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Abstract We report the use of the DBU-CO2

switchable solvent system for the direct electrospin-

ning of cellulose. Two cellulose types were investi-

gated, i.e. microcrystalline cellulose (MCC) and

cellulose pulp (CP). The morphologies of the obtained

cellulose fibers were studied using scanning electron

microscopy and optical microscopy. Results obtained

showed that only particles with mean diameter about

1.2 lm could be obtained when MCC was used, even

at high concentration (10 wt%). In the case of CP, an

optimized concentration of 4 wt% resulted in standing

fibers with a mean diameter of about 500nm. In order

to improve the spinnability of the cellulose, different

concentrations and ratios of PVA in combination with

cellulose were investigated. The combination of

cellulose (bothMCC and CP) resulted in the formation

of a unique fiber morphology, characterized by a

homogeneous bead-like structure. An in-depth study

of the fiber structure was carried out using Raman

spectroscopy and showed that both cellulose and PVA

were present in the formed beads. Finally, the

challenge observed remained a complete removal of

the solvents, which are not volatile enough, as well as

explore a coagulation collection process for the fiber

recovery in order to recover and re-use the employed

solvent.
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Introduction

Bio-based raw material sources have gained global

interest as a potential replacement for their fossil-

based counterparts. In this regard, cellulose, which is

the most abundant renewable carbon based material of

our planet offers huge valorization opportunity as a

viable alternative (Klemm et al. 2005). In addition,

cellulose offers a competitive advantage compared to

other bio-based resources, as it does not compete with

food or feed, and constitutes 35–50 % of the more than

170 9 109 tons of lignocellulosic biomass produced

annually (Delidovich et al. 2016; Putro et al. 2016;

Rose and Palkovits 2011). Apart from being the key

raw material for the pulp and paper industry, (Klemm

et al. 2005) well known cellulose derivatives such as

cellulose esters, cellulose ethers or more recently

cellulose carbonates, find applications in various areas

ranging from optical films, textile, coating, cigarette

filters, non-woven fibers, drug release and as viscosity

modifiers (Klemm et al. 2005; Dwyer and Abel 1986;

Edgar et al. 2001; Elschner and Heinze 2015; Law

2004; Doshi and Reneker 1995). Electrospinning

involves applying a high voltage between a polymer

solution and a metal collector, which causes the

charged polymer solution to move towards the

collector (electrostatic force), leading to formation of

sub-micron (nano-) fibers upon reaching the collector

as the solvent evaporates (Doshi and Reneker 1995;

Fong and Reneker 2018;, Colman et al. 2008), which

are of interest for filtration, catalysis or biomedical

applications (Huang et al. 2003; Heidari et al. 2017).

One of the challenges of for cellulose elctrospin-

ning remains the difficulty of solubilizing cellulose in

a sustainable fashion. Due to the strong intra- and

inter-molecular hydrogen bonds, cellulose does not

solubilize in common organic solvents including

water (Klemm et al. 2005). Thus, special solvents

able to break this intra-inter hydrogen bonds are

required to solubilize cellulose. Examples such as

N,N-dimethylacetamide-lithium chloride (DMAc-

LiCl), (McCormick and Dawsey 1990) N-methylmor-

pholine N-oxide (NMMO), (Fink et al. 2001) dimethyl

sulfoxide-tetramethyl ammonium fluoride (DMSO-

TBAF), (Heinze et al. 2000) or trifloroacetic acid

(TFA) (Hasegawa et al. 1992). These solvents suffer

from limitations including difficult recovery and/or

toxicity and are thus not considered sustainable.

However, such solvents have been explored for direct

electrospining of cellulose. As an example, Ohkawa

and colleagues reported the direct electrospining of

cellulose in trifloroacetic acid (TFA) leading to

formation of nanocellulose fibers with mean diameter

of 40 nm (Ohkawa et al. 2009). It is noteworthy that

the use of TFA in the solubilization of cellulose

proceed through a derivative step in which the

cellulose is modified to cellulose trifloroacetate

(Heinze and Koschella 2005). Whereas the direct

electrospinning of cellulose offers benefits i.e. avoid-

ing any pre-derivatization. The use of TFA (acute

toxicity LD50, rat 200–400 mg/kg-rat) raises envi-

ronmental and safety concerns. In a similar fashion,

DMAc-LiCl as well as NMMO/H2O was employed by

Kim et al. (2005, 2006) for direct electrospinning of

cellulose to obtain sub-micron fibers with diameters

ranging from 150 to 750 nm.

Another class of solvents that offer a more sustain-

able option for direct cellulose solubilization are ionic

liquids. They are generally defined as low melting

molten salts with melting temperatures below 100 �C
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(Welton 1999; Hallett and Welton 2011) and are

classified as ‘‘greener’’ solvents due to their very low

vapor pressures with a potential to be recycled and

reused, which are all important aspects for sustain-

ability (Swatloski et al. 2002). This solvent have been

explored for various chemical modification (El Seoud

et al. 2007; Mormann and Wezstein 2009; Wu et al.

2004). Coutinho and co-workers employed a mixture

of the ionic liquids 1-ethyl-3-methylimidazolium

acetate and 1-decyl-3-methylimidazolium to electro-

spin cellulose fibers, obtaining nanofibers with aver-

age diameters ranging between 165 and 185 nm

(Freire et al. 2011). The cellulose fibers were collected

via coagulation in water and the ionic liquid could be

recovered and re-used. Similarly, Linhard et al.

reported the direct electrospinning of cellulose and

cellulose-heparin in RTIL (room-temperature ionic

liquids, using 1 N-butyl-3-methylimidazolium chlo-

ride and 1 N-ethyl-3-methylimidazolium benzoate)

(Viswanathan et al. 2006). Unlike the previous report,

the cellulose fibers were obtained by extraction of the

RTIL using ethanol. However, larger micron-sized

cellulose fibers were obtained and this was attributed

to the non-volatility of the solvents. Finally, 1-allyl-3-

methylimidazolium chloride (AMIMCl) in DMSO

was used by Han et al. (Xu et al. 2008). Though ionic

liquids might be ‘‘greener’’ solvents compared to the

traditional ones, they are not without limitations and

challenges (Clough et al. 2015). Among their limita-

tions are toxicity (example [C4mim]? Cl-, LD50,

rat = 50–300 mg/kg) (Gericke et al. 2012) and non-

inertness to cellulose especially those with acetate

anion, (Clough et al. 2015; Ebner et al. 2008), which

makes their recovery more challenging and expensive

compared to other cellulose solvents.

To overcome the difficulty and challenges in

solubilizing cellulose, researchers have employed the

use of cellulose derivatives like cellulose acetate

(CA), methyl cellulose and carboxymethylcellulose

(CMC), which can be more easily solubilized in

common solvents for electrospinning (Formhals

1938a, b). It is noteworthy that a post-derivatization

step is necessary to recover the native cellulose fibers.

This extra step creates more wastes, making the

approach less sustainable. In 2003, Park and co-

workers reported the electrospinning of cellulose

acetate (CA) in an acetone/water mixture containing

between 10 and 15 wt% water (Son et al. 2004). CA

fibers with mean diameter of 2.3 lm were obtained

under acidic conditions, while much thinner fibers

with a mean diameter of 460 nm were obtained under

basic conditions. Frenot et al. reported the electro-

spinning of CMC (carboxy methyl cellulose), HPMC

(hydroxy propyl methylcellulose), and MC (methyl

cellulose). CMC was electrospun in a 1:1 ratio with

PEO using water as solvent (Frenot et al. 2007).

Nanofibers with mean diameter between 200 and 250

nm were obtained. Morphology of the fibers was

studied using SEM and showed that the obtained

morphology was independent on the MW and DS but

rather depended on the substitution pattern. In addi-

tion, extraction of PEO after the electrospinning

process resulted in a change in fiber morphology and

depended on the substitution pattern in the CMC.

Similar to CMC, the obtained fiber morphology was

not influenced by molecular weight (MW) or degree of

substitution (DS). In the case of CMC using same

solvent system as for HPMC, a more wet fiber was

collected showing a more coarse and collapse fiber

morphology (Frenot et al. 2007).

While cellulose remains an important and versatile

renewable resource, it is important to consider beyond

the raw material source to ensure sustainability

(Llevot et al. 2016; Onwukamike et al. 2018a). In this

regard, and to ensure a more sustainable electrospin-

ning of cellulose, the use of a more sustainable solvent

system with a potential of recyclability will enable us

to improve the sustainability of this process. A very

good example of a sustainable solvent system based on

CO2 in the presence of an organic super base was

developed by Jessop et al. in (2005). This system

allows the possibility to switch the polarity of a solvent

simply by adding/removal of CO2. The application of

this solvent system for cellulose solubilization was

independently and simultaneously demonstrated by

Zhang et al. (2013) and Xie et al. (2014).

Recently, we reported a thorough optimization of

the solvent system and proved the presence of a

cellulose carbonate intermediate, which introduces the

solubility of cellulose in the DMSO solvent (On-

wukamike et al. 2017). We were able to achieve

complete cellulose solubilization within 10–15 min at

30 �C under very low CO2 pressure (2–5 bar). Such

mild solubilization conditions allowed us to explore

this switchable solvent system to show a more

sustainable succinylation of cellulose, (Söyler et al.

2018) transesterification of cellulose using plant oils

directly, (Onwukamike et al. 2018c) and in
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multicomponent reaction, in which the CO2 was

employed as a C1-carbon source (Onwukamike et al.

2018b). In addition, we employed this solvent system

to produce cellulose aerogels with porosity higher than

95 % (Onwukamike et al. 2019). These examples

showed the high versatility of the CO2 switchable

solvent system and equally open up their potential for

other cellulose-based applications.

In this report and based on our previous experiences

working with the CO2-switchable solvent system for

various cellulose valorization, we investigated the

potential of this solvent system in the direct electro-

spinning of cellulose. The challenge was the difficulty

to keep the cellulose solution stable over electrospin-

ning process. Two different cellulose were investi-

gated, i.e. microcrystalline cellulose (MCC) and

cellulose pulp (CP). Parameters investigated include

the cellulose concentration, electrospinning condi-

tions as well as use of various additives to improve the

electrospinning process.

Method and materials

Materials

Microcrystalline cellulose (MCC) was bought from

Sigma-Aldrich. Cellulose pulp was provided from

Rayonier Advanced Materials Company (Tartas

Biorefinery, France) and was produced by ammonium

sulphite cooking and bleached with an elementary

chlorine free (ECF) process (purity in alpha-cellulose

is 94 %). All cellulose samples were dried at 100 �C
for 24 h under vacuum to remove free water before

use. Dimethyl sulfoxide (DMSO) 99 %was purchased

from VWR. Diazabicyclo [5.4.0] undec-7-ene (DBU,

[ 98 %) was bought from TCI and used without

further purification. PVA 98–99 % hydrolyzed

(molecular weight: 31,000–50,000 g/mol) was

obtained from Sigma-Aldrich, while Polyethyleneox-

ide, PEO (MW 900,000 g/mol) was bought from Alfa

Aesar.

Methods

Solubilization of MCC and CP

The solubilization of MCC and CP was carried out

according to our previous report (Onwukamike et al.

2017). Briefly described, cellulose was stirred in

DMSO, followed by addition of DBU (3 Eq. per

anhydroglucose unit). The cloudy suspension was

transferred to a steel pressure reactor, where 5 bar of

CO2 was applied at 30 �C for 15 min. The solubilized

and clear cellulose solution was carefully transferred

to a syringe, ensuring the trapped CO2 does not escape,

and ready for the electrospinning process. Equally,

PVA and PEO were separately dissolved in DMSO

and was added to cellulose solution in different ratios

depending on the target wt%.

Electrospinning of cellulose solutions

The prepared solutions were electrospun under differ-

ent electrospinning conditions. The parameters

namely (cellulose concentration, applied voltage, feed

rate and distance) were optimized in order to obtain

bead-free smooth fibers. Different concentrations of

PVA in DMSOwere prepared and subsequently added

to cellulose solutions.

Measurement of fiber diameter

The average diameter of particles and fibers was

measured by means of 100 random measurements

using the software ImageJ on the basis of SEM images.

Optical microscopy

Optical microscope images were taken with a Smart-

zoom5 (Zeiss).

Scanning electron microscope (SEM)

The morphology of micro and nanoparticles was

examined by Scanning electron microscope (SEM)

using Zeiss electron microscope model LEO 1530.

The average nanofiber diameter was determined by

means of at least 100 random measurements using

ImageJ software based on SEM images.

Raman spectroscopy

A confocal WITec alpha 300 RA ? imaging system

equipped with a UHTS 300 spectrometer and a back-

illuminated Andor Newton 970 EMCCD camera was

employed for Raman imaging of MCC/PVA nanofi-

bers. Raman spectra was obtained using an excitation
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wavelength of k = 532 nm, a step size of 10 pixels/lm
and integration times of 1 s/pixel (1009 objective,

NA = 0.9, software WITec Control FOUR 4.1). All

spectra were exposed to a cosmic ray removal routine

and baseline correction.

Results and discussions

Among the various factors playing a key role in the

electrospinning process, the polymer molecular

weight and the respective viscosity of the electrospin-

ning solution are considered as the most critical ones.

These factors, among others, usually determine

whether fibers (electrospinning) or particles (electro

spraying) are produced. In this aspect, we have

employed two cellulose types with obvious differ-

ences in molecular weight. Crystallinity of the cellu-

lose type in this case is less critical, since this is mostly

lost in a solubilized state is as shown from previous

reports (Xie et al. 2014; Onwukamike et al. 2018c).

The difference in their molecular weight is expected to

play an important role in the outcome of the electro-

spinning/electro spraying process.

Investigation using microcrystalline cellulose

(MCC)

Optical microscopy was used for the preliminary

experiments, which is brought in supporting informa-

tion part (S1 and S2). SEM analysis was done to

further characterize the morphology of the particles.

Preliminary investigations have been done using

MCC. In the first set of experiments, the cellulose

concentration was varied between 1 and 10 wt%. For

all these concentrations, only particles with sizes

ranging between 600 nm and 1.30 lm were obtained.

The variation of the various electrospinning parame-

ters (voltage, feed rate, electrospinning distance) did

not make much difference. However, as expected,

larger particle sizes were obtained at higher cellulose

concentrations. It is important to point out that at 5

wt%, the electrospraying process was more stable,

resulting in homogenous round-shaped particles with

mean diameter about 1.2 lm (see Fig. 1). The

obtained particles are smaller when compared to the

report from Kyung et al. (2013) where slightly larger

particles with mean diameter between 5 and 10 lm
were obtained from electrospraying using ionic

liquids. Whereas the initial objective of this work

was to prepare cellulose fibers, such homogenous and

well defined cellulose microparticles could also find

applications in food industry, electronic and pharma-

ceuticals as reported by Chin et al. (2018).

Considering the previous reports on electrospinning

that have shown increasing the viscosity of a solution

is one way to transition from a particle to a fiber,

(Agarwal 2016) we investigated higher concentrations

of MCC. However, above 10 wt% MCC, the solution

became much more unstable after solubilization, thus

making it impossible to be used for electrospinning.

As reported by Greiner et al. (2010) the use of

additives such as PVA or PEO have been shown to

improve the spinnability of a solution as well as to

remove particles during an electrospinning process.

These polymers additives can actually be removed

after the fibers have been formed as seen from the

works of Frenot and co-workers (Frenot et al. 2007).

Considering the stability of the process at 5 wt%MCC,

this concentration was employed for the trials with the

both PVA and PEO as additive polymers.

Use of additives for electrospinning of MCC

For the investigation using PVA as an additive, the

required PVA concentration was prepared in DMSO,

to allow easier miscibility when added to the solubi-

lized cellulose in the DBU/CO2/DMSO system. Fig-

ure 2 shows the SEM image of the obtained beaded

nanofibers. In these experiments, 5 wt%MCC solution

was prepared as described previously (Onwukamike

et al. 2017). Next, the PVA solution was added and

allowed to become homogenous under mild stirring.

Extra care was required at this stage to avoid the

escape of CO2 which will otherwise led to precipita-

tion. Various ratios of MCC and PVA were investi-

gated as shown in Table 1 and the corresponding

optical images are shown in the Supporting Informa-

tion (S1). Observations in supporting information are

based on the results from optical microscopy. In the

first sets of experiments, 5 wt% PVA was used, as a

reference, electrospraying of neat 5 wt% PVA resulted

only to formation of participles. When this concen-

tration of PVA was mixed with 5 wt% MCC at 50/50

ratio, only particles were obtained. In like manner,

only particles were obtained when the ratio was

changed to 45:55 (MCC:PVA). In order to increase the
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chance of obtaining fibers, the next sets of experiments

(1f and 1 g) were carried out using 10 wt% PVA. The

ratio between 5 wt% MCC and 10 wt% PVA was kept

at 50/50, resulting in a combination of particles and

fibers. To our delight, when this ratio was slightly

modified to 45 % MCC and 55 % PVA, a very

stable electrospinning process was observed resulting

to beaded fibers (See Fig. 2). The morphology of the

obtained fibers was studied using SEM and showed

well distributed and homogenous beaded fibers with

mean diameter below 100 nm. Unlike what is com-

monly seen in the literature,(Jacobs et al. 2010; Liu

et al. 2008) the beaded fibers obtained in this case

appear to be continuous and evenly distributed along

the fibers as shown in Fig. 2. It is noteworthy to

mention that changing the electrospinning conditions

did not affect the formation of this specific and

uncommon structure.

Raman spectroscopy was used in order to further

investigate, if the beads are comprised of MCC, PVA

or both of them. A first hypothesis to explain this

phenomenon was related to a potential phase separa-

tion between the MCC and PVA leading to the

formation of such beads. If this was true, we would

expect to observe either MCC or PVA enriched in

these beads. Further investigations using Raman

spectroscopy showed that in the mixture, the peak at

1440 cm -1 is attributed to symmetric bending mode of

the CH2 group of PVA and the one at 1380 cm-1 is

ascribed to O–H bending for MCC, which ascertains

the presence of both MCC and PVA within the beads

as seen in Fig. 3. Also, worthy to consider at this stage

is the potential influence of CO2, which is trapped

within the solvent system. Zuo and colleagues have

investigated on the origin of beads during electrospin-

ning of poly(hydroxybutyrate-co-valerate) (Zuo et al.

2005). The outcome of their research showed that

beads formation resulted from the instability of the

electrospinning solution (axisymmetric instability)

and was influenced by the viscosity, feed rate, applied

voltage and surface tension. While their work

explained the general mechanism of bead-in-fiber

formation during electrospinning, it doesn�t explain
the observed consistent and unique beads obtained in

this study. So far, no previous report in the literature

reported on a similar phenomenon.

Building on our observations using 10 wt% PVA,

we decided to investigate higher PVA concentration

(15 and 20 %). The motive here was to leverage on

their higher viscosity at lower addition ratio in order to

achieve fibers at higher MCC ratio. Upon using 15

wt% PVA, only particles were obtained when the ratio

with MCCwas kept at 90:10. Increasing the PVA ratio

Fig. 1 SEM image showing particles (1.3 ± 0.5 lm) produced from electrospraying of cellulose at 5wt% in DBU-CO2 switchable

solvent system (E-spraying conditions: 22Kv-15 cm-0.12ml/hr)

Fig. 2 SEM image showing beaded fibers (\ 100 nm) produced

from electrospinning of 5 wt%MCC and 10 wt% PVA in a ratio

45/55 respectively in DBU-CO2 switchable solvent system (E-

spinning conditions: 7Kv-20 cm-0.12ml/hr)
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to 23 % (the highest we could achieve to reach a

homogenous solution), a mixture of fibers with

particles was obtained. However, the electrospinning

process was very unstable leading to the formation of

large droplets during process. When 20 wt% PVA was

employed, it was possible to achieve a somewhat

stable electrospinning process at the higher MCC ratio

of 60 %. Notwithstanding, the most optimized

electrospinning process was rather achieved when

using 10 wt% PVA at 45:55 ratio between MCC and

PVA (See supporting information S1 for optical

microscopy images).

In addition to the use of PVAas an additive to improve

the electrospinning process, we have equally employed

the use of high molecular weight polyethyleneoxide

(PEO). The various conditions investigated are

Table 1 Electrospinning/Electrospraying using MCC solubilized in DBU-CO2 solvent system at various PVA concentration and

ratio

Expt.

No.

MCC conc.

(wt%)

PVA conc.

(wt%)

Ratio

(%)

MCC/

PVA

Conc. of solution

(wt%)

Electrospinning conditions

Voltage (kV)/distance (cm)/

rate (ml/hr)

Observation

1a 5 – 100/0 5.00 22-15-0.12 Particles

1b – 5 0/100 5.00 8-20-0.12 Particles

1c 5 5 45/55 5.00 11-15-0.12 Particles

1d 5 5 50/50 5.00 12-20-0.12 Particles

1e – 10 0/100 10.0 25-20-0.12 Particles and fibers

1f 5 10 50/50 7.50 13-20-0.12 Fibers with particles

1g 5 10 45/55 7.75 8-20-0.12 Beaded fibres

1h – 15 0/100 15.00 20-20-0.24 Fibers only

1i 5 15 90/10 6.00 20-20-0.12 Only particles

1j 5 15 77/23 7.30 15-20-0.12 Fibers, particles and

droplets

1k 5 15 70/30 8.00 20-20-0.12 Fibers, particles and

droplets

1L 5 15 50/50 10.00 20-20-0.12 Beaded fibers

1m 3 15 45/55 9.60 15-20-0.12 Fibers/bead

1n – 20 0/100 20.00 20-20-0.12 Fibers only

1o 5 20 60/40 11.00 6-20-0.12 Beaded fibres

Fig. 3 Raman spectroscopy of (a) blue (PVA), red (MCC), (b) combined spectra in MCC/PVA nanofibers
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summarized in Table 2. In order to have a reference, an

electrospinning of neat 2 wt% PEO was carried out and

resulted in a mixture of fibers and beads (See supporting

information S2). In the subsequent experiments, the ratio

of 5 wt% MCC was increased from 45 to 90 %. It was

interesting to note that, irrespective of the incorporated

MCC ratio, beaded fibers were obtained similar to those

obtained when 10 wt% PVA was used as an additive at

45 % MCC incorporation (See supporting information

S2 for optical microscopy images). These results are

interesting in that we could achieve a high MCC loading

ratio, while still maintaining a stable electrospinning

process. One possible reason for still achieving such

beaded fibers at relatively low PEO ratio could be

attributed to the very high molecular weight of this

polymer employed (9.105 g/mol). In an attempt to further

increase the viscosity of these systems in order to

eliminate these beads, a higher weight concentration

solution of PEOwas prepared (4.6 wt%).With this much

higher viscous solution, we could only achieve a

stable electrospinning dope at a maximumMCC loading

ratio of 45 % which still resulted to beaded-fibers (See

Supporting information S2, 2e).

Investigation using cellulose pulp (CP)

Considering that the molecular weight of a polymer is

a key factor in the viscosity of the electrospinning

dope and following the promising results obtained

using MCC, we decided to employ a higher molecular

weight cellulose type, i.e. CP. The assumption here

was that by using CP, we could perhaps completely

eliminate the beads in the beaded fibers obtained in the

previous experiments with MCC, and that could not be

eliminated by use of additives. Cellulose pulp (CP)

was solubilized in the DBU-CO2 solvent system in the

presence of DMSO as previously described (On-

wukamike et al. 2017). In the first sets of experiments,

the concentration of CP was varied between 1 and 5

wt%. These experiments and resulting observations

are summarized in Table 3.

From the performed experiments, mostly particles

were obtained with few fibers when 1 wt% CP was

used (See Support Information S3, 3a). When the CP

concentration was increased to 2 wt% (3b), a mixture

of particles and standing fibers were obtained (Fig. 4).

These observations of standing fibers have been

previously reported by Frenot et al. from a direct

electrospinning of cellulose from a DMAc-LiCl

solution (Frenot et al. 2007). The authors attributed

this observation to the high conductivity (high charges

present) of this electrospinning solution, resulting to a

stronger electrostatic attraction towards the opposite

charged collector plate. Therefore, it was not surpris-

ing for us considering that we are employing an

equally ionically charged solvent system [Cellulose-

OCO2]
-[HDBU]? (Onwukamike et al. 2017). Similar

standing fibers, but with fewer beads, were observed

when the CP concentration was increased from 2 to 3

wt%. As the cellulose concentration was increased to

4 %, only standing fibers were obtained as shown in

Table 3.

The morphology of the obtained fibers was studied

using SEM and the result is shown in Fig. 5.

Table 2 Electrospinning using MCC solubilized in DBU-CO2 solvent system at various PEO concentration and ratio

Expt.

No.

MCC conc.

(wt%)

PEO

conc.

(wt%)

Ratio (%)

MCC/

PVA

Conc. of

solution

Electrospinning conditions

Voltage (kV)/distance (cm)/rate (ml/

hr)

Observation

2a 5 2 0/100 2.00 25-20-0.36 Fibers/beads

2b 5 2 45/55 3.35 15-20-0.12 Beaded

fibers

2c 5 2 70/30 4.10 15-20-0.12 Beaded

fibers

2d 5 2 90/10 4.70 15-20-0.12 Beaded

fibres

2e 5 4.6 45/55 4.78 15-20-0.12 Beaded

fibres
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Increasing the CP concentration to 5 wt% still resulted

in standing fibers with a mean diameter of 560 ± 30

nm.

Use of additives for electrospinning of CP

As described above, the electrospinning of neat CP

from the DBU-CO2 solvent system resulted to stand-

ing fibers. The challenge this poses is that fibers easily

collapse into much larger fibers. In addition, the non-

uniform fibers resulting from this process are not

interesting from an application point of view. As

shown in the work on Frenot et al. (Frenot et al. 2007),

where they obtained similar standing fibers, the

phenomenon was attributed to the highly ionic solvent

Table 3 Electrospinning using CP solubilized in DBU-CO2 solvent system at 5 wt% PVA concentration and various ratios

Expt.

No.

CP conc.

(wt%)

PVA conc.

(wt%)

Ratio

(%)

CP/

PVA

Conc. of

solution

Electrospinning conditions

Voltage (kV)/distance (cm)/

rate (ml/hr)

Observation

3a 1 – 100/0 1.00 17-15-0.12 Only Particles

3b 2 – 100/0 2.00 25-25-0.24 Mixture of particles and

standing fibers

3c 2.5 – 100/0 2.50 17-15-0.12 Mixture of particles and

standing fibers

3d 3 – 100/0 3.00 29-15-0.12 Standing fibers with few

particles

3e 4 – 100/0 4.00 29-20-0.12 Only standing fibers

3f 5 – 100/0 5.00 29-20-0.12 Only standing fibers

3g 3 5 56/44 3.80 8-20-0.12 Beaded fibres

3h 3 5 67/33 3.66 7-20-0.12 Beaded fibres

3i 5 5 67/33 5.00 8.5-20-0.12 Beaded fibres

Fig. 4 Image showing standing fibers on the collector from

electrospinning of 4 % CP in DBU-CO2 switchable solvent

system (E-spinning conditions: 29Kv-20 cm-0.12ml/hr)

Fig. 5 SEM image showing electrospun fibers (\ 1 lm)

produced from electrospinning of 4 wt% CP in DBU-CO2

switchable solvent system (E-spinning conditions: 29Kv-

20 cm)
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employed. Therefore, hypothesized that addition of a

polymer additive might improve the process. This

hypothesis was confirmed to be true when we obtained

only beaded fibers when PVA as an additive was

included (3 wt% CP and 5 wt% PVA at ratio of 56:44,

see Expt. 3 g, optical image included in Supporting

Information S3). The addition of PVA led to the

disappearance of standing fibers and a very stable elec-

trospinning process was obtained. Increasing the CP

ratio to 67 % (experiment 3 h) still resulted to beaded

fibers. SEM showed that the morphology of the

obtained beaded fibers was very similar to those

obtained when PVA was also used as an additive in

MCC electrospinning (see Fig. 2). Similar beaded

fibers were equally obtained when a higher weight

concentration of CP (5 wt%) was employed. The SEM

of beaded fibers obtained at 5 wt% CP at 67:33 ratio

with 5 wt% PVA is shown in Fig. 6. This result further

strengthens our earlier hypothesis that the observed

unique beaded morphology might be strongly related

to the interaction between the cellulose and polymer

additive.

Conclusions

In this work, we prepared electrospun cellulose

nanofibers of two types of cellulose, namely micro-

crystalline cellulose (MCC) and cellulose pulp (CP),

using the DBU-CO2 switchable solvent system. The

obtained morphology of the fibers was studied using

optical microscopy and scanning electron microscopy

(SEM). Using MCC up to 10 wt% resulted in getting

particles with mean diameter about 1.2 lm. When 4

wt% CP was employed, standing fibers (without

beads) were obtained with a mean fiber diameter of

about 500 nm. In addition, and to improve the

spinnability of MCC and CP, PVA and PEO were

employed as additives. When PVA was used as an

additive for both CP and MCC, an interesting

homogenously distributed beaded fiber was obtained.

An investigation by Raman spectroscopy showed that

both PVA and Cellulose were present in these beads. It

is important to note that without a calibration of the

technique is difficult to tell if there is an enrichment of

either PVA or cellulose in these beads. In conclusion,

the obtained electrospun cellulose fibers from this

study could open up application in filtration

technology.
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