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Abstract
Toilet paper was used to produce cellulosic nanofibers through electrospinning method. Dissolution of toilet paper was 
attempted in either solutions of 0.5–8.5 wt% lithium chloride in Dimethylacetamide (LiCl/DMAc) or Trifluoroacetic acid 
(TFA). LiCl/DMAc solvent with concentrations lower than 8 wt% was incapable of completely dissolving the toilet paper 
even though several days of interaction. 8 wt% solvent dissolved the toilet paper, but the obtained solution was too viscous 
for spinning, and spraying occurred rather than spinning, and hardly visible deposits with fringed structure formed. In 
contrast, TFA solution dissolved the toilet paper, and the solutions could be spun easily. In these tests, spinning parameters 
were changed within the feeding rates of 2.00–9.25 mL/h, needle tip-to-collection plate distances of 140–205 mm, voltage 
of 23–28 kV, and relative humidity of 53–70%. The produced fibers were characterized by Scanning Electron Microscopy 
(SEM), X-ray Diffraction (XRD), and Fourier-Transform Infrared Spectroscopy (FTIR). It was concluded that the produced 
fibers are ultrafine with nanoscale diameter, and the morphologies of produced fibers are severely in the shape of bead-
on-string fibers. Besides, the use of TFA solvent led to reduction in the crystallinity of cellulose that is one of the typical 
intrinsic characteristics of cellulose.
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Abbreviations
CA	� Cellulose acetate
CrI	� Crystallinity index
DMAc	� Dimethylacetamide
FTIR	� Fourier-Transform Infrared Spectroscopy
ILc	� Ionic liquids
Imax	� Intensity maximum between 2θ = 22° and 23°
Imin	� Intensity minimum between 2θ = 18° and 19°
LiCl	� Lithium chloride
SEM	� Scanning Electron Microscopy
TFA	� Trifluoroacetic acid
XRD	� X-ray Diffraction

Introduction

Cellulose, that is a fascinating biopolymer, is regarded as 
the most important potential candidate to substitute the 
petroleum-based polymers due to various promising char-
acteristics, such as sustainability, renewability, green nature, 
inexhaustibility, bio-degradability, bio-compatibility, high 
reinforcing potential, thermal and chemical stability [1]. 
Accordingly, investigations into nanofibers from cellulose 
have attracted great interest due to their outstanding prop-
erties that show high mechanical performance, large ratio 
of surface area to mass or volume due to small diameter, 
tunable porosity, and the diversity of surface functional 
groups [2,3]. Thus, natural fibers obtained from cellulose 
have widely been used in textile, biomedical, electronic, 
defense and security, materials, and environmental areas as 
non-woven fabrics, protecting clothing, wound dressing, tis-
sue scaffolding, drug delivery systems, bandages, enzyme 
immobilization, electrically conductive fibers, photonic 
crystals, flexible photocells, biosensors, nano-fiber com-
posites, reinforcement material, mineral processing, pro-
pellant applications, food package, paper making, biocata-
lysts, chemical synthesis, paints, plastics, pharmaceuticals, 
membranes, and cosmetics, etc.[1,3–14]. Recently, some 
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high-technology sectors that include aerospace and nuclear 
engineering have also considered carbon nanofibers as cheap 
and environmentally friendly alternative of the materials in 
current use [15].

Electrospinning or electrostatic fiber spinning is a sim-
ple and efficient way to produce ultrathin- and continuous-
polymer fibers in nanometer scale by the effect of an external 
electric field imposed on a polymer solution or melt [9,16]. 
The electric field converts a pendant droplet of the solu-
tion into conical shape that is called as Taylor cone, and 
once the applied electrical force at the interface of poly-
mer solution overcomes the surface tension of the droplet, 
a fine charged jet is ejected and collected on a grounded 
electrode [9,17,18]. Three successive stages account for the 
electrospinning process. These stages are the formation of 
a Taylor cone, the straight fluid jet emitted from the Tay-
lor cone, and the unstable region, which is composed of 
numerous bending and whipping loops [19]. Three groups of 
electrospinning parameters play critical role on formation of 
fibers and their morphology. These parameters are the pro-
cess parameters (applied voltage, solution flow rate, needle 
tip-to-collection plate distance, and collector type), solution 
parameters (polymer concentration, surface tension, viscos-
ity, conductivity, and polymer molecular weight), and ambi-
ent conditions (humidity and temperature) [9,11,17,20,21]. 
The viscosity of solution determines the range of concentra-
tion from which fibers can be obtained, and the surface ten-
sion is the dominant factor at low viscosities [21]. Increas-
ing polymer concentration results in increasing diameters 
of fibers [9,16]. Also, when the distance from spinneret to 
collector is narrower than a definite opening, some beads 
and spots appear since the solvent is not completely evapo-
rated because of short distance [9]. In opposite case, how-
ever, longer distances cause formation of thinner fibers [9]. 
Besides, the applied voltage is correlated with the formation 
of bead defects in the fibers [16]. The major advantage of 
this method is that nanofibers with diameter of 500 nm–2 µm 
can be spun [6,12]. Non-woven textiles that are consisted 
of electrospun fibers have small pore size and large surface 
area, making them promising candidates for usage in filtra-
tion and membrane applications [16].

Electrospinning is not a new technique and it dates back 
to observations of Rayleigh in 1897, and the first patent 
(US Patent Number: 2116942) on electrospinning of fibers 
“Method and Apparatus for Production of Fibers” was issued 
in 1936 for the fabrication of textile yarns by electrospinning 
of cellulose acetate. Then, invention of electrical atomiza-
tion method made it possible to form streams of highly elec-
trified uniform droplets and liquids converted into aerosols 
under high electric field. But, the basic rules of electrospin-
ning based on electrically driven jets were established by 
Taylor in 1969 [3]. The electrospinning method showed very 
rapid development over years and recent advances involved 

new approaches to produce advanced functional nanomateri-
als via electrospinning.

Electrospun fibers have been tested in various applica-
tions and hundreds of studies performed recently in mis-
cellaneous fields including multilayer nanofibrous mem-
branes with antibacterial property for air filtration [22], 
bio-membrane for bone tissue applications [23], flexible 
capacitive sensor [24], scaffolds for controllable release of 
drugs [25,26], fibers for organic dye removal and antibac-
terial application [27], diffusion layers for direct methanol 
fuel cells [28], membranes for multicomponent wastewater 
treatment [29], architecture of high performance superca-
pacitors [30], etc.

It is reported that more than 200 polymers have been 
electrospun [3]. Of which, cellulose is of special interest in 
different fields of applications. In this context, some ligno-
cellulosic feedstock has been attempted to obtain electro-
spun cellulose nanofibers. Namely, corn cellulose [6], durum 
wheat straw [31], rice straw [32], sugar cane straw [33], agri-
cultural residue of coconut palm leaf sheath [34], cotton cel-
lulose [7,12,35], indigo-dyed waste denim garments [36], 
softwood pulp [9], hardwood kraft pulps [37], cellulose from 
paper substrates [38], and lignocellulosic sisal [2] are among 
the materials tested in electrospinning. However, electrospun 
cellulosic fibers have mostly been fabricated using cellu-
lose acetate (CA) solutions to which various chemicals were 
added so that the produced fibers have the desired properties 
according to their intended use. Hamad et al. [39] produced 
CA nanofibers impregnated with hydroxyapatite nanocom-
posite fibers for removal of heavy metals. Ojstrsek et al. [40] 
prepared electrospun nanofibrous composites from CA and 
ultra-high slica zeolites for adsorption of volatile organic 
compounds. Chen et  al. [41] fabricated polyvinylidene 
fluoride/triphenyl phosphate/CA nanofiber membrane by 
one-step electrospinning and used it as separator in lith-
ium-ion batteries. Tanvir et al. [42] fabricated nanoporous 
electrospun CA butyrate nanofibers for sorption of oil. Zhu 
et al. [43] synthesized a novel air filter made of CA and 
poly (ionic liquids) by electrospinning method. de Almedia 
et al. [44] used cationic surfactant to produce CA fibers with 
small diameters and with reduced bead formation. Araga 
et al. [45] synthesized amine functionalized electrospun cel-
lulose nanofiber-based adsorbent from CA for removal of 
dissolved fluoride ions from groundwater.

Cellulose, which is a linear polysaccharide composed of 
β-(1 → 4) linked glucose, shows high crystallinity supported 
by extensive hydrogen bonding network [46]. The inter- and 
intra-molecular hydrogen bonding among the molecules 
and the van der Waals forces between the non-polar groups 
make this cheap and abundant raw material undissolved in 
conventional organic and aqueous solvents [4–8]. An ideal 
solvent for electrospinning should have the requirements of 
(i) semi-conductivity with a moderate charge capacity, (ii) 
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high volatility for rapid solidification of fiber, and (iii) the 
ability to dissolve the polymer with minimum intermolecular 
interactions [12]. A number of different solvents have been 
tested to dissolve cellulose. However, most of the conven-
tional cellulose solvents contain harmful/volatile substances 
that lead to environmental pollution and health concern [47]. 
Hence, novel solvents, such as DMAc (Dimethylacetamide)/
LiCl, TFA (Trifluoroacetic acid), and various ionic liquids 
(ILs), have been developed to avoid this concern [6,7]. 
Room-temperature ILs are of great interest in electrospin-
ning of cellulose, since they do not have pronounced vapor 
pressure and do not evaporate [7]. Of which, DMAc/LiCl, 
which is a solution of non-volatile salt (LiCl) in a volatile 
solvent (DMAc), is the most popular solvent [17]. This sol-
vent that has low-toxicity is reported to be able to dissolve 
different cellulose types without serious degradation [6]. 
Interaction of the DMAc/LiCl solvent with cellulose occurs 
with the hydroxyl groups of cellulose via hydrogen bonding 
bridged by the chloride anion, and Li+ interacts with the car-
bonyl oxygen via ion–dipole interaction. These interactions 
yield the soluble sulphonic acid esters, and the dissolution 
mechanism of cellulose in DMAc/LiCl is shown in Fig. 1 
[48]. However, this dissolution mechanism in DMAc/LiCl is 
highly sensitive to the crystallinity of cellulose that obstructs 
the complete dissolution. Also, the solvent and the salt in 
cellulose should be completely removed after dissolution/
regeneration [7]. Besides, the solution preparation can be 
challenging [8]. In addition, cellulose should be pre-acti-
vated by treatment of small molecular alcohols that improve 
the dissolubility of cellulose in DMAc/LiCl [6].

On the other hand, TFA, which is a very strong organoflu-
orine acid, is able to dissolve cellulose at ambient tempera-
ture and can be easily eliminated from the cellulose solution 
by natural evaporation due to its low boiling point (72.4 °C) 
[2,7]. Dissolution of cellulose in TFA takes place by attack 
of TFA at glycosidic linkages. That is, TFA (pKa = 0.23) 
hydrolyzes polysaccharides better than even sulfuric acid 
and it preserves the monosaccharides produced during 
hydrolysis. The strong dissolution capability of TFA makes 
it an excellent solvent for cellulose even without pretreat-
ment need of cellulose. Besides, the main challenge in the 
use of TFA arises from the strong acidic nature of TFA [7]. 
Nonetheless, Okhawa et al. [12] reported that TFA meets 
the requirements of (i), (ii), and (iii) for an ideal solvent 

mentioned above, and can be regarded as the most suitable 
candidate for electrospinning of cellulose. Leyva et al. [31] 
produced cellulose nanofibers from wheat straw using TFA 
for which the polymer concentration changed in the range of 
4–5.5 wt%. Also, Rodriques et al. [2] electrospun lignocellu-
losic sisal fiber and sisal pulp from the solutions of TFA with 
concentrations of 0.02–0.03 g mL−1 at room temperature.

Although lots of lignocellulosic feedstocks including cot-
ton, linen, ramie, sisal, and flax have been tried as raw mate-
rial to produce carbon fibers [15], the isolation of cellulose 
from lignocellulosic materials through elimination of lignin 
and hemicellulose necessitates using of various potent chem-
icals [49,50]. In fact, cellulose, hemicellulose, and lignin 
that are the main macromolecular components of lignocellu-
loses are linked to each other with ether bonds [51], and the 
breakdown of these bonds needs effective thermal or chemi-
cal treatment. Since most of hemicellulose and lignin have 
already been separated from cellulose in paper fabrication 
process, their fractions are allowed to be very low compared 
to cellulose. Thus, paper products can be regarded as easy-
to-find materials that are rich in cellulosics [52]. Recycle of 
used paper products is one of the fundamental recycle appli-
cations regarding the benefits, such as it saves waste paper 
from occupying landfill where emits methane, saving the 
trees that will be otherwise cut for paper/pulp production, 
to lower water and energy consumption in paper production, 
etc. However, special types of papers and paperboards have 
their own recycle characteristics. Recycle of toilet paper is 
limited to the clean rejected toilet paper that cannot be put 
on the market because of manufacturing defects, improper 
packaging or swelling by water contact. Since toilet paper is 
highly rich in cellulose, the cellulosic fibers in these rejected 
toilet papers may be regarded as alternative source of cellu-
losic nanofiber production. In this way, an alternative source 
that is cheap and easy to use can be evaluated to produce 
high-grade and precious materials like cellulose nanofibers. 
In this context, using of paper products in manufacturing 
of cellulose fibers will avoid the expensive and time-con-
suming treatments to isolate cellulose from lignocellulosic 
feedstock. Scraps and rejected papers occurring during 
manufacturing, storage or transportation of paper may be 
directed to this new alternative utilization field. However, 
the paper products have rarely been attempted in nanofiber 
production yet, and only very little information is available 
on activation and dissolution of paper products in commonly 
used solvents relevant for spinning [38]. Yousef et al. [53] 
recently attempted to isolate cellulose from banknote pro-
duction wastes to produce cellulose nanocrystals. However, 
the main challenge for this approach was the presence of 
metals in the banknote wastes originated from ink (Al, Fe, 
Ni, etc.) and metals from pigment (Si, Ti, etc.). Therefore, 
almost pure cellulosic papers like toilet paper may offer spe-
cial opportunity for such applications. In this context, the Fig. 1   Dissolution mechanism of cellulose in DMAc/LiCl solvent
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novelty of this paper lies on the use of cellulosic toilet paper 
for manufacturing of the carbon nanofibers by electrospin-
ning technique. In this way, a new and alternative method 
will be proposed for recycling of rejected toilet paper to 
produce cellulosic nanofibers that are of great interest in 
scientific, medical, and technological applications.

Materials and methods

Materials

Toilet paper used in this study was provided from a local 
Turkish company, and it was pure cellulosic product. Alpha 
(α)-cellulose, which has the highest degree of polymeriza-
tion and the most stable kind of three classes of cellulose 
forms (α, β, γ), accounts for almost all of the toilet paper 
structure. The chemical composition of toilet paper can be 
given by (C6H10.9O5.3)n that is highly comparable with that 
of pure cellulose (C6H10O5)n [54].

The toilet paper was cut into small pieces (10 × 10 mm 
sizes) with a scissors, and was kept in a Petri dish before 
use. The chemicals used in dissolution and activation experi-
ments are LiCl (Sigma, ≥ 99%), DMAc (Merck, ≥ 99.5%), 
Acetone (Sigma, ≥ 99.5%), TFA (Carlo Erba, 98% and 
Merck, 99%), cellulose acetate (Sigma, 98%), and metha-
nol (Merck, 99.5%). All of these chemicals were used at the 
mentioned concentrations without any further enrichment.

Methods

Nanospinner24-XP electrospinning apparatus with upward 
spinning nozzle that avoids trickle of the droplet was used. 
Owing to the multiple nozzles, this apparatus enables for-
mation of great deal of fibers relatively in short times. In 
addition, nanofibers with versatile thickness can be produced 
through the horizontally moving collector. The needle tip-
to-collection plate distance is adjustable, and the ambient 
temperature and the humidity are seen on the display.

To test the spinning ability of the electrospinning device, 
the solution of cellulose acetate (CA) was first spun in this 
devise as a reference material. Although it is known that the 
solubility properties of CA (C164H174O111) and cellulose dif-
fer seriously, this experiment was performed only to check 
the spinning performance of the devise to be used in the 
spinning of cellulose in toilet paper. CA used in this test has 
an average molecular weight (Mn) of about 30,000 and the 
degree of acetyl substitution is around 2.4. The solution of 
CA-Acetone-DMAc was prepared and electrospun. For this 
purpose, acetone and DMAc in 2/1 vol. ratio were mixed 
for 1 h by magnetic stirrer, and then CA in different con-
centrations (15, 17, and 20 vol%) was added to the solution. 

The resulting mixture was stirred for additional 2 h prior to 
electrospinning.

Electrospinning of cellulose from toilet paper was 
attempted using two alternative solvents. In the former, LiCl 
in DMAc solutions (0.5–8.5 wt%) was used to dissolve the 
pieces of pre-activated toilet paper with water, methanol and 
DMAc, while in the latter, TFA was used without any pre-
activation. 0.5, 0.8, 1, 1.2, 1.25, 1.5, 1.8, 2, 4, 6, 8 and 8.5 
wt% LiCl containing LiCl/DMAc solutions was prepared. 
For an instance, to prepare 8 wt% LiCl/DMAc solution, 0.8 g 
anhydrous LiCl was added to 9.2 g DMAc solution, and the 
mixture was stirred by magnetic stirrer. In these experiments, 
the concentration of cellulose in solutions was changed 
between 0.5–3.0 wt%. The pre-activation of cellulose was 
performed based on the polar-medium-exchange approach 
by treatment with water (30–60 min × 2 times), methanol 
(30–60 min × 2 times), and DMAc (30 min and overnight). 
Vacuum filtration was employed after each treatment to dry 
out the treated bulk. Then, the pre-activated cellulose was 
mixed with LiCl/DMAc solvents. This mixture was kept 
stirred for at least two days to facilitate the complete dis-
solution of cellulose. The concentration of cellulose in TFA 
solvent was changed in the range of 2.00–2.75 wt% since 
concentrations lower than 2 wt% did not yield fibers. Also, 
the solutions were heated to 60 °C before electrospinning.

Effects of the parameters relevant in electrospinning 
process were investigated within the feeding rates of 
2.00–9.25 mL/h, distances of 140–205 mm between syringe 
and collector, voltage of 23–28 kV, and the relative humidity 
of 53–70%. Also, the influence of leaving the nanofibers to 
rest under ambient air condition was also studied. For this 
purpose, nanofibers spun using TFA solvent were rested at 
ambient temperature for three days to get dried fibers where 
TFA evaporated. Conversely, fibers that will be named here-
after as “Nanofiber2” were not rested under air, and accord-
ingly its contact with air is highly limited. On the other hand, 
the solution that contains toilet paper and TFA was poured 
onto a glass plate where it was allowed to dry out. The speci-
men obtained in this way will be named henceforth as “cast 
film”.

Characterization of the produced nanofibers, cast film, 
and untreated toilet paper was carried out by Scanning Elec-
tron Microscopy (SEM), Fourier-Transform Infrared Spec-
troscopy (FTIR), and X-ray Diffraction (XRD) techniques. 
The morphology of the samples was investigated by SEM 
images obtained using Quanta 250 FEG devise (Thermo 
Fisher Scientific Company) with a magnification ratio of 
up to 106 × and up to 4096 × 3536 pixels (~ 14 MP). Prior to 
analysis, the samples were coated with thin film of platinum 
by Quorum Technologies Ltd SC7620 mini sputter coater. 
FTIR spectra were obtained using Spectrum 100 model 
FTIR instrument manufactured by Perkin Elmer that gives 
data over a total range of 7800 to 370 cm−1 to specify the 
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surface functionalities and the main functional groups in 
samples blended with KBr. XRD technique was employed 
to check the crystallinity of cellulose by PANanalytical 
X’Pert Pro model device of Panalytical Company powered 
by a Philips PW3040/60 X-ray generator. X-rays were gen-
erated from a Cu anode supplied with 45 kV and a current 
of 40 mA.

Results and discussion

Electrospinning of cellulose acetate (CA)

To check the performance of the electrospinning device to 
produce smooth cellulosic fibers, the solutions of CA in 
acetone and DMAc were subjected to electrospinning con-
ditions as reference test. Cellulosic fibers were produced 
successfully, and Table 1 presents the conditions applied 
during these tests. SEM images of the fibers showed that 
quite smooth fibers could be obtained and as the concentra-
tion of the solution increased, the fibers tended to thicken. 
SEM image of the fibers obtained from CA solution with 
17 vol% concentration of CA is shown in Fig. 2. This image 
demonstrates that the electrospinning device operates satis-
factorily, and smooth fibers can be generated. The average 
diameter of cellulose fibers was measured as 126.9 ± 12 nm 
that shows the obtained fibers are almost uniform and their 
diameters change in a narrow interval. The morphology of 
the electrospun fibers is highly consistent with the find-
ings of Son et al. [55] within the similar CA concentration 
range. When solution concentration increased to 20 vol%, 
mean diameters of the fibers were around 400 nm with the 
minimum and maximum diameters of 200 nm and 537 nm, 
respectively. On the other hand, dissolution of CA using only 
DMAC (without acetone) was also tested. However, smooth 
fibers could not be produced in this case by electrospinning.

Dissolution of toilet paper in LiCl/DMAc solvent

It was aimed to prepare paper solutions with concentra-
tions of 0.5–3.0 wt% using 0.5–8.5 wt% LiCl/DMAc sol-
vents. Visional inspections for the extent of dissolution of 

2 wt% paper in 2, 4, 6, and 8 wt% LiCl/DMAc solutions 
are shown in Fig. 3.

Dissolution of paper in the solutions of 0.5–6 wt% LiCl/
DMAc failed since the complete dissolution did not take 
place although several days of interaction periods were 
allowed. Despite the applied pretreatment (activation), 
LiCl/DMAc with concentrations lower than 8 wt% was 
incapable of complete dissolution of cellulose probably 
due to the crystal nature of cellulose which was not wholly 
destroyed. Insufficient disruption of hydrogen bonding 
between chains might leads to lack of complete dissolu-
tion of cellulose when the concentration was less than 8 
wt%. This is in agreement with earlier works that address 
the difficulty of dissolution of cellulose in such solvents 
[38,56]. The NMR analysis on cellulose acetate (CA) dis-
solution pointed out in these studies that interaction of 
DMAc solvent molecule with O–Ac group or OH group in 
CA was less than that of TFA solvent molecule. Besides, it 
has been widely reported that the dissolution of cellulosic 
materials in LiCl/DMAc solutions is time-consuming and 
often leads to swelling of cellulose. In addition, the type 
of the precursor of cellulose may also affect the perfor-
mance of the solvent used. Namely, hardwood kraft pulps 
have been reported to be completely dissolved in LiCl/
DMAc solutions, whereas softwood pulps may have a lim-
ited solubility [37]. Manufacturers of toilet paper generally 
use a combination of softwood (30 wt%) and hardwood (70 
wt%) trees. The softwood fraction may also play a nega-
tive role on the dissolution of cellulose. Pretreatment of 
cellulose with water, methanol and DMAc did not improve 
the dissolubility of cellulose.

Table 1   Conditions for electrospinning of CA

CA Cellulose acetate, Rel.Hum. Relative humidity

Concen-
tration 
(vol%)

Flow 
rate 
(mL/h)

Distance 
(mm)

Voltage 
(kV)

Rel. hum 
(%)

Tem-
perature 
(°C)

15 1.00 170 19 46 24
17 0.70 170 19 61 22
20 0.55 160 19 55 23

Fig. 2   SEM image of 17 vol% CA in Acetone-DMAc
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On the contrary, the treatment with 8 wt% LiCl/DMAc 
resulted in complete dissolution of cellulose, and the 
obtained solution was used in the electrospinning test. 
Unfortunately, smooth fibers could not be obtained using 
this solution since it was too viscous to spin. It is known 
that the electrorheological properties and the viscosity of 
solution at the ejection point play critical role in electrospin-
ning. The molecular weight of the dissolved polymer deter-
mines the viscosity of solution. Considering the molecular 
weight of cellulose, it is not so surprising to see that the 
solution is highly viscous. Barhoum and Makhlouf [57] also 
reported a similar situation where interactions of lignin and 
some chemicals increased the viscosity. Too high viscosity 
made the solution very difficult to pump through the syringe 
needle. Also, highly viscous solution may dry at tip of the 
needle before the start of electrospinning. In contrast to this, 
when the solution viscosity is not too high, there may be 
secondary jet erupting from the main electrospinning jet 
that leads to the formation of very thin fibers. The men-
tioned secondary effect that contributes to the formation of 
fibers could not be observed because of high viscosity. To 
overcome this concern due to high viscosity, some measures 
were taken including the heating of the solution in a water 
bath or using a heat gun just before spinning. Li et al. [35] 
also tried to heat the pathway between the tip of the needle 
and the collector. However, these measures did not work 
properly to yield smooth fibers. That is, solution was sprayed 
rather than spinning, and hardly visible deposits with fringed 
structure formed. It is known that both the solution viscosity 
and the electrical properties determine the extent of elon-
gation of the solution [58]. The viscosity of the polymer 

solution has significant influence in electrospinning process 
and the resultant fiber morphology. Thus, no smooth fibers 
could be obtained under the investigated conditions. Further 
investigation must be conducted by measuring viscosity, zeta 
potential, rheological properties, viscoelastic properties, and 
diffusion coefficient at different temperatures to estimate the 
optimum conditions for electrospinning. Nevertheless, the 
conditions of 0.4–0.9 mL/h of feeding rate, 25 kV of voltage, 
120 mm distance, 30–32 °C of temperature, and 44–64% 
relative humidity gave relatively a bit more hopeful results 
and can be considered as a base for further investigations. 
Also, aside from methanol, other polar solvents should be 
tried to activate the cellulose in toilet paper.

Dissolution of toilet paper in TFA solvent

In the second part of the dissolution experiments, the sol-
vent was shifted from LiCl/DMAc to TFA. For this pur-
pose, the pieces of paper were interacted with TFA solvent 
at ambient temperature for several days while stirring by 
magnetic stirrer. In this way, very clear cellulose solutions 
with concentrations of 2.00–2.75 wt% were prepared and 
used in electrospinning experiments. The tested conditions 
for electrospinning of paper in TFA are given in Table 2. 
The conditions of these tests are almost comparable with 
those published in literature [31]. Cellulose fibers could be 
obtained more or less in similar characteristics under inves-
tigated conditions of solution concentrations, flow rates, 
distances, voltages, and relative humidity values. Among 
these parameters, the solution concentration was seen as the 
most dominant parameter that affects the thickness and the 

Fig. 3   Dissolution of 2 wt% toilet paper in LiCl/DMAc solutions



2005Journal of Material Cycles and Waste Management (2020) 22:1999–2011	

1 3

smoothness of the fibers. Therefore, following interpreta-
tions based on the effects of solution concentration on fiber 
properties, it was also observed that the viscosity of these 
solutions was explicitly lower than that for the LiCl/DMAc 
solvent. On the other hand, it is also known that TFA solvent 
is able to dissolve not only cellulose, but also hemicellulose 
and lignin to some extent if they are co-existing in paper in 
trace amounts [2]. This means that the use of TFA solvent 
offers a significant advantage over LiCl/DMAc when paper-
derived materials are utilized. The obtained solution was 
poured onto a glass Petri dish and cured at the ambient con-
dition. To ensure the complete removal of the solvent, the 
cast film was also further dried for three days. Electrospin-
ning of these solutions was implemented successfully, and 
the distributions of the fiber diameters are given in Fig. 4. 
The mean diameter of fibers obtained from the solution of 
2 wt% paper was 209 nm with the minimum and maximum 
diameter values of 55 nm and 358 nm, respectively. This 
shows that the mean diameter exceeds the benchmark value 
of 100 nm for being nanofiber. Increasing the paper con-
centration to 2.5 wt% resulted in significant decrease in the 
fiber diameter, and the mean diameter reduced to 40.6 nm 
with the minimum and maximum diameters of 16.7 nm 
and 68 nm, respectively, indicating that all of fibers are in 
nanofiber size. However, further increase in concentration 
to 2.75 wt% led to some enlargement in diameter, and the 
mean diameter enhanced to 91.3 nm with the minimum and 

maximum values of 20 nm and 200 nm, respectively. The 
lower limits of fiber diameter intervals for 2.5 wt% and 2.75 
wt% are almost comparable (16.7 nm and 20 nm, respec-
tively). However, the upper limits of the fiber diameter 
intervals differed substantially from each other (68 nm and 
200 nm). This is convenient with the results in literature 
reporting that the increasing concentrations favor the forma-
tion of fibers with increasing diameter, and consequently not 
nano-scaled fibers which are rather in helix-shaped micro-
ribbons form [9,16]. This indicates that the concentration of 
2.5 wt% is the optimum concentration for electrospinning 
of paper in TFA solvent. Rodrigues et al. [2] also prepared 
solutions with concentration of 2 × 10–2 g/mL by dissolving 
untreated lignocellulosic sisal fiber in TFA, and determined 
that the diameter of electrospun fibers ranged between 120 
and 510 nm. On the other hand, the optimum solution condi-
tions for other studies in literature where TFA solvent was 
used were usually a bit higher than our findings. Leyva et al. 
[31], who electrospun the durum wheat straw cellulose with 
solution concentrations of 4–5.5 wt% using TFA, reported 
nanofiber diameter range of 270 ± 97 nm. Also, Ohkawa 
et al. [12] addressed diameters changing between 60 and 
75 nm for electrospun fibers from 4.5 wt% solution of cot-
ton cellulose.

Effects of other parameters, such as the flow (feeding) 
rate, distance, voltage, and humidity, on fiber morphology 
were also investigated keeping the solution concentration 

Table 2   Electrospinning 
conditions using TFA solvent

Conc (wt%) Flow rate 
(mL/h)

Distance (mm) Voltage (kV) Relative humid-
ity (%)

Temp

2.0 5 160 27 55 Ambient
2.6 5 160 27 70 Ambient
2.5 5 160 27 61 Ambient
2.5 5 180 27 61 Ambient
2.5 5 190 27 61 Ambient
2.5 5 200 27 61 Ambient
2.5 5 180 27 60 Ambient
2.5 5 170 27 60 Ambient
2.5 5 190 27 64 Ambient
2.5 5 205 27 59 Ambient
2.5 5 160 27 60 Ambient
2.5 5 190 27 60 Ambient
2.5 4 170 27 60 Ambient
2.5 7 180 27 60 Ambient
2.5 2 140 27 53 Ambient
2.5 2.5 150 23 53 Ambient
2.5 2.25 150 26 53 Ambient
2.37 5 170 26 53 Ambient
2.37 9.25 180 27 53 Ambient
2.75 7.25 180 28 57 Ambient
2.5 5 160 27 56 Ambient
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at 2.5 wt%. Any increase in flow rate from 2 up to 7 mL/h 
resulted in formation of relatively thicker fibers with larger 
beads. This situation can be linked with the fact that as the 
flow rate increased, the jet had less evaporation time before 
reaching the collector. In addition, the fibers seemed tend 
to get adhesion that increased the diameter [35]. The effect 
of voltage was tested in the range of 23,000–28,000 V. The 
voltage value of 27,000 V was previously seen as optimum 
voltage, and the effects of changes in voltage around this 
value were commented. That is, decrease in voltage impaired 
the fiber formation potential since electrostatic forces had 
difficulty to overcome the surface tension, while the increase 
in voltage led to formation of fibers that contain large beads. 
The distance between the needle tip-to-collection plate was 
changed between 140 and 205 mm. The distance of 160 mm 
was found optimum, and any increase or decrease in this 
distance enhanced the formation of bead-on-string fib-
ers. The beads and spots that appeared when distance was 
shorter can be attributed to the incomplete evaporation of 
the solvent as reported by Awal et al. [9]. On the other hand, 
longer distances associated with longer stretching time led 
to formation of very tiny fibers. Similarly, Ohkawa et al. 
[12] concluded that 150 mm was the optimum distance for 
preparation of pure cellulose nanofibers via electrospinning. 
The effects of relative humidity in medium may also affect 

the electrospinning characteristics of a polymer depending 
on its hydrophobic or hydrophilic properties. Therefore, the 
relative humidity during the experiments was recorded, and 
its effects on fiber morphology were observed. In this con-
text, we determined that the relative humidity of 50–60% 
was optimum for electrospinning.

Characterization of electrospun fibers

FTIR spectroscopy was used to reveal the characteristic 
peaks in the samples, and Fig. 5 illustrates the FTIR spec-
tra of nanofiber, nanofiber2, untreated toilet paper, and cast 
film. In general, the FTIR spectra bands are highly consist-
ent with the bands of pure cellulose given in literature [59]. 
That is, the bands in this polysaccharide at around 1020 and 
2892 cm−1 are typical bands that represent the presence of 
C–O and C–H bonds, respectively [60]. Likewise, the region 
of 2800–3600 cm−1 denotes O–H bonds. Comparison of the 
FTIR spectra of nanofibers (nanofiber and nanofiber2) with 
that of the toilet paper indicated some structural changes 
that can be attributed to the dissolution and electrospin-
ning steps. That is, the absorption band around 1020 cm−1 
originated from the presence of C–O bonds of cellulose 
became more evident in nanofibers. Leyva et al. [31] attrib-
uted such changes to breaking of the fibrillary structure as 

Fig. 4   SEM images and distribution of fiber diameters in nanometer
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a consequence of dissolution in TFA, and formation of new 
groups, such as trifluoroacetyl esters. This observation is 
also consistent with the absorption band at 1790 cm−1 that 
predicts the existence of carbonyls of the trifluoroacetyl ester 
groups [2,31]. It is also reported that the degree of substitu-
tion of these groups decreases as the solution is exposed to 
air. Hydrolyzation by moisture in air facilitates the natural 
evaporation of the solvent. Accordingly, the intensities of 
the bands at 1790 cm−1 for cast film are seriously reduced in 
comparison to the nanofibers. Besides, the highest intensity 
at this band belonged to nanofiber2 where the exposure of 
this fiber to air is shorter than nanofiber or cast film. This 
indicates that exposure of the dissolved cellulose to air led to 
evaporation of TFA solvent. Removal of the solvent is highly 
vital especially in food packaging and textile applications.

XRD spectra of the samples are shown in Fig. 6. The 
crystallinity of cellulose can be identified based on XRD 
spectra [21,31,34,61–65]. In this context, some approaches 

have been proposed to quantify the cellulose crystallinity 
[34,63,65]. Following equation can be used to calculate the 
crystallinity index of cellulose [65]:

where, CrI is the crystallinity index, Imin denotes the 
intensity minimum between 2θ = 18° and 19°, while Imax 
means the intensity of the crystalline peak at the maximum 
between 2θ = 22° and 23°. CrI was calculated as 54% for 
untreated toilet paper, and this value is comparable with 
some results in literature. Maheswari et  al. [34] found 
the crystallinity index of cellulose extracted from coco-
nut palm leaf sheath to be 47.7%. Leyva et al. [31] found 
fiber’s crystallinity 62%, and cellulose from rice straw fib-
ers is reported to have the 63% crystallinity [32]. Dissolu-
tion of toilet paper in TFA solvent seriously lowered the 

(1)CrI = 1 −
I
min

I
max

Fig. 5   FTIR spectra

Fig. 6   XRD spectra
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crystallinity index, and CrI value for cast film decreased to 
35.1%. It is known that the crystalline system of cellulose 
is affected from both chemical and mechanical treatments 
[21,31]. Disruption of hydrogen bonds between cellulose 
chains by treatment leads to lower crystallinity compared to 
raw cellulose [21]. Besides, electrospinning is also reported 
to reduce the crystallinity [31]. However, the crystallinity 
could not be determined for the nanofibers by this approach 
since there were not any marked differences in the diffraction 
intensities. Similarly, He et al.[61], who fabricated cellulose 
nanofibers by electrospinning of cotton cellulose using LiCl/
DMAc solution, also reported almost amorphous structure 
of electrospun fibers based on XRD data. However, the crys-
talline nature of fibers is one of the properties that define the 
mechanical properties [9]. From this point of view, it may be 
regarded that the tensile properties of the produced nanofib-
ers are relatively low. On the other hand, the amorphous 
nature of fibers may be beneficial for rapid biodegradation.

The morphology of the cellulose fibers was analyzed 
by SEM images, and Fig. 7a shows the SEM image of the 
electrospun fibers obtained from 2.5% concentration solu-
tion using TFA. The parameters of feeding rate, distance, 
voltage, and humidity were 5 mL/h, 160 mm, 27 kV, and 
56%, respectively. The diameters of the labeled fibers on 
this image demonstrate the existence of ultrathin fibers with 
nanoscale diameters, and this is similar with the findings of 
Santos et al. [1]. In addition, this image also reveals the fact 
that some beads formed on the fibers. The microstructure 
of the beads can be better seen in Fig. 7b by changing the 
magnification ratio of the image. Likewise, other working 
conditions given in Table 2 also resulted in formation of 
similar beads.

Although smooth fibers are the desired product in most 
of the electrospinning processes [66], formation of beads is 
often observed, and the instability of the polymer solution 
jet governs this phenomenon [17]. On the other hand, some 
factors, such as solution viscosity, surface tension, and net 
charge density, affect the formation of beads [67,68]. Gela-
tion is also regarded as another possible factor that leads 
to formation of beads when the boiling point of the sol-
vent is low [8]. Also, low concentrations of polymer solu-
tion may favor formation of beads [67]. Ohkawa et al. [12], 
who investigated effects of TFA concentration (2–5 wt%) 
on the morphologies of electrospun cellulose fibers from 
cotton and wood pulp, concluded that beads-free electro-
spun fibers could be obtained only in case of the highest 
concentration. However, high concentrations also result in 
high viscosity, which made the spinning very difficult in 
our experiments. In contrast to this, Fong et al. [68] showed 
the beneficial effect of high viscosities to avoid formation 
of bead. On the other hand, it is also reported that when the 
distance between spinneret and collector is narrow, some 
beads and spots may form due to incomplete evaporation of 
solvent. However, the mentioned distances in literature are 
well below than 160 mm that was implemented in our study 
[9]. Another important aspect is seen in distribution of the 
beads throughout the fiber structure. It is also known that the 
bead diameter and spacing are related to the fiber diameter, 
and in case of thin fibers, the distances between the beads 
are relatively short [68].

Beads on the fibers are usually regarded as a defect for 
electrospun fibers, and hence the spinning conditions are 
optimized to avoid formation of the beads. Nevertheless, 
the presence of beads may exhibit unique properties that 

Fig. 7   SEM image of the nanofibers
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benefit specific applications. Recent investigations indicated 
that the bead-on-string fibers have interesting benefits in 
many fields, such as tissue engineering, drug delivery, and 
air/water filtration [69]. Beads, in micron size, are able to 
carry high doses of drug in the tissue engineering scaffolds, 
and they are highly effective for drug-loading and sustained 
drug-releasing purposes [70]. Therefore, it is reported that 
the presence of these spheres seriously increases the drug-
carrier performance of electrospun fibers that are too fine to 
incorporate high doses of drug. In addition to this, the micr-
oporosity in bead-on-string fibers also enhances air/water 
filtering performance of electrospun fiber filters [71]. The 
filtration efficiency of traditional non-woven fiber materi-
als is relatively low for fine particles. Fibers that are rich in 
beads covered with micropores improve the packing density 
and facilitate air flow and adsorption for solid particles in 
air [72]. In addition, smooth nanofibers utilized in sensors 
and microelectronics often face practical difficulty in estab-
lishing proper contact between the probe and the fiber, and 
beads offer a much bigger target for contact with the probe 
[73]. For these reasons, the obtained fibers should be fur-
ther investigated to justify their real performances in such 
specific applications.

This study showed that recycle of very cheap and abun-
dant cellulosic toilet papers in an alternative manner using 
electrospinning method is able to produce cellulosic nanofib-
ers that can be utilized in very different application areas.

Conclusion

Toilet paper was used in this study as an alternative mate-
rial to fabricate the electrospun nanofibers of cellulose. This 
material that is highly rich in cellulose does not require the 
isolation step of cellulose from lignin and hemicellulose that 
are unavoidable accompanying macromolecules of cellulose 
in lignocelluloses. Dissolubility of the toilet paper pieces in 
either LiCl/DMAc or TFA solvents showed different dis-
solution characteristics. It was determined that LiCl/DMAc 
solvent did not solve cellulose when its concentration was 
lower than 8 wt%. In contrast to this, LiCl/DMAc at con-
centration bigger than 8 wt% was able to dissolve cellulose 
thoroughly. However, high viscosity of the solution led to 
serious difficulty in spinning, and smooth fibers could not 
be obtained. In contrast to this, TFA solvent was seen highly 
efficient to dissolve the toilet paper, and very clear solutions 
of cellulose were prepared. Besides, the treatment with TFA 
also reduced the cellulose crystallinity. The solutions of cel-
lulose with TFA could be spun easily to produce cellulose 
fibers. Paper concentration of 2.5 wt% in TFA was allowed 
as optimum concentration for electrospinning. SEM images 
of the produced fibers predicted that they were ultrafine with 
diameters starting from 17 to 20 nm. However, it was seen 

that the produced fibers are highly rich in beads. Although, 
fibers containing beads are mostly regarded as poor quality 
fibers, some specific applications, such as drug delivery or 
separation, may take advantage of this characteristics of the 
fibers. Thus, further investigations should be implemented 
on these specific areas to reveal the effectiveness of beaded 
fibers. It can be concluded that rejected toilet paper can be 
reused by converting it into more valuable technological 
products, such as nano-sized carbon fiber, and electrospin-
ning method was seen as a promising method to recycle 
these cellulosic materials.
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