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Abstract All-cellulose composite fibers were produced

by electrospinning dispersions containing cellulose acetate

(CA) and cellulose nanocrystals (CNCs). Precursor poly-

mer matrices were obtained after dispersion of CA with

different degrees of substitution in a binary mixture of

organic solvents. The obtained fibers of CA loaded with

CNCs had typical widths in the nano- and micro-scale and

presented a glass transition temperature of 145 �C. The CA

component was converted to cellulose by using alkaline

hydrolysis to yield all-cellulose composite fibers that pre-

served the original morphology of the precursor system.

Together with Fourier Transform Infrared Spectroscopy

fingerprints the thermal behavior of the all-cellulose com-

posite fibers indicated complete conversion of cellulose

acetate to regenerated cellulose. Noticeable changes in the

thermal, surface and chemical properties were observed

upon deacetylation. Not only the thermal transitions of

cellulose acetate disappeared but the initial water contact

angle of the web was reduced drastically. Overall, we

propose a simple method to produce all-cellulose com-

posite fibers which are expected to display improved

thermo-mechanical properties while keeping the unique

features of the cellulose polymer.

Keywords Cellulose acetate � Cellulose � All-cellulose
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Introduction

Materials in the form of nano- and micro-fibers present

unique properties when compared to other morphologies

mainly due to the high surface area-to-weight ratio, high

pore volume, and small pore size [1]. Processing of poly-

mers to obtain nanofibers can be carried out by using

methods such as drawing, template assisted synthesis,

phase separation, self-assembly, and electrospinning [2–4].

Among these techniques, electrospinning is a versatile

technique in terms of its simplicity and relative low-cost.

The diameter and morphology of fibers obtained by elec-

trospinning (ES) depend on the process conditions and

variables such as polymer concentration and viscosity, net

charge density of the solution, applied voltage, distance to

the collector, and the type of collector. Furthermore, free

electrospun webs present random fiber distribution on the

collector, which generate a high surface roughness. Usu-

ally, solvent mixtures are used to control solvent evapo-

ration during the electrospinning process, and thus avoid

clogging of the spinneret by early solidification of the

polymer [5–8]. Fibers produced by electrospinning have

shown potential for applications in medicine (tissue engi-

neering, wound dressing, drug delivery and dental and

medical implants) [3, 9], high performance air filters,
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military and medical protective textiles [10], sensors,

advanced composites, photovoltaic cells, and membrane

separation [6, 11].

Cellulose, the most abundant natural polymer, is used

traditionally in the papermaking industry. 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 [5]. However, processing via electrospin-

ning of biopolymers such as cellulose usually present

challenges. This is due to their limited solubility in

typical solvents and their tendency to aggregate or form

gels [1].

Successful efforts to electrospin cellulose report a

process with typical low efficiency, 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-methyl-

morpholine (NMMO)/water [13], lithium chloride/N,

N-dimethylacetamide [14], and ionic liquids such as

1-allyl-3-methylimidazolium chloride (AMIMCl)/dimeth-

ylsulfoxide (DMSO) [15] have been reported. The prob-

lem faced with such solvents is their low volatility which

leads to defective fibers upon spinning. Additionally,

some of these solvents require high temperatures to

completely dissolve cellulose, making the processing even

more difficult. On the other hand, it is reported that

residual ions are difficult to remove from the obtained

fibers [6, 16].

Electrospinning of cellulose can be facilitated by using

cellulose esters solutions followed by regeneration [16].

For example, cellulose acetate can be easily dissolved

and processed in non-polar solvents, suitable for elec-

trospinning such as acetone, dichloromethane, chloroform

and methyl acetate [17]. Cellulose acetate is a semi-

synthetic polymer obtained from esterification of highly

pure cellulose with acetic anhydride using sulfuric acid as

a catalyst. Its properties depend on the esterification

degree (degree of substitution) defined by the number of

OH groups substituted by acetate groups which in turn

defines the obtained material as acetate, diacetate or tri-

acetate [18]. The properties of CA include low weath-

ering, heat and chemical resistance, thermal stability,

reasonable toughness and dimensional stability [19].

These properties make cellulose acetate very attractive in

semi-permeable membranes for dialysis, ultrafiltration

and reverse osmosis [20]. Traditional raw materials for

the manufacture of CA include renewable, biodegradable,

and inexpensive wood pulp but alternative sources have

also been considered, including residues from sugarcane

bagasse [21, 22], bacterial cellulose [23], newspapers [24]

and fruit seeds [25].

A number of reports have shown that regenerated

cellulose nano-fibers can be obtained by electrospinning

cellulose acetate. Here the cellulose acetate component is

converted into regenerated cellulose by stripping the acetyl

groups by alkaline hydrolysis [26]. One of the most rele-

vant properties of fibers of regenerated cellulose is the

chemical resistance to almost all 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 [7, 27]. This property makes it

attractive for applications such as affinity membranes and

membranes with anti-microbial properties.

Cellulose nanocrystals (CNCs) have significant potential

as reinforcement of polymers which require very low filler

content. CNCs offer several advantages including their

high aspect ratio and surface area, excellent chemical,

mechanical and thermal properties. CNCs have a signifi-

cantly high elastic modulus (120–150 GPa) and they are

interesting due to their application as mechanical rein-

forcement in thin and ultrathin polymer films and webs

made from nano- and micro- fibers [28–32].

We report on fibrous structures that were produced from

cellulose acetate of different degrees of substitution upon

electrospinning from solutions or from dispersions with

CNCs. The influence of the rheological properties of cel-

lulose acetate solutions in the electrospinning process was

investigated. All-cellulose composite fiber webs were

produced upon deacetylation and their main chemical,

thermal and morphological features as well as their surface

properties were analyzed.

Materials and Methods

Materials

Cellulose acetates (CA) of three different degrees of sub-

stitution were used. Cellulose monoacetate (CA-320S;

degree of substitution of 1.85, 32.0 % of acetyl content,

and Mw of 38,000) and cellulose diacetate (CA-398-3;

degree of substitution of 2.45, 39.8 % of acetyl content,

and Mw of 38,000) were obtained from Eastman. Cellulose

triacetate (degree of substitution of 2.8) was donated by

Eastman Kodak. Acetone (99 %) and N, N-dimethylacet-

amide (DMAc) (99 %) were acquired from Sigma-Aldrich

and were used as solvents. Cellulose nanocrystals (CNCs)

were obtained from pure, extract-free ramie fibers (Stucken

Melchers GmbH & Co., Germany) by sulfuric acid

hydrolysis as described previously [33]. Solutions of KOH

0.5 N in ethanol were used to deacetylate cellulose acetate

after alkaline hydrolysis.

J Polym Environ

123



Preparation and Characterization of Cellulose Acetate

(CA) Solutions

Solutions of CA in a binary mixture of acetone: DMAc (2:1

by weight) were prepared under constant stirring at room

temperature. Mixtures containing cellulose triacetate

required heating to 50 �C (1 h) and cooling (to 4 �C, 3 h)

to promote solvation and complete dissolution. Solutions of

CA with 2.45 degree of substitution (CA 2.45) were pre-

pared to quantify the apparent viscosity as a function of

solution concentration and shear rates. The flow curves

of the CA solutions with concentration in the range of

10–27.5 (wt%/wt%) were studied at 25 �C, using a pro-

grammable rheometer (AR2000, TA Instruments, New

Castle, DE, USA) with a conical geometry (40 mm diam-

eter and 2� cone angle). The conductivity of the solutions

was measured with a conductivity meter (Corning Inc.,

model 441, Lowell, MA, USA).

Electrospinning

Fibers with and without CNCs present were obtained from

the respective solutions or dispersions 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 Pump-term code to generate a constant

mass flow. The application of an electric field (Series EL,

Glassman High Voltage with 0–50 DC kV power range)

made the polymer solution to eject towards the surface of

30-cm diameter grounded collector plate at a working

distance of 15 cm. The collector consisted of a circular

aluminum plate, wrapped in low-ash content aluminum

foil, where the sample was collected as a fiber web.

Preliminary runs to test electrospinning operation con-

ditions were performed so as to produce continuous fibers

with uniform size distribution. Solutions containing 15 and

25 (wt%/wt%) of CA of 2.45 degree of substitution were

used. The conditions included voltage strength from 0.7 to

2.5 kV/cm and polymer flow from 1 to 9 ml/min.

During preliminary tests, samples were collected after

2 min electrospinning and observed under an optical

microscope (Olympus BH-2 NMA) with video camera

(Power HAD Sony 3CCD DXL-970 MD) and Image-Pro

Plus image analyzer. Based on these preliminary experi-

ments, uniform, defect-free cellulose acetate fibers with

different compositions (see Table 1) were produced at flow

and field strengths of 1 ml/h and 1 kV/cm-1, respectively.

The experiments to optimize electrospinning conditions

used CA samples with degrees of substitution of 1.85, 2.45

and 2.8; however, the systems employed in the production

all-cellulose composite fibers consisted of dispersions of

CNCs in CA 2.45. In this latter case the fibers were

collected for further analyses as thick webs following

continuous operation during approx. 10 h. We note that CA

samples with given DS are usually polydisperse and thus

testing mixtures of cellulose acetate polymers, as per-

formed in this work, can provide some insights about the

effect of polydispersity and composition on the morphol-

ogy of the respective electrospun fibers.

Regeneration of Cellulose

The electrospun fiber webs were subjected to alkaline

hydrolysis in order to remove the acetyl groups in the

precursor CA and thus to produce regenerated cellulose

fibers. The as-spun cellulose acetate webs were placed in

closed containers with KOH 0.5 N solution in ethanol and

kept under stirring during 3 h at room temperature and

atmospheric pressure [34]. Once hydrolysis was complete,

the webs were washed with de-ionized water during 1 h,

oven-dried overnight at 40 �C and stored in a desiccator for

further characterization.

Characterization of the Nonwovens

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 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/pal-

ladium (Au/Pd) using standard procedures.

Thermograms of the samples were collected using a

differential scanning calorimeter DSC-Q100, TA Instru-

ments (New Castle, DE, USA). An initial heating–cool-

ing cycle was performed to erase the thermal history of

the samples. Samples of c.a. 10 mg were heated from 25

to either 330 or 290 �C (in the case of samples with CA

2.8 or otherwise, 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 N2).

Table 1 Composition (wt%) of systems used to produce cellulose

acetate fibers and CNC loading (% based on fiber mass)

Solution Cellulose acetate (wt%) CNCs

(wt%)
CA 1.85 CA 2.45 CA 2.8

Without CNCs 20 – – 0

– 20 – 0

– 10 10 0

With CNCs – 20 – 5

CA of different degrees of substitution were used, namely 1.85, 2.45

and 2.8 %, as indicated

J Polym Environ

123



Normalized Fourier Transform Infrared Spectroscopy

(FTIR) was used to confirm the removal of acetyl groups

upon alkaline hydrolysis of the samples. The oven-dried

samples were directly analyzed using a Nicolet FT-IR

spectrometer (Thermo Fischer Scientific Inc., Madison, Wi,

USA) using a wave length of 650–4,000 cm-1 with a

spectral resolution of 2 cm-1 wavenumber and 64 contin-

uous scans.

The change in hydrophilicity/hydrophobicity of the CA

nonwoven before and after hydrolysis was investigated by

measuring the initial water contact angle. The tests were

performed by using a micro-syringe that delivered a 7-ll

water drop which was observed under a microscope

adapted with a Phoenix SEO digital camera and Zoom

7000 Navitar TV. Analysis of images for contact angle

determination was performed using image processor Image

XP FW 012108 and Image J 1.410 which were used in

circle fitting. We note that the contact angle is affected not

only by the surface energy but the porosity and roughness

of the fiber web; therefore, we only take the values of

WCA to qualitatively identify changes in the hydrophilicity

of the system upon deacetylation. However, the validity of

the conclusions is supported by the fact that no major

changes in morphology were observed upon conversion of

CA to cellulose.

Results and Discussion

Cellulose Acetate Solutions

Other than operational and ambient conditions, the prop-

erties of the solution to be electrospun are of extreme

importance in the formation of homogeneous fibers. For

example, the density of net charges and rheological

behavior of the solutions are intimately related to the

morphology of the resultant fibers [9, 35, 36]. A higher

system viscoelasticity favors smoother electrospun fibers.

Viscoelasticity impedes shape changes that are otherwise

induced during the process by surface tension forces.

Formation of droplets instead of a thin jet is favored by

Rayleigh instabilities, driven by surface tension forces. In

addition, a high polymer net charge density tends to

increase the surface area of the polymer solution ejected

from the syringe by pressure and electrostatic repulsion.

Therefore, as surface tension forces are overcome by

electrostatic and viscoelastic forces, smooth fibers can be

produced [9].

Solutions with concentration in the range of 10–27.5

(wt%/wt%) CA 2.45 were prepared to quantify the appar-

ent viscosity as a function of solution concentration and

shear rates (Fig. 1). The results are summarized in Fig. 1a,

b. Figure 1a shows a flow behavior which is close to

Newtonian; however, close inspection of the viscosity

profiles indicate that the solutions are shear thickening at

low concentrations, which gradually shift to Newtonian

and then to shear thinning as the concentration of the

polymer in solution is increased. As expected, the viscosity

of CA 2.45 solutions increased with the increasing solution

concentration (Fig. 1b).

The relationship between the apparent viscosity at zero

shear rates (c = 0) and CA 2.45 solutions concentration

(10–27.5 wt% range) was analyzed in order to determine

appropriate (overlapping) polymer concentration, which is

expected to favor the formation of bead-free fibers. Optical

microscopy micrographs show the morphology for two

selected electrospinning conditions (15 and 25 wt% CA

2.45). The values of viscosity and shear stress were fitted

using a power law (Table 2). Moreover, when plotting

viscosity at zero shear rate as a function of the polymer

concentration, two distinctive behaviors are observed

(Fig. 1b). As expected, at concentrations below the over-

lapping concentration, only few fibers with beads were

observed while above the overlapping concentration elec-

trospinning of CA 2.45 solution yielded uniform, defect-

free fibers.

Table 2 includes the values of the indices of a power

law fit (viscosity = k(shear rate)n), k and n for CA 2.45

solutions at different concentrations. Cellulose acetate

solutions in acetone-DMAc became shear thinning as the

Fig. 1 Apparent viscosity as a

function of shear rate of CA

solutions (a) and effect of CA

concentration on the apparent

viscosity at 0 1/s shear rates (b).

Included in b are optical

microscope photographs of

fibers electrospun from 15 to 25

wt% CA 2.45 solutions. The

solvent in these experiment

consisted of an acetone-DMAc

mixture, 2:1 by weight
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concentration of CA increased; the consistency index

increased with concentration, as expected. It can be

observed from Fig. 1b that the onset for the steep increase

of viscosity takes place at a CA concentration of 20–23

wt% in the solvent system studied.

The behavior noted before is in agreement with that

reported in the literature: when the concentration of the

solution is low the polymer chains are sufficiently apart, so

that polymer interaction is minimized; in such case the

governing variable in the process of electrospinning

involves surface tension forces. Therefore, electrospinning

of solutions with low polymer concentration and viscosity

(viscosity � 100 mPas) renders limited amounts of thin

fibers but large density of droplets and/or beads. Processing

and flow of the polymer solution becomes more difficult at

solution viscosities above 100 mPas. This is because the

polymer chains begin to overlap in solution but no fibers are

formed yet upon electrospinning. It is only above the

overlap concentration when continuous fibers are produced

due to the strong interaction and entanglement of the

polymer chains. Therefore, an optimum concentration and

viscosity of the polymer solution is needed in order to

obtain bead-free, uniform electrospun fibers [5, 6, 8, 37, 38].

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 (Eq. 1). Conductivity data for the different CA

2.45 solution concentrations are summarized in Table 3.

Conductivity ¼ 0:077� CA concð%Þ þ 1:951 ð1Þ
Similarly as observed for the viscosity, the conductivity

of the solutions slightly increased with the concentration of

cellulose acetate. This can be attributed to residual elec-

trolytes that are solubilized with the CA during solution

preparation.

Conditions for 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 among the variables inves-

tigated. A summary of the results is presented in Table 4.

Once the suitable set of conditions for electrospinning was

found, fibers with diameters in the nano- and micro-scale

were obtained in the case of CA 1.85 and CA 2.45 solu-

tions. In addition, CA 2.45 solutions were used to produce

fibers filled with cellulose nanocrystals. Optimization of

conditions for electrospinning of CA 2.8 solutions using

the same solvent system (acetone-DMAc 2:1) was not

possible due to high viscosity of the solutions. This caused

clogging of the needle and difficulties maintaining constant

flow. However, it was possible to obtain electrospun fibers

from CA mixtures including 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 electrospin-

ning conditions for CA mixtures with and without rein-

forcing CNCs slightly varied depending on the solution

type. In all the cases, the flow rates were between 0.3 and

0.9 ml/h, while the electric field strength was 0.75–1.0 kV.

The results observed are in a good agreement with the

rheological behavior of the precursor CA solutions. When

the polymer concentration was below the overlap concen-

tration (i.e. 15 wt%/wt%) beads were observed upon

electrospinning, except in some exceptional cases. Only

above the overlap concentration (22.5 wt%/wt%) mats with

continuous, bead-free fibers were obtained. Furthermore,

improved fiber shape homogeneity 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

acceleration and stretching of the polymer take place,

which renders fibers with fewer defects [39].

Morphology and Chemical Characterization of CA

Fiber Mats

Scanning electron microscopy (SEM) was used to study the

morphology of the electrospun fibers obtained following

the conditions discussed previously. The SEM micrographs

corresponding to CA 2.45, CA 2.45 reinforced with 5 wt%

CNCs, and the respective hydrolyzed samples, as well as

Table 2 Power law 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

Table 3 Conductivity values for CA 2.45 solutions in 2:1 mixture of

acetone-DMAc (wt%/wt%)

CA 2.45 (%) Conductivity

(lS 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
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deacetylated CA 2.45/CA 2.8 (1:1), and deacetylated CA

1.85/CA 2.8 (1:1) mixtures are shown in Fig. 2.

It is apparent that the addition of CNCs did not affect

the homogeneity of the electrospun fibers; however,

some variation in fiber diameter was observed. As

reported in our previous study, the charges present on

the surface of the CNCs increase the conductivity of the

suspension and thus decrease the diameter of the elec-

trospun fibers [28]. Hydrolysis in alkaline media of

cellulose esters have been proved to fully regenerate

cellulose by cleavage of the acetyl groups present in the

polymer [26]. As such, the CA fibers were converted to

cellulose by hydrolysis; no changes in shape or mor-

phology were observed, in agreement with other reports

[7, 26]. Most importantly, all-cellulose composite fibers

were successfully obtained in the case of cellulose gen-

erated from deacetylation of the CA matrix in the

presence of added CNCs.

Table 4 Main observations after electrospinning solutions of CA 2.45 dissolved in acetone-DMAc (2:1 by weight)

Flow (ml/min) EFa (kV/cm) 15 (wt%/wt%) 25 (wt%/wt%)

ESPb Morphology ESPb Morphology

3 0.7 (?) Beads (?) Uniform fibers

1.4 (?) Beads (?) Heterogeneous fibers

2.5 (?) Beads ? fibers (-) –

6 0.7 (?) Beads (?) Uniform fibers

1.4 (?) Beads (?) Heterogeneous fibers

2.5 (?) Beads ? fibers (-) –

9 0.7 (-) – (?) Uniform fibers

1.4 (?) Beads (?) Heterogeneous fibers

2.5 (?) Beads ? fibers (-) –

a EF electric field
b ESP = Fibers obtained after electrospinning, (?) yes or (?) no

Fig. 2 SEM micrographs of electrospun fibers obtained from CA

2.45 solutions before (a) and after deacetylation (d). Fibers from CA

2.45 filled with 5 wt% CNCs before (b) and after deacetylation (c) are

also shown. The all-cellulose composite fibers correspond to this

latter condition. Included are also fibers obtained from the following

cellulose acetate mixtures: CA 2.45–CA 2.8 (1:1) (e) and CA 1.85–

CA 2.8 (1:1) (f) after deacetylation
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FTIR spectroscopy was used to confirm the extent of CA

hydrolysis, as well as the presence of CNCs in the fibers.

Figure 3 shows the FTIR spectra of CA 2.45 fibers before

and after deacetylation and also with and without the addi-

tion of CNCs. The FTIR spectra show 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 3,050 and 3,700 cm-1

was observed and ascribed to inter-and intramolecular

bonding. Stretching vibrations C–H of methylene groups

appeared between 2,800 and 3,000 cm-1, while symmetric

and antisymmetric bending of methylene groups were

observed at 1,370 cm-1 and 1,435 cm-1, respectively [40].

Also bands corresponding to asymmetric stretching of car-

boxylate group, C–O–C glycosidic linkage, and asymmetric

C–O–C bond stretching from the pyranose ring were

observed at 1,234 cm-1, 1,160 cm-1, and 1,049 cm-1,

respectively. A strong carbonyl band at 1,746 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 dis-

appeared in the cases of fibers produced from CA and CA

reinforced with CNCs followed by alkaline hydrolysis.

Additionally, the intensity of the band corresponding to O–H

groups increased with hydrolysis and some changes in shape

were observed, which also indicates a successful deacety-

lation reaction [38]. All in all, there is evidence that acetyl

groups in CA were replaced by hydroxyl groups and thus

cellulose was regenerated after alkaline hydrolysis.

The typical changes in both shape and intensity of the

main peaks were observed in the FTIR spectra of fibers

reinforced with CNCs [28]. Such changes can be ascribed

to the hydrogen bonding network that is formed between

the CNCs and available OH groups in cellulose acetate,

specially noted after hydrolysis of the acetyl groups.

Thermal Properties

Differential scanning calorimetric analyses were performed

in the case of cellulose acetate (CA) and regenerated cel-

lulose (RC) elecrospun fiber mats, with and without CNCs

loaded (5 wt%/wt%) (Fig. 4).

Two main thermal transitions were observed for elec-

trospun fibers of CA. The first at 187 �C is attributed to the

glass transition of the CA polymer and the second one at

219 �C is a melting endotherm. This second transition is

confirmed by the reported melting temperatures for powder

cellulose acetate, which vary between 227 and 240 �C [41].

The differences in melting temperatures can be explained

by the thermal history of the samples, in addition to

modifications of the polymer during the electrospinning

process [26, 42]. The melting endotherm of the polymer

disappeared when CA was hydrolyzed to cellulose by

alkaline hydrolysis; furthermore, the glass transition at ca.

187 �C disappeared.

These observations in thermal behavior suggest a

change in crystallinity and an unambiguous conversion of

cellulose acetate to regenerated cellulose [38]. Cellulose

acetate reinforced with CNCs presented only the glass

transition temperature, Tg at 145 �C which agrees with the

range of values reported in literature for the Tg of cellulose

acetate (between 140 and 190 �C) [41]. Interestingly, there

is no evidence of CA melting when CNCs were added to

the CA. The presence of CNCs disordered and disrupted

the crystallinity of the polymeric matrix as reported pre-

viously [28, 40, 43].

Wettability

The deacetylation of the cellulose acetate together with the

generation of new hydroxyl groups is expected to increase

water wetting of the electrospun fiber mats, as can be

determined by a reduction in the water contact angle

(WCA) [26]. The initial WCA of mats of fibers electrospun

from solutions of CA and CA loaded with CNCs, before

and after alkaline hydrolysis, were determined. The change

in contact angle during the initial 5 s after water drop

deposition is reported in Fig. 5. CA fibers were highly

hydrophobic due to the presence of acetyl groups (initial

WCA of 90�–100�). When CNCs were present in the fibers

the contact angle decreased with time below 60� (note that

water wicking prevented further reliable measurement of

the water contact angle). In previous work the opposite

effect of addition of CNCs was noted, i.e., when CNC filled

a hydrophilic matrix such as PVA the resulting webs dis-

played lower water uptake [28]. This observation was

3500 3000 2500 2000 1500 1000

RC (5% CNs)

RC

CA (5% CNs)

CA

A
bs

or
ba

nc
e

wavelength number (cm-1)

Fig. 3 FT-IR spectra of cellulose acetate (CA) and regenerated

cellulose (RC) with and without CNCs (5 wt%/wt%), as indicated
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explained to be due to the lower availability of OH to form

hydrogen bond network with CNCs thus preventing the

interaction of the polymer chains with water. Regenerated

cellulose fibers obtained after hydrolysis of acetyl groups

in the precursor CA fibers became much more hydrophilic,

reaching contact angles of 10� and 0� for fibers unloaded

and loaded with CNCs, respectively. The differences in the

water contact angles for these fibers can be attributed to the

changes upon deacetylation in terms of the surface chem-

istry and roughness of the electrospun fibrous mats.

Conclusions

The optimum concentration for electrospinning cellulose

acetate (CA 2.45) solutions was found to be 20 wt%/wt%

in 2:1 acetone-DMAc mixture of solvent, close to the

overlapping concentration as determined by viscosity

measurements. Cellulose acetate solutions at this concen-

tration were electrospun with and without addition of

cellulose nanocrystals (5 wt%/wt%). The resulting elec-

trospun 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. Thermal properties, initial water contact

angle 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 regen-

erated cellulose. All-cellulose composite electrospun fibers

were produced from precursor dispersions of cellulose

acetate and cellulose nanocrystals (CNCs). In the presence

of CNCs only the signal characteristic of the glass
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Fig. 5 Initial contact angle of fiber webs produced after electrospin-

ning of cellulose acetate CA 2.45 with and without 5 % CNC loading

(indicated as CA and CA (5 % CNs), respectively). Also included are

the results for regenerated cellulose (RC) fiber webs obtained after

deacetylation (via alkaline hydrolysis) of the respective cellulose

acetate fibers: RC and RC (5 % CNs), respectively. The water contact

angle was monitored during the first 5 s after deposition of the water

droplet
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transition temperature, Tg at 145 �C was observed. No

reversible melting endotherm was recorded which can be

explained from the possible disruption in crystallinity

induced by CNCs. Interestingly, the addition of CNCs to

the matrix shows a decrease in the WCA of the webs in

both cases, before and after deacetylation. This behavior is

the opposite as the one observed when the web fibers are

fully hydrophilic, and it might be related to the occurrence

of lower amount of hydrogen bonds between CA and

CNCs, preventing stabilization by hydrogen bond network.
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