cellulose production is estimated
around 7.5 x 1010 tons per year.130, 131 Essential in the constitution of cell walls in plants,
cellulose is a fibrous, strong, and water- insoluble polymer.

Cellulose is present in the

primary structure of higher plants and it can also be found in marine species (tunicate), and
even in less developed organisms such as protozoa (amoeba), algae, and microorganisms
(bacteria, and fungi).130, 132, 133
Cellulose in plants and trees varies in percentage, depending upon the different source
where it is obtained. The amount of cellulose present in cotton can be as high as 90-99 %, 80
% in flax, between 60 and 70 % for jute fibers, but only 40-50 % of wood is actually
cellulose.132
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1.3.2 Historical review and molecular structure of cellulose
Cellulose was first introduced as such in a French academy report back in 1839, based on
the discoveries made by Alselme Payen one year earlier. 134 In his work, Payen described a
resistant fibrous material remaining after acidic or ammonia-based treatments of different
plant tissues, and subsequent several extraction steps. Even though the relationship glucosecellulose was first reported by Braconnot in 1819, 135 Payen was the first researcher that
successfully isolated and chemically characterized cellulose as a carbohydrate isomer to
starch, that is comprised of glucose residues.136,

137

This quantitative relationship was

developed by several contributions for almost a century, and then it was Monier-William
who showed the relationship in the form of an equation (C6 H10O5 )n + nH2 O = n(C6 H12O6 ).138
The derivatization 139, 140 and different treatments of cellulose, such as acid hydrolysis,139,
141, 142

led the scientific community as early as 1920 to prove that there are three alcoholic

hydroxyls present in C 6 H12 O6 . They also showed that from those three alcoholic hydroxyls,
two of them are secondary while the other one is primary.

This was corroborated by

esterification143, 144 and eterification140, 145, 146 reactions. The currently accepted tautomeric
structure of α- and β-pyranose for glucose was proposed in 1925 by Haworth et al. 147,
along with the evidence provided by Zemplen (1926) 149 and Haworth (1927)150,

151

148

that

cellobiose was a 4-glucopyranosylglucose, which lead to the representation of cellulose as a
linear association of hexose units connected by glucosidic links, thereby forming a
macromolecule.152, 153 Incidentally, during the 50‟s and 60‟s nuclear magnetic resonance and
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crystallographic studies were conducted,154, 155 that showed that glucose in cellulose chains is
present in its β-D-glucopyranose form.
Chemically, cellulose can be defined as a linear homopolymer made up of anhydro-Dglucose units brought together by β-1,4 glucosidic linkages.

Each single β-1,4-linked

anhydro-D- glucose unit arranges with the formation of a 180o angle with respect to each
other, and a repeating two associated glucose units receives the name of cellobiose - the
repeating unit of cellulose. This was demonstrated by a succession of tests and significant
studies of the products of tandem acetylation and acetolysis reactions of cellulose. 156-159
Moreover, the β-D-glucopyranose monomers contain a 4 C1 conformation, which positions the
hydroxyl groups in the equatorial plane, while the hydrogen atoms remain in the axial plane.
The flexibility of the chair structure is reduced by the equatorial hydroxyl groups. Cellulose
can exhibit a high molecular weight, counting up to as much as 20,000 glucose units, even
though within the primary cell walls it is possible to find cellulose chains with lower degree
of polymerization. An interesting characteristic of cellulosic chains is the distinctive two
ends that they present; while one of the end is a hemi-acetal (reducing), the other end is nonreducing hydroxyl group (Figure 1-11).130, 132

Figure 1-11 Chemical structure of cellulose.130
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The stabilization of the cellulosic structure is held together by an inter- and intramolecular hydrogen bond network. The hydroxyl groups involved in the intra- molecular Hbond network are two sets, O(3‟)-H to O(5) and O(2‟)-H to O(6‟)ring oxygen of the adjacent
unit respectively, while those involved in the inter- molecular network are O(3‟)-H to O(6)-H,
both belonging to the same molecule (Figure 1-12).160

Figure 1-12 Intra- and inter-molecular hydrogen bonding in cellulose structure

The long-chain molecules of cellulose aggregate into the form of nano-scale hierarchical
microfibrils during its biosynthesis that will finally associate into fibers. Hydrogen bonds
and van der Walls forces are responsible for these aggregations.

Actually, H-bonding

networks between the cellulose chains are responsible for a highly packed, crystal- like
structure. Despite this, some amorphous or less ordered domains exist in the microfibrils
(Figure 1-13).130, 132
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Cellulose can be classified as polymorph. Depending on its source, extraction or different
treatments that the cellulose receive, it can adopt one of the six already identified
interconvertible polymorphs, (I, II, IIII, IIIII, IVI, and IVII),130 each of them with a
corresponding crystallographic pattern. 132

Figure 1-13 Representation of an ordered (crystalline) and amorphous regions in native
cellulose.92

The most abundant form of cellulose, i.e., native cellulose, is called cellulose I. Even
though cellulose I presents only one type of crystal, it is rather complex and its 3-D structure
comprises two sub- forms which are present in different ratios; reported as either Iα (triclinic
with one chain per cell unit, prevalent in bacterial and algae cellulose) or I β monoclinic,
containing two chains per cell unit, mainly present in higher plants).

130, 132

A descriptive

summary of the conversion between the crystalline forms of cellulose is given in Figure 114).161
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Figure 1-14 Diagram of the interconversion of the polymorphs of cellulose.161

By treating cellulose I either by chemical regeneration (dissolution and further
precipitation in water), or by mercerization (swelling in highly concentrated sodium
hydroxide solution) and subsequent extraction of the swelling medium, regenerated cellulose
or cellulose II can be obtained.

The inverse is not completely possible, i.e., complete

conversion of cellulose I starting from cellulose II is not possible, but some partial
regeneration had been obtained. 162 Cellulose II is more thermodynamically favored when
compared to cellulose I. This relies on the fact that the chains align themselves differently.
While cellulose I present all its strands parallel, cellulose II chains are organized antiparallelly.130, 132
When cellulose I or II is treated with ammonia or some other amines, it results in the
formation of cellulose III163 (IIII if the original is cellulose I and IIIII when the starting
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material is cellulose II). By heating cellulose III in glycerol, the respective allomorphs IVI
and IVII are prepared.164

1.3.3 Processability of cellulose
Cellulose as such has been part of our culture for more than 150 years. 165 Being the most
abundant natural polymer, cellulose has been used traditionally in the papermaking
industry.166 Cellulose is one of the preferred biopolymers to be used in order to cover the
demand of environmentally friendly and biocompatible materials.165, 167 Back in 1870, the
Hyatt Manufacturing Company developed the first thermoplastic polymer based on cellulose,
which received the name of celluloid.168 After its successful introduction in the market it was
demonstrated that it was possible to obtain novel materials based on chemical modification
of cellulose.165
The use of cellulose and its derivatives to obtain nano- fibers by the electrospinning
process presents a great opportunity for better utilization of cellulose and development of
new applications.169 Even though an electrospinning technique has been improved during the
past few years, the processing of biopolymers by electrospinning have presented several
challenges. Among the main challenges faced in attempts of electrospinning of biopolymers,
pre-treatments of the polymers are one of them. Usually the biopolymers need to go through
expensive, tedious and rather complicated purification steps before the electrospinning
process. Furthermore, biopolymers present high crystallinity or polarity that does not allow
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the dispersion of the polymers in common solvents. Finally, the trend of biopolymers to
form gels, leading to high viscosity in solution, can prevent the process.166
Cellulose is not an exception, and as for many other biopolymers, the production of
cellulose nano- fibers by using the electrospinning technique is limited.

In the case of

cellulose, its main limitation is its solubility in common solvents, and in reports of
electrospinning the efficiency of the process was rather low.170 Few are the solvents capable
of dissolving cellulose so that it can easily be processed by electrospinning. Among those,
N-methylmorpholine (NMMO)/water,171 lithium chloride/N, N-dimethylacetamide,172 and
ionic liquids like 1-allyl-3- methylimidazolium chloride (AMIMCl)/dimethylsulfoxide
(DMSO)173 are the most common solvents used in electrospinning of cellulose. However, all
these solvents present low volatility, and they do not evaporate completely within the
distance between the tip and the collector during electrospinning. Thus, defective fibers are
produced.

In addition, the complete dissolution of cellulose in some of these solvents

requires high temperatures, which complicates the overall process.24, 174 Electrospinning of
cellulose have been improved by alternatively using cellulose esters solutions and posterior
regeneration by alkaline deacetylation.174
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1.4 Cellulose acetate
1.4.1 Production of cellulose acetate (CA)
The first commercial process for the manufacture of cellulose acetate was developed by
the Dreyfus brothers back in 1905. Although the commercialization of cellulose fibers did
not happen until 20 years later, Camille and Henry Dreyfus patented more than 300
inventions related to dry-spinning process and disperse dying.175
There exist two main reasons why cellulose is derivatized into the ester form. The first
reason relates to processability.

Most of the common solvents are unable to dissolve

cellulose; moreover, cellulose cannot be processed by melting, since it decomposes before
flowing.

The second reason has to do with the properties of the resultant derivatized

polymer. By derivatization, the physical properties of cellulose are significantly modified,
expanding the range of applications. 176
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Figure 1-15 Reaction of cellulose with acetic anhydride to give cellulose triacetate

Esterification of highly pure cellulose with acetic anhydride using sulfuric acid as a
catalyst yields the semi-synthetic polymer cellulose acetate.
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The three hydroxyl groups

present in the anhydroglucose units that form cellulose are the active sites for the acetylation
reaction to ocurr. A schematic illustration of the reaction is shown in Figure 1-15.175
Commercial manufacture of cellulose acetate involves the partial hydrolysis of cellulose
triacetate to obtain the desired degree of substitution177 (Figure 1-16).175
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Figure 1-16 Schematics of the hydrolysis of cellulose triacetate to cellulose diacetate

When less than one acetyl group per anhydroglucose unit is hydrolyzed, the DS can be as
high as 2.4, and the resultant polymer is called cellulose diacetate. 175 In the case that the DS
is less than 2, then the polymer is called cellulose acetate (Figure 1-17). The properties of
the resultant polymer will depend on the degree of substitution obtained upon hydrolysis.177
Traditional raw materials for the manufacture of CA are renewable, biodegradable, and
relatively inexpensive, such as highly refined wood pulp, 177 but also alternative sources have
been studied, like residues from sugarcane bagasse, 178,

179

bacterial cellulose,180

newspapers181 and even mango seeds.182

R = -H or –COCH3

Figure 1-17 Cellulose acetate
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1.4.2 Properties and applications of CA
Cellulose acetate is the most widely used cellulose derivative due to its impacting
properties such as its low weathering, heat and chemical resistance, thermal stability,
reasonable toughness and dimensional stability. 183 These properties make cellulose acetate
films and fibers, very attractive for the manufacture of semi-permeable, dyalisis,
ultrafiltration, reverse osmosis and hemodialysis membranes.184 Cellulose acetate present
inherent clarity, with consistent and isotropic refractive index in the bulk material providing
high optical transmission, which makes it attractive in optical films manufacture.176 Also, the
dielectric constant and dielectric strengths are high enough to apply them in coating
applications where electrostatic dust attraction is important. 184
As mentioned before, cellulose acetate nano- fibers can be easily converted into
regenerated cellulose by complete removal of acetyl groups in mild alkaline hydrolysis
conditions.43 The production of cellulose nano- fibers by electrospinning of cellulose acetate
as raw material have been proven successful by several groups.185-190 One of the most
impacting properties of nano- fibers of regenerated cellulose is its chemical resistance to
almost all organic solvents and aqueous solutions in a broad pH range (from 3 to 12).
Additionally, regenerated cellulose membranes have been shown to present low non-specific
adsorption and to be more permeable to water than conventional microporous membranes.187
This property makes it attractive for applications such as affinity membranes and membranes
with anti- microbial properties.186,

191

The potential of such membranes have been shown
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either by blending with other polymers, 192 or as support of active molecules like enzymes,189
proteins,186 and polyphenolics.193, 194

1.4.3 Cellulose nanocrystals as reinforcing agent
Acid- hydrolysis of purified cellulosic fibers cleaves the amorphous region of cellulose
leaving behind nano-scale crystals, as shown in Figure 1-18.

Colloidal suspensions of

cellulose, obtained by controlled acid-hydrolysis of cellulosic fibers were reported as
“micelles” approximately fifty years ago. 195,

196

In 1953, Mukherjee demonstrated by

electron diffraction that these aggregations were composed of highly-crystalline rod- like
shape particles.197
Cellulose nanocrystals

Acid hydrolysis

Microcrystalline fibril bundles

Natural cellulosic fiber

Nano-Microfibrillated cellulose

Figure 1-18 Methods for the disintegration of cellulose fibers (adapted from Paako, et al)198
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The use of different reinforcing agents in composites has been growing exponentially, on
an annual basis since 1980s,199 and a variety of publications are available on the use of
nanoparticles added as reinforcing of plastics, surface-coating, cosmetics, aerospace,
electronics, among others.132
The scientific community has focused efforts in incorporating nanoparticles in
conventional polymer matrices; therefore broadening the application of these materials in
fields such as physics, chemistry, materials science, information technology, and medicine.
The distinctive properties that the incorporation of nanoparticles impart to the resultant
materials are noticeable, such as enhanced thermo- mechanical, electrical and barrier
properties.132, 200
Alternatively, if instead of chemical hydrolysis, shearing forces are used to break down
the cellulosic fibers structures, the material obtained is called nano- or microfibrilated
cellulose.198

Even though the focus of this thesis was the production and study of

nanocomposites containing cellulose

nanocrystals,

studies on the production of

nanofibrillated cellulose using soy proteins as additives were also performed. Preliminary
results are presented and discussed in the Appendix “Preliminary studies on soy protein
additives for nanofibrillated cellulose”.

1.4.4 Properties of cellulose nanocrystals
Strong and highly resistant to temperature, wear, erosion and corrosion, inexpensive, and
with a low density, cellulose nanocrystals, also called whiskers or nanofibrils, are highly
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competitive compared to currently utilized inorganic fillers132,
nanotubes,202,

203

201

such as carbon

inorganic nanoparticles based on hydroxyapatite,204 gold,205 silver,206

clay,207-209 silica,210 Cellulose nanocrystals are low density materials that can be considered
stronger than steel (elastic modulus of 145 GPa), and stiffer than aluminu m (7.5 GPa).132, 211
See in Table 1-2. The aspect ratio of nanocrystals (L/d, where L = length and d = diameter)
depends on the source and can vary from 1 to 100.201 Also, these aspect ratios will influence
some properties of the final uses of the nanocrystals, such as reinforcing agents in
composites. Percolation threshold values will influence mechanical properties of the final
composites, and as such, percolation threshold values will be determined by the aspect ratio
of the nanocrystals.130 This is attributed to the fact that a high interfacial area and a high
degree of dispersion is reached when the nanocrystals physically interact with the continuous
phase where they are contained.212
Table 1-2 Comparison of modulus (strength) and tensile strenght (stiffness) of cellulose
nanocrystals and other materials. 213, 214
Material

Density (g/cm3)

Tensile strength (GPa)

Modulus (GPa)

Cellulose nanocrystal

1.5

7.5

145

Steel wire

7.8

4.1

207

Glass fiber

2.6

4.8

86

Carbon nanotubes

2.1

11-73

270-970

Currently, numerous efforts are focused on the use of materials from renewable resources
be utilized as reinforcement agents in nanocomposites.
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Among such materials readily

available cellulose nanocrystals have attracted great interest due to their renewability,
biodegradability, and mechanical properties.

Earlier work introduced the concept of

cellulose nanocrystals as reinforcing phase in synthetic polymers,215,

216

and a large list of

matrices has been considered for combination with cellulose nanocrystals.68,

130

Cellulose

nanocrystals have been used to reinforce electrospun fibers produced from poly(ethylene
oxide),217 poly(acrylic acid),62 polystyrene,15 poly(ε-caprolactone),59 and even cellulose
itself.58
In the case of PVA-based composites, the properties of cellulose nanocrystals play a
critical role in terms of reinforcement and affinity.

Perhaps one of the most important

features to choose cellulose nanocrystals for PVA composites is the presence of hydroxyl
groups. These functional groups make them suitable for the production of composites with
polar, hydrophilic polymers such as PVA and the benefit of improved mechanical and
thermal properties.
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Chapter 2.

Research objectives
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The manufacture, characterization, and optimization of novel electrospun nanocomposite
were investigated.

First, this study deals with the manufacture of fully biodegradable

electrospun materials based on PVA mats reinforced with cellulose nanocrystals (Chapter 3
and 4), followed by a thorough study about the effect of humidity treatments on the
morphological integrity and the mechanical properties of related nanocomposites. Water
uptake and the interactions between water and the PVA matrix were also considered.
Chapter 5 deals with crosslinking of the PVA-cellulose nanocrystals nanocomposites in the
vapor-phase technique, and its effects on the physical integrity and thermal properties of the
resultant materials. Finally, fully cellulosic nonwovens were produced by electrospinning of
cellulose acetate and subsequent removal of acetyl groups by alkaline hydrolysis with and
without reinforcement of cellulose nanocrystals. The effect of the deacetylation of cellulose
acetate nanofibers on their chemical and morphological nature, surface properties behavior,
and thermal properties and were analyzed (Chapter 6).
The main objectives of this work are addressed in the form of chapters as follow: (3)
Nanofiber composites of polyvinyl alcohol and cellulose nanocrystals: Manufacture and
characterization; (4) Effect of moisture on electrospun nanofiber composites of polyvinyl
alcohol and cellulose nanocrystals; (5) Effect of crosslinking on the properties of electrospun
nanofiber composites of polyvinyl alcohol; (6) Electrospun Cellulose Acetate Nano- and
Micro-Fibers Reinforced with Cellulose Nanocrystals.
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Additionally, preliminary results on the manufacture of fully biodegradable composites of
nanofibrillated cellulose using soy proteins as additives are discussed in the Appendix
(Chapter 7) at the end of this document.
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Chapter 3.
Nanofiber composites of polyvinyl alcohol and
cellulose nanocrystals: Manufacture and characterization
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3.1 Abstract
Cellulose nanocrystals (CNC) were used to reinforce nanofibers in composite mats
produced via electrospinning of poly(vinyl alcohol) (PVA) with two different concentrations
of acetyl groups. Ultrathin cross-sections of the obtained nanocomposites consisted of fibers
with maximum diameters of ca. 290 nm for all the CN-loads investigated (from 0 to 15%
CNC loading). The electrospinning process did not affect the chemical structure of the PVA
polymer matrix, but its degree of crystallinity increased significantly together with a slight
increase in the corresponding melting temperature. These effects were explained as being the
result of alignment and enhanced crystallization of PVA chains within the individual
nanofibers that were subjected to high shear stresses during electrospinning.

The strong

interaction of the PVA matrix with the dispersed CNC phase, mainly via hydrogen bonding
or bond network, was reduced with the presence of acetyl groups in PVA. Most importantly,
the elastic modulus of the nanocomposite mats increased significantly as a consequence of
the reinforcing effect of CNC, via the percolation network held by hydrogen bonds.
However, this organization-driven crystallization was limited as observed by the reduction in
the degree of crystallinity of the CN-loaded composite fibers.

Finally, efficient stress

transfer and strong interactions were demonstrated to occur between the reinforcing CN C and
the fully hydrolyzed PVA electrospun fibers.
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KEYWORDS: nanocomposites, cellulose nanocrystals, cellulose whiskers, nanofibers,
poly(vinyl alcohol), poly(vinyl acetate), nanofiber mats, electrospinning, reinforcement,
ramie.
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3.2 Introduction
The development of micro/nanofibers has attracted significant interest in the last few
decades due to the unique properties they endow, such as their very high surface area-tovolume ratio.

This characteristic along with the remarkable suitability for surface

functionalization, and superior mechanical performance makes possible their use in a wide
range of applications in medical, pharmaceutical, filtration and catalysis fields, among
others.1,

2

One of the possible routes for the production of micro/nanofibers is the

electrospinning technique, which is based on the whipping of polymer solutions under
electrostatic forces.3-5
Various polymers,

including polyolefins, polyamides, polyesters, polyurethanes,

polypeptides, polysaccharides have successfully been electrospun into micro- and nano- fiber
mats.5

Poly(vinyl alcohol) (PVA), a commonly used polymer obtained by controlled

hydrolysis of poly(vinyl acetate) (PVAc), can also be used to produce fibers via
electrospinning. PVA is water soluble, semi- crystalline, fully biodegradable, non-toxic, and
biocompatible and therefore it finds use in a broad spectrum of applications. 6 Furthermore,
PVA-based fibers have been considered as an attractive choice in tissue scaffolding, filtration
materials, membranes, optics, protective clothing, enzyme immobilization, drug release, etc. 7
Electrospun fibers produced from PVA has been extensively studied over the past few
years with regard to the effects of production parameters,8-11 molecular weight,9,
concentration,14,

15

solvent and pH,16 as well as the presence of additives. 17,
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18

12, 13

Also, the

mechanical and thermal properties as well as the structural stability of PVA fibers have been
studied.19, 20
A common feature of PVA fibers is their low mechanical strength and integrity which
have triggered alternatives such as post-treatment,21 crosslinking,15,

22

and blending.23,

24

Furthermore, the use of nanofillers such as carbon nanotubes, 25, 26 inorganic nanoparticles
based on hydroxyapatite,27 gold,28 silver,29 clay,30-32 silica,33 cellulose nanofibrils,34 and
chitin whiskers,35 have been reported.
Currently, numerous efforts are focused on the use of materials from renewable resources
as reinforcement agents in nanocomposites.

Among such materials readily available

cellulose nanocrystals (CNC) have attracted great interest due to their renewability,
biodegradability and spectacular mechanical properties. As such, we have reported on the
use of CNC to reinforce polymer matrices in electrospun composite mats consisting of
poly(caprolactone)36 and polystyrene.36

In this work, we describe the manufacture of

electrospun materials based on PVA mats reinforced with CNC. The morphology of the
resulting fibers was analyzed by transmission electron microscopy (TEM), and scanning
electron microscopy (SEM). Finally, the enhancement of the thermo- mechanical properties
of electrospun PVA nonwoven mats was demonstrated by thermal gravimetric analysis
(TGA), differential scanning calorimetry (DSC), and dynamic mechanical analysis (DMA).
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3.3 Materials and methods
3.3.1 Materials
Polymer matrix. Two poly(vinyl) alcohols (PVA) were used, both with approximately the
same molecular weight but different residual acetyl content of 2 and 12%. The acetyl groups
were originated from the precursor vinyl acetate that was subject to hydrolysis to produce
PVA. The corresponding degrees of hydrolysis were 98 and 88% for fully and partially
hydrolyzed polyvinyl acetate, respectively. Thereafter they will be referred to as PVA-98
and PVA-88 to indicate the respective hydrolysis degree. These polymers were purchased
from Sigma-Aldrich and Fluka, respectively. Their trade name and main characteristics are
included in Table 3-1.
Table 3-1 Main characteristics of the PVA polymers used in this work

PVA trade name

Abbreviated name

Average M w
(Da)

Nominal percent of
acetyl
groups (%)

Mowiol 20-98

PVA-98

125,000

2

Mowiol 40-88

PVA-88

127,000

12

Cellulose nanocrystals (CNC). The CNC were obtained by acid hydrolysis of pure ramie
fibers (Stucken Melchers GmbH & Co., Germany) as described elsewhere. 37 The fibers were
extracted with 4 wt.% aqueous NaOH solution during 2 hours at 80 o C in order to remove
residual additives. They were then hydrolyzed with 65 wt% sulfuric acid at 55o C for 45

63

minutes under vigorous mechanical stirring. The resulting suspension was cooled in an ice
bath and filtered through a No. 1 glass sinter in order to remove unhydrolyzed material and
finally washed with deionized water by successive centrifugations (12,000 rpm at 10 °C for
20 minutes) until neutral pH. Dialysis against deionized water was performed for 7 days in
order to remove free acid molecules from the suspension.

Finally, the suspension was

sonicated and a few drops of chloroform were added in order to avoid degradation. The
suspension was kept refrigerated until use. The concentration of CNC in the final dispersion
was determined gravimetrically.

3.3.2 Preparation of PVA-CNC suspension
Aqueous solutions of PVA-98 and PVA-88 were prepared and the corresponding amounts
of CN dispersions (see above) were added to obtain final nanocrystal content of 0, 5, 10 and
15% (wt/wt) while keeping total PVA concentrations constant at 7%.

The resulting

suspensions were kept under vigorous mechanical stirring at 80 o C for 120 minutes, at the
end of which cooling was allowed under same vigorous stirring until the system reached
room temperature. The mixtures were stored in the refrigerator; any given batch was stored
for no longer than one week prior to its use. The viscosity, conductivity, and surface tension
of the respective suspensions were determined at 25C by a programmable rheometer
(AR2000, TA Instruments), conductivity meter (Corning Inc., model 441), and a du Noüy
Ring tensiometer (Fisher tensiomat, model 21), respectively (see Table 3-2).
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3.3.3 Electrospinning
Fibers from PVA suspensions (with or without CNC added) were obtained by horizontal
electrospinning. The electrospinning setup included 10- ml plastic, disposable syringes with
22-G needles connected to the positive terminal. Polymer solution flow was controlled with
a syringe pump (Aldrich) that was regulated with software. The high- voltage supply unit
(Series EL, Glassman High Voltage) had a power range of 0 - 50 DC kV. A 30-cm diameter
plate covered by aluminum foil and connected to the negative electrode of the power supply
(ground) was used as collector. The needle tip-to-collector or working distance was 15 cm.

3.3.4 Conditioning of the electrospun mats
The collected electrospun fiber mats were kept in an oven at 40 o C under vacuum in order
to remove any residual water. Whenever the samples were taken out of the oven for analysis
they were maintained in a desiccator containing P 2 O5 to ensure moisture-free environment.
Equilibrium moisture content in the fiber mats was reached after this conditioning and
confirmed by weighing the samples and noting that after 180 minutes no significant mass
changes occurred.

3.3.5 Scanning Electron Microscopy (SEM)
The morphology of the nanofibers in the electrospun mats was checked using field
emission scanning electron microscopy (FE-SEM) using a JEOL 6400F microscope operated
with an accelerating voltage of 5 kV and working distance of 20 mm. A small portion of the
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nanofiber mat was fixed on conductive carbon tape and mounted on the support and then
sputtered with a ca. 6 nm layer of gold/palladium (Au/Pd). Under the same conditions, the
cross-sections of the nanofiber-mats were analyzed applying a cryogenic protocol before
coating. In additional experiments, ultrathin cross sections of the samples were obtained. To
this end a Cross Section Polisher (JEOL, Peabody, MA) operating with an Argon Beam
Milling (5 kV Ar+ ion beam) was used to section the samples after they were fixed between
thin copper tapes. Coating with a thin layer of carbon followed before analysis with a
thermal JEOL JSM-7600F FEG-SEM operated at variable pressure and low voltage while
still maintaining high resolution. The diameter and diameter distribution of the fibers in the
mats were determined by using the UTHSCSA Image Tool for Windows Version 3.0 with
sample sizes of at least 250 fibers per SEM micrograph. Statistical analysis was performed
using OriginPro 8, one way-Analysis of Variance (ANOVA).

3.3.6 Transmission electron microscopy (TEM)
For CNC imaging with TEM, a few drops of aqueous CNC suspension (0.01%w/v) were
deposited on carbon-coated electron microscope grids, negatively stained with uranyl acetate
and then allowed to dry. The grids were observed with a Hitachi HF2000 TEM operated at
an accelerating voltage of 80 kV.

3.3.7 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was used in order to chemically confirm the presence of the CNC inside the
matrices of PVA nanofibers. The electrospun mats of PVA and CN-loaded PVA were dried
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overnight in an oven at 40 o C under vacuum, and then directly analyzed in a Nicolet FTIR
spectrometer. All spectra were collected with a 2 cm-1 wavenumber resolution after 64
continuous scans.

3.3.8 Thermal Gravimetric Analysis (TGA)
Thermogravimetric analyses were performed using a TA Instruments TGA Q500. In a
typical experiment, between 10 and 20 mg of sample were placed in a clean platinum pan
and heated from 30 to 600 o C at a rate of 10o C/min.

3.3.9 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry was carried out with a TA Instruments DSC Q100. The
typical procedure included heating of approximately 10 mg of sample in a DSC pan from -50
to 250o C using a heating rate of 10 o C/min. In tests with DSC the melting temperature (Tm)
was taken as the onset temperature of the melting endotherms of the sample. In order to
obtain the degree of crystallinity the samples were heated at a rate of 10

o

C/min and

maintained at 100o C for 5 minutes and then cooled down to 0o C using a cooling rate of 10
o

C. The peak of the crystallization exotherm was taken as the crystallization temperature

(Tc) of the sample.

3.3.10 Dynamic mechanical Analysis (DMA)
Dynamic mechanical analysis was performed in tensile mode (TA Instruments Q800).
The measurements were carried out with 6- mm sample strips cut out of the corresponding
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electrospun mats using a gap between jaws of 10 mm. DMA tests used a constant frequency
of 1 Hz, strain amplitude of 0.03 %, and a temperature range of -100 – 250 °C (heating rate
of 3 °C/min).

3.4 Results and discussion
CNC extracted from ramie fibers by sulfuric acid-catalyzed hydrolysis are shown in the
TEM micrograph shown in Figure 3-1.

Some bundles of cellulose nanocrystals were

observed, however, individual CNC were easily distinguished as being rod- like in shape,
with 3 to 10 nm in width (w) and 100 and 250 nm in length (L). The aspect ratio, i.e., the
length to width ratio L/w, was calculated to be around 27.

Figure 3-1 TEM micrograph of cellulose nanocrystals from ramie fibers

Uniform spinning or ejection of the charged jet required the concentration, viscosity,
conductivity and surface tension of the polymer solution to be optimized. Therefore, prior to
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electrospinning, the different systems used to produce electrospun mats were characterized in
terms of the above properties (see Table 3-2).
Table 3-2 Physical properties of suspensions of PVA and PVA loaded with CNC used in
electrospinning. The errors in surface tension, viscosity and conductivity were calculated from
the standard deviation in triplicate measurements
Polymer

CNC content in
PVA/CN
suspensions (%)

Surface Tension
(mN/m)

Viscosity
(×10 -2 Pa.s)

Conductivity
(µS/cm)

PVA-98

0

62.5 ± 0.3

15.1 ± 0.1

17.6 ± 0.4

5

62.6 ± 0.2

18.1 ± 0.5

23.3 ± 0.3

10

62.1± 0.8

17.2 ± 0.1

29.4 ± 0.6

15

62.6 ± 0.1

17.8 ± 0.2

36.7 ± 0.5

0

50.4 ± 0.3

39.1 ± 0.1

129.1± 0.2

5

50.8 ± 0.1

39.0 ± 0.2

129.2 ± 0.1

10

51.1 ± 0.4

40.8 ± 0.4

139.0 ± 0.3

15

51.4 ± 0.1

39.7 ± 0.2

142.9 ± 0.5

PVA-88

Neither the surface tension nor the viscosity of the suspensions was significantly affected by
the addition of CNC, for both types of PVA polymers. However, the conductivity increased
with addition of CNC as a result of the negative charges from the sulfate ester groups on their
surfaces. These sulfate groups were grafted on the surface of CNC during production via
acid hydrolysis catalyzed with sulfuric acid.

Their amount was estimated by elemental

analysis to be around 0.7%, which according to the surface area of the CN nanoparticles
corresponded to a surface charge of about 0.30 e/nm2 .38

The increase in suspension

conductivity was significant in the case of suspensions of CN-loaded PVA-98 since it
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increased up to more than double the value corresponding to CN-free PVA-98 (36 compared
to 17 µS/cm).

In contrast to PVA-98, in the case of PVA-88 polymer the increase in

conductivity was limited to 10 %. Moreover, the conductivity for the PVA-88 suspensions
was much higher than that for PVA-98 ones. This could be related to the presence of
residual electrolytes as impurities in the commercial PVA-88 sample. The PVA-88 solutions
presented higher viscosities compared to those from PVA-98; in all cases the addition of
CNC did not produce significant changes in viscosities.
The operational conditions were carefully examined by performing a series of
electrospinning runs at different electric field strengths, polymer concentration in the
electrospinning solution, and flow rates. Suitable conditions for electrospinning PVA, with
or without added CNC, included 10 kV with a tip-to-collector distance of 15 cm (equivalent
to strength of electric field of 0.67 kV/cm) and flow rate of 0.48 ml/h. The electric field
strength was somewhat smaller compared to the conditions reported in the literature of 1-2
kV/cm for neat PVA of relatively same characteristics.

All results reported later

corresponded to electrospun fiber mats produced from suspensions that were processed under
the electrospinning conditions stated above and operating at room humidity and temperature.

3.4.1 Morphological and Chemical Characterization of CN-loaded PVA
nanofiber mats
The morphology of fibers in the mats produced by electrospinning, under the conditions
previously presented, was studied by SEM. Figure 3-2 shows typical SEM micrographs for
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fibers electrospun from neat PVA and also from PVA with different CNC concentrations (5,
10, and 15 %). All polymer compositions considered yielded uniform and smooth, bead- free
nanofibers.

In the case of fully hydrolyzed PVA (PVA-98) individualized fibers were

observed (see Figure 3-2A1 and 3-2A2 ), which is in contrast to the case of fibers obtained
from acetylated PVA (PVA-88) that formed some few fiber doublets or fibers partially fused
together (see Figure 3-2B1 and 3-2B2 ). The average diameters of the fibers based on neat
PVA-98 and PVA-88 were around 235 and 275 nm, respectively (see Table 3-3).
Even though some variation in diameters was observed, depending on the amount of CNC
present in the fibers, the largest average diameter determined was ca. 290 nm. For fibers
based on PVA-98, the addition of CNC induced a significant reduction in the diameter of the
electrospun fibers down to 188 nm (95% confidence level) in the case of 15% CNC content.
The change in the ionic strength and conductivity of the electrospinning solution (see Table
3-1) produced by the negatively-charged CNC was believed to be the main contribution to
this fiber diameter reduction. This is explained by the fact that an increased electrostatic
charge density of the electrospinning solution induced more extensive filament stretching
during jet whipping. In contrast to the case of PV-98, addition of CNC to PVA-88 produced
no clear effect in the diameter of the respective electrospun fibers. Also, it was observed that
the statistical size distribution in this case was not normal.
Visualization of CNC inside the electrospun fibers proved to be a challenge with standard
TEM methods, likely because the lack of contrast between the two organic components, PVA
and CNC, even after addition of uranyl acetate staining agent to the dispersion before
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electrospinning or after use of high TEM magnification. Therefore, cryo-SEM and FE-SEM
of ultrathin cross sections (after polishing with 5kV Ar+ ion beam) of the electrospun mats
was carried out for more detailed morphological analysis.
Table 3-3 Average diameters and standard deviation of electrospun fibers based on PVA-98 and
PVA-88
Polymer

CNC content (%)

Diameter (nm)

Standard deviation
(nm)

PVA-98

0

235

64

5

245

58

10

182

51

15

188

41

0

274

54

5

293

78

10

268

37

15

295

83

PVA-88

It is worth noting that cast films from CN-filled PVA were reported to have small, bright
features in SEM cross sections, which were attributed to the CNC present.39-41 As such,
Figure 3-3 shows representative images obtained for PVA-98-based nanofibers containing
15% of CNC. Cryo-SEM (5.3A1 and 5.3A2 ) and variable pressure, ultrahigh resolution FESEM micrographs in transversal cross sections (5.3B1 and 5.3B2 ) of ultrathin fiber mats.
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Figure 3-2 Representative scanning electron micrographs of electrospun fibers based on fully
hydrolyzed PVA-98 (A1-4) and partially acetylated PVA-88 (B1-4) loaded with cellulose
nanocrystals (the subscripts 1, 2, 3 and 4 are used to indicate CN loadings of 0, 5, 15 wt%,
respectively)
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Figure 3-3A2 indicates internal features likely related to the presence of CNC, as was
indicated above in the case of cast films. In Figure 3-3B1 and 3-3B2 , the cross-section
allowed examination of the high porosity of the mats. In Figure 3-3B2 the carbon coating
used to achieve high resolution imaging masked the internal features of the fibers that were
otherwise observed in 3-3A2 .
In order to confirm the presence of CNC in the PVA nanofiber mats, they were subjected
to analysis with Fourier-transform infrared spectroscopy (FTIR). As such, collected spectra
for both types of PVA polymers, neat and loaded with 15% of CNC, are presented in Figure
3-4. All major peaks related to hydroxyl and acetate groups were evident in the spectra
corresponding to the neat PVA: The large bands observed between 3550 and 3200 cm-1 were
typical of the stretching O–H from the intermolecular and intramolecular hydrogen bonds.
The presence of acetyl groups within the PVA-88 polymer disrupted this hydrogen bond
network and therefore resulted in a change of the shape of this characterist ic peak. The
vibrational band observed between 2840 and 3000 cm-1 corresponded to the stretching C–H
from alkyl groups and the peaks between 1750–1735 cm-1 were assigned to the C=O and C–
O stretching from residual acetate groups in the PVA matrix. The intensity of the later peak
was small in the case PVA fibers with low acetyl content, PVA-98 (2% acetyl group
concentration), while a very strong peak for PVA-88 (12% acetyl group concentration)
indicated the presence of acetate groups in the polymer chain.
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Figure 3-3 Cryo-SEM (A1 and A2) and variable pressure, ultrahigh resolution FE-SEM
micrographs in transversal cross sections (B1 and B2) of electrospun PVA-98 loaded with 15%
of CNC. The top and bottom, bright thin layers observed in B1 are from a copper tape used to
protect the sample and to facilitate cross section by 5kV Ar+ ion polishing. The straggling fibers
(ca. 1 μm diameter) in the same image are not related to the PVA fiber mat. Bar sizes in each
image are as follow: A1 = 2µm, A2= 1µm, B1 = 10µm and B2 = 1µm

For both CN-filled PVA-88 and CN-filled PVA-98, the FTIR spectra showed the typical
bands corresponding to the matrix polymer, most importantly, the presence of CNC produced
distinctive changes in the shape and intensity of the main peaks. This is explained by the
strong interactions present, mainly due to hydrogen bonding or bond network between the
hydrophilic CN reinforcement nanoparticles and the PVA continuous polymer matrix.
Support for this explanation is provided by the band observed between 3550 and 3200 cm-1
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which is characteristic of the stretching O–H from the intermolecular and intramolecular
hydrogen bonds. The shape of this band was substantially different when comparing the neat
and the CN-filled PVA.

Figure 3-4 FTIR spectra corresponding to electrospun fibers of PVA-98 (A) and PVA-88 (B)
with different loadings of CNC: 0 and 15 wt % (subscripts “1” and “2”, respectively). The
spectra indicated by subscript “3” were obtained after subtraction of the PVA spectra (“1”) from
the respective composite spectra (“2”).

The presence of CNC in the nanocomposites was confirmed by subtracting the PVA
spectrum from that of the respective composite and comparing the obtained spectrum with
that of pure cellulose. A scale factor was used in this spectral subtraction in order to ensure
that the absorption band of PVA (at 850 cm-1 ), which does not overlap with any band for
cellulose, was cancelled out. For all CN loadings the resulting, subtraction spectra were very
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similar, quite reproducible and followed closely the typical spectrum of cellulose, with all its
characteristic bands present. However, FTIR peak shapes and relative intensities were noted
to differ somewhat from that of reference cellulose which can be ascribed to new
intermolecular interactions in the composites, mainly due to hydrogen bonding with PVA
macromolecule in the electrospun fibers. Similar observations have been reported in the case
of blends of PVA with chitin42 or chitosan.43
According to the subtracted spectra, the most relevant feature is the existence of a 3600–
3000 cm-1 band which is related to OH group stretching vibrations. Comparison of these
bands for the composites with PVA-98 and PVA-88 indicated a difference in their shape that
depended on the acetyl content which, in turn, produced significant differences in the
interaction between the two components of the composite fibers.

Such interaction was

expected and indeed observed (via FTIR spectra) to be strongest for the PVA-98-CN system.

3.4.2 Thermal properties of the PVA-CN nanofiber composites
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
used to investigate the effect of CN on the thermal stability of the composites and also to
obtain deeper insights on the interactions between the dispersed and continuous phases of the
nanofibers.

The stability of PVA polymer during the electrospinning process was

investigated by comparing samples of bulk, “as-received” PVA with electrospun PVA. The
corresponding TGA thermograms of the first-order derivatives, revealing the temperatures at
which the maximum weight losses occurred, are shown in Figure 3-5 for both fully

77

hydrolyzed PVA (PVA-98, Figure 3-5A1 ,2 ) and partially hydrolyzed PVA (PVA-88, Figure
3-5B1 ,2 ). It can be observed that the difference in the TGA‟s first-order derivative before and
after electrospinning was negligible; therefore, it is concluded that the electrospinning
process did not affect the structure of the matrix polymer.
The thermograms of PVA-98 showed two regions with a temperature for maximum mass
loss at around 375 and 440 ºC, which corresponded to the chain- stripping produced by the
removal of water molecules (dehydration of the PVA polymer) followed by chain scission
and decomposition.44 For partially acetylated PVA, PVA-88, the first region corresponding
to the removal of water shifted toward lower temperatures and the corresponding peak
separated into two peaks. The first peak, at the maximum temperature of ca. 323 °C, can be
related to the release of the acetyl groups that were transformed to acetic acid molecules and
consequently catalyzed by in situ chain-stripping. Interestingly, this phenomenon took place
at lower temperatures when compared to the case of fully hydrolyzed PVA, PVA-98.
However, when comparing PV-88 and PV-98 it was observed that the temperature ascribed
to the chain decomposition peak remained unaffected.
After addition of 5% CN into PVA-98, a new peak at ca. 300 ºC appeared in the
electrospun nanofibers, as can be seen in the first-order derivative curve.

This can be

explained by the degradation of CNC as can be confirmed in the thermogram of pure CN
added as reference in Figure 3-5 C. As the CN loading was increased to 15%, this peak
shifted to lower temperatures (273.1 ºC). The observed shift in degradation temperature can
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be explained by the high temperature decomposition of CNC accelerated in PVA melt
polymer, due to differences in solid state properties, and also from possible degradation
catalyzed by residual acetic acid via ester pyrolysis. 45 In the case of nanofibers from PVA88, no clear shift in CNC thermal decomposition was observed even when used at the highest
CN loadings of 15%. This fact provides additional evidence as to the interactions, and
ensuing thermal degradation temperatures, between the two types of PVA polymers and the
reinforcing CN, depending on the extent of interaction (interfacial adhesion) between the
continuous and the dispersed phases.
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Figure 3-5 Thermograms of PVA-98 (A1-5) and PVA-88 (B1-5). Profiles from top to bottom
correspond to as-received PVA polymer (subscript 1), neat PVA electrospun (ES) mats
(subscript 2) and electrospun PVA loaded with CN at various wt %: 5 (subscript 3), 10
(subscript 4) and 15 (subscript 5) wt%. Thermograms for pure CNC are added as a reference
(C).
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Differential scanning calorimetric analyses were carried out on both PVA polymers,
before and after electrospinning, as well after adding CNC at different loadings. Table 3-4
indicates the measured melting temperature and degree of crystallinity for all materials
studied. It was observed that after electrospinning the degree of crystallinity of both PVA
neat polymers increased significantly.
Table 3-4 Effect of electrospinning and CN loading on the melting temperature (Tm) and degree
of crystallinity (cc) of composite nanofibers
Sample

CN content (wt%)

Tm (oC)

H m (J/g)

cc

PVA-98, as
received

0

220.7

79.0

0.50

PVA-98,
electrospun

0

222.8

111.3

0.70

5

222.6

106.3

0.70

10

221.5

80.4

0.56

15

221.1

72.8

0.54

PVA-88, as
received

0

191.7

43.9

0.32

PVA-88,
electrospun

0

193.7

56.1

0.40

5

193.3

60.0

0.45

10

193.7

37.4

0.30

15

193.5

50.3

0.42

where cc  H m

 H

0
m

 

0
, with H m is the heat of fusion for the 100% crystalline polymer

0
which is estimated to H m0  158J / g for PVA-98 and H m  139 J / g for PVA-88.46 w is
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the weight fraction of polymeric material in the respective composite. AR = As Received
PVA; ES = Electrospun mats from PVA or PVA-CN systems.
The corresponding melting temperature also increased slightly, by about 2ºC, for each
PVA polymer.

These effects are explained as the result of alignment and enhanced

crystallization of the polymer chains within the individual PVA fibers that were subjected to
very high shear stresses during electrospinning.

However, this organization-driven

crystallization was undermined upon addition of CNC since the degree of crystallinity
decreased in the composite nanofibers. Disorder and decrease of PVA nucleation in the
presence of CNC may have taken place during the short time allowed during electrospinning.
In fact, such nucleating effect has been reported in the case of CN-filled PVA solid film
produced by casting-evaporation technique.47 On the other hand, the melting temperature Tm
of electrospun fibers containing CN at different loadings remained fairly constant for both
sets of the PVA samples.

3.4.3 Mechanical properties of PVA-CN nanofiber composites
In order to evaluate the mechanical properties of nanofiber mats obtained after
electrospinning of PVA polymers and the corresponding nanocomposites with CN, longer
electrospinning collection times were used to produce thicker mats suitable for DMA
analyses. The mechanical analyses were performed by DMA in linear tensile mode and the
main results are presented in Figure 3-6.

82

All composites based on the partially hydrolyzed PVA-88 displayed the typical behavior
of amorphous polymers due to the low degree of crystallinity (see Table 5-4). In the glassy
state, the modulus remained roughly constant; by increasing the temperature a sharp drop in
the storage modulus occurred at around 80ºC which corresponded to the primary relaxation
process, glass-rubber transition. This drop in the storage modulus can be ascribed to an
energy dissipation phenomenon involving cooperative motions of the polymer chains.
Meanwhile the value of the storage modulus decreased with temperature due to irreversible
polymeric chain flow and disentanglement that are typical in amorphous polymers. At higher
temperatures DMA measurements were no longer possible, as expected.
In contrast to the electrospun nanofiber mats based on PVA-88, the storage modulus of all
CN-loaded PVA-98 nanocomposites displayed the typical behavior of partially crystalline
polymers, with their three distinctive zones. At low temperature (below 80 °C) the modulus
decreased very slightly with temperature as expected for a glassy state. At approximately
80°C, a transition that appeared as a drop in the storage modulus was due to the main
relaxation process. At a temperature range between 80 to approximately 200 °C, the
amorphous, rubbery, and crystalline domains coexisted and the storage tensile modulus
decreased due to the progressive flow of the amorphous component and also due to the
melting of the crystalline part of the PVA-98 matrix. At even higher temperatures (above
200 °C) the modulus dropped sharply due to unrecoverable deformations in the completely
melted PVA-98 polymer matrix.
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An additional important feature was observed in that the modulus of the nanocomposite
mats increased significantly upon CN loading in PVA-98.

Since a decrease in the

crystallinity (see Table 4-4) would be expected to induce a reduction in the stora ge modulus,
it is therefore concluded that the observed strength enhancement in CN-loaded PVA mats can
only be related to the reinforcing effect of the dispersed phase, via the percolation network
held by hydrogen bonds. The values of the storage moduli at 125ºC extracted from the DMA
curves of PVA-98 composite mats are reported in Table 3-5.
Table 3-5 Storage modulus (E‟) of electrospun PVA-98 fiber mats with different loadings of
cellulose nanocrystals measured at 125 oC
CNC content (%)

E‟ (MPa)

0

15.45

5

25.76

10

38.20

15

57.30

The enhancement in mechanical strength was estimated to be more than 3- fold when
composites with 15% CN loading are compared to the respective neat PVA. These results
demonstrate efficient stress transfer between CN and PVA-98 polymer in the electrospun
fibers. All these observations corroborate the existence of strong interactions between the
reinforcing CN phase and the fully hydrolyzed PVA-98 continuous phase.
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Figure 3-6 Storage modulus of electrospun nanfiber mats versus temperature for fully hydrolyzed
PVA-98 (A) and partially hydrolyzed PVA-88 (B) with different loadings of cellulose
nanocrystals ( 0%,  5% ,  10% , and  15%)

3.4.4 Conclusions
Fiber nanocomposites of PVA reinforced with cellulose nanocrystals were successfully
produced by the electrospinning technique. Very smooth nonwoven mats with homogeneous
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nanofibers were obtained, showing enhanced thermo- mechanical properties as a result of the
addition of cellulose nanocrystals to the PVA polymer matrix.

Reinforcing cellulose

nanocrystals induced a three- fold increase of the storage modulus of fully hydrolyzed PVA,
which was ascribed to the efficient stress transfer between CN and PVA polymer in the
electrospun fibers. In contrast, this effect was not observed for the partially- hydrolyzed
PVA.

This observation was explained by differences in hydrogen bond network in the

respective systems as revealed by infrared spectroscopy. Overall, the existence of strong
interactions between the reinforcing CN phase and the fully hydrolyzed PVA continuous
phase was demonstrated.
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Chapter 4.
Effect of Moisture on Electrospun Nanofiber
Composites of Polyvinyl Alcohol and Cellulose
Nanocrystals
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4.1 Abstract
The effect of humidity on the morphological and thermomechanical properties of
electrospun poly(vinyl alcohol) (PVA) fiber mats reinforced with cellulose nanocrystals
(CNC) was investigated. Scanning Electron Microscopy (SEM) images revealed that the
incorporation of CNC improved the morphological stability of the composite fibers even in
highly humidity environments. Thermal and mechanical properties of the electrospun fiber
mats were studied by using differential scanning calorimetry (DSC), dynamic mechanical
analysis (DMA) and large deformation tensile tests under controlled humidity and
temperatures. The balance between the moisture- induced plasticization and the reinforcing
effect of rigid CN particles was critical in determining the thermomechanical behaviors of
the electrospun fiber mats. Results indicated that the stabilizing effect of the CNC in the
PVA matrix might be compromised by water absorption, disrupting the hydrogen bonding
within the structure. The amount of this disruption depended on the surrounding humidity
and the CN loading. The reduction in tensile strength of neat PVA fiber mats as they were
conditioned from low relative humidity (10% RH) to high relative humidity (70 % RH) was
found to be about an 80%, from 1.5 to 0.4 MPa. When the structure was reinforced with
CNC, the reduction in strength was limited to 40%, from 2 to 0.8 MPa over the same range in
relative humidity. More importantly, the CN-loaded PVA fiber mats showed a reversible
recovery in mechanical strength after cycling the relative humidity.
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Finally, humidity

treatments of the composites PVA fiber mats induced significant enha ncement of their
strength as a result of the adhesion between the continuous matrix and the CNC.

KEYWORDS: nanocomposites, cellulose nanocrystals, poly(vinyl alcohol), nanofibers
mats, nonwovens, electrospinning, reinforcement, humidity effect water absorption.
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4.2 Introduction
Poly(vinyl alcohol) (PVA) is among the most commonly used synthetic polymers due to
its unique properties.6 PVA is water soluble, easy to process, hydrophilic, and has good
physical and chemical properties.6, 48, 49 One of the most promising properties of PVA is its
biocompatibility.3 PVA is physiologically inert in terms of acute toxicity (LD50 on rats after
oral application) and it is not a skin nor a mucous membrane irritant. 49 PVA also presents
remarkable barrier properties against oils and fats, 48,
molecules (nitrogen, oxygen, etc.).

50

aromas and perfumes, and small

In addition to its biocompatibility, PVA can be

biodegraded by adapted microorganisms into CO 2 and water, a property that makes it an
environmentally- friendly polymer.49 PVA is widely used in textile, adhesive, cosmetic, food,
drug, paper and packaging industries. The main functional uses of PVA include filtration,
catalysis,1,

2

membranes, optics, drug release,51,

52

enzyme mobilization,51 tissue

engineering,53 among others.13
Many of the key properties of PVA, such as those mentioned above, are the result of its
significant cohesive energy due to its polarity from hydroxyl groups. 54, 55 However, the same
characteristics that endow PVA with unique performance and hydrophilic ity make it
susceptible to plasticization in humid environments. 55
The use of different reinforcing agents in composites had been growing exponentially in
annual basis since the 1980s.56 In the case of PVA-based composites, the plasticization in
humid environments critically limit wider application of these materials.
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Ideally, a

reinforcing material for the PVA composites would be found that does not impede any of its
beneficial properties. A logical choice for these materials is natural fibers and products from
biomass.57, 58 During the last two decades efforts have been focused on the use of cellulose
nanocrystals (CNC) as reinforcing material.59 Earlier work introduced the concept of CNC
as reinforcing phase in synthetic polymers60,

61

and a large list of matrices has been

considered for combination with CNC.62 Relevant to the present work, CNC have been used
to reinforce electrospun fibers produced from poly(ethylene oxide), 63 poly(acrylic acid),64
polystyrene,65 poly(ε-caprolactone),36 and cellulose.66
The presence of hydroxyl groups in CNC makes them suitable for the production of
composites with polar, hydrophilic polymers such as PVA and the be nefit of improved
mechanical and thermal properties have been reported in the case of cast films 25,

26

and

electrospun fiber mats.27-29
The aim of the present contribution is to study the effect of water as well as humidity
treatments on the morphological integrity and the mechanical properties of electrospun PVA
fibers reinforced with CNC. Water uptake and the interactions between water and the PVA
matrix were considered.

PVA fiber nanocomposites were conditioned under different

relative humidity (RH), and scanning electron microscopy (SEM) was used to study effects
on fiber morphology. Finally, measurement with differential scanning calorimetry (DSC)
and dynamic mechanical analysis (DMA) were carried out to investigate the effect of fiber
moisture in the thermo- mechanical properties.
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4.3 Materials and methods
4.3.1 Materials
Poly(vinyl alcohol) (PVA) with 2% of acetyl groups (degree of hydrolysis of 98%) and
molecular weight of 125 kDa was purchased from Sigma-Aldrich under trade name Mowiol
20-98.
The CNC were obtained by acid hydrolysis of pure, extract- free ramie fibers (Stucken
Melchers GmbH & Co., Germany) as described in section 4.3.1. 37 Briefly, after removing
residual additives by extraction (4 wt% aqueous NaOH solution, 80 ºC, 2 hours), hydrolysis
was conducted with 65 wt% sulfuric acid for 45 min at 55 ºC under vigorous mechanical
stirring. The reaction was stopped by cooling the resulting suspension in ice bath and it was
then filtered with a No.1 glass sinter to remove unhydrolyzed fibers and finally washed with
deionized water by using repetitive centrifugations (12,000 rpm, 10 o C, 20 min per cycle)
until reaching neutrality. The resulting suspension was dialyzed against deionized water for
a week to remove excess free acid and sonicated in order to redisperse the obtained CNC
before storing them in a refrigerator. The concentration of CNC in the final dispersion was
determined by gravimetry after drying.
Composite PVA-CN electrospun fibers were produced as described in chapter 5.67
Briefly, aqueous solutions of PVA were prepared and given amounts of CNC were added to
obtain a final CN content of 0, 5, 10 and 15 % (wt/wt) while keeping total PVA
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concentrations constant at 7 %. Electrospinning was carried out by using a horizontal setup
that included a syringe pump (Aldrich) controlled by a software to pump the dispersion
contained in 10- ml disposable plastic syringes thorough 22-G needles which was connected
to a high- voltage supply unit (Series EL, Glassman High Voltage). A 30-cm diameter plate
covered by aluminum foil was used as collector and placed at a working distance of 15 cm
from the needle tip; the collector was connected to the negative electrode of the power supply
(ground), while the needle tip was connected to the positive terminal.

4.3.2 Conditioning of the electrospun mats.
Collected electrospun fiber mats were stored in preconditioned atmospheres with relative
humidity of 0, 35, 75 or 98 % RH. These %RH were produced by using P 2 O5 (0% RH) or
saturated solutions of CaCl2 .6H2 O (35% RH), NaCl (75% RH) and CuSO 4 .5H2 O (98% RH).
The electrospun mats were allowed to reach equilibrium in the respective atmosphere as
confirmed by weight stabilization. In the case of 0% RH, prior to conditioning, the sample
was dried in an oven at 40ºC under vacuum in order to remove any residual water.

4.3.3 Humidity cycles
Neat PVA (no CNC) electrospun fiber mats and those loaded with 15% (wt) CNC were
subjected to successive humidity cycles. The humidity cycles consisted on a drying step, in
which the sample was placed in an oven at 40°C under vacuum, followed by a humidification
step, where the sample was placed in a 35% RH atmosphere. The cycle was repeated three
times. Immediately after each step, the samples were stored in the respective humidity, e.g.
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0% RH for dried samples and 35% RH for wet ones, until further morphological and physical
characterization.

4.3.4 Field Emission Scanning Electron Microscopy (FE-SEM)
The morphology of the nanofibers in the electrospun mats was studied by using a field
emission scanning electron microscopy (FE-SEM, JEOL 6400F) operated at an accelerating
voltage of 5 kV and working distance of 20 mm. A small portion of the mat was fixed on
conductive carbon tape and mounted on the support and then sputtered with a ca. 6 nm layer
of gold/palladium (Au/Pd).

4.3.5 Differential Scanning Calorimetry (DSC).
DSC was carried out with a TA Instruments DSC Q100. The typical procedure included
heating and cooling cycles (10 o C/min rates) of ca. 10 mg of the sample in the temperature
range between -50 to 180o C. The DSC glass transition temperature (Tg) was taken at the
onset of the glass transition endotherms.

4.3.6 Dynamic Mechanical Analysis (DMA).
DMA was performed in tensile mode (TA Instruments Q800). The measurements were
carried out with 6 mm wide sample strips cut out of the corresponding electrospun fiber mats
and using a gap between jaws of 10 mm. DMA measurements used a constant frequency of
1 Hz, strain amplitude of 0.03 %, and a temperature range of -100 – 250 °C (heating rate of 3
°C/min).
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4.3.7 DMA with humidity control.
DMA measurements under controlled humidity were carried out with a TA Instruments
Q800 equipped with an external humidity element (Kep Technologies Wetsys Setaram
Instrumentation) connected to the measuring chamber.

The samples were loaded to the

preconditioned chamber and kept until the moisture content in the sample was stabilized
before starting the measurements. Relative humidity of 10, 70, and 80% and a temperature
of 30C were used. The minimum time for sample conditioning was set to 60 minutes.
Stress sweeps of the samples were done from 0 to 30 MPa or until failure.

4.4 Results and discussion
4.4.1 Morphology of PVA-CN nanofiber mats
Electrospun PVA fibers were produced following the experimental conditions optimized
and stated in previous reports; the average diameter of the neat PVA fibers was ca. 235 nm
and CN loading induced a significant reduction in fiber diameter, down to ca. 188 nm in the
case of 15% CN loading.

Preliminary experiments to determine the stability of the

electrospun fibers to humidity consisted in exposing fiber mat samples to different relative
humidity and determining the equilibrium moisture content (see Table 4-1).
The moisture of neat PVA fiber mats stored at relative humidity of 75 % or less was about
22-24 %. The moisture increased significantly, to ca. 34 % after storage at 98 % RH. Most
importantly, the presence of CNC in the fibers reduced to some extent water uptake.
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Table 4-1 Equilibrium moisture content of PVA fiber mats stored in atmospheres of different
relative humidity. The equilibrium moisture is reported as weight percent rounded off to one unit
percent
Relatives Humidity (%)

Neat PVA

PVA fibers loaded with CNC
CNC=5%

CNC=10%

CNC=15%

0

6

4

4

4

35

24

19

18

15

75

22

22

15

18

98

34

31

35

26

The effect of the water absorbed after conditioning at different relative humidity on fiber
morphology was also studied. Figure 4-1 shows SEM micrographs for electrospun fibers
obtained from neat PVA and from PVA with 15 % CN loading after stora ge at 0, 35, 75, and
98 % RH. Neat PVA fibers stored in dry condition, with typical diameters in the sub-micron
scale, swelled as the surrounding humidity increased. During sample preparation and SEM
imaging, the relative humidity was obviously different than that selected for conditioning;
nevertheless, the fact that the fibers stored in humid atmospheres tended to fuse together and
such condition was maintained upon imaging was a clear evidence of the effect of water
absorption. The average diameter of PVA fibers loaded with 15% CN increased from 140 to
230 nm after conditioning at 0 and 98 % RH, respectively. Remarkably, the influence of
relative humidity during conditioning on the morphology of the nanofibers was less
significant when the PVA fibers were loaded with CNC, as shown in Figure 4-1. Such
observation also applies to lower CN loadings (5 and 10% CN, not shown).
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This

improvement in fiber morphological stability can be explained by the interactions and
distribution of water molecules between PVA and reinforcing CNC. Hydrogen bonding is
expected to exist due to the large density of hydroxyl groups. On the other hand, water
molecules in PVA fibers after equilibrium with the respective humidity can be weakly or
strongly bonded to the polymer chains.68 In the presence of CNC, the interactions become
more complex; PVA chains, CNC and water molecules become involved in pair
interactions.68 The hydroxyl groups present on the surface of CNC are expected to form a
hydrogen-bonded network with the PVA, decreasing the availability of hydroxyl groups to
bind with weakly bound water molecules. Therefore, this effect is hypothesized to be a
leading reason for the higher stability to humidity brought about CNC in PVA fibers when
conditioned in humid environments.

102

Figure 4-1 Scanning electron micrographs of electrospun PVA fibers without (left column) and
loaded with 15 % of cellulose nanocrystals (right column)
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4.4.2 Glass Transition temperature of the PVA-based fiber mats
The effect of the humidity on the glass transition temperature (Tg) was investigated by
thermal analyses. Differential scanning calorimetric analyses were carried out with neat
PVA electrospun fibers at different CN loadings and after conditioning at different relative
humidity. Figure 4-2 shows the variation in Tg after conditioning at 0, 35 and 75 % RH for
various CN loading. Detection of the glass transition temperature for samples conditioned at
98 % RH was not possible since the exothermal peaks overlapped with the broad exothermal
corresponding to the melting of water present in the sample.
In all cases, the Tg values, between 40 and 80 ºC, were consistent with those reported by
the PVA manufacturer.49 For neat PVA, as expected, the Tg decreased with increasing
relative humidity as a result of the plasticizing effect of water and the increased amount of
weakly bounded water molecules. 47

In contrast, the presence of CNC counteracted the

plasticizing effect of water, i.e., the rigid reinforcing phase acted as an anti-plasticizer as
reported in PVA-based cast films.47,

69

A restriction in the mobility of polymer chains,

especially in the amorphous regions, is expected to occur due to the strong hydrogen bond
interactions between the CNC and the PVA chains. The competitive interactions between
hydroxyl groups of the surface of the CNC, and those in the PVA matrix and the selective
partitioning of water molecules between the bulk and the CNC are expected to impact the
mobility of amorphous chains in the vicinity of matrix crystallites coating the reinforcing CN
particles. Such effects has been verified in water- free systems loaded with plasticizers that
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have low or no affinity with CNC, as reported in the literature.70, 71 In such systems a net
increase of Tg was observed and explained by the migration of the plasticizer molecules from
the reinforcing agent interface to the bulk matrix. 71

Figure 4-2 Glass transition temperature of PVA electrospun fibers mats loaded with different
amounts of CNC and conditioned at different relative humidity
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4.4.3 Mechanical properties of PVA-CN nanofiber mats
Previous works demonstrated that the incorporation of CNC in dry PVA electrospun
fibers induced a significant improvement of mechanical properties.34,

67

However, the

complex and strong interactions that exist between PVA chains, water molecules and CNC in
less dry composites are expected to influence markedly their mechanical properties and, as
will be shown later, may compromise their performance.

Therefore, a leading question

relevant to this subject pertains to the role of the CN reinforcing phase.
Preliminary tensile tests were carried out to evaluate mechanical properties at large
deformation in different relative humidity conditions. Stress/strain curves of unfilled and CN loaded PVA electrospun fiber mats were obtained at 10, 70 and 80 % RH, as shown in Figure
4-3. While these humidity values are different than those discussed in earlier sections, they
were the ones that were practical in the conditions of use of the respective instrument.
Values of the Young‟s modulus derived from the initial slope of the stress-strain plots and
the respective ultimate strain are summarized in Table 4-2 for fiber mats reinforced with
CNC and tested under different equilibrium moistures. It is worth noting that regardless the
moisture content of the fiber its modulus was always greater for the CN-loaded composites.
Due to the plasticizing effect of water, unfilled and CN-filled PVA nanofiber mats
showed, as expected, an important decrease in the tensile strength; also, a significant increase
of the ultimate strain was observed as the moisture in the fiber increased (from 10 to 70 %
RH). However, the relative reduction in tensile strength was more evident in the case of neat
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PVA fiber mats, about 80% reduction (from 1.5 to 0.4 MPa) compared to the more limited
reduction of 40%, when the fibers were loaded with 15 % CNC (from 2 to 0.8 MPa).

Figure 4-3 Stress/strain curves of neat unfilled (top curves) and filled (with 15% CNC, bottom
curves) PVA electrospun fibers equilibrated at relative humidity of 10 (), 70 () and 80 % RH
().

The ultimate strain increased with moisture content, by about 460 %, for neat PVA fiber
mats while in the case of CN-filled system such increase in strain was 380 %.

These

observations together with the behaviors noted before for the tensile strength s upport
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evidence of the plasticizing effect of water molecules. Water softens the polymer matrix
inducing a reduction in strength and an increase in elasticity. However, the presence of CNC
limit the absorption of water since relative to PVA, cellulose is less hygroscopic; also,
because of their rigid nature CNC offset the plasticizing effect of water.

Overall, the

observations presented so far support evidence that CNC form a strong hydrogen bond
network with PVA decreasing the number of available hydroxyl groups that bind with the
weakly bonded water molecules.

At extreme moisture content, for equilibrium with

environments with relative humidity higher than ca. 80 % RH, water molecules are expected
to disrupt such network and therefore the effect of CNC is screened out.
Table 4-2 Values of Young modulus and ultimate strain of electrospun PVA fiber mats with and
without reinforcing CNC (at 15 % loading) measured at different conditions of relative humidity
% RH

Young modulus (MPa)

Ultimate Strain (%)

0%

15 %

0%

15%

10

1.5

2.0

0.57

0.33

70

0.4

0.8

2.63

1.26

80

0.2

0.3

3.70

2.85

To confirm the explanations presented before and also to test the reversibility in the
strength performance of the composite fiber mats upon water absorption, neat PVA fiber
mats and PVA fibers loaded with 15 % of CNC were exposed to humidity cycles, from 80 to
0% RH. The DMA with incorporated humidity controller was used in experiments in which
stabilization of the system was allowed for 60 minutes per cycle. The shifts in the storage
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modulus and the elongation were recorded continuously as the relative humidity was
changed, see Figure 4-4. It can be observed that when the surrounding humidity increased the
modulus of the neat and CN-reinforced PVA fiber mats decreased.

This change was

accompanied by an increase in the elongation resulting from the plasticizing effect of water.

Figure 4-4 Variation of the storage modulus (top) and elongation (bottom) of unfilled and 15 %
CN loaded PVA fiber mats after cycling the relative humidity from 80 to 0 %RH.

109

Both unloaded and CN-loaded PVA nanofibers fully and reversibly recovered the storage
modulus when the humidity was cycled between 0 and 80 % RH.

However, only the

unloaded PVA fiber mats reversibly recovered their original shape (elongation) after
humidity cycles; deformation of CN-filled PVA mats occurred irreversibly in the first
humidity cycle (80 to 0 % RH) probably due to the absorption of strongly bonded water
molecules located at the interface between the reinforcing CNC and the PVA matrix chains.
After the first cycle the elongation was recovered reversibly. This distinctive behavior of the
composite PVA fiber mats is believed to be a consequence of water-induced re-organization
of PVA chains at the CN-PVA interface. In order to shed more light about this phenomenon,
the composite fiber mats were subjected to complete drying (under vacuum) to ensure
complete removal of the water molecules and then were studied according to the experiments
explained in the following discussion.
DMA temperature ramps were carried out in order to analyze further the effects observed
previously. The ramps were conducted in linear tensile mode, after conditioning the samples
at corresponding given relative humidity, from room temperature up to the melting
temperature of PVA polymer. It was found that the variation with temperature of the storage
modulus (not shown here) displayed the typical behavior of partially crystalline polymers.
The values of the storage modulus at 80 ºC, above the Tg of PVA, obtained from DMA
curves for different relative humidity and CN loadings are reported in Figure 4-5.
At 80 ºC water molecules were partially removed and hydrogen bonding between PVA
chains and weakly bonded water was disrupted. Therefore, competition for formation of
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hydrogen-bonds with water (strongly bonded water molecules) was expected to exist
between the PVA chains and CNC.

Figure 4-5 Storage modulus of electrospun nanofiber mats loaded with different amounts of CNC
after stabilization at different relative humidity (0, 35, 75 and 98%) and with temperature
maintained at 80 ºC.

At any given relative humidity, CNC induced a significant increase in the elastic modulus
of the fiber composite which corroborated the reinforcing abilities of CNC, as was also
reported in the case of water-free PVA composite nanofibers.67

A unique effect was

observed at high relative humidity, i.e., 98%: by loading the composite with CN, up to levels
of ca. 10% in weight, a significant increase in the elastic modulus was observed; however, at
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higher loadings, beyond 10%, a drop in the mechanical strength occurred. Therefore, there is
a threshold in CN loading for improved mechanical properties and such effect could be
related to the competition between water molecules and added CNC and PVA matrix for
establishing hydrogen bonds. In moist fibers, for loadings above 10% CN, the effect of the
reinforcing phase was screened by the dominant plasticizing effect of water.
On the other hand, samples conditioned at 80ºC under higher relative humidity induced an
increase in the elastic modulus, for all CN loadings tested. At the relatively high temperature
of 80ºC the weakly bonded water molecules, which act as plasticizer, were partially removed
and hydrogen bonding with PVA chains was disrupted; in such cases the reinforcing effect of
CNC was more clearly observed. These results support previous hypothesis that strongly
bonded water is likely to be located at the interface between CNC and PVA chains and
contributed largely to the percolation network between matrix- matrix and filler- matrix
systems, which enhance the strength of the fiber composites.

4.4.4 Effect of humidity cycles on the properties of composite PVA fiber mats
It is well known that humidity cycles induce the formation of irreversible or partially
reversible hydrogen bonds upon removal of water from cellulosic pulp or paper, the so called
“hornification” effect.72 Drying may cause shrinkage of cellulose fibers, but it has some
beneficial effects such as a more intensely bonded structure, higher dimensional stability and
higher adhesion between fibers.

Similar concepts can be applied to other hydrophilic

polymer systems, such as PVA, which has a large density of hydroxyl groups and forms a
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rich hydrogen bond network. Therefore, it was considered of practical significance to study
the effect of humidity cycles on the structure and physical properties of PVA electrospun
fiber mats.
The morphology and mechanical properties of PVA fiber mats were investigated after
each of three total humidity cycles. The as-produced fibers were first dried in oven at 40°C
under vacuum and then humidified in 35% RH at room temperature and this humidity cycle
was repeated three times.
SEM images for different samples are presented in Figure 4-6 for neat and CN-loaded
PVA electrospun fibers. It can be easily observed that the fibers kept their integrity and
nanofibrillar morphology. Corroborating previous results, it was observed that the average
fiber diameter was maintained in the submicron range; in dry conditions the average
diameters were ca. 190 and 160 nm for the unloaded and 15% CN-loaded PVA, respectively.
The samples were analyzed by using DMA after each cycle. It was observed that the trends
for the storage modulus as a function of temperature (not presented here) were similar to
those of neat PVA fibers, which confirmed that no molecular changes occurred during the
humidity cycles. The storage modulus at 30ºC (below Tg) and 80ºC (above Tg) obtained
after each cycle are presented in Figure 4-7.

113

Figure 4-6 SEM images of neat (left) and 15% CN lo added (right) electrospun PVA fiber mats
after the respective humidity cycles .

The storage modulus of neat PVA nanofiber mats increased from about 200 to 400 MPa
after the first humidity cycles and dropped after the last, third cycle. This is in contrast to the
continuous increase in storage modulus observed in the case of CN-loaded PVA fiber mats
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upon humidity cycles. These results indicate that upon water absorption-desorption, new
hydrogen bonds are created between chains in neat PVA fiber mats, inducing an increase in
contact area that enhance the adhesion between the fibers.

However, after reaching a

maximum contact area, the modulus dropped because of the restricted mobility of PVA
chains under stress, resulting from physical aging phenomenon. As suggested by Padanyl, 73
in the case of absorption-desorption of water by cellulosic fibers in paper, a physical change
at the molecular level occurs during time in the amorphous or partially amorphous regions.
This time-dependent change or “physical aging” induces a gradual change in macromolecular
packing as the equilibrium free volume state is approached. The presence of moisture affects
strongly this equilibrium state and by alternating water absorption and desorption cycles
thermodynamic re-organization occur until the material reach an equilibrium state. In the
presence of CNC and after the three humidity cycles, PVA fiber mats did not reach
equilibrium: compared to neat PVA, the modulus of CN-loaded PVA fiber mats kept
increasing due to their respective limited water absorption. In addition, the humidification
cycle increased the water concentration in the CN–PVA matrix interface and after the
removal of water molecules, the flexible hydrogen bonds between PVA chains and/or
between PVA and water molecules were replaced mainly by stiffer CN–PVA bonds, which
enhanced the strength of the composite. Moreover, the difference in the supra-structure of
PVA and CNC make the tacticity of hydrogen bonds between PVA chains and CNC different
than between PVA macromolecules which influence their free volume equilibrium.

In

summary, the potential of using humidity cycles to imp rove fiber–fiber and/or fiber–CN
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adhesion and consequently to enhance the physical properties of the composite fibers was
highlighted but further studies are required to unveil the molecular basis for the observed
behaviors.

Figure 4-7 Storage modulus measured at 30 ºC (top) and 80 ºC (bottom) at 0 % relative humidity
for neat (filled bar) and 15 % CN loaded (unfilled bar) PVA electrospun fiber mats after each
successive humidity cycle.
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4.5 Conclusions
Electrospun fiber composites based on PVA were conditioned in air at different levels of
relative humidity. It was observed that the resultant equilibrium moisture content in the
fibers affected markedly their properties and mechanical performance.

The addition of

cellulose nanocrystals stabilized the system against water absorption and improved the
morphological and thermo- mechanical properties of the fiber composites.

A reversible

behavior in terms of mechanical strength and elongation took place when the fiber
composites were cycled between low and high relative humidity. This observation was
explained in terms of hydrogen bonding; the plasticizing and anti- plasticizing effect of water
and CNC, respectively and their key roles in defining the mechanical functions of related
composites.

The results presented here support evidence of the efficient stress transfer

between CN and PVA polymer chains in composite electrospun fibers, both in dry and in
moist conditions.
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Chapter 5.
Effect of crosslinking on the properties of
electrospun nanofiber composites of poly vinyl alcohol
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5.1 Abstract
The improvement in thermo- mechanical properties of electrospun poly(vinyl alcohol)
(PVA) fibers after incorporation of cellulose nanocrystals (CNC) have been demonstrated.
Besides the ultra high surface area, fibrous composite systems can offer advantages such as
biodegradability, water solubility of the poly(vinyl alcohol) matrix and excellent mechanical
properties brought about by the reinforcing cellulosic phase. Target applications for such
nonwoven materials include the manufacture of sensors and selective permeable membranes.
However, the high hydrophilicity of neat PVA can be detrimental.

To overcome this

problem, vapor phase esterification using maleic anhydride using acid catalyst to improve the
dimensional stability of the PVA based composite materials is investigated.

Water

absorption, solubility and morphology of the CNC-reinforced PVA were tested.

Also,

chemical characterization of PVA with and without cellulose nanocrystals samples was
performed using FTIR, XPS, CP/MAS

13

C NMR. Finally, thermal properties were analyzed

using Differential Scanning Calorimetry (DSC).

KEYWORDS: Crosslinking, maleic anhydride, polyvinyl alcohol, cellulose nanocrystals,
electrospinning
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5.2 Introduction
Polyvinyl alcohol (PVA) is among the most commonly used synthetic polymers due to its
properties.1 This polyhydroxy polymer is an excellent film forming, very easy to process, it
is also hydrophilic, biocompatible and biodegradable, 2,

3

and presents fair optical, and

antielectrostatic properties.4 In particular, the hydrophilicity of PVA allows good water and
hydrated salts permeation; therefore PVA is a good polymer candidate for the manufacture of
membranes. Also, the water affinity of PVA membranes, prevent fouling caused by adhesion
of non-polar substances, such as microbes and fulvic acids. 1 However, the high degree of
swelling and solubility of PVA in water, and its ensuing instability is a major disadvantage
when used in aqueous media.
Electrospun nonwovens are a very attractive media for filtration purposes, due to their
very high surface area-to-volume ratio. This particularity confers an extremely high surface
cohesion that allows to entrap particles as small as sizes of the pores (between tens of
nanometers and several microns).5, 6
Electrospinning of PVA had been intensely studied, 7-9 however films and webs of PVA
dissolve when immersed in water, an important drawback for potential applications. 10
Therefore, expanding application fields can be approached upon functional modification of
polyvinyl alcohol.11 Several attempts to improve mechanical integrity of PVA membranes in
water, and further selectivity in the case of salt-rejection membranes have been reported.1, 12
For all the methods proposed, the main target has been to obtain 3-D PVA networks.13 These
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efforts include physical and chemical modifications of polyvinyl alcohol, by heat treatment,1,
14

freeze–thaw inducement of crystallization, 15,

1

irradiation,16 radical polymerization –

peroxidisulphate,12 and acid-catalyzed dehydration through chemical reaction with a crosslinking agent.17 Chemical modification of polyvinyl alcohol can be performed using reaction
with its hydroxyl groups,14 opening new venues for practical applications of these materials.
Functional groups such as dialdehydes,18,

19

dicarboxylic acids,4,

20

or dianhydrides21 have

been used to crosslink PVA.14 The reaction of such molecules can render three different
reaction types:
1) Complete: forming two ester bonds either with hydroxyl groups present in the same
molecule (intramolecular) or with hydroxyls belonging to neighboring molecules
forming loop-type structures.4 (see Figure 5-1)
2) Single esterification: only one extreme of the already open anhydride reacts with the
one hydroxyl group and the other end becomes protonated, remaining in the acid form
3) No reaction: dissociation of the molecule without reacting, remaining in the
dicarboxylic acid form.5
The esterification reaction proposed in the present investigation is shown in Figure 5-1,
and the methodology to carry out these reactions is described in section 5.2.2.

Thus,

esterification takes place via dehydration between the anhydride group present in the maleic
anhydride and the PVA hydroxyl group, esterification or crosslinking is achieved through
acid catalyzed esterification and bond formation upon thermal activated reaction. 13 Cross-
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linking reaction is prevented in the absence of acid catalyst when the cross-linking agents
were dicarboxylic acids.22
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Figure 5-1 Mechanism of the proposed reaction alternatives

Once the water absorption and stability in aqueous media of PVA membranes is
overcome, an interesting approach for improving their barrier properties is the incorporation
of hydrophilic fillers in the continuous polymeric matrix, such as iron oxide,23 sodium
montmorillonite clay particle24 and cellulose nanocrystals.25

However, incorporation of

nanoparticles entails an alternative function other than reinforcing of the composite. Due to
their availability, renewability, biodegradable character and good mechanical properties,
cellulose nanocrystals are good candidates to be considered as reinforcing phase in polymer
matrices. Obtained by acidic hydrolysis of cellulosic fibers, CNC have been reported by us
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to reinforce electrospun composite mats consisting of poly(caprolactone)26 , polystyrene,27
and polyvinyl alcohol.28
The present study deals with the resistance to water absorption of electrospun PVAcellulose nanocrystals-based nanocomposites. The approach is based on a heterogeneous,
acid catalyzed vapor-phase esterification, using maleic anhydride as esterification
(crosslinking agent).

The chemical changes after esterification of the membranes were

studied by Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Photoelectron
Spectroscopy (XPS), and Cross Polarization/Magic Angle Spinning Carbon Solid State
Nuclear Magnetic Resonance (CP/MAS 13 C NMR). Solubility of the membranes in solvents
of different polarities was also tested, while the effect of the crosslinking on the thermal
transitions of the webs was analyzed by Differential Scanning Calorimetry (DSC).

5.3 Materials and methods
5.3.1 Materials
Polyvinyl alcohol (PVA) with 2% of acetyl groups (degree of hydrolysis of 98%) and
molecular weight of 125 kDa was purchased from Sigma-Aldrich under trade name Mowiol
20-98. Cellulose Nanocrystals (CNC) were obtained by acid hydrolysis of pure, extract- free
ramie fibers (Stucken Melchers GmbH & Co., Germany) as described in section 4.3.1. 29
Briefly, after removing residual additives by extraction (4 wt% aqueous NaOH solution, 80
ºC, 2 hours), hydrolysis was conducted with 65 wt% sulfuric acid for 45 min at 55 ºC under
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vigorous mechanical stirring. The reaction was stopped by cooling the resulting suspension
in ice bath, it was then filtered with a No.1 glass sinter to remove unhydro lyzed fibers and
finally washed with deionized water by using repetitive centrifugations (12,000 rpm, 10 o C,
20 min per cycle) until reaching neutrality.

Dialysis against deionized water of the

suspension was performed for a week, in order to remove excess free acid. Finally, the
suspension was redispersed by sonication and stored in refrigerator. The concentration of
CNC in the final dispersion was determined by gravimetry after drying.
Aqueous suspensions of PVA and CNC were processed by electrospinning as described
elsewhere.28 Briefly, aqueous solutions of PVA were prepared and a given amount of CNC
was added to obtain a final CN content of 15 % (wt/wt) while keeping total PVA
concentrations constant at 7 %. Neat PVA aqueous solution was also prepared as a control.
Electrospinning was carried out by using a horizontal setup that included a syringe pump
(Aldrich) controlled by a software to pump the dispersion contained in 10-ml disposable
plastic syringes thorough a 22-G needle which was connected to a high- voltage supply unit
(Series EL, Glassman High Voltage). A 30-cm diameter plate covered by aluminum foil was
used as collector and placed at a working distance of 15 cm from the needle tip; the collector
was connected to the negative electrode of the power supply (ground), while the needle tip
was connected to the positive terminal.
Maleic anhydride was purchased from Sigma Aldrich. Hydrochloric acid (HCl) was
reagent grade, diluted to 0.1 N using distilled water.
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Organic solvent used were acetonitrile, dimethylformamide (DMF), tetrahydrofuran
(THF), chloroform, dioxane, dimethyl sulfoxide (DMSO), pyridine, and dimethylacetamide
(DMA) were pure solvents, NMR grade.

5.3.2 Vapor-phase esterification – Heterogeneous reaction
Neat PVA and PVA loaded with 15 % of CNC electrospun membranes were placed in a
glass drying gun along with a small amount of maleic anhydride (1 to 2 grams), and a few
drops of HCl in separate vials. The glass drying gun was closed and connected to an oil seal
to avoid any ambient moisture and the inside temperature was kept at 75 + 5 o C, regulated by
water reflux.

An oven was used to handle webs of larger dimensions, by carrying the

reaction on a sealed container.
The esterification times were set to 15, 30, 60, and 120 minutes. Immediately after the
given time, the respective sample was cured in an oven at 120 o C during 30 minutes. The
same procedures employed above were followed for control samples, in the absence of
maleic anhydride.

5.3.3 Solubility tests
The effect of the treatment (reaction time and curing) was tested by immersing the PVA
webs in distilled water, under agitation. Organic solvents of different polarities were also
used to test the solubility of the crosslinked nonwovens. Webs cut in squares of half an inch
were submerged in the respective medium, under agitation for periods of time that varied
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from 2 up to 24 hours, and their physical integrity monitored by visual inspection. The
organic solvents used in these tests were methanol, acetonitrile, dimethylformamide (DMF),
tetrahydrofuran (THF), chloroform, dioxane, dimethyl sulfoxide (DMSO), pyridine, and
dimethylacetamide (DMA).

5.3.4 Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy
(ATR-FTIR)
ATR-IR was used in order to verify the esterification reaction in the electrospun webs.
The samples were dried overnight in an oven at 105 o C, and then analyzed in a FTIR Nicolet
spectrometer in ATR mode. All spectra were collected with a 2 cm-1 wavenumber resolution
after 128 continuous scans. In order to rule out the presence of non-reacted, free maleic
anhydride on the samples, and also to check the reversibility of the reaction, the samples
were washed extensively and repeatedly using acetone and de-ionized water before and after
collecting multiple ATR-IR spectra. Each sample was measured in triplicate (three different
spots per sample).

5.3.5 Cross Polarization/Magic Angle Spinning Carbon Solid State Nuclear
Magnetic Resonance (CP/MAS 13C NMR)
Freeze dried ramie CNC, powder PVA, membranes of esterified PVA reinforced with
CNC (15 %) membranes as well as the respective controls were analyzed with CP/MAS
NMR.
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13

C

The experiments were run at 23 o C with a Bruker 500 Ultrashield spectrometer equipped
with a solid-state high- resolution station. The operating frequencies of proton and carbon
were 6.700 Hz, respectively. Conventional CP/MAS was used for high resolution solid-state
13

C measurements. The rotors which contained the samples were spun at ca. 3.2 kHz, and the

90o pulse.

13

C Chemical shifts were calibrated through the carbonyl carbon resonance of

glycine as an external reference at 176.03 ppm. The obtained data was normalized and
analyzed quantitatively.

5.3.6 X-Ray Photoelectron Spectroscopy
XPS measurements were performed on the untreated and modified electrospun nonwoven
of PVA loaded with 15% of cellulose nanocrystals.

The samples were placed in the

spectrometer and evacuated overnight in order to stabilize vacuum conditions. All samples
were measured at three locations on the surface (analysis area of ca. 1 mm2 ) and the average
values were reported. Elemental surface compositions were determined from low-resolution
scans recorded with an 80 eV analyzer pass energy and a 1 eV step. Nominal cellulose
contents were determined from carbon high-resolution spectra recorded on the C 1s region
using 20 eV analyzer pass energy and 0.1 eV step. In the curve fitting procedure for C 1s,
symmetric Gaussian components with Shirley background were used. 30,

31

The binding

energy scale was shifted using the C-C component of the C 1s, at 285.0 eV.32 Whatman filter
paper (100% of cellulose) was used as an in-situ reference and also as reference material for
cellulose.
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5.3.7 Field Emission Scanning Electron Microscopy (FE-SEM)
The morphology of the original (unmodified), crosslinked webs as well as the respective
control (treatment in absence of maleic anhydride) were studied before and after 24 hours
immersion in distilled water, using a field emission scanning electron microscope (FE-SEM,
JEOL 6400F).

FE-SEM was operated at an accelerating voltage of 5 kV and working

distance of 20 mm. A small portion of the web was fixed on conductive carbon tape and
mounted on the support and then sputter coated with a ca. 6 nm layer of gold/palladium
(Au/Pd).

5.3.8 Differential Scanning Calorimetry (DSC).
The extent of reaction and its effect on the thermal behavior of the webs reinforced with
CNC was studied by DSC. The thermograms were obtained with a TA Instruments DSC
Q100. The typical procedure included heating and cooling cycles (10 o C/min rates) of ca. 10
mg of the sample in the temperature range between -25 o C to 250 oC or 230 oC for neat PVA
and CNC-loaded PVA membranes, respectively.
remove any effect of thermal history.
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The temperature was cycled twice to

5.4 Results and discussion
5.4.1 Physical integrity of the composite PVA webs
The physical stability of the crosslinked webs was tested by immersion in distilled water
under agitation.

A control sample was also tested, after treatment in the absence of

crosslinking agent. The samples exposed to the crosslinking agent during the shorter time
(15 minutes) exhibited gelification and almost immediate disintegration. PVA webs
subjected to crosslinking for more than 15 minutes were found to have good physical and
mechanical integrity when exposed to water, with the best results observed for the samples
treated for 120 minutes (Figure 5-2).

Untreated
PVA

Control

Esterified

Dissolution

Figure 5-2 Solubility tests of original electrospun PVA nonwoven, reference, and esterified
sample (exposure time: 120 minutes) after 24 hours immersion in distilled water
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The control sample, processed in the absence of maleic anhydride, exhibited delamination
and some resistance to complete dissolution, which is ascribed to the effect of heat
stabilization. It has been reported that prolonged esterification reaction (with temperature)
followed by curing enhanced the alignment of PVA polymer chains by removal of water
molecules and formation of polyene.4 However, this stabilization was noted to be only
temporal while permanent stability by means of chemical crosslinking performed here is
expected.
Table 5-1Solubility of crosslinked PVA samples (no CNC, crosslinking time of 120 minutes) in
solvents of different polarity (see polarity indexes).33

DECREASING POLARITY

Solvent

Polarity
Index

Water ……………………………… 9.0

INSOLUBLE

Dimethyl Sulfoxide (DMSO)……… 7.2

SLIGHTLY SOLUBLE

Dimethylacetamide (DMA) ……….. 6.5

SLIGHTLY SOLUBLE

Dimethylformamide (DMF) ………. 6.4

INSOLUBLE

Acetonitrile …………………………5.8

INSOLUBLE

Pyridine ……………………………. 5.3

SLIGHTLY SOLUBLE

Methanol ……………………………5.1

INSOLUBLE

Dioxane ……………………………. 4.8

INSOLUBLE

Chloroform ………………………… 4.1

INSOLUBLE

Tetrahydrofuran (THF) ………….….4.0

INSOLUBLE
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The solubility in the different solvents, of the PVA webs after 120 minutes of reaction
with maleic anhydride, is indicated in Table 5-1.

These results indicate successful

crosslinking of PVA with maleic anhydride.

5.4.2 Chemical characterization: Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR)
The spectra obtained for untreated and crosslinked PVA and CNC-loaded PVA are shown
in Figure 5-3. Peaks corresponding to the typical O-H and C-H stretching (2910-2942 cm-1 )
were characteristic in the spectra of neat PVA (A).

Strong resonance absorption was

observed between 3000 and 3600 cm-1 due to stretching of inter- and intra- molecular
hydrogen bonds. These signals overlap with the absorbance of water. Bending of the O-H,
C-H and CH2 groups was observed in the region of ~1430-1446 cm-1 , while the strong band
observed at 1096 cm-1 corresponded to C-O stretch and also O-H bending. Finally, the
skeletal signals appeared as a medium intensity bands in the region from 850 to 916 cm-1 .
Two peaks of low intensity appeared between 1600 and 1750 cm-1 were assigned to C-O and
C=O stretching from the residual acetyl content (2%) present in the P VA matrix.34, 35
In the case of PVA loaded with CNC (C) the same characteristics peaks corresponding to
PVA were observed. Changes in shape and intensity of the main signals were evident,
indicative of a hydrogen bond network formed between CNC and the PVA molecules.28
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Figure 5-3 ATR-IR spectra of electrospun fibers of neat PVA, before (A), and after crosslinking
reaction (B). Included are also samples of PVA loaded with CNC, unreacted (C) and crosslinked
(D) (Reaction time = 120 minutes)

When the samples were treated with maleic anhydride (spectra B and C), the most
significant changes in the spectra were the increase in the intensity of the peaks between
1610 and 1710 cm-1 . According to the proposed reaction mechanisms of reaction for PVA
and maleic anhydride, changes in the characteristic bands of C=O, C=C, C-O-C, and COOH
occur.

The shifts observed in this region can be attributed to the conjugation of these

signals.5 A decrease of intensity and change in shape of the spectra was noted in the peak
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corresponding to O-H (~3000-3600 cm-1 ), which corresponded to the consumption of OH in
the esterification reaction.
The ratio of peak heights corresponding to hydroxyl and carbonyl, before and after
washing out the excess of maleic anhydride was used to follow the evolution of the reaction
with time. The results for both, neat PVA and PVA loaded with CNC are shown in Figure 54. In this figure,

is the absorbance of the hydroxyl groups at ~ 3315 cm-1 and

is the

absorbance of the carbonyl groups at ~ 1716 cm-1
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Figure 5-4 Relative intensity (OH/C=O) signal with reaction time of neat electrospun PVA (A)
and loaded with 15% of cellulose nanocrystals (B), before (-□-) and after washing (-○-)

The amount of carbonyl groups is highest for samples subjected to low reaction times. In
both cases, neat PVA and CN-reinforced PVA webs, a progressive decrease in the ratio of
the absorbance peak height of the absorbances of the available hydroxyl groups is observed,
due to the contribution absorbance of the formed esters. From the case of untreated sample
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to samples subjected to longer reaction time, the relative intensity OH/C=O decreased by 86
and 60 % for neat PVA and CN-loaded PVA, respectively. The lower relative intensity in
the presence of CNC can be attributed to the lower availability of the hydroxyl groups to
react with the maleic anhydride due to the hydrogen bonding network formed between the
PVA chains and the cellulose nanocrystals. The interactions when the cellulose nanocrystals
are present in the PVA polymeric matrix become more complex as these components interact
and hydroxyl groups become less available.36
The reversibility of the crosslinking reaction for PVA noted as the difference in the
relative intensity OH/C=O before and after the washing step, is about 10%, which can be
attributed to residual maleic anhydride deposited on the webs. However, in the case of PVA
loaded with CNC, the standard error was much higher.

5.4.3 X-Ray Photoelectron Spectroscopy (XPS) and CP/MAS 13C Solid State
NMR results
Electrospun samples of CN-loaded PVA were analyzed by XPS to study the changes of
chemical surface composition before and after crosslinking reaction. Neat electrospun PVA
samples and a reference cellulose cotton as control was run. Table 5-2 summarizes the
relative concentrations of oxygen, carbon, carbonyl and carboxylic groups as well as the ratio
O/C for crossliked samples of CN-loaded PVA as well as the controls.
As expected, photoelectron binding energy peaks from carbon C1s (C-C, C-O, C=O, and
O-C=O) and oxygen O1s were evident in all samples, see Table 5-2.
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Table 5-2 Relative atomic concentrations of oxygen, carbon, carbonyl and carboxylic groups as
well as the ratio O/C for crosslinked samples of CN-loaded PVA, unmodified PVA and
reference cellulose.
Sample
Untreated
samples

Reaction
time
(minutes)

O1s

C1s

O/C

C-C

C-O

C=O

COO

Cellulose

41.8

58.2

6.2

6.3

74.8

17.9

1.1

PVA

31.4

68.6

49.8

49.8

46.1

2.7

1.4

PVA/CNC

30.8

69.2

50.9

50.9

44.8

3.0

1.3

30

29.1

70.9

51.9

51.9

42.3

2.8

3.0

60

31.7

68.3

48.2

48.2

44.8

2.5

4.5

120

29.7

70.3

49.8

49.9

40.6

2.1

7.4

In the control and crosslinked CN-loaded PVA samples, there was no trace of cellulose in
the topmost layer probed by XPS (ca. 10 nm), which was expected because there is no
evidence of cellulose nanocrystals on the surface of the fibers (the CNC are located inside the
fibers).
Slight changes were observed in the relative atomic concentrations of oxygen and carbon
with increasing reaction times. However, when analyzing the C1s high-resolution spectra
(Figure 5-5), the relative concentration of carbonyl groups increased significantly, from 1.3%
for the control sample to 7.3% in the case of samples reacted with maleic anhydride for 120
minutes. This observation is in agreement with the IR spectroscopy, that showed an increase
in the amount of carbonyl groups which is a product of the reaction between PVA and maleic
anhydride.
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Figure 5-5 C1s High resolution spectra for untreated PVA and CN-loaded PVA, cellulose
reference, and crosslinked CN-loaded PVA with different reaction times

Solid-state

13

C CP/MAS NMR analyses were performed in electrospun neat PVA, freeze-

dried CNC, CN-loaded PVA and a sample reacted with maleic anhydride during short times
(30 minutes) to maleic anhydride, in order to elucidate which of the possible reactions
discussed in the introduction is the most favored.

Additionally, information about the

tacticity of the polymer used in this work can be obtained from

13

C CP/MAS NMR data, as

well as unequivocal evidence of the presence of CNC in the electrospun samples.
The NMR spectrum collected (Figure5-6) for neat PVA (5-6. A) revealed a sharp peak
corresponding to CH2 and the three characteristic peaks for CH (I, II and II between 60 and
80 ppm). This spectra corresponded to either atactic, syndiotactic or a mixture of both, as
studied by Kobayashi et al.37 In the case of freeze-dried ramie CNC, characteristic peaks
were observed for the different carbons present in the sample. Starting from the lower
resonance region of the spectra, C 6 resonance peak appeared as a single sharp peak in the
region of 65 ppm, followed by a triad of signals corresponding to C 2 , C3 and C5 between 70
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and 80 ppm. The signal at 90 ppm was assigned to C 4 and finally C 1 appeared around 107
ppm as a sharp peak.38

Figure 5-6 CP/MAS 13 C NMR spectra for A) PVA, B) CNC, C) CN-loaded PVA (no maleic
anhydride) and D) crosslinked CN-loaded PVA (reaction time = 30 minutes)

For the control CN-loaded PVA sample (5-6. C), the same peaks corresponding to both
PVA and CNC appeared in the spectra. The sample after the reaction with maleic anhydride
showed a small new signal around 175 ppm, which is attributed to the formation of ester
bonds between the polymeric matrix and the maleic anhydride.
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5.4.4 Fiber morphology changes after immersion in water
Samples treated with the crosslinking agent d uring 120 minutes maintained their
macroscopic stability after 24 hours of immersion in water under vigorous agitation.
However, more important is the need to keep the nanostructure and fiber morphology in the
web. In this way, features such as high surface area and porosity can be preserved.39
Figure 5-7 includes SEM images of neat PVA and CN-loaded PVA electrospun
nonwovens, control (in the absence of crosslinking agent) and esterified during 120 minutes.
For better comparison, images of the corresponding dried samples were included.
In the case of neat PVA, neither the original nor the control samples maintained the fiber
structure, rendering a featureless PVA film after immersion in water. This makes evident
that the heat treatment applied in the control sample was not enough to stabilize the fiber
mat. Only the crosslinked sample was able to maintain the fiber morphology, however, an
important swelling of the fibers was observed.
On the other hand, from the samples containing cellulose nanocrystals, only the untreated
samples fused and solubilized in water, ending up as a solid film. Both the control and
crosslinked, kept the initial fiber morphology (even though some swelling took place). The
observed improvement in fiber resistance to water can be explained in terms of the
interactions between the cellulose nanocrystals and the PVA molecules and the stabilization
that cellulose nanocrystals imparted by way of a hydrogen bonding network.36, 40
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Figure 5-7 SEM micrographs of Neat PVA and PVA-CNC (15 %) before and after immersion in
water during 24 hours.
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5.4.5 Extent of crosslinking and thermal transitions
In order to elucidate the crossliking of the PVA-based composites (with and without the
addition of CNC) with maleic anhydride, DSC was used to study the thermal transitions of
the webs after different reaction times. Cross-linked polymers typically show an increase in
their glass transition temperature due to restriction in the polymer chain, as a consequence of
the new formed bonds.41
Samples, in the absence of maleic anhydride were run as control. In general, the thermal
transitions observed in the first thermal cycle were rather difficult to interpret due to the
thermal history of the samples.
Figure 5-8 summarizes the transition temperatures observed for neat PVA control samples
in the absence of maleic anhydride. A glass transition temperature, and a distinctive melting
endotherm with its respective crystallization exotherm (typical of partially crystalline
polymers such as PVA) were observed. Changes in the behavior of the samples were only
observed after crosslinking during 15 minutes, as noted by a slight increase in the glass
transition temperature (Tg ), from 87 to 77 o C.

Additionally, both the non- isothermal

transitions corresponding to melting and crystallization were reversible and appeared clearly
in both cycles. However, nonwovens exposed to temperature for longer periods of time (in
absence of crosslinking agent), present very similar melting (Tm) and cold crystallization
(Tcc) temperatures. As mentioned earlier, heat treatment contributes to the stabilization of the
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system by elimination of water molecules yielding physical crosslinking of the polymer
chains.

Reaction time (min )

Figure 5-8 Effect of the different exposure times to maleic anhydride on the thermal transitions
(first heating cycle) on control neat electrospun PVA samples where (-□-) corresponds to Tg , (-∆)
to Tm, and (-○-) to Tcc

On the other hand, when the electrospun webs of neat PVA were treated with maleic
anhydride, new irreversible transitions appeared during the first heating cycle, as the
exposure time to the reagent was increased. This is assumed to occur due to changes in the
nature of PVA material induced by the chemical reaction. After removal of the thermal
history (second heating cycle), and for those reaction time long enough to produce significant
changes in the polymer (from 30 minutes up to 120 minutes), neither melting nor
crystallization transitions were observed in the thermograms (Table 5-3). Only second-order
transitions were observed that indicate glass transitions due to the molecular reorganization,
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in this case due to chemical modification. Similar behavior was reported as evidence for
crosslinking reaction on PVA fiber aggregates using glyoxal as crosslinking agent.7
Table 5-3 Effect of the different reaction times to maleic anhydride on the thermal transitions on
neat electrospun PVA samples (second scan)
Reaction
time (min)
0
(untreated)
15

Tg (o C)

Endotherm
(o C)

Exotherm
(o C)

82

212

197

87

170

163

30

99

-

-

60

99

-

-

120

99

-

-

In the presence of CNC, the thermal behavior of the samples was distinctively different.
Figure 5-9 shows the thermograms corresponding to two consecutive temperature scans for
the electrospun fiber webs of PVA loaded with CNC, untreated and modified with maleic
anhydride after different reaction times. As reported previously, PVA loaded with CNC
showed a glass transition (Tg) that varies from 40 o C to 80 o C, depending on the storage
conditions and the thermal history of the sample. 28

For samples treated with maleic

anhydride, the Tg peak possibly associated with the vaporization of water present in the
sample, became a broader endotherm with a temperature onset around 64 o C in all the cases.
An irreversible transition was observed for electrospun PVA loaded with CNC which can be
attributed to the melting of the PVA matrix at 221 o C.

However, this non- isothermal

transition shifted to lower temperatures with the increasing reaction time, until complete
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fusion with the lower transition for the sample treated during 120 minutes. This behavior has
been reported by several authors in similar systems involving PVA as result of the disruption
of the crystal structure due to chemical crosslinking on the polymer chains. 42 Additionally,
the thermogram corresponding to the second heating scan (Figure 5-9, right hand side)
showed smooth transitions that can be ascribed as glass transition.
First scan

Second scan

Heat Flow (mW)

120 min

Heat Flow (mW)

60 min
30 min

15 min
Untreated
0

50

100

150

200

250

0

50

100

150

o

200

250

Temperature ( C)

o

Temperature ( C)

Figure 5-9 Effect of the different exposure times to maleic anhydride on the behavior and
irreversibility of the thermal transitions on electrospun PVA/CNC samples

As mentioned before, the transitions observed were irreversible and in presence of CNC
cold crystallization of the polyvinyl alcohol matrix d id not occur. This indicates that an
enhanced nucleation in the PVA crystallinity accompanied by a new transcrystalline phase
occurred when CNC were present in the matrix.

The changes in inter-phases and

crystallinity of semi-crystalline polymers induced by reinforcing agents in polymeric
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composites, and the mechanisms that originate such behavior had been widely discussed.43
Similar behavior has been reported in the case of polypropylene reinforced with CNC.44

5.5 Conclusions
A heterogeneous crosslinking reaction of PVA and CN-loaded PVA electrospun webs
using maleic anhydride as a crosslinking agent in presence of acid catalyst was investigated.
The reaction conditions were studied and it was demonstrated that after 120 minutes of
reaction time, the webs were insoluble in water and in other non-polar solvents immersion
for 24 hours.
Chemical characterization of the cross- linked samples was performed by different
techniques, including the analysis of the bulk and the surface of the mats. As shown by
FTIR, XPS and NMR, new esters bonds are created on the nonwovens, as evidence of the
chemical modification after treatment with maleic anhydride.

Furthermore, the changes

observed on the thermal transitions of the PVA nonwovens, with and without CNC, change
significantly after treatment, without any evidence of crystallinity after treatment, thus it can
be concluded that the crosslinking reaction occurred across the thickness of the web.
The physical integrity of the PVA-based electrospun nonwovens was demonstrated after
vapor-phase crosslinking.
.
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Chapter 6.
Electrospun Cellulose Acetate Nano- and
Micro-Fibers Reinforced with Cellulose Nanocrystals
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6.1 Abstract
The aim of this work is to produce cellulose acetate nano- and micro- fibers by using the
electrospinning technique. The fibers were reinforced with cellulose nanocrystals (CNC),
and also deacetylated to obtain pure CN-reinforced cellulose fibers. Cellulose acetates (CA)
of different degrees of substitution were dispersed in a binary mixture of solvents (acetone
and N, N-dimethylacetamide), to electrospun the systems of various compositions.

The

deacetylation of the fibers was effective, as indicated by infrared spectroscopy (FTIR). The
effect of deacetylation on the morphology and thermal behavior was evaluated using
scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The thermal, surface and chemical properties of the fibers were
changed drastically after deacetylation to cellulose; however, the morphological structure
was preserved.

Cellulose acetate loaded with CNC presented only a glass transition

temperature, Tg of 145 ºC. The thermal transitions of cellulose acetate disappeared after
deacetylation, a behavior that can be ascribed to the complete conversion of cellulose acetate
to regenerated cellulose.

Keywords: Cellulose acetate, cellulose, nanofibers, nellulose nanocrystals, deacetylation,
electrospinning.
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6.2 Introduction
Webs formed by nano- and micro-fibers present unique properties, due to their high
surface area-to-weight ratio, high pore volume, and small pore size. 1 Processing of polymer
to obtain nanofibers can be carried out by using methods such as drawing, template assisted
synthesis, phase separation, self- assembly, and electrospinning. Among these techniques,
electrospinning is reported as the most versatile in terms of its simplicity and relative lowcost.2-4
Electrospinning (ES) is suitable for the production of micro and nano- fibers of a variety of
polymers. The diameter and morphology of fibers obtained by ES depend on the process
conditions and variables such as polymer concentration and viscosity, net charge density of
the solution, applied voltage, type of collector and distance needle-to-collector. Usually,
solvent mixtures are used to control solvent evaporation during the ES process and to avoid
clogging of the needle by early solidification of the polymer. 5-8 Fibers produced by ES have
shown potential applications in medicine (tissue engineering, wound dressing, drug delivery
and dental and medical implants)3,

9

high performance air filters, military and medical

protective textiles,10 sensors, advanced composite, photovoltaic cells, and membrane
separation.6, 11
Recent research is focused on new materials derived from natural polymers as an
alternative to conventional petroleum-derived polymers. Non-toxic, edible, biocompatible
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and biodegradable, sustainable or renewable are some of the labels given to biopolymers
commonly used in applications related to biomedical, pharmaceutics, and also cosmetics.
Cellulose is one of the most abundant natural polymers, used traditionally as fibers in
papermaking. Its thermal and chemical resistance and biodegradability make it attractive as
precursor of nano-fibers for applications such as affinity membranes, biosensors, protective
textiles, reinforced nanocomposites and others. The use of cellulose and its derivatives to
obtain nano-fibers by ES presents a great opportunity for better utilization of cellulose and
development of new applications.5 However, as for many other biopolymers, when it comes
to processing of cellulose via electrospinning, usually several challenges exist such as the
demand of purification steps due to limited solubility in typical solvents, and tendency to
aggregate or form gels.1 Successful efforts to electrospun cellulose report a low efficiency of
the process, yielding low amounts of material in a relatively long time.12 Few solvents are
capable of dissolving cellulose so that it can easily be processed by electrospinning. Among
those N- methylmorpholine (NMMO)/water,13 lithium chloride/N, N-dimethylacetamide,14
and ionic liquids such as 1-allyl-3- methylimidazolium chloride (AMIMCl)/dimethylsulfoxide
(DMSO)15 have been used in ES of cellulose. The problem faced with such solvents is their
low volatility, which leads to defective fibers upon ES. Additionally, some of these solvents
require high temperatures to completely dissolve cellulose, making the processing even more
difficult. On the other hand, residual ions on the fibers are reported, which are difficult to
remove.6, 16
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Electrospinning of cellulose have been improved by alternatively using cellulose esters
solutions and posterior regeneration. 16

Cellulose acetate can be easily dissolved and

processed in non-polar solvents, suitable for ES such as acetone, dichloromethane,
chloroform and methyl acetate.17
Obtained from esterification of highly pure cellulose with acetic anhydride using sulfuric
acid as a catalyst, cellulose acetate is a semi- synthetic polymer. Its properties depend on the
degree of substitution (the number of hydrogen atoms substituted by acetate groups ) which
defines the polymer as acetate, diacetate and triacetate.18
Traditional raw materials for the manufacture of CA are renewable, biodegradable, and
inexpensive, such as wood pulp, but also alternative sources have been studied, including
residues from sugarcane bagasse,19, 20 bacterial cellulose,21 newspapers22 and fruit seeds.23
Cellulose acetate is the most widely used cellulose derivative due to its properties such as
low weathering, heat and chemical resistance, thermal stability, reasonable toughness and
dimensional stability.24 These properties make cellulose acetate in its film as well as fiber
forms, very attractive in membranes for semi-permeable dialysis membranes, ultrafiltration
and reverse osmosis applications.25
Furthermore, cellulose acetate nano- fibers can be converted into regenerated cellulose by
removal of acetyl groups by alkaline hydrolysis. 26 Several reports indicate that regenerated
cellulose nano-fibers can be obtained by ES of cellulose acetate. One of the most relevant
properties of nano- fibers of regenerated cellulose is the chemical resistance to almost all
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organic solvents and aqueous solutions in a broad pH range (from 3 to 12). Additionally,
regenerated cellulose membranes have shown to be more permeable to water than
conventional microporous membranes. This property makes it attractive for applications
such as affinity separation and membranes with anti- microbial properties.7, 27
Cellulose nanocrystals have significant potential as reinforcement of polymers which
require very low filler content. Cellulose nanocrystals offer several advantages including
their high aspect ratio and specific surface area, excellent chemical, mechanical and thermal
properties, its biodegradability, and renewability. CNC have high elastic modulus (120 - 150
GPa), and they are interesting due to their reinforcing effect in thin polymer films and in
nano- and micro- fibers.28-31
In this work, fibrous structures were produced from cellulose acetate solutions of different
degrees of substitution and reinforced with CNC. The influence of the rheological properties
of cellulose acetate solutions in the formation process of electrospun fibers was studied. The
chemical, thermal and morphological nature of the obtained fibers, their surface properties,
and the effect of the deacetylation were analyzed.

6.3 Materials and methods
6.3.1 Materials.
Cellulose acetates of three different degrees of substitution were used. Cellulose
monoacetate (CA-320S; degree of substitution of 1.85, 32.0% of acetyl content, and M w of
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38,000) and cellulose diacetate (CA-398-3; degree of substitution of 2.45, 39.8% of acetyl
content, and M w of 38,000) were purchased from Eastman Kodak.

Cellulose triacetate

(degree of substitution of 2.8) was also provided by same company.
Acetone and N, N-dimethylacetamide (DMAc) were used as solvents, while the cellulose
nanocrystals (CNC) were obtained from pure, extract- free ramie fibers (Stucken Melchers
GmbH & Co., Germany) by sulfuric acid hydrolysis as described previously. 32 Solutions of
KOH 0.5 N in ethanol were used to deacetylate the fibers via alkaline hydrolysis.

6.3.2 Preparation of the cellulose acetate solutions.
Solutions of CA in a binary mixture of acetone: DMAc (2:1 by weight) under constant
stirring were prepared at room temperature. Mixtures containing cellulose triacetate required
heating to 50 °C and cooling at 4 °C to promote their solvation and to ensure complete
dissolution.

6.3.3 Characterization of the solutions.
Flow curves of the CA solutions at different concentrations were studied at 25 ºC, using a
programmable rheometer (AR2000, TA Instruments) with a plate-and-cone geometry
measurement (40 mm in diameter and 2 degrees, cone angle).

The conductivity of the

solutions was measured with a conductivity meter (Corning Inc., model 441).
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6.3.4 Electrospinning.
Fibers with and without reinforcing CNC were obtained from the respective solutions
using a horizontal electrospinning setup. Disposable syringes of 10 ml capacity with 22-G
steel needle were used to hold the solution and to pump it using a syringe pump (Aldrich)
controlled by a software to generate a constant mass flow. The application of an electric
field (Series EL, Glassman High Voltage with 0 – 50 DC kV power range) induced a jet of
polymer solution towards the surface of 30-cm diameter grounded collector located at a
working distance of 15 cm. The collector consisted of a circular aluminum plate, wrapped in
low-ash content aluminum foil.
Preliminary runs to test ES operation conditions so as to produce continuous fibers with
uniform size distribution were performed with solutions containing 15 and 25% (wt/wt) of
CA with 2.45 degree of substitution. The conditions studied were specific electrical potential
varying from 0.7 to 2.5 kV/cm and polymer flow rate between 3 to 9 ml/min. During the set
of preliminary tests, samples were collected after 2 minutes of ES and observed under an
optical microscope Olympus BH-2 NMA with color video camera Power HAD Sony 3CCD
DXL-970 MD and Image-Pro Plus image analyzer.
Suitable conditions found to produce continuous electrospun cellulose acetate fibers
included a flow rate and field strength of 1 ml/h and 1 kV/cm-1 respectively (see Table 6-1,
where 1.85, 2.45 and 2.8 are the degrees of substitution (acetyl groups) on cellulose acetate).
Samples were collected during 10 hours.

162

Table 6-1 Composition of the solutions of polymers used to obtained cellulose acetate and CNreinforced fibers
Composition ( % wt/wt)
CA 1.85

CA 2.45

CA 2.8 CNC

20

-

-

-

-

20

-

-

-

10

10

0

-

20

-

5

6.3.5 Regeneration of cellulose
The resultant cellulose acetate webs were subjected to alkaline hydrolysis of acetyl
groups, so as to produce regenerated cellulose fibers. The as-spun cellulose acetate webs
were placed in enclosed containers with KOH 0.5 N ethanol solution and kept under stirring
during 3 hours at room temperature, and atmospheric pressure. 33 Once the hydrolysis took
place, the webs were washed with de- ionized water during 1 hour, oven-dried overnight at 40
o

C and stored in a desiccator for further characterization.

6.3.6 Characterization of the nonwoven
The morphology of the electrospun nanofibers was studied by field emission scanning
electron microscopy (FE-SEM), JEOL 6400F, equipped with an Oxford solid state X-ray
detector, operated at 5 kV and working distance of 20 mm. A portion of the nonwoven was
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taped to the sample holder using conductive carbon tape and mounted on the support,
followed by sputtering with a ca. 6 nm layer of gold/palladium (Au/Pd).
Thermograms of the samples were collected using a Differential Scanning Calorimetry (
DSC-Q100, TA Instruments). An initial heating-cooling cycle was performed to remove the
thermal history of the samples. Samples of c.a. 10 mg, were heated from 25 ºC to 330 ºC and
290 ºC (for samples with and without CA 2.8, respectively) and cooled back to 25 °C. The
experiments were conducted at a heating rate of 10°C/min under nitrogen atmosphere (flow
rate: 50 ml/min N 2 ).
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) was
used to confirm the hydrolysis of ES webs. The oven-dried samples were directly analyzed
using a Nicolet FTIR spectrometer in ATR mode, using a wave length of 650 to 4000 cm-1
with a spectral resolution of 2 cm-1 wavenumber and 64 continuous scans.
The change in the surface energy of the cellulose acetate nonwovens, before and after
hydrolysis, was analyzed by the contact angle technique. The tests were performed using a
microsyringe under a Phoenix SEO microscope adapted with digital camera and Zoom 7000
Navitar TV. Manual analysis of images was performed using image processor Image XP FW
012108 and Image J 1.410.
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6.4 Results and discussion
6.4.1 Cellulose acetate solutions
In addition to equipment operational variables and environmental conditions, the
properties of the solution to be electrospun are of extreme importance in the formation of
homogeneous fibers. Among these variables, the density of net charges and rheological
behavior of the polymer solution are intimately related to the morphology of the resultant
fibers.9,

34

Therefore, the rheological properties of the solutions can provide a better

understanding of the fiber uniformity to be formed, their diameter and morphology.35
High viscoelasticity in the polymeric system favor formation of smoother fibers in
electrospinning. Viscoelastic forces are responsible for resisting the changes in shape during
the process by the surface tension of the polymer. Rayleigh instability is driven by surface
tension, favoring the formation of droplets instead of thin jets. In addition, a high net charge
density on the polymer will tend to increase the surface area of the polymer solution ejected
from the syringe by pressure and electrostatic repulsion. Therefore, as the surface tension
forces are overcome by electrostatic and viscoelastic forces, smooth fibers are obtained.9
Solutions with concentrations in the range of 10 - 27.5% (wt/wt) of cellulose acetate with
2.45 degree of substitution (CA 2.45) were prepared to quantify the apparent viscosity as a
function of solution concentration and shear rates. Results are summarized on Figure 6-1 A
and B. Figure 6-1 A shows a behavior close to Newtonian, however, close inspection of the
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viscosity profiles indicate a shear thickening behavior at low concentrations possibly due to
evaporation of the solvent. However, at higher concentrations, the rheological behavior
gradually shifts from Newtonian to shear thinning due to alignment of the chains of polymers
at high shear rates.

As expected, the zero shear viscosity values of CA 2.45 solutions

increased with the increasing concentration of the solution (Figure 6-1 B).
The relationship between the apparent viscosity determined at zero shear rates (γ = 0) and
CA 2.45 solutions concentration in the 10 - 27.5 wt % range was analyzed in order to obtain
the optimum overlapping polymer concentration which is expected to allow the formation of
bead-free fibers.

Optical micrographs showed the morphology for two selected

electrospinning conditions (15 and 25% wt% CA 2.45). The values of viscosity and shear
stress were fitted using the power law (results shown in Table 6.2). Moreover, when plotting
viscosity at zero shear rates as a function of the polymer concentration, it was possible to
observe two distinctive behaviors before and after the overlapping concentration (Fig 6.1 B).
As expected, below the overlapping concentration, only few fibers with beads were observed,
while above the overlapping concentration, the electrospinning of CA 2.45 solution yielded
uniform fibers.
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Figure 6-1 Apparent viscosity as a function of shear rate of CA solution A) and effect of CA
concentration on the apparent viscosity at 0 1/s shear rate B). Included in B) are optical
microscope photographs of fibers electrospun from 15 and 25 wt% CA 2.45 solutions. (Solvent
consisted of acetone:DMAc, 2:1 by weight)

Table 6-2 includes the values of both, the power law n and the consistency k indeces, for
solutions of CA 2.45 at different concentrations. Cellulose acetate in acetone-DMAc solvent
became shear thinning as the concentration of CA increased; as expected the consistency
index increased with concentration. As it can be observed from Figure 6-1 B), the onset for
the steep increase in viscosity took place at a CA concentration of 20 - 23% (wt/wt), in
acetone-DMAc (2:1)
The behavior noted above is in agreement with earlier reports. When the concentration of
the solution is low the polymer chains are sufficiently apart, so that polymer chains contact is
minimized; in such case the governing variable in the process of electrospinning involves
surface tension forces. Therefore, electrospinning of polymer solutions of low concentration
and viscosity (viscosity << 1 Pa.s) render limited amounts of thin fibers but a large
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concentration of droplets and/or beads. At solution viscosities above 1 Pa.s, processing and
flow of the polymer solution became more difficult. This is because the polymer chains
begin to overlap in solution, but with limited or no chain entanglement. It is only above the
overlap concentration when continuous fibers are produced due to the strong interaction and
entanglement of the polymer chains.

Therefore, the concentration and viscosity of the

polymer solution, need to be adjusted in order to obtain cylindrical fibers that form uniform
mats after electrospinning. 5, 6, 8, 36, 37
Table 6-2 k and n indices for CA 2.45 dissolved in a 2:1 mixture of acetone-DMAc
CA 2.45 (%)

k

n

10.0

0,19

1,01

15.0

0,51

1,05

20.0

1,23

1,01

22.5

2,97

0,95

25.0

12,41

0,86

27.5

30,65

0,79

The conductivity of the CA 2.45 at 10, 15, 20 and 25 (wt/wt)% was measured and the
data fitted to a linear function (Equation 6.1). Experimental as well as empirical data for
conductivities of the different concentrations of CA 2.45 are summarized in Table 6.3.
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Equation 6.1
Table 6-3 Conductivity values for CA 2.45 solutions in 2:1 mixture of acetone-DMAc (wt/wt)

CA 2.45 (%)

Conductivity
(μS cm-1)

10.0

2,76

15.0

3,03

20.0

3,57

22.5

3,68*

25.0

3,87

27.5

4,07*

(*)

Values calculated from the regression curve obtained with the experimental conductivity data (Eq.
6-1)

Similarly as observed for the viscosity, the conductivity of the solutions showed a slight
increase with the concentration of cellulose acetate.

This can be attributed to residual

electrolytes that are solubilized with the cellulose acetate.

6.4.2 Electrospinning
Electrospinning experiments of CA solutions were carried out in order to set the optimum
operational conditions. The effect of electric field strengths, concentration of CA polymer,
and flow rates were the main variables investigated.
A summary of the results is presented in Table 6-4. Once the suitable set of conditions for
electrospinning was found, only fibers with diameters in the nano- and micro-scale were
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obtained in the case of CA 1.85 and CA 2.45 solutions. Also, the production of cellulose
acetate fibers (CA 2.45) reinforced with cellulose nanocrystals was successful. Optimization
of conditions for electrospinning of CA 2.8 solutions using the same solvent system, acetone
2:1 DMAc, was not possible due to extremely high viscosity of the solutions. This caused
clogging of the needle and made it difficult to mantain a constant flow. However, it was
possible to obtain ES fibers from cellulose acetate mixtures (CA 2.45:CA 2.8, 1:1 by weight
and CA 1.85:CA 2.8, 1:1 by weight, at a total polymer concentration of 10 % (wt/wt). The
electrospinning conditions for CA mixtures with and without reinforcing CNC slightly varied
depending on the composition. In all the cases, the flow rates were fixed between 0.3 to 0.9
ml/h, while the electric field strength was 0.75-1.0 kV.
Table 6-4 Main observations after electrospinning solutions of CA 2.45 cellulose acetate
dissolved in acetone-DMAc (2:1 by weight)
Flow
(ml/min)
3

6

9

EF(a)
(kV/cm)

15% (wt/wt)

25% (wt/wt)

ESP(b)

Morphology

ESP(b)

Morphology

0.7

(+)

(+)

1.4

(+)

beads
beads

2.5
0.7

(+)
(+)

(-)
(+)

1.4

(+)

beads+fibers
beads
beads

2.5
0.7

(+)
(-)

(-)
(+)

1.4

(+)

beads+fibers
-beads

uniform fibers
heterogeneous
fibers
-uniform fibers
heterogeneous
fibers
-uniform fibers
heterogeneous
fibers
--

2.5
(+)
beads+fibers
(a) EF: Electric field
(b) ESP= Fibers obtained after electrospinning, (+) yes or (+) no.
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(+)

(+)

(+)
(-)

The obtained ES fibers followed the expected cellulose acetate solution rheological
behavior. When the polymer concentration was below the overlapping concentration (i.e.
15% wt/wt) beads were observed after electrospinning, with some exceptions. Only above
the overlap concentration (22.5% wt/wt), a mat of continuous bead- free fibers was obtained.
Furthermore, better homogeneity of fiber shape was observed when the electric fields were
increased. This observation is explained by the fact that by increasing the applied voltage,
the charge density on the electrospinning jet increases, and thus an increased acceleration and
stretching of the polymer occurs, which renders fibers with fewer defects.38

6.4.3 Morphological and chemical characterization of cellulose acetate ES
mats
SEM was used to study the morphology of the fibers obtained after electrospinning and
under the conditions discussed previously. The SEM micrographs corresponding to CA 2.45,
CA 2.45 reinforced with 5 % wt CNC, and the respective hydrolyzed samples, as well as
deacetylated fibers from mixtures of CA 2.45/CA 2.8 (1:1), and deacetylated CA 1.85/CA
2.8 (1:1) are shown in Figure 6-2.
It is apparent that the addition CNC did not affect the homogeneity of the obtained fibers.
However, some variation in the fiber diameter was observed. As reported in our previous
study, the charges present on the surface of the CNC, increased the conductivity of the
suspension, decreasing the diameters of the fibers obtained by electrospinning.28 Hydrolysis
in alkaline media of cellulose esters have been proved to fully regenerate cellulose by
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cleavage of the acetyl groups present in the polymer. 26

As such, the CA fibers were

converted to cellulose by hydrolysis and no changes in shape or morphology were observed,
in agreement with other reports.7, 26
a)

b)

e)

d)

c)

2 mm

2 mm

2 mm

f)

2 mm

2 mm

2 mm

Figure 6-2 SEM micrographs of fibers: a) CA 2.45, b) CA 2.45 reinforced with 5 % wt NCs, c)
deacetylated CA 2.45, d) deacetylated CA 2.45 reinforced with 5 % wt NCs, e) deacetylated CA
2.45 - CA 2.8 (1:1) mixtures, and f) deacetylated CA 1.85 - CA 2.8 (1:1) mixtures

FTIR spectroscopy was used in order to confirm the extent of CA hydrolysis, as well as
the presence of CNC in the fibers. Figure 6-3 a) shows the FTIR spectra of CA 2.45 fibers
before and after deacetylation and also with and without the addition of CNC.
FTIR spectra showed the typical bands corresponding to CA polymer matrix. Pure CA,
produced the characteristic bands of polysaccharides; a wide stretching band of the hydroxyl
groups between 3050 and 3700 cm-1 was observed and ascribed to inter-and intramolecular

172

bonding. Stretching vibrations C-H of methylene groups appeared between 2800 and 3000
cm-1 , while symmetric and antisymmetric bending of methylene groups were observed at
1370 cm-1 and 1435 cm-1 , respectively. Also bands corresponding to asymmetric stretching
of carboxylate group, C-O-C glycosidic linkage, and asymmetric C-O-C bond stretching
from the pyranose ring were observed at 1234 cm-1 , 1160 cm-1 , and 1049 cm-1 , respectively.
A strong carbonyl band at 1746 cm-1 was present in the spectra of CA from the acetyl groups
in the polymer.18

The extent of deacetylation was found to be complete as the bands

corresponding to acetyl groups disappeared in the cases of hydrolyzed CA and CN-reinforced
CA ES fibers. Additionally, the intensity of the band corresponding to O-H groups increased
with hydrolysis and some changes in spectra shape were observed, which also indicates a
successful deacetylation reaction.37 These results suggest that the acetyl groups in cellulose
acetate were replaced by hydroxyls, i. e. cellulose was completely regenerated after alkaline
hydrolyisis.
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Figure 6-3 FT-IR spectrum and of cellulose acetate (CA) and regenerated cellulose (RC) with
and without reinforcement of CNC (5% wt/wt).

6.4.4 Thermal properties
Differential scanning calorimetric analyses were performed in the cases of cellulose
acetate (CA) and regenerated cellulose (RC) ES mats, with and without CNC (loading of 5%
wt/wt) (Figure 6-4).
Two main thermal transitions were observed for electrospun fibers of CA, the first at 187
o

C which is attributed to the glass transition of the CA polymer and the second one, observed

at 219 °C, which is a melting endotherm. This second transition agrees with the reported
melting temperatures for powder cellulose acetate, which vary between 227 to 240 o C.39 The
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differences in melting temperatures can be explained by the thermal history of the samples,
in addition to the modifications of the polymer during the electrospinning process.26, 40 The
melting endotherm and the glass transition at ca. 187 o C of the polymer disappeared when
CA was hydrolyzed to cellulose.
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Figure 6-4 DSC thermograms of the fibers produced after electrospinning solutions of cellulose
acetate (CA) and after regeneration to cellulose by alkaline hydrolysis (RC) with and without
CNC reinforcement (5% by weight)

These observations in thermal behavior suggest a change in crystallinity and an
unambiguous conversion of cellulose acetate to regenerated cellulose.37 Cellulose acetate
reinforced with CNC presented only the glass transition temperature, T g at 145 ºC which
agrees with the range of values reported in literature for the Tg of cellulose acetate (between
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140 to 190o C).39 Interestingly, there is no evidence of CA melting when CNC were added to
the CA. The presence of CNC disordered and disrupted the crystallinity of the polymeric
matrix as observed previously.28

6.4.5 Wettability
The deacetylation of the cellulose acetate together with the generation of new hydroxyl
groups is expected to increase water wetting of the ES mats, as can be determined by a
reduction in the water contact angle (WCA).26 The WCAs of mats of fibers electrospun from
solutions of CA and CA reinforced with CNC, before and after alkaline hydrolysis, were
determined. The changes in contact angle during the initial five seconds after deposition of a
water drop are reported in Figure 6-5. CA fibers were highly hydrophobic due to the presence
of acetyl groups (initial WCA of 90-100 degrees). When CNC were present in the fibers, the
contact angle decreased with time up to 60 degrees. In previous work, it has been observed
that a hydrophilic matrix (such as PVA) reinforced with CNC became more stable as water
uptake was minimized. In the case of CA, the effect is the opposite, probably due to the
lower availability of OH group that form a hydrogen bond network with CNC and thus
prevent interaction of the polymer chains with water. On the other hand, after hydrolysis of
acetyl groups in CA fibers, the obtained regenerated cellulose fibers beca me more
hydrophilic, since a contact angle of 10 and 0 degrees were measured in the case of fibers
without and with reinforcing CNC, respectively.
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Figure 6-5 Dynamic contact angle of cellulose acetate (CA 2.45) with and without CNC
reinforcement before and after hydrolysis (RC)

6.5 Conclusions
The optimum solution concentration for electrospinning cellulose acetate (CA 2.45) was
found to be 20 w/w% in 2:1 acetone-DMAc mixture, close to the overlapping concentration
as determined by viscosity measurements. Cellulose acetate solutions at this concentration
were electrospun with and without addition of cellulose nanocrystals (5 wt/wt %). The
resulting electropun fiber mats were continuous and defect- free.

After heterogeneous

alkaline hydrolysis of the fibers, regenerated cellulose mats were obtained and characterized
by SEM, DSC and WCA.

177

Thermal properties, wettability and chemical composition of the fibers changed
significantly with deacetylation of the original cellulose ester while the morphological
structure was preserved.

Additionally, the thermal transitions of cellulose acetate

disappeared after deacetylation; an observation that can be attributed to the conversion of
cellulose acetate to regenerated cellulose. In the presence of CNC only the signal
characteristic of the glass transition temperature, Tg of 145 ºC was observed. No reversible
melting endotherm was recorded, an indication of the characteristic disruption of the
crystallinity induced by CNC. Interestingly, the addition of CNC to the matrix showed a
decrease in the WCA of the webs in both cases, before and after deacetylation. This behavior
is in contrast with previous observation for fully hydrophilic fiber webs, and it might be
related to the occurrence of lower amount of hydrogen bonds between CA and CNC,
preventing stabilization by hydrogen bond network.
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Chapter 7.

Future work
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In the present work, the manufacture and characterization of electrospun nonwovens
(PVA and CA) reinforced with cellulose nanocrystals was successfully introduced. A
fundamental understanding of the interactions between the polymeric matrixes and the CN
reinforcing phase in environments with different relative humidity was attempted (Chapters 3
and 4). However, a more detailed work on the performance of these materials in potential
applications is needed. Also, it is of interest to test our system in a higher scale, such as the
lab-scale NanoSpider® unit available at the College of Textiles, as well as alignment of the
fibers by using a non-static collector. Specifically Chapter 5 describes a method to improve
the dimensional stability of electrospun CN-loaded PVA nonwovens in order to make them
suitable for applications such as membranes. Currently the selective gas permeability of
these webs with and without the addition of CNC as well as before and after chemical
modification is under study. Preliminary results have been reported as successful, but a
deeper study is suggested for this purpose. Further elucidation on the mechanism reactions
between PVA and maleic anhydride is suggested, as well as the involvement of CNC in the
reaction. Finally, crystallization of PVA matrix after addition of CNC needs to be study
further by a more appropriate technique (i.e. XRD).
Cellulose nonwovens were obtained via electrospinning of cellulose acetate with the
addition of cellulose nanocrystals and posterior deacetylation (Chapter 7). The impregnation
of these webs in acrylic resins would improve their optical properties, broadening the already
wide spectra of possible applications for hydrophobic and high strength nonwovens.
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Aditionally, studies focused on the surface energy changes in CA fibers after CNC addition
are of interest.
Moreover, preliminary studies on the use of soy proteins as additive in nanofibrillated
cellulose (Appendix) composites is very promising in several applications taking advantage
of the combination between the available functionality of the protein present in the
composites and the strength and low oxygen permeability of the films of nanofibrillated
cellulose.
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Preliminary studies on soy protein additives for
nanofibrillated cellulose
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1.

Introduction

The unique chemical composition of soybeans positions them in a privileged place among
the agricultural sector. When compared to other legumes, soybeans have the highest amount
of protein, about 40% and a high oil content of about 20%. The rest of the dry matter
contains 35% of carbohydrates, 5% of ashes and about 13% of moisture. In the formulation
of soybeans biologically active minor components, such as trypsin inhibitors, phytates, and
isoflavones are also present.1 In contrast to soy oil, soy proteins are primarily used as
feedstuff.
The particularity of proteins is determined by the functionality of their primary structure,
amino acid sequences and the environmental conditions, such as ionic strength, pH and
temperature.2 Table 1 summarizes the main characteristics of globulin soy protein fractions,
including molecular weight, isoelectric point, as well as amino acids content in percentage.
Changes in the conformation of the proteins can be induced by chemical or thermal
denaturation. Therefore, upon protein denaturation, the proteins will not exhibit a globular
structure

anymore;

instead,

functional

groups

of peptide

bonds,

as

well

as

hydrophobic/hydrophobic sites will be exposed, and network formation affected.3
In the past several years, the use of soy protein-based resins together with the addition of
lignocellulosic materials, have been studied for the manufacture of renewable and sustainable
high strength green composites for metal and plastic replacement. 4 The potential of different
type of fibers, such as ramie,

5, 6,7, 8

flax fabrics and yarns,4, 9-14 bamboo,15 kenaf,16 hemp17
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fibers and also microfibrillated cellulose18 and their effect as reinforcement of soy protein
“green composites” have been investigated. In order to manufacture high strength, thermally
stable water-resistance composites, chitin nanocrystals were also used as reinforcement of
soy protein isolates thermoplastics.19 Inorganic fillers, such as nano-clay have been also
used.9
Table 1 Amino acid composition (5% wt.wt) and characteristics of the different soy protein
fractions (adapted from Garcia et al.20)

Amino acid composition
Protein

Mw
(x103 )

IP

Trp

Lys

His

Arg

Asp

Thr

Ser

Glu

Pro

Gly

Ala

Cys

Val

Met

Ile

Leu

Tyr

Phe

Amide
NH3

Sugar

Glycinin
(11S)

300350

6.4

1.5

5.7

2.6

8.9

13.9

4.1

6.5

25.1

6.9

5.0

4.0

1.7

4.9

1.3

4.9

8.1

4.5

5.5

1.6

0.8

0.7

6.8

2.8

6.3

10.0

4.2

6.5

17.5

5.9

6.1

4.7

1.1

6.4

1.4

4.4

7.6

2.1

5.5

--

2.9

0.3

7.0

1.7

8.8

14.1

2.8

6.8

20.5

4.3

2.9

3.7

0.3

5.1

0.3

6.4

10.3

3.6

7.4

1.7

4.9

aConglycinin

105150

4.8

(7S)
bConglycinin

180210

The tensile strength of soy-based composites has been improved with the incorporation of
other biopolymers such as poly (vinyl alchol)12 and gellan.18 It was also demonstrated that
chemical modification of the soy flour, concentrate, or isolate, improves both the mechanical
properties and the moisture resistance of the composites. Among the modifiers, the most
used ones include a commercial poly-carboxilic acid based modifier (Phytagel®),10, 16 stearic
acid,21 and glutaraldehyde.11-14 It was demonstrated that by varying the concentration of the
modifiers (Phytagel® or stearic acid), the biodegradation and also the service life of these
composites can be controlled.22 These green composites showed high tensile, thermal and
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flexural properties.23 which make them suitable for structural indoor applications,4
automotive, and packaging applications.11-14
The use of different proteins, including proteins from soybeans was studied as wet
strength agent for paper.

Wet adhesion experiments of the resins were performed with

TEMPO oxidized cellulose. Even though the use of proteins as wet strength agents did not
provide results as good as those obtained with commercial resins, the results were very
promising.24 Also, the addition of chemically denatured soy protein showed to improve
paper strength properties, as well as the opacity and produced higher filler retention values.25
Obtained by mechanical sharing of cellulosic fibers, individual cellulose nanofibrills
present diameters between 3 to 20 mm and lengths between 100 nm to several microns,
depending on the treatment and the original material.26 The excellent strength, stiffness
properties of nanocellulose, together with its low weight and have caught the attention of
research focused on composite materials.27 Although composites containing nanofibrillated
cellulose offer incredibly high modulus, a recurrent problem is their brittleness 17, 28
In this study, we analyzed the effect of the addition of soy protein on a nanofibrillated
cellulose matrix. In particular, glycinin (11S) was used in this work, since it had been
reported that it induces a higher tensile strength compared to the β-conglycinin (7S)
fraction.29 It is expected that the utilization of a relatively small amount of protein, can
improve the elongation and oxygen barrier properties of nanofibrillated cellulose films. Also
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is expected that the protein addition can provide functional groups that serves as anchors for
posterior chemical modification.

2.

Materials

Suspension of nanofibrillated cellulose was provided by VTT. The starting material was
bleached ECF birch pulp, disintegrated by a high-pressure fluidizer (Microfluidics M700,
Microfluidics Int. Co., Newton, MA, USA). The original pulp was passed 20 times through
the unit, and after mechanical disintegration, the pulp was washed to its sodium form
according to the procedure described in the patent disclosure by Paltakari et al.30
suspension provided had a consistency of 1.6% (wt/wt).

Defatted soy flour

Extracted 15 times water pH 7.5
for 1 h. Filtrate through mesh 120,
centrifuge 30min, 9000 rpm

Precipitate
Supernatant
Sodium bisulfite
Glycinin
(11S)

pH adjusted to 6.4
Stored overnight at 4 oC
Centrifuge 20min 6500 rpm

Supernatant

NaCl
Washed 2 times water

pH adjusted to 5
Centrifuge 30min 9000 rpm

b Conglycinin
(7S)

Soy protein

Figure 1 Fractionation of soy flour to obtain soy protein fractions
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The

Different fractions of soy proteins were isolated in our facilities according to the
procedure described by Nagano et al. 31 (see Figure 1). The starting material was soy flour
provided by the Soy protein Board, USA. However, as mentioned earlier, only the 11S
(glycinin) was used in this work.

3.

Methodology and results

7.1.1 Preparation of the suspensions and rheological characterization
The NFC suspension was first diluted to 0.5% (wt/wt) with buffer phosphate pH = 7.5 and
ionic stenght of 100 mM, adjusted with NaCl. Different amounts of protein (from 0.5 to 25%
in weight of dried NFC) were dissolved separately in the same buffer solution under
agitation. Once the protein was completely solubilized, the suspensions were mixed together
under homogenization by stirring while pre-curing at 75

o

C.

After 30 minutes the

suspensions were cooled down to room temperature and stored in the refrigerator for further
use. We study the interaction in the bulk suspension, with a focus to understand how the
addition of protein affects the rheological behavior of the NFC suspensions.
Suspensions of different concentrations of NFC and different loadings of 11S protein (see
Table 2) were analyzed in a AR-G2 rheometer (Thermal Analysis) with concentric cylinders.
The experiments run for each suspension included a strain (amplitude) sweep from 0.1 to
1000% strain at fixed angular frequency of 1 rad/s; a frequency sweep from 0.05 to 300 rad/s
at controlled strain (0.2%), and finally a steady state flow with a ramp of shear rate from
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2.0E-3 to 1000 s-1 . All runs were performed at room temperature and a sweep back to the
lower value was also recorded to analyze any hysteresis.
Table 2 NFC suspensions prepared for rheological measurements
NFC conc
(5 wt/wt)

Ionic strength

pH

(mM)

11S loading
2.5

0.5
0.75
1

4.5
7.5

1

5

10

7.5

100

10
25

As described by Paakko et al.,32 the entangled network structure should be reflected in the
gelation, mechanical and viscoelastic properties of the suspension. The results for storage
modulus, and loss modulus as function of angular frequency for the conditions chosen for the
film manufactured are shown in Figure 3. These conditions are NFC concentration 0.5%
(wt/wt) at pH = 7.5 and ionic strength of 100 mM with and without 11S added.
For each suspension, G‟ values are higher than the corresponding G‟‟, which reveals the
gel- like behavior of the suspensions.32

While there is not dependency on the storage

modulus with angular frequency, the loss mod ulus values were not constant as a function of
the angular frequency. Furthermore, distinctive behaviors are observed for the different
loadings of soy protein in the NFC suspensions.
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100

10

Loss modulus (G„‟)
out-phase
stresseffect
to strain
Protein addition
, G'' ratio
Viscous properties

G' (Pa)

Storage modulus (G„)
in-phase
stress
to, strain
ratio
Protein
addition
effect
G'
Elastic properties
1000

100

1
100
10

10

G' (Pa)

G' (Pa)

0.1
1

100mM NaCl
pH 7.5

1

0.1

0.01
100mM NaCl
0.01

0.1

0.1

1

10

pH 7.5
0.01
0.01

0.1

1

10

100

1000

0.1

10
100
Ang.1 freq. (rad/s)

100

0.01
1000

Ang. freq. (rad/s)

Ang. freq. (rad/s)
Blank NFC
G' NFC + 2.5% 11S
G' NFC + 5.0% 11S
G' NFC + 7.5% 11S
G' NFC + 10.0% 11S
G' NFC + 25.0% 11S

0.01

100mM NaCl
pH 7.5

=Blank
BlankNFC
(NFC 0.5%)
Blank NFC
NFC + 2.5% 11S
NFC+ +2.5%
2.5%
11S
=G'NFC
11S
NFC
+ 5.0% 11S
NFC + 7.5% 11S
NFC+ +5.0%
5.0%
=G'NFC
11S
NFC11S
+ 10.0% 11S
Ang. freq (rad/s) vs G'' (Pa)
NFC+ +7.5%
7.5%
11S
=G'NFC
11S
NFC+ +10.0%
10.0%
11S
=G'NFC
11S
NFC+ +25.0%
25.0%
11S
=G'NFC
11S

Figure 2 Storage (G‟) and Elastic modulus (G‟‟) as function of angular frequency for NFC blank
and NFC with the different loadings of 11S

When analyzing the changes in viscosity as a function of the shear rate (Figure 4), a shear
thinning behavior was observed for all the suspensions, in good agreement with similar
studies.32 With the addition of low amounts of soy protein, the viscosity decreased which
can be explained by a decrease in intermolecular repulsion.33 However, the shear-thinning
behavior remained the same, due to the disruption of the network and flow of individual
elements.32
For the blank NFC and NFC mixed with protein (low dose level), an increase in viscosity
was observed when the shear rate reached 10 1/s, and after that the viscosity decreased again.
Possibly a transient rearrangement of the network by hydrogen bonds, which is not interfered
by low amounts of proteins took place. However, this strike on viscosity disappeared in the
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1000

case of higher protein loading. Presumably, the interactions between the cellulose nanofibrils
and the proteins prevented the network from forming again and the shear-thinning behavior
was mantained.

Flow curve
1000

100mM NaCl
pH 7.5

100

Viscosity (Pa.s)

Blank (No protein content)
10

High protein content
1

0.1

0.01

0.001
0.0001

Low protein content

0.001

0.01

0.1

1

10

100

1000

10000

Shear rate (1/s)
Blank NFC
NFC 2.5% 11S
NFC 5.0% 11S
NFC 7.5% 11S
NFC 10.0% 11S
NFC 25.0% 11S

Figure 3 Flow curves for NFC blank and NFC with the different loadings of 11S

The rheological behavior of the suspensions was very interesting from the point of view that
it could be useful to find predictive correlations between the suspensions and the resultant
properties of the films. However, the results presented in this appendix are preliminary and a
deeper study of these properties is strongly recommended.

4.

Method for preparing the film composites

We prepared films using different protein loadings in NFC matrices. The films were
chemically and morphologically characterized, and also the mechanical properties were
studied. The films were prepared with the NFC with and without protein using over pressure
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using a Gravimetric Water Retention Meter (Åbo Academy) at 1 bar during 10 minutes.
Each film was prepared with 10 ml of suspension, collected in a polycarbonate membrane
with pore size 5 μm and diameter of 47 mm. The remaining water was absorbed by a bed of
blotter paper. After drainage, the films were dried in an oven at 105 o C between Teflon
plates overnight. Finally, the films were cured using a hot press during 20 minutes at 15
MPa and 120 o C.

5.

Chemical characterization

The presence of protein in the NFC films was studied by XPS. The films with and without
protein added were placed in the spectrometer overnight. The vacuum conditions of the
spectrometer were stabilized overnight with the samples already placed inside the instrument.
The area of analysis was ca. 1 mm2 and elemental surface compositions were determined
from low-resolution scans recorded with an 80 eV analyzer pass energy and a 1 eV step. The
binding energy scale was shifted using the C-C binding energy (285.0 eV).34 Whatman filter
paper sample was used as a 100% cellulose reference.
Figure 5 shows the atomic concentrations of the samples without protein and with 2.5 to
7.5% of 11S (left), with a detailed N 1s scan (left). These results suggest the presence of
protein in the films, despite the over pressure method used in their manufacture, which tend
to drain any additive. However, the protein- loaded NFC film ( 7.5 % (wt/wt) 11S) showed
some variation in the N signal. It is believed that saturation of protein on the surface is
already reached at this loading.
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100% cellulose (ref)
Blank NFC
NFC + 7.5% 11S
NFC + 5.0% 11S

Blank NFC

NFC + 2.5% 11S

Figure 4 Atomic concentrations for the samples without protein and with 2.5 to 7.5% of 11S
(left), and high resolution spectra for N 1s (left)

Since XPS technique suggested possible saturation of protein on the surface of the films at
7.5% loading of 11S, we also used FTIR to chemically characterize the samples and in
addition, to investigate the presence of protein at higher loadings (25 and 50% wt/wt).
Transmission spectra directly on the films were collected using a Nicolet spectrometer in the
range from 650 to 4000 cm-1 using a spectral resolution of 2 cm-1 and 64 continuous scans.
Also, the spectrum for pure 11S soy protein sample was collected as a reference. The films
were analyzed directly and the spectra for the protein recorded using KBr pellets. Figure 6
shows the reference spectra corresponding to NFC and pure 11S protein fraction.
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Blank NFC
Pure 11S protein fraction
1.00

Absorbance

0.75

0.50

0.25

0.00
4000

3500

3000

2500

2000

1500

1000

-1

wavelength (cm )

Figure 5 FTIR spectra corresponding of NFC film (black line) without and with 25% wt/wt 11S
(red line)

Stretching bands corresponding to N-H vibrations appear in the region between 3000 and
3600 cm-1. Amides present a strong signal centered at 3325 cm-1 (Amide A) and a weak
band at 3060 cm-1 (Amide B).35

This region of the spectra overlapped with the O-H

stretching typical of cellulose nanofibrills (4000–2995 cm-1 ).36 In the case of the reference
NFC spectrum, a band centered at 1630 can be assigned to the carbonyl group present in the
sodium form of nanofibrillated cellulose.

The shift in this signal can be attributed to

electronic shift due to group frequencies affecting the carbonyl functionality. 37 In the spectra
corresponding to the protein, two characteristic peaks in the region of 1660 and 1550 cm-1
corresponding to the C-O stretching and N-H bending vibrations present in amides35 showing
maximum absorbances at 1544.3 and 1662.9 cm-1. It has been reported that proteins
exhibiting α- helix like structure present absorption signals near 1650 and 1540 cm-1 due to
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the exposed amide I and II, respectively.35 This evidence supports the fact that the thermal
treatment of the films denatured the protein fraction.
Additionally, in both spectra, bands between 2950 and 2920 cm-1 were observed,
corresponding to both asymmetric and symmetric CH2 and CH3 from both, the protein and
the NFC. Characteristic signals were observed for the stretching of asymmetric C-O-C, and
carboxylate groups present in cellulose between, 1234 and 1049 cm-1 . Finally, bending
signals of symmetric and antisymmetric methylene groups, between 1435 and 1370 cm-1 ,
respectively were observed in both spectrum.38
The increase intensity of amide signals with the protein loading was monitored after
subtracting the absorbance of the pure NFC. A clear correlation was observed for the higher
loadings of protein, as it can be observed in Figure 7. The absorbance of pure 11S fraction
for those signals is included in the figure as a reference.
1.00

1544.3 cm

-1

1662.9 cm

-1

pure
protein

Absorbance

0.75

0.50

0.25

0.00
0

20

40

60

80

100

Protein content (% wt/wt)

Figure 6 Increase in absorbance of the amide signals (-□- μ = 1662.9 cm-1 and -○- μ = 1544.3)
with the increase of protein content. Pure 11S fraction is also included in the graph as a reference
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6.

Morphological characterization

The macroscopic physical appearance of the films was the same regardless the protein
loading in the NFC matrix. As an example, images of a blank NFC film and NFC loaded
with 7.5% (wt/wt) 11S are shown in Figure 8.

NFC 0.5% Blank

NFC 0.5% - 7.5% 11S

Figure 7 Image of a NFC without (left) and with 7.5% (wt/wt) of protein (right)

The effect of the addition of protein in the morphology of the NFC films was studied by
Atomic Force Microscopy (AFM).

The images were recorded using a Nanoscope IIIa

Multimode scanning mode microscope (Digital Instruments, Inc., Santa Barbara, CA, USA).
Figure 9 shows the micrographs for blank NFC and NFC loaded with 5 and 25% (wt/wt)
of protein. For each sample, the height image (left) and phase image (right) are shown, as
well as the average roughness value of the film. Only slight variations between the blank
NFC film and those containing soy proteins are observed, both in ter ms of appearance and
roughness.
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Roughness –Rq (nm)

Protein content (% wt/wt)

9.1

0

5

8.6

25

8.4

Figure 8 AFM images, height (left) and phase (right) of the NFC films with different additions of
glycinin, with their respective roughness values

7.

Effect of the glycinin in the hydrophilicity of the NFC films

Contact angle of the samples were measured in order to determine if the addition of
glycinin would affect the affinity of the NFC with water.

The procedure for the

measurements of equilibrium advancing water contact angles in the samples with and without
added protein is described elsewhere. 39 In summary, a CAM-200 contact angle goniometer
(KSV Instruments Ltd., Helsinki, Finland) was used, and a drop of 7 μl of water was placed
on the sample. Numerical values were calculated based on the Young-Laplace equation
using the CAM-200 software.
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Contact angle
100

o

Contact angle ( )

80

60

40
Dried
Dried and rewetted

20

0
0

5

10 20

25

30

Protein loading (wt %)

Figure 9 Equilibrium contact angles with water for the different protein loadings, for dried films,
and rewetted films after drying

It is well known that irreversible changes occur when cellulosic fibers are dr ied. These
changes, include lower flexibility, and interaction with water and with each others. 40
Therefore, we investigated the contact angle of the films, before and after wetting and redrying the samples (results shown in Figure 10).

For both sets of experiments, the

equilibrium contact angles were surprisingly low for the films with and without protein
added (0.5 % (wt/wt)). In the case of the protein loadings up to 7.5 % (wt/wt), contact angles
of the films were around 65-75o , no apparent effect of drying was observed. However,
significant changes were observed for the NFC film loaded with the highest amount of
protein. When the surface of the film was dried and measured for the second time, there was
a significant increase in contact angle that reached around 90 o . This indicates that at this
protein loading concentration, modifications on the surfaces are occurring, probably as a
saturation of protein on the cellulose nanofibrils surfaces.
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8.

Mechanical properties studies

Dynamic mechanical analysis (TA Instruments Q800) in tensile mode was used to
determine the effect of the addition of protein in the mechanical properties of the NFC films.
Stress-strain curves were collected for the neat NFC film and the protein- loaded films (2.5, 5
Stress - strainmaintaining
curves
and 7.5 % (wt/wt) 11S). A typical multi- stress test was performed,
constant

temperature and frequency at 30 o C and 120 Hz, respectively. The probes dimensions were
0.04 mm thickness, 2 to 5 mm width and length of 30 mm. Stress-strain curves for the above
15

Stress (MPa)

mentioned samples are shown in Figure 11 together with the corresponding values of the
slopes of the curves (modulus).

10

Stress - strain curves

20

5

Stress (MPa)

15

0
0.00

0.05

0.10

10

Blank NFC
NFC + 2.5% 11S
5

NFC + 5% 11S
NFC + 7.5% 11S

0
0.00

0.05

0.10

0.15

0.20

0.15

0.20

0.25

Strain (%)
Modulus (GPa)
12.1
9.65
9.43
9.84

0.25

Strain (%)
Blank NFC
NFC + 2.5% 11S
NFC + 5% 11S

Figure 10 Strain-stress
NFC +curves
7.5% 11S for NFC films without and with 11S addition

The elasticity provided by the proteins in the NFC matrix was observed by the decrease in
the modulus upon protein addition. However, there is not significant change between the
different loadings of 11S. Most importantly, the DMA force limit (18N) was not suitable to
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break the sample probes, and it was not possible to compare the results with DMA to
determine the effect of protein addition on the elongation at break of the protein- loaded
films. For this reason, we decided to find another more suitable technique to determine this
property.
Another attempt to determine the mechanical properties of the films was by using a
Mechanical Testing System (MTS400). The sample preparation required a custom made
bone-shape stain steel cutter (Helsingin Stanssiapu Oy, Helsinki, Finland) due to
reproducibility constrains in the use of rectangular probes. Such an instrument allowed us to
test our samples with a head of 50N force. Despite the fact that the force load was sufficient
to break the samples, the reproducibility was still a concern. The Young‟s modulus and the
breaking strain (%) of the samples with and without the addition of protein are shown in
Figure 12.
During the tests, the probes broke in random positions and up to 7 out of 10 samples
needed to be discarded during the experiments due to the brittleness of the films. In addition,
it is worth to mention that the diameter of the protein- loaded films was too small to run
standardized tests. A suitable alternate method to study the mechanical properties of the
films is strongly recommended.
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Figure 11 Young‟s Modulus (A) and Breaking strain, % (B) of the films for the different loadings
of protein

9.

Thermal properties

The effect of protein in the thermal stability and thermal properties of the film composite
was analyzed using Thermal Gravimetric Analysis (TGA) and Differenctial Scanning
Calorimetry (DSC). Only the composite with the higher loading of 11S (25% wt/wt) in the
nanofibrillated cellulose matrix was analyzed, neat NFC and soy protein fraction were also
analyzed. Figure 13.A) shows the TGA‟s first-order derivative thermograms corresponding
to blank NFC, pure 11S soy protein fraction and the resultant compo site. This revealed the
temperature where the materials started to degrade, as well as the temperature where the
maximum mass loss occurred.

When the protein was added to the NFC matrix, the

maximum mass loss remained the same as in the case of pure NFC. However, the initial
degradation temperature in the protein- loaded (216 o C) decreases in 9 o C compared to the
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blank NFC. This can be attributed to the much lower degradation temperature of the pure
protein fraction compared to the corresponding temperature for pure NFC (225 o C). It can be
concluded that the effect of combining NFC and soy protein does not decrease the thermal
stability in a detrimental manner.
Differential Scanning Calorimetry (TA Instruments DSC Q100) was used to study the
thermal transitions in the pure NFC matrix, the pure 11S protein fraction and the proteinloaded NFC (25% (wt/wt) 11S). The experiments included heating and cooling cycles (10
o

C/min rates) of ca. 10 mg of the sample in the temperature range between -50 to 200o C,

performing two cycles to remove effects of thermal history of the samples. The thermograms
are shown in Figure 13 B)
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Figure 12 Thermograms for the neat NFC films, pure 11S protein fraction, and film composite of
NFC with 25% (wt/wt) of protein addition. A) represents the derivative weight vs. temperature
obtained by TGA, while B) are the first and second scan of Heat Flow with temperature.
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In the case of NFC, only one endothermic transition is observed in the first temperature
scan. This transition is irreversible and it does not appear in the second temperature scan.
Moreover, the endotherm presents a minimum at a temperature of 100 o C, which can be
attributed to water evaporation only. In the case of the 11S protein fraction, a transition that
is not first- nor second-order appeared at 16.7 o C that corresponds to the glass transition of
the protein, which is corroborated with the same transition at the same temperature appearing
in the second temperature scan. One broad, irreversible endotherm appeared in both scans
with a minimum at 100 o C which is attributed to water evaporation of free and bonded water.
However, for the protein- loaded film, only one wide endothermic transition appeared in the
thermogram with a minimum at 133 o C, which is too high for being only water evaporation.
This endotherm was irreversible and it does not appear in the second temperature scan.

10. Oxygen transmission values
Oxygen transmission tests were performed at 23 o C and 0% of relative humidity (VTT,
Espoo, Finland), in NFC films without and with 0.5, 1 and 25% (wt/wt) of protein. All the
samples showed oxygen permeability values lower than 0.1 cm3 /m2 /24h, indicating no
influence on this property with the addition of protein. Due to the moisture absorbance
capacity of the soy proteins, experiments at higher relative humidity values need to be
performed, in order to draw more relevant conclusions.
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11. Potential applications of the NFC films with added soy
proteins
As mentioned earlier, the amino acid composition of the glycinin (11S) fraction of soy
protein is governated by glutamic acid. Recent studies have investigated the ability of poly
glutamic acid as chelating agent of heavy metals such as lead and cadmium, and its potential
uses in chelation therapy for human intoxication. 41

Furthermore, studies on water

remediation techniques, include the use of amino groups present in chitin and chitosan as
sequestrating agents for numerous toxic metals like copper, chrome, niquel,42 lead, zinc,
cobalt, among others.43, 44 Lignocellulosic materials such as coconut fibers and sawdust meal
have demonstrated potential to be used as adsorbent material for water remediation, upon
chemical carboxymethyl and thiol modification. 45
As proved by our results, NFC films with soy protein added contain a significantly high
amount of nitrogen available. The potential of these biodegradable and renewable materials
as a green alternative for application in industrial wastewater needs to be investigated.
Alternatively, the chemical reduction power of soybeans and their components have been
studied by several groups, to be applied in the production of gold nanoparticles in a fully
green process.46 L-tyrosine, glycyl- L-tyrosine, and L-arginine amino acids were used to
replace citrate as reducing agent of auric ion to produce gold nanoparticles have been
demonstrated.47 It is our interest to test the ability of the amino acid present in the films, to
produce gold nanoparticles in situ, supported on the NFC films.
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