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Abstract

Non-woven mats of submicron-sized cellulose fibers (250–750 nm in diameter) have been obtained by electrospinning of cellulose solutions.

Cellulose are directly dissolved in two solvent systems: (a) lithium chloride (LiCl)/N,N-dimethyl acetamide (DMAc) and (b) N-methylmorpholine

oxide (NMMO)/water, and the effects of (i) solvent system, (ii) the degree of polymerization of cellulose, (iii) spinning conditions, and (iv) post-

spinning treatment such as coagulation with water on the miscrostructure of electrospun fibers are investigated. The scanning electron microscope

(SEM) images of electrospun cellulose fibers show that applying coagulation with water right after the collection of fibers is necessary to obtain

submicron scale, dry and stable cellulose fibers for both solvent systems. X-ray diffraction studies reveal that cellulose fibers obtained from

LiCl/DMAc are mostly amorphous, whereas the degree of crystallinity of cellulose fibers from NMMO/water can be controlled by various process

conditions including spinning temperature, flow rate, and distance between the nozzle and collector. Finally, electrospun cellulose fibers are

oxidized by HNO3/H3PO4 and NaNO2, and the degradation characteristics of oxidized cellulose fibers under physiological conditions are

presented.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Cellulose is a naturally occurring polymer of particular

interest due to its abundant availability and biodegradability.

These properties make cellulose fibers useful in a wide range of

areas, such as filtration, biomedical applications, and protective

clothing [1]. Nonetheless, processing of cellulose is restricted

by its limited solubility in common solvents and its inability to

melt because of its numerous intermolecular and intra-

molecular hydrogen bonding [1]. Earlier cellulose fibers were

produced via wet spinning and involved derivatization of the

polymer. In wet spinning, cellulose mixed with binders is fed to

the spinneret, which is submerged in a chemical bath, and the

fibers are collected as the solution emerges and the polymer

filaments are precipitated and solidified [1,2]. In the viscose

process, cellulose derivatized into its xanthate form and

sulfuric acid/zinc has been used as a coagulant to regenerate

cellulose fibers [1]. However, this process includes several side
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reactions and extra purification steps. Alternatively, cellulose

fibers have been obtained from its derivatives such as cellulose

acetate by converting their fibers into cellulose [3]. The

conversion into cellulose is incomplete and final fibers contain

a mixture of cellulose and cellulose acetate. Recently, cellulose

was directly spun from N-methylmorpholine oxide (NMMO)/

water commercially [2]. These fibers are commonly known as

Lyocell fibers and are obtained via dry-jet wet spinning.

Lyocell fibers tend to have high modulus and orientation but

low elongation [1].

Electrostatic fiber spinning or ‘electrospinning’ is a novel

process for forming fibers with submicron scale diameters

through the action of electrostatic forces. When the electrical

force at the interface of a polymer liquid overcomes the surface

tension, a charged jet is ejected [4]. The jet initially extends in a

straight line then undergoes a vigorous whipping motion

caused by the electrohydrodynamic instability [5,6]. As the

solvent evaporates, the polymer is collected onto a grounded

mesh or plate in the form of a non-woven mat with high surface

area to mass ratio (10–1000 m2/g). These non-woven mats are

finding uses in filtration, protective clothing and biomedical

applications [7–10]. The development of value-added products

with large surface area from abundant cellulose in nature via

electrospinning could significantly expand its applications and
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usages. Although electrospinning has recently been applied to

obtain cellulose fibers [11–13], a thorough study on the

structure–electrospinning–solvent relationship has not been

done.

The objective of the current study is to investigate the effect

of (i) solvent system (ii) degree of polymerization (DP), (iii)

processing conditions and (iv) post-spinning treatment on the

microstructure of submicron-scale, electrospun cellulose

fibers. In particular, we are interested in how the degree of

crystallinity of electrospun fibers is influenced by these

parameters. We chose two well-studied solvent systems for

cellulose: lithium chloride (LiCl)/N,N-dimethyl acetamide

(DMAc) and N-methylmorpholine oxide (NMMO)/water.

The LiCl/DMAc solvent system has shown to dissolve

cellulose from different sources for a large range of cellulose

concentrations without side reactions [14,15], but solution

preparation involves lengthy and complex swelling and

conditioning steps. The presence of lithium chloride, not any

other salts, has shown to be necessary to bridge the electrostatic

interaction between DMAc and cellulose [16,17]. On the other

hand, the range of NMMO/water composition suitable for

spinning cellulose is very narrow [18,19] and elevated

temperature is necessary for spinning. However, the solution

preparation for the NMMO/water system is much simpler than

that for LiCl/DMAc.

In addition, since it has demonstrated that the NMMO and

water solvent mixture can effectively be recovered as in the

commercial Lyocell process (more than 99.9% recovery) [20],

it is environmentally friendly and may provide a closed-loop

solvent electrospinning process. Unlike in LiCl/DMAc,

cellulose does not form ionic complexes with NMMO and

water during its dissolution. The presence of water allows

NMMO to penetrate cellulose macromolecules [21], and NMR

studies have shown that NMMO undergoes conformational

modification in the presence of cellulose [22]. Dissolution of

cellulose is limited by the amount of water in the tertiary

system, or namely water to NMMO molar ratio (n). In fact,

only NMMO hydrates with n of about 1 or lower can

completely dissolve cellulose [18,21,22].

In the present paper, we will summarize the effect of DP,

processing, and post treatment on the morphology of

electrospun cellulose fibers from two different solvents. Our

results reveal that applying coagulation with water right after

the collection of fibers is necessary to obtain submicron scale,

dry and stable cellulose fibers for both solution systems. We

then will demonstrate that cellulose fibers obtained from

LiCl/DMAc are mostly amorphous, whereas the degree of

crystallinity of cellulose fibers from NMMO/water can be

controlled by various process conditions including spinning

temperature, flow rate, and distance between the nozzle and

collector. Finally, electrospun cellulose fibers are oxidized with

HNO3/H3PO4 and NaNO2. Oxidized cellulose (OC) is a

material highly desirable in biomedical applications due to

its nontoxicity and fast degradability under physiological

conditions [23]. However, due to its poor solubility in common

solvents, production of oxidized cellulose fibers has been

achieved by spinning cellulose or cellulose derivatives
followed by the oxidization of obtained fibers. Since, we can

easily surmise that the biocompatibility and degradability of

oxidized cellulose fibers would depend on its morphology and

the degree of oxidation, we would like to utilize electrospun

cellulose fibers to develop highly oxidized cellulose with large

surface area. The degradation characteristics of oxidized

cellulose fibers under physiological conditions are presented.

2. Experiments

2.1. Materials

All chemicals used in the study are of analytical grade and

were obtained from commercial sources. DMAc (Sigma–

Aldrich) and high performance liquid chromatography water

(Mallinckrodt) were used without further purification. Lithium

chloride was obtained from Merck. Ninety–seven percent

NMMO powder, 50% aqueous NMMO solution, and n-propyl

gallate were obtained from Sigma–Aldrich. Cellulose with two

different degrees of polymerization (DP), fibrous cellulose CF-

11 powder (DP of 210) and surgical cotton batting (DP of

1140) was used in the study. Cellulose materials were ground

to 20 mesh in a Wiley mill. High performance liquid

chromatography water, acetone, KH2PO4, K2HPO4, NaNO2,

H3PO4 (85.8%), and HNO3 (69.7%) from Mallinckrodt

Chemicals, and 200 proof ethanol from Pharmco Products

were employed without further purification in the oxidation

study.

2.2. Solution preparation

For the LiCl/DMAc system, cellulose powders of DP 1140

were pretreated with water for a period of at least 8 h at room

temperature (w20 8C). After the sample was dried under

vacuum at 60 8C, cellulose solutions were prepared by

dissolving fine cellulose particles in LiCl/DMAc with constant

stirring at 50–60 8C for 2 h. The cellulose solutions were

further mixed for 12 h at room temperature. The conditioning

of cellulose was found to be critical for complete dissolution.

Dried cellulose was conditioned in water prior to solvent

exchange, and heated at 60 8C. Heating was necessary for the

complete dissolution of polymer. However, the temperature of

the solution was kept below 80 8C to avoid degradation. The

concentration of DP1140 cellulose in LiCl (8 wt%)/DMAc

from 1 to 3 wt% was used in the current study.

For the NMMO/water system, cellulose was placed in

vacuum oven at 80 8C for about 8 h before it was used for

solution preparation. An appropriate amount of 97% NMMO

powder, cellulose, and propyl gallate was placed in a vial and

mixed vigorously at room temperature. The mass of

antioxidant (propyl gallate) was 0.5–1% of that of cellulose.

50% NMMO/water was added slowly to achieve the desired

solution composition. The weight ratio of NMMO to water in

the final solution was about 85/15% (w/w), which is equivalent

to a molar ratio of 1/1 (nZ1). Samples were heated at 120 8C

for 1 h or until the complete dissolution of cellulose, and they

were manually stirred every 10–15 min. One to three weight
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Fig. 1. Schematic diagram of the electrospinning system used in the current

study.
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percent of DP1140 cellulose or 9 wt% of DP210 cellulose in

NMMO/water was used in the current study.

2.3. Electrospinning

The schematic of electrospinning setup used in this study is

depicted in Fig. 1, and Table 1 summarizes the differences in

conditions between two solvent systems.

Homogeneous cellulose solution was loaded in the syringe

and placed in the micropump. For the LiCl/DMAc system,

electrospinning was carried out at room temperature, while the

temperature of the syringe and the needle was controlled to

remain at 70–110 8C during the spinning process from

NMMO/water. A flat aluminum plate or mesh was placed

10–20 cm away from the tip of the nozzle to collect fibers

under various operating conditions. Electrospinning of cellu-

lose solutions was conducted over a wide range of electric field

strengths (1–4 kV/cm) by varying the voltage drop for a preset

distance and using a number of different flow rates, usually less

than 0.05 ml/min. The heating was applied to the collector,

followed by coagulation with water for the LiCl/DMAc system

to effectively remove DMAc and LiCl, while the temperature

of the collector was kept below the room temperature (9–

10 8C) for the NMMO/water system to promote fast

solidification of fibers. Note that the coagulation process was

applied right after dry fibers were collected on the rotating

collector for both solvent systems. Samples were subject to

coagulation in water before being completely dried under

vacuum at 60 8C.

2.4. Characterizations

The molecular weight of the samples was measured via

the intrinsic viscosity measurement according to ASTM

D4243 using a capillary viscometer. Degradation was also

monitored during the study by measuring the intrinsic
Table 1

Comparison of electrospinning conditions for two solvent systems

Solvent

system

Solution

temperature

Collector

temperature

Coagulation

temperature

DMAc/LiCl Room temperature

(RT)

Heated

(w100 8C)

RT

NMMO/water Heated (70–110 8C) !RT Cooled (9–10 8C)
viscosity and thus the molecular weight of the final products.

The morphology of collected fibers was analyzed using

scanning electron microscope (SEM). The rheological

properties of cellulose solution were obtained from Dynamic

Analyzer RDA II. Wide angle X-ray scattering (WAXS) was

employed to determine the crystalline structures of cellulose

fibers. The degree of crystallinity was obtained by the area

ratio of the crystalline phase to the total phases (crystalline

and amorphous phases) after deconvoluting each peak in the

WAXS pattern.

2.5. Oxidation of cellulose fibers

DP1140cellulosefibers obtained fromLiCl/DMAcweredried

under vacuum for 2 h prior to oxidation. Dried samples were then

placed in a vial containingHNO3/H3PO4 (2:1 v/v) [23]. The ratio

of cellulose mass to acidic mixture was 1 g/14 ml. Once the

cellulose fiber mat was completely soaked, 0.2 g of NaNO3 for

every gramof cellulose fiber was added at once. The reactionwas

left to proceed in an enclosed vial for 12, 24, or 48 h.

Occasionally, mechanical stirring was applied to the samples

for homogeneous reaction. Oxidation was stopped by washing

samples with water until the filtrate pH was above 4. Finally, the

samples were washedwith acetone, and left to dry under ambient

conditions. The degree of oxidation was determined by the

presence of carboxyl groups in the Fourier transform infrared

(FT-IR) spectra.

2.6. In vitro degradation experiments

The initial mass of 4 vacuum dried 6-carboxylcellulose mats

was weighted. They were then placed in a buffer solution

(KH2PO4/K2HPO4) of pH 7 at 37 8C. The degradation of each

sample was terminated at various reaction times (1, 2, 3, and

5 days) by washing the samples with water during vacuum

filtering. The mass of recovered oxidized cellulose in each case

was measured after vacuum drying, and the mass loss over time

was recorded.

3. Results and discussion

3.1. Solution rheology

Cellulose with two different molecular weights (DPZ210

and 1140) was used in the study. To determine spinning

temperature for the NMMO/water system, a solution

containing 9 wt% DP210 cellulose in NMMO/water, and

solutions with two different concentrations 1.5 and 2 wt% of

DP1140 in NMMO/water were prepared, and the shear

rheology of these cellulose solutions was obtained in parallel

plates at various temperatures and is shown in Fig. 2. The

viscosity of 3 wt% DP1140 in LiCl/DMAc at room

temperature is shown for comparison. It is observed that

the shear viscosity of cellulose solutions is sensitive to

solution temperature and the activation energy is comparable

to that of polymer melt systems (Ea/RZ2900 K for 9 wt% of

DP210 cellulose, where Ea is the activation energy and R is



Fig. 2. Shear viscosity of cellulose/NMMO/water solution at various

temperatures: (a) 9.0 wt% DP210 cellulose, and (b) 1.5 and 2.0 wt% DP1140

cellulose. The viscosity of 3 wt% DP1140 cellulose in LiCl/DMAc at room

temperature is also shown for comparison.

Fig. 3. SEM images of electrospun fibers/film without coagulation (a) from 3 wt% D

cellulose/NMMO/water solution collected on a stationary aluminum mesh at Tnozz
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the gas constant). We also note that the shear viscosity of

solutions with high molecular weight cellulose strongly

depends on shear rate. For example, a solution with 1.5 wt%

DP1140 cellulose exhibits a significant shear thinning

behavior than that with 9 wt% DP210 cellulose at 80 8C,

while the zero shear rate viscosity of two solutions is

comparable at 80 8C. The degree of shear thinning for

solutions with DP1140 cellulose increases with increasing its

concentration. A higher degree of shear thinning has also

been observed in the previous rheology studies of high

molecular weight cellulose in NMMO/water systems [19,24].

It is also seen that the viscosity of 3 wt% DP1140 cellulose

in LiCl/DMAc at high shear at room temperature is only

slightly higher than that of 2 wt% DP1140 in NMMO/water

at 80 8C due to significant shear thinning. Despite its high

viscosity, the cellulose solution was successfully electrospun

because of its high charge density from the polar polymer

and solvent, and its shear thinning nature at relatively high

voltage and flow rate.
3.2. Effect of processing conditions and degree

of polymerization on fiber morphology

The operating conditions for the continuous production of

cellulose fibers were thoroughly investigated. The optimum

range of voltage was between 15 and 25 kV at the distance

between the nozzle and the collector, d, of 10–20 cm. The

flow rate, Q, ranged from 0.005 to 0.03 ml/min. Fibers were

collected on an aluminum plate or mesh, and the morphology

of fibers was then examined using SEM. When fibers were

collected on a stationary collector at room temperature

without coagulation, they were still wet even at a very low

flow rate (QZ0.005 ml/min) and merged forming a film-like

structure as shown in the SEM images from both solvent

systems (Fig. 3).

Thus, in order to obtain dry fibers, LiCl/DMAc or

NMMO/water had to be removed more efficiently as fibers

came in contact with the collector or it must have come in

contact with water for coagulation. First, commercial filter

media for dust collection that has three-dimensional

morphology of thick cellulose fibers was utilized as a collector
P1140 cellulose/LiCl/DMAc at room temperature, and (b) from 9 wt% DP210

leZ70 8C. For both cases, QZ0.005 ml/min, and dZ15 cm.



Fig. 4. SEM image of electrospun fibers on filter media (a) from 3 wt% DP1140 cellulose/LiCl/DMAc at room temperature, and (b) from 9wt% DP210 cellulose in

NMMO/water on cellulose filter media without coagulation at TnozzleZ50 8C. QZ0.01 ml/min, and dZ15 cm.
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and 3 wt% DP1140 in LiCl/DMAc and 9 wt% DP210 in

NMMO/water were electrospun onto cellulose filter media

without coagulation. The SEM image of cellulose nanofibers

on cellulose filter media is shown in Fig. 4.

Unlike fibers collected on the aluminum plate or mesh, those

on the filter media remained uniform and dried without the

coagulation process for both solvent systems. The three

dimensional morphology of thick and coarse cellulose filter

seemed to aid more effective removal of DMAc or NMMO/-

water from electrospun fibers after they were collected. In

addition, non-woven cellulose filter were partly solvated by the

residual solvent in electrospun fibers. As a result, a good

adhesion between the electrospun cellulose fibers and the

cellulose filter media is observed. In fact, some of the

electrospun fibers are partially merged to the larger cellulose

fiber filter. Electrospinning cellulose nanofibers on cellulose

filter media could lead to simpler production of higher

performance filters as well as easy recycling of the products.

Secondly, a rotating collector that partially immerses into

cold water for coagulation was incorporated into the

electrospinning process as depicted in Fig. 1. The resulting

fiber morphology varied depending on the rotation speed of the

collecting disk, as shown in Fig. 5.
Fig. 5. SEM images of electrospun fibers from 9 wt% DP210 cellulose/NMMO/wate

kept at 0.03 ml/min.
At 1.2 rpm, the collector had enough time emerging from a

water bath to be nearly dry with a very thin layer of water for

the deposition of additional fibers. This allowed the collection

of uniform and stable fibers. On the other hand, as the rotation

speed of the collector was increased, the rotating collector

became wetter and a much thick layer of water was noticeable.

This confirms the result of electrospinning experiments with

cellulose/NMMO/water solutions by Kang et al. [11] where

coagulation with water was applied before collecting fibers on

a collector. Their fibers were in general larger (3–10 mm) and

non-uniform. Thus, the rotating velocity of the collector is a

critical parameter for the collection of uniform electrospun

fibers.

Hence, all the following experiments were conducted using

a rotating collector with a water coagulation bath. In case of the

NMMO/water system, the morphology of electrospun fibers

was significantly influenced by processing conditions such as

nozzle temperature and flow rate. SEM images of DP210

cellulose fibers that were electrospun at three different nozzle

temperatures are shown in Fig. 6. It is observed that fibers

obtained at three different nozzle temperatures are uniform in

size and their average diameter is below 1 mm. In particular, the

average diameter of DP210 cellulose fibers electrospun at
r solution with a rotating collector at: (a) 1.2 rpm, and (b) 6 rpm. Flowrate was



Fig. 6. SEM images of electrospun fibers from 9 wt% cellulose/NMMO/water solution with flow rate 0.01 ml/min and distance 15 cm: (a) TnozzleZ50 8C,

(b) TnozzleZ70 8C, and (c) TnozzleZ90 8C.
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70 8C is about 300 nm (Fig. 6(b)). Spinning the same cellulose

solution at different nozzle temperatures (50 and 90 8C) under

the same processing conditions produced thicker fibers (750

and 450 nm, respectively). A nozzle temperature above 90 8C

or flow rate below 0.01 ml/min lead to a frequent breakage of

the jet, possibly due to a decrease in the extensional viscosity

[25,26]. Producing continuous thin fibers at nozzle temperature

below 50 8C was not achieved due to the high viscosity of the

solution.

Three different compositions (1.5, 2 and 2.5 wt%) of

DP1140 cellulose in NMMO/water were electrospun at two

different nozzle temperatures (TnozzleZ50 and 70 8C) and the

morphology of successfully electrospun DP1140 cellulose

fibers is shown in Fig. 7. Again, submicron scale fibers were

obtained for all the cases. We note that the average fiber

diameter of DP1140 cellulose fibers (250–750 nm) is in

general comparable to those of DP210 cellulose fibers, but

the increase in the amount of solvent in higher DP cellulose

solutions made it harder to obtain dry fibers. It is observed

that fibers become wet and tend to form a film, as the

cellulose concentration decreases. This becomes more

noticeable when the nozzle temperature was low (TnozzleZ
50 8C) and thus the removal of the solvent (NMMO and

water) was less efficient. As a result, a high concentration of

DP1140 cellulose (2.5 wt%) was needed to obtain dry fibers
at nozzle temperature of 50 8C, while 1.5 wt% DP1140

cellulose solution still produced dry fibers at higher nozzle

temperature, TnozzleZ70 8C.

For the LiCl/DMAc system, heating the collector greatly

enhances the stability of the fiber morphology, but the removal

of both DMAc by heating the collector and salt by coagulation

was necessary for the fabrication of dry and stable cellulose

fibers. As seen in Fig. 8, a low concentration of cellulose

(1 wt% DP1140 in LiCl/DMAc) lead to irregular-shaped

clusters of varying sizes (10–100 mm) on the submicron scale

fiber mat, whereas fibers from 3 wt% DP1140 cellulose

solution does not display such clusters. This indicates a higher

concentration is desirable for the timely and complete removal

of solvent and salt. Again, there was a slight increase in fiber

diameter with increasing cellulose concentration due to the

lower extent of solvent evaporation.

The degree of polymerization of cellulose before and after

electrospinning was determined from the intrinsic viscosity

measurement and summarized in Table 2. Although, the DP

of cellulose shows little or no degradation (less than 4%

decrease in the molecular weight) of cellulose during

electrospinning from LiCl/DMAc, cellulose nanofibers from

NMMO/water solutions at elevated temperature (100 8C)

exhibit significant degradation of cellulose. This may be due

to the fact that cellulose in NMMO/water was placed in



Fig. 7. SEM images of electrospun fibers from DP1140 cellulose in NMMO/water: (a) 1.5 wt%, TnozzleZ50 8C, (b) 1.5 wt%, TnozzleZ70 8C, (c) 2 wt%, TnozzleZ
50 8C, (d) 2 wt%, TnozzleZ70 8C, (e) 2.5 wt%, TnozzleZ50 8C, and (f) 2.5 wt%, TnozzleZ70 8C.
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a heated chamber at 100 8C for a couple of hours. According

to Rosenau et al. side reactions in cellulose in NMMO/water

systems at high temperature (both hemolytic (radical) and

heterolytic (non-radical) reactions) can lead to degradation of

cellulose [27]. On the other hand, the degradation of

cellulose fibers from LiCl/DMAc was limited because only

the rotating collector was heated where a rapid evaporation

of DMAc takes a place at elevated temperature. It should

also be noted that the degree of degradation in NMMO/water

is more noticeable for cellulose with a higher DP.
3.3. Effect of spinning conditions on crystallization

There was a change in the crystalline structure of cellulose

before and after electrospinning. The native cellulose CF-11

powder (DP210) and surgical cotton batting (DP1140) present

the crystal form of Type-I, which is the polymorph with the

highest degree of intermolecular and intramolecular hydrogen

bonding [1]. Electrospun cellulose fibers display a different

polymorph. It has been reported that the crystalline polymorph,

Type-II forms when cellulose is treated with water or



Fig. 8. SEM images of DP1140 cellulose fibers from LiCl/DMAc collected using heated collector followed by coagulation (a) 1 wt% DP1140 and (b) 3 wt% DP1140

in LiCl/DMAc.
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methanol, while Type-III forms when cellulose is treated

withliquid ammonia [1,28,29]. Since, the dissolution of

cellulose in our study involves water, the polymorph expected

is Type-II. As shown in Fig. 9, X-ray diffraction studies reveal

that electrospun cellulose fibers from LiCl/DMAc are mostly

amorphous. This is due to the fact that high temperature was

applied at the collector, followed by coagulation with water.

Heating the collector can erase any crystal structures developed

during spinning and subsequent coagulation with water can act

as quenching, which does not favor the re-crystallization of

cellulose. We also note that annealing did not help the

development of the crystalline phase from amorphous cellulose

fibers.

On the other hand, electrospun cellulose fibers from

NMMO/water exhibit Type-II cellulose. This is in agreement

of structural studies on Lyocell fibers, which also exhibit Type-

II cellulose [1,28,29]. We note that DP1140 cellulose from the

NMMO/water system was degraded significantly after
Table 2

Degree of polymerization (DP) of cellulose from intrinsic viscosity

measurements

As received

cellulose

Fiber collected

at 100 8C

Fiber collected

at 25 8C

LiCl/DMAc DP 1140 1100 1190

As received

cellulose

From solution

at 100 8C

Electrospun

fibers

NMMO/water DP 1140 620 580

DP 210 190 180
spinning, and thus DP1140 cellulose fibers from NMMO/

water exhibit much lower DP (DPz600). To determine the

degree of crystallinity of electrospun cellulose fibers from

NMMO/water, we followed the conventional X-ray analysis,

and the deconvolution of the WAXS pattern into two different

contributions, amorphous and crystalline phases [28,29]. X-ray

diffraction pattern of a typical electrospun DP210 cellulose

fiber together with deconvoluted peaks (amorphous at 2qZ
18.58, Type-II crystalline peaks at 2qZ12.5, 20.2 and 22.38) is

shown in Fig. 10(b).
Fig. 9. X-ray diffraction patterns of natural cellulose and electrospun cellulose

fibers from two different solution systems (DPZ1140).



Fig. 10. (a) X-ray diffraction pattern of electrospun cellulose fibers from 9 wt% DP210 in NMMO/water at TnozzleZ70 8C, dZ15 cm, and QZ0.01 ml/min, and

(b) deconvoluted amorphous and Type-II crystalline peaks.
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It is observed that the degree of crystallinity of electrospun

cellulose fibers from NMMO/water ranges from 40 to 60%.

We note that the degree of crystallinity based on the peak

heights, i.e. diffraction intensities, I002 at 002 peak position

and I18 at 2qZ188 (amorphous), as a ratio of [(I002K
I18)/I002]!100 by Segal [30–32] gives a similar value to that

based on the deconvoluted areas of X-ray diffraction patterns

(Table 3). The degree of crystallinity of electrospun fibers is

also influenced by various process conditions such as flow

rate, and distance between the nozzle and collector and they

are summarized in Table 3. It is known that the cellulose/

NMMO/water solution can crystallize under cooling and the

cellulose chains retain the general morphology of the

crystallized solution after sublimation of the NMMO and

the water [33–35]. Hence, varying the spinning temperature in

the NMMO/water system, for example, influences the crystal-

lization of cellulose/NMMO/water solution during electro-

spinning, and thus the crystallinity of electrospun fibers. It is

observed that lower nozzle temperature and thus lower

spinning temperature decreases the degree of crystallinity.

In addition, a decrease in the degree of crystallinity is
Table 3

Degree of crystallinity of cellulose electrospun fibers at various spinning condition

Cellulose (%) Nozzle temperature

Tnozzle (8C)

Nozzle to collector

distance, d (cm)

DP210 from NMMO/water 50 15

DP210 from NMMO/water 70 15

DP210 from NMMO/water 70 15

DP210 from NMMO/water 70 10

DP1140 from NMMO/water 70 15

DP1140 from LiCl/DMAc 25 15
observed when the jet had less residence time during

electrospinning (i.e. shorter nozzle-to-collector distance and/

or higher flow rate) and thus less time for crystallization.

Finally, we note that cellulose fibers of higher DP (DP1140)

from dilute solution (3 wt%) exhibit a slightly lower degree of

crystallinity than those of low DP (DP210) from high

concentration (9 wt%) at the same processing condition.

Although, cellulose of different origins may not always allow

a proper comparison, these results are not in agreement with

the isothermal crystallization of cellulose/NMMO/water

solutions study by Biganska et al. [34] who reported the

crystallization rate does not depend on cellulose DP but the

rate decreases strongly with increasing cellulose concen-

tration. This may be due to various complex aspects in

electrospinning such as nonisothermal effect, elongational

deformation, change in water content via coagulation, etc.
3.4. Oxidation of cellulose and degradation study

DP1140 cellulose fibers electrospun from LiCl/DMAc were

subjected to oxidation mediated by HNO3/H3PO4/NaNO2. The
s

Flow rate, Q (ml/min) Degree of crystallinity

By peak area By peak height

0.01 52.9 58.8

0.01 56.8 66.5

0.03 40.4 42.1

0.01 50.1 45.5

0.01 42.2 44.7

0.01 w0.0 w0.0



Fig. 11. SEM images of electrospun DP1140 cellulose fibers after oxidation reaction time of: (a) 12 h (b) 24 h, and (c) 48 h.

Fig. 12. FITR spectra of electrospun DP1140 cellulose fibers before and after

48 h of oxidation reaction.
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SEM images of oxidized cellulose fibers at various oxidation

times are shown in Fig. 11. It is observed that the overall

morphology of oxidized cellulose fibers for various

reaction times up to 48 h was comparable to that of as-spun

fibers. However, a small degree of deterioration of fiber

morphology is apparent on oxidized fibers. From previous

work by Kumar et al. it has been known that oxidation is

accompanied by undesirable degradation [23]. The extent of

degradation becomes more pronounced with increasing

oxidation time.

The yield of the oxidative reaction was about 80%, and the

presence of carboxyl groups along polymeric chains was

detected using FTIR. The characteristic peaks at 1750 cmK1

corresponding to CaO group appear in spectrum of oxidized

cellulose fibers. The broad peak corresponding to hydroxyl

group is observed in both cellulose and oxidized cellulose

spectra (Fig. 12).

Fibers after 48 h oxidation degraded rapidly under

physiological conditions. The evolution of the mass loss

was almost linear in the first 3 days, but the rate of

degradation seemed to decrease in the following 48 h

yielding a total of 85% mass lost by day 5 (Fig. 13).

Since, we can easily surmise that the degradation of

oxidized cellulose will depend on the fiber morphology

and microstructure, the degradation time can be controlled

possibly by changing the average fiber diameter and/or the

degree of crystallinity. A more comprehensive study on

controlling the degradation of oxidized cellulose and

cellulose fibers is underway.
4. Conclusion

We have demonstrated that non-woven mats of submicron-

sized cellulose fibers (250–750 nm in diameter) can be

obtained by electrospinning cellulose from two different

solvent systems: LiCl/DMAc and NMMO/water. The scanning

electron microscope (SEM) images of electrospun cellulose
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Fig. 13. Evolution of the degree of degradation profile of oxidized cellulose

fibers in buffer solution with pH of 7 at 37 8C.
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fibers reveal that applying coagulation with water right after

the collection of fibers is necessary to obtain submicron scale,

dry and stable cellulose fibers for both solution systems. X-ray

diffraction studies reveal that cellulose fibers obtained from

LiCl/DMAc are mostly amorphous, whereas the degree of

crystallinity of cellulose fibers from NMMO/water can be

controlled by various process conditions including spinning

temperature, flow rate, and distance between the nozzle and

collector.

Finally, electrospun cellulose fibers are oxidized by HNO3/

H3PO4 and NaNO2, and the degradation characteristics of

oxidized cellulose fibers under physiological conditions in an

in vitro experiment have been presented. The degradation study

of oxidized cellulose fibers suggests that the degradation time

can be controlled possibly by controlling the average fiber

diameter.
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