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Abstract: In this study, a new approach consisting of chemical treatment steps followed by electrospinning process was
applied to produce cellulose nanofibers from wheat straws. Wheat straws were initially pretreated by NaOH solution to open
the complex structure of raw materials and remove non-cellulosic materials. Then, acid and alkali hydrolysis was separately
performed to eliminate hemicellulose and soluble lignin. Also, bleaching processes were implemented to remove the
insoluble lignin. Cellulose nanofibers were produced by electrospinning of various concentrations of cellulose in different
solvents including sodium hydroxide/urea/thiourea, pure trifluoroacetic acid (TFA), and TFA/methylene chloride. Images
obtained by Scanning Electron Microscope (SEM) showed long and uniform nanofibers produced from electrospinning of
cellulose/TFA/methylene chloride solution. An epoxy based laminated composite was prepared by a lamina of cellulose
microfiber and electrospun nanofiber mat using hand lay-up composite manufacturing method. The fracture surface of the
epoxy nanocomposite was analyzed by SEM images. In addition, the mechanical properties of laminated epoxy composites
were compared with pure epoxy by conducting tensile and impact tests. Tensile test results showed that the ultimate tensile
strength, elongation, and modulus of laminated epoxy nanocomposites were significantly increased. Moreover, it was found
that by adding a nanofiber lamina in the epoxy composite, the impact resistance was significantly improved as a result of
crack growth prevention.

Keywords: Cellulose, Nanofibers, Electrospininng, Laminated epoxy composite

Introduction

In recent years, the applications of organic and biodegradable

resources have been received more attention due to

environmental impacts and lack of fossil fuels, as well as

increasing global energy demand. Cellulose is the most

abundant biopolymer in the world; therefore, extensive

studies have been performed on cellulose and nanocellulose

fiber extraction from different resources. This chemical

compound is classified as a natural polymer due to its

availability and biodegradability in the environment. Numerous

hydroxyl groups on cellulose molecules create inter-molecular

and intra-molecular hydrogen bonding and crystalline

structure of cellulose which cause difficulty for melting and

solubility, restricting the processing of cellulose nanofibers

in common fiber production methods [1].

Due to high quality and wide applications of nanofibers,

the use of cellulose nanofibers has been focused on material

science fields, including areas such as biomedical, filtration

process, chemical synthesis and textiles, and electronics,

covering a broad area of industries. The process of

nanofibers’ production affects the morphological characteristics

which significantly influence reinforcement performance of

nanocomposites [2] Various methods have been developed

for cellulose nanofibers production involving chemical

treatment steps and mechanical process which cause non-

uniformity of extracted nanofibers [3,4]. In this research, the

challenge is to modify the processing approach in order to

produce cellulose nanofibers with controlled size and high

homogeneity to use as reinforcement in nanocomposites. 

Nanofibers can be produced by electrostatic processes

referred to as “electrospinning”, among several methods

[1,5]. The major advantage of electrospinning is that

nanofibers can be spun directly from polymer solutions and

there is no adverse parameter affecting polymer molecules;

thus, electrospinning forms one of the basic research interests

associated with nanofiber production technology and it has

been applied to many kinds of synthetic polymers as well as

the natural structural proteins and cellulose [6]. The

electrospinning method is a novel process to form fibers

with submicron scale diameters. In this process, the charged

jet solution is ejected from a needle through an electrical

field which overcomes the surface tension [1]. The jet is

extended into a straight line, changing a vigorous whipping

motion caused by the electro hydrodynamic instability [7,8].

The evaporation of the solvent causes the formation of fibers

of polymer onto a grounded plate in the form of a mat with

high surface area. The extensive usage and application of

submicron cellulose fibers have resulted in development of

value-added products with large surface area from cellulose

via electrospinning. Despite this, the electrospinning process

has been recently implemented to produce nanosized cellulose

fibers; not much has been done to better understand the

structure of electrospun cellulose nanofibers and the effect*Corresponding author: tbehzad@cc.iut.ac.ir 
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of the solvent on nanofibers’ structures [9-11].

Polymer nanocomposites reinforced with cellulose

nanowhiskers (CNWs) or nanofibers (CNFs) have received

extensive attention due to many cellulose advantages such as

renewable nature, low cost, low density, high specific strength

and modulus, and degradability [12-15].

There is large number of research related to nanocomposites,

however, the number of reports is still limited when compared

to those dealing with organic or inorganic nanofillers. 

In this research, cellulose was extracted from the wheat

stem. To purify cellulose fibers, hemicellulose and lignin

were removed by pretreatment, hydrolysis with acid and

alkali solution, and the bleaching process [16-19]. Afterward, a

solution of cellulose was prepared to electrospin cellulose

nanofibers. To investigate the effect of the solvent type on

nanofiber electrospinning process, various concentrations of

cellulose in different solvents including sodium hydroxide/

urea/thiourea, pure trifluoroacetic acid (TFA), and TFA/

methylene chloride were prepared. FT-IR, HPLC, and SEM

were employed to study the morphology and the chemical

structure of cellulose nanofibers. Afterward, the electrospun

cellulose nanofibers mat was used to prepare a laminated

epoxy composite using hand lay-up process. To investigate

the effect of nanofiber mat on the composite performance,

tensile and impact tests were applied to measure the ultimate

tensile strength, elongation, modulus, and the fracture

resistance of the nanocomposites. 

Experimental 

Materials 

In this study, wheat straw was harvested in a local field in

Isfahan, Iran. Epoxy resin (EPON 828) with the density of

1.16 gr/cm
3 and viscosity range of 11000-15000 cp, and the

curing agent, (EPIKURE 3055) with the density of 0.95 gr/

cm3 and viscosity range of 150-300 cp were supplied by

Khuzestan Petrochemical Company. Other chemicals such

as NaOH, H2SO4, and HCl were purchased from Merck,

Germany, and used for the chemical purification of cellulose

fibers from wheat straw. The bleaching agents, H2O2 and

NaClO, were bought from Pars and Arman Sina Co., Iran,

and used to eliminate lignin from cellulose fibers. To prepare

cellulose solution, Urea, thiourea, NaOH, TFA, and methylene

chloride were purchased from Merck, Germany.

Instruments

Fourier Transform Infrared Spectroscopy (FT-IR), Tensor

27 Bruker Co., was employed for the determination of the

chemical structure of cellulose fibers before and after

chemical purification and also electrospun cellulose nanofibers.

High Performance Liquid Chromatography (HPLC), Agilent,

USA, was used for the chemical composition analysis of

cellulose fibers. For measuring the viscosity of cellulosic

solutions, Brookfield viscometer, TC-502, was used. Scanning

Electron Microscope (SEM) was implemented to characterize

the morphology and shape of cellulose fibers after chemical

treatment and also, electrospun cellulose nanofibers. Tensile

Properties Analyzer, TSC-2000, Gotech, was used for

determining the tensile properties of cellulose nanofibers/

epoxy nanocmposites based on ASTM D638 standard. Impact

strength test was also applied for measuring the impact

strength of cellulose nanofibers/epoxy composite, GT-7045-

I, Gotech Co. X-ray diffraction (Philips Co.) test was also

applied in order to characterize the crystallinity of electrospun

cellulose nanofiber.

Extraction of Cellulose

In this research, the wheat straw was ground to obtain

particles with the length of 1 to 2 cm for the pretreatment

process (Figure 1(a)). In the pretreatment process, 20 ml of

NaOH solution with the concentration of 17.5 % w/w was

added to 1 g of wheat stem and the mixture was stirred for

2 hr to obtain a smooth solution. After separation of wheat

stem from solution, the remained solid was washed with

deionized water to decrease pH to neutral and remove the

entire NaOH. Then, a smooth paste of the pretreated pulp

was obtain by a mechanical mixer and then dried in an oven

at 80
oC (Figure 1(b)). 

Acid hydrolysis was carried out for the elimination of

hemicellulose and other impurities. For this purpose, 20 ml

of HCl solution (2 M) was added to 1 g of cellulose fibers

and kept in a heating bath at 75 oC for 135 min. After the

Figure 1. (a) Alkali pretreated wheat straw and (b) cellulose pulp

after mixing.
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hydrolysis process, the remained mixture was washed to

reach the neutral pH and the pulp was dried for 48 hr (Figure

2(a)). Also, to remove lignin and the remaining hemicellulose,

alkali hydrolysis was applied. In this part, the dried cellulose

fiber was dispersed in NaOH solution with the concentration

of 2 % w/w at the temperature of 80
oC for 2 hr. The solid

content of solution after separation was washed with

deionized water and dried for 24 hr (Figure 2(b)).

As it can be noticed in Figure 2, the color of obtained

cellulose fiber is brownish indicating that the entire amount

of lignin was not been eliminated from cellulose fibers.

Therefore, two bleaching steps, H2O2 and NaClO, were used

to remove residual lignin from the chemically treated

cellulose fibers. First, 0.088 gr of H2O2 was added to 20 ml

deionized water and its pH was increased to 9 by adding

10 wt.% NaOH solution. Then, the mixture was kept in a hot

water bath at 50 oC for 1 hr, and then washed with deionized

water to neutralize the pulp and the moisture was removed

by drying the pulp in an oven for 48 hr. In the second

bleaching process, 0.122 gr of NaClO was added to 20 ml

deionized water containing cellulose fiber from the previous

step. To decrease pH to 3, H2SO4 solution (1 M) was added

to the pulp solution. Finally, the solution was placed in a hot

water bath at 50
 oC for 1 hr and then dried for 48 hr.

The removal of non-cellulosic components during chemical

treatment was analyzed by High Liquid Performance

Chromatography (HPLC) for determination of glucan and

xylene sugar monomers indicating the concentration of

cellulose and hemicellulose within the samples. Also, the

amount of soluble lignin was measured using UV-visible test

and the insoluble lignin as well as other impurities was

determined using the weight of whatman paper before and

after washing process. As it can be noticed, hemicellulose

and lignin contents were significantly eliminated after

chemical treatment and the extracted cellulose fiber contains

maximum cellulose content. 

Electrospinning of Cellulose Fibers

In this research, electrospining process was used for the

preparation of cellulose nanofibers. Since cellulose structure

is so crystalline, the desired solvent for this purpose must be

so interactive with cellulose molecules to disintegrate cellulose

chains. Due to high intra molecular hydrogen bonds in

cellulose structure caused by many hydroxyl groups, cellulose

molecules are insoluble in ordinary solvents. Therefore, the

numbers of suggested solvents are limited and also

expensive. In this research, for the preparation of cellulose

nanofibers, three solvents, the mixture of urea/thiourea/

NaOH, TFA, and TFA/methylene chloride were used to

investigate the effect of these solvents on the morphology

and structure of electrospun cellulose nanofibers. For dissolving

cellulose in a solvent, the temperature of the mixture must be

kept below -15
oC. A solvent mixture prepared with 8.0 wt.%

NaOH, 8.0 wt.% urea, and 6.5 wt.% thiourea was cooled in a

refrigerator to -18
oC for 4 hr. Then, cellulose fibers with

different concentrations (0.5, 1, 2, 3, 5, and 6 % w/w) were

added to the solution mixture and stirred for 2 hr. In the same

manner, TFA was cooled to the temperature of -18
oC for

4 hr and the cellulose fibers was dissolved in TFA at

different concentrations (1, 3, 5, 7, and 9 % w/w) after being

stirred for 2 hr. The viscosity of cellulosic solutions, (TFA

Figure 2. (a) Cellulose fibers after acid hydrolysis and (b) cellulose

fibers after alkali hydrolysis.

Figure 3. Scheme of the electrospinning process for cellulose

nanofibers preparation.
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and the mixture of urea/thiourea/NaOH as solvent) was

measured at the temperature of 25
oC with the rotational

rate of 100 rpm to study the effect of viscosity on the

electrospinning process and nanofibers structures. To reduce

bead formation, 5 wt.% methylene chloride (MC) was added

to TFA solution and electrospun nanofibers were characterized.

Figure 3 shows the electrospinning process employed for

the preparation of cellulose nanofibers. Syringe pump and

high voltage electricity were used for the preparation of

nanofibers. After dissolving cellulose in different solvents

and injecting with the syringe pump by the flow rate of

0.135 ml/hr, a high voltage electricity (15 kV) was applied to

form a large electric field. This electric field created a

polymeric solution jet out from a needle with an inner

diameter of 337 µ and produced nanofibers. As shown in

Figure 3, the height of collector (substratum) from the earth

and its distance from needle was 10 cm. Substratum was

connected to the negative charge to produce a high voltage

difference. The relative humidity and the temperature of

environment were set to be 60 % and 25
oC.

Laminated Epoxy Composite Preparation

To prepare laminated epoxy composites, a MDF mold was

designed and built. The frame size of mold was designed to

be 200 mm×200 mm. Therefore, the dimension of electrospun

fiber mat to use as a lamina for composite was selected to be

3 µm×200 mm×200 mm. The fiber content of the single

layer laminated epoxy composite was obtained to be almost

0.5 % (w/w). 

The mold surfaces were cleaned and then coated with wax

as a release agent and then after about 15 min, the mold was

again cleaned with a cloth. This operation was repeated 3

times to prepare the mold surface to easily remove the

composite from the mold. To prepare the composite, first,

the required amount of epoxy resin and the curing agent with

a ratio of 2:1 were thoroughly mixed and half of it was

poured into the mold. After about 30 min, the viscosity of

resin was slightly increased, and the electrospun cellulose

nanofibers (ECN) mat was laid on the top of the resin in the

mold. Then, the rest of resin and curing agent was transferred

on the top of the layer. The curing process was performed at

the room temperature for 16 hr. Then, the composite was

removed from the mold. Two types of composite including

composites reinforced with cellulose microfibers (CMF) and

electrospun cellulose nanofibers (ECN) mats were prepared

for comparison. Also, a pure sample of the epoxy resin was

manufactured to study the effect of the lamina on the

properties of the pure epoxy. 

To visualize the existence of the nanofiber mat and

characterize the interface of nanofiber mat and the resin in

the composite, SEM images were taken from the fracture

surface of the composite. Tensile and impact tests were

performed for the pure resin and composites to study their

performance.

Results and Discussion

Chemical Compositions of Extracted Cellulose Fiber

The results of HPLC showed that the lignin and hemi-

cellulose contents were decreased by acid and base hydrolysis

and bleaching steps as it is presented in Table 1. It was also

revealed that the chemical hydrolysis was decreased the

amount of unfavorable materials. Chemical processes including

pretreatment and hydrolysis with acid and alkali solution

eliminated hemicellulose and lignin content by 60 and 23 %,

respectively, and also caused the complete removal of other

non-cellulosic materials. Pretreatment and hydrolysis steps

indicated that the amount of cellulose was increased to

74.2 %. 

In the bleaching process with H2O2 and NaClO, it was

observed that the amounts of hemicellulose and lignin were

decreased to their minimum amount. After this process, only

6.4 % of lignin and 6.9 % of hemicellulose was remained in

the extracted cellulose fibers. The results of bleaching

showed that the maximum amount of the lignin elimination

occurred at this process and the purity of cellulose was

obtained to be 86.5 % at the end of extraction process.

FTIR

The FT-IR spectrum of raw fibers and bleached cellulose

fibers is presented in Figure 4. As shown, a large wide peak

at the wavenumber of 3334 cm
-1 indicated the vibration of

hydroxyl group (-OH) in the cellulose molecule [20]. This

peak displays intra molecular hydrogen bond existed in both

raw straw and cellulose fibers. In raw straw fibers at the

wavenumber of 1726 cm-1, there is a peak due to steric bonds

Table 1. Chemical composition (wt.%) of fibers at different steps

of preparation

Raw fibers 

(%)

After alkali and 

acid hydrolysis 

(%)

After 

bleaching

(%)

Cellulose 45.6 74.2 86.5

Hemicellulose 26.2 10.3 6.9

Lignin 20.1 15.3 6.4

Extractives 8.3 - -

Figure 4. FT-IR spectrum of cellulose fibers before and after

chemical treatment.
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in carboxylic groups belonging to lignin and hemicellulose. It

was obvious that during the chemical process of hydrolysis

and bleaching, by the elimination of hemicellulose and

lignin, this peak was disappeared in the cellulose fibers [20].

Also, there were peaks at the wavenumber of 1580 cm
-1 and

1505 cm
-1, indicating aromatic rings and C=C bond in lignin

molecules [21]. During the chemical disintegration of wheat

straw, most lignin was removed and therefore, its peaks were

also vanished from the FT-IR spectrum of the treated

cellulose fibers. In addition, at the wavenumber of 1236 and

795 cm
-1, there were peaks indicating that C-O bonds in

etheric junction and the beta-glucose [21] compound in

hemicellulose which were eliminated after the chemical

treatment. 

Scanning Electron Microscope

Scanning electron microscope was used to investigate the

morphology of cellulose fibers before and after chemical

process (Figure 5). Figure 5(a) shows the structure of the

raw straw fiber with the average diameter of 21.1 µ. As

explained in the previous section, acid and base hydrolysis

and the bleaching process removed hemicellulose and lignin

from cellulose fibers structures. In addition, these chemical

steps exfoliated cellulose fibers and destroyed the hydrogen

bonds between micro cellulose fibers, leading to disintegrated

cellulose fibers production. After the preparation of cellulose

fibers, micro cellulose fiber bundles were still connected to

each other due to the strong hydrogen bond between single

fibers. Figure 5(b) shows the treated cellulose fibers with the

average diameter of 9.3 µ. In comparison with the raw

fibers, these cellulose fibers were disintegrated due to lignin

and hemicellulose removal and there was only a small

amount of lignin surrounding cellulose micro fibers. As it

can be noticed from the fiber surface in Figure 5(c), a fiber is

consisted of a bundle of nanofibers adhered together. The

average diameter of chemically treated fibers was obtained

to be 300 nm.

Polymer Solution Viscosity 

In this research, electrospinning method was applied to

produce cellulose nanofibers. Due to intra-molecular hydrogen

bonds in the crystalline structure of cellulose fibers, cellulose

fibers show more resistance to be solved in appropriate

solvents. Therefore, electrospinning process and its efficiency

depend on the viscosity and electrical conductivity of

cellulose solution.

Possible damages of nanofibers produced from elec-

trospinning process include the presence of small beads of

cellulose, nonuniform ribbon shaped nanofibers, and nanofibers

attachment. One of the most important factors which may

affect cellulose nanofiber quality is polymer solution viscosity.

With the increase in polymer solution viscosity, the number

of small cellulose beads is reduced and nanofibers become

smooth and uniform. On the other hand, with the increase in

Figure 5. SEM image of (a) raw wheat straw fibers, and (b) and

(c) chemically treated cellulose fibers (arrows indicating the

residual lignin after treatment).

Figure 6. Solution viscosity vs. cellulose concentration (wt.%) in

TFA and the mixture of thiourea, urea, and NaOH.
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the concentration of cellulose in the solution, viscoelastic

forces are increased against electrical forces, leading to

nanofibers production with the larger diameters. In this

research, the viscosity of cellulose solution in both the

mixture of thiourea/urea/NaOH and TFA as solvent was

measured (Figure 6).

It was obvious that by increasing cellulose concentration,

the molecular chain diffusion of cellulose was increased and

consequently, viscosity was enhanced. As shown in Figure

6, the viscosity of cellulose/TFA solution was much higher

than that of cellulosic solution of thiourea/urea/NaOH

mixture due to cellulose chains entanglement in TFA as their

high molecular interaction [22].

Morphology of Cellulose Nanofibers

To study the effect of the solvent and cellulose concentration

on electrospun fibers morphology, optical microscope was

used. Figure 7 shows the morphology of electrospun cellulose

nanofibers in which thiourea/urea/NaOH was used as the

solvent in different concentrations of cellulose. Figure 7(a)

and (b) shows that the images for 0.5 and 1 wt.% cellulose in

the solvent. As it can be observed, instead of electrospinning,

electrospraying was happened and the droplets of cellulose

solution were stuck on the surface, since the tension was too

weak to form nanofibers during the electrospinning process.

By increasing the cellulose concentration to 2, and 3 wt.%,

although nanofibers were electrospun, electrospraying was

overcome leading to droplets formation (Figure 7(c) and

(d)). By increasing cellulose concentration to higher values,

viscosity was increased which enhanced electrospinning;

however it caused high tension against electric forces

leading to the formation of droplets and non-uniform shape

of cellulose nanofibers (Figure 7(e)). Above 5 wt.% cellulose

concentration, the solution was not stable at room temperature

forming gel.

Figure 8 shows optical microscopic images of electrospun

cellulose nanofibers obtained in TFA as the solvent. As it

can be seen, TFA solution with 1 wt.% cellulose concentration

did not form nanofibers (Figure 8(a)); however, by increasing

the concentration to above 3 % w/w, besides beads formation,

nanofibers with appropriate diameters were obtained (Figure

8(b), (c) and (d)) indicating the cellulose/TFA solution had

enough viscosity to form fibers. The best cellulose nanofibers

with less cellulose droplets were formed in TFA with the

cellulose concentration of 7 % w/w, thereby confirming that

this solution concentration presented the most suitable

solvent viscosity and electrical conductivity for producing

cellulose nanofibers with the electrospinning process. By

increasing the cellulose concentration to 9 % w/w, non-

uniform fibers were electrospun (Figure 8(e)). 

To more accurately analyze the obtained nanofibers, SEM

images were captured from electrospun nanofibers obtained

from 7 and 7.5 wt.% cellulose concentration in TFA (Figure

9(a) and (b)). As it is clear, nanofibers produced from lower

concentrated solution presented smaller average diameter;

however, beads formation was less for the more concentrated

solution. In addition, by increasing the cellulose concentration,

ribbon shape fibers were formed, confirming the non-

uniformity of fibers. Figure 10 shows the diameter distribution

of electrospun nanofibers obtained from cellulose/TFA

Figure 7. Optical microscopic images of electrospun cellulose fibers in the mixture of thiourea/urea/NaOH with different cellulose

concentrations (wt.%); (a) 0.5 %, (b) 1 %, (c) 2 %, (d) 3 %, and (e) 5 %.
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solution (7 wt.%). The average fiber diameter was measured

to be 65 nm.

The problem of beads formation and ribbon nanofibers

production was solved by adding a small amount of

methylene chloride to the cellulose/TFA solution. By adding

5 wt.% methylene chloride (MC), the electrical conductivity

of the cellulose/TFA solution was increased, enhancing the

electrical charge of solution between needle and the collector.

The electrical conductivity of cellulose nanofiber solutions

in TFA/Methylene chloride, TFA, and Thaiourea/NaOH/

Figure 8. Optical microscopic images of electrospun cellulose fibers in TFA with different cellulose concentrations (wt.%); (a) 1 %, (b) 3 %,

(c) 5 %, (d) 7 %, and (e) 9 %. 

Figure 9. SEM images of electrospun cellulose nanofibers

obtained from cellulose/TFA solution (a) 7 wt.% and (b) 7.5 wt.%.

Figure 10. Nanofiber diameter distribution obtained from 7 wt.%

cellulose concentration in TFA. 

Table 2. Electrical conductivity of different cellulose nanofibers

solutions for electrospinning

Solution
Electrical 

conductivity (S·m-1)

Cellulose nanofiber/TFA (7.5 % w/w)+ 

5 % w/w Methylene chloride

9.95×10-4

Cellulose nanofiber/TFA (7 % w/w) 7.45×10-4

Cellulose nanofiber/Thaiourea/NaOH/ourea 

(5 % w/w)

3.92×10-4
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ourea were measured and presented in Table 2. As it can be

noticed, the electrical conductivity of TFA and TFA/

methylene chloride solutions is respectively higher than

Thaiourea/NaOH/ourea solution which significantly affects

electrospun nanofiber diameters and quality. Also, MC

increased the tension force and reduced the instability of

cellulose nanofibers. Figure 11 shows the SEM image of

cellulose nanofibers produced by adding MC to the cellulose/

TFA solution (7.5 wt.%). As it can be observed, long

nanofibers with uniform diameter and smooth surface with

almost no beads were obtained by the electrospinning

process. The diameter distribution diagram of nanofibers is

presented in Figure 12. The average diameter was obtained

to be 120 nm.

Figure 13 shows the FT-IR spectrum of cellulose nanofibers

produced by electrospinning, using the chemically extracted

cellulose in TFA/MC solvent. In this spectrum, there was a

wide peak at the wavenumber of 3334 cm-1, indicating that

hydroxyl group (-OH) caused intra molecular hydrogen

bonds [20]. Also, the spectrum in the range of 900 cm
-1 to

1400 cm-1 was related to cellulose chemistry, showing that

the process of nanofibers production did not change cellulose

structure and there was no degradation during the elec-

trospinning process. In the FT-IR spectrum of cellulose

nanofibers, there were peaks at the wavenumber of 1110 cm-1,

1203 cm
-1, and 1768 cm-1, indicating the existence of TFA in

electrospun cellulose nanofibers. Also, the FT-IR spectrum

showed that cellulose nanofibers were not decomposed

during the process of electrospinning and there was a little

amount of TFA in nanofibers which could be removed by

setting the humidity of environment. 

In order to investigate the effect of electrospinning on

crystallinity of cellulose fibers, the X-ray diffraction (XRD)

test was performed. As it can be observed in Figure 14,

chemically extracted cellulose fibers and electrospun cellulose

nanofibers both show a unique pattern which confirm that

their crystallinity was not changed by electrospinning. 

Cellulose Nanofiber Laminated Epoxy Composite

To study the effect of nanofiber layer on the performance

of the epoxy polymer, a single lamina epoxy composite was

prepared by the hand layup process and its mechanical

properties were characterized. The mechanical properties

including tensile strength, modulus, and elongation at break

of cellulose nanofiber laminated epoxy composite were

measured based on ASTM D638. In this test, the dog bone

Figure 11. SEM image of electrospun cellulose nanofibers in

cellulose/TFA solution (7.5 wt.%) with 5 wt.% methylene chloride.

Figure 12. Nanofiber diameter distribution obtained from

cellulose/TFA solution (7.5 wt.%) and methylene chloride (5 wt.%).

Figure 13. FT-IR spectrum of cellulose fiber after chemical

purification and electrospun cellulose nanofibers.

Figure 14. X-ray diffraction pattern of isolated cellulose and

electrospun cellulose nanofiber.
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shape samples were prepared with the average thickness less

than 7 mm. The tensile rate was selected to be 5 mm/min

and the experiment was repeated three times for each

sample. 

In this research, izod impact test (Gotech, Model GT-

7045-I with hamper weight of 1.375 kg and distance from

hamper axis to impact point 39.48 cm) was employed based

on ASTM D256. According to this standard, samples were

prepared with length of 64 mm and width of 12.7 mm. The

samples average diameter was determined to be 4.1, 4.2, and

3.9 mm for nanofiber laminated epoxy composite, microfiber

laminated epoxy composite, and pure epoxy, respectively. In

order to consider the deviation of experimental results, each

test was repeated 5 times for each sample. For tensile and

impact tests, each experiment was carried out 3 and 5 times,

respectively. The average and standard deviation of tensile

strength, elongation at break, modulus, and impact strength

of pure epoxy and micro and nanofiber laminated epoxy

composites are presented in Table 3 and 4. To visualize the

nanofiber lamina position in the epoxy composite and also

the quality of nanofiber epoxy interface, the fracture surface

of the composite was investigated by SEM (Figure 15(a), (b)

and (c)). As it can be observed, the uniform thickness for

nanofiber lamina confirmed the uniformity of pressure in the

hand lay-up process. The interface of the reinforcement and

the resin phases revealed a good interaction between two

phases due to the good adherence of the epoxy resin on the

top and bottom of cellulose nanofiber lamina. Figure 15(c)

shows a higher magnification of composite fracture surface.

As it can be observed, although some fibers are pulled out in

nanofiber layer, a desirable adhesion in epoxy/nanofiber

interphase is detected. Cellulose fibers contained large

amounts of hydroxyl groups on the surface developing

chemical interaction with the polar epoxy resin matrix,

resulting intimate adherence of the epoxy resin on cellulose

fibers. In addition, the high surface area of the nanofiber mat

Table 3. Tensile, elongation, and modulus of pure epoxy, micro, and nanofiber laminated epoxy composite

Tensile (MPa) Elongation (%) Modulus (MPa)

Average
Standard

 deviation 
Average

Standard 

deviation
Average

Standard 

deviation

Epoxy resin 88.6 1.29 0.82 0.02 10800.1 19.12

Microfiber laminated composite 94.2 1.48 0.86 0.04 11010.5 20.23

Nanofiber laminated composite 117.3 2.90 0.96 0.01 12537.6 23.87

Table 4. The impact strength of pure epoxy, microfibers, and

nanofibers laminated epoxy composites

Impact strength (kJ/m2)

Average Standard deviation

Epoxy resin 129.47 6.73

Microfiber laminated composite 143.10 6.73

Nanofiber laminated composite 202.30 10.72

Figure 15. SEM image of cross-sectional fracture surface of

cellulose nanofiber laminated epoxy composite; (a) and (b) with

magnification of 1000× and (c) with magnification of 1800×.
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increased the mechanical interlocking interaction on the top

and bottom of nanofiber lamina. In addition, the smooth

fracture surface of the pure epoxy matrix showed the brittleness

of the resin. The existence of nanofiber layer controlled and

limited the propagation of cracks in the fracture zone of the

epoxy matrix.

To understand the effect of nanofiber lamina on the

performance of epoxy composites, the pure epoxy and micro

and nanofibers lamina composite were prepared, and their

properties were compared. Figure 16 presents the stress/

strain behavior of pure epoxy and micro and nanofiber

laminated epoxy composites. As it is expected the pure

epoxy and its composites show a brittle behavior, however,

by adding micro and nanofiber mat to the epoxy the elongation

at break was increased due to more energy absorption by

fiber lamina.

As presented in Table 3, by adding microfiber and

nanofiber lamina, the tensile strength was increased 25 and

90 %, respectively, as compared to the pure epoxy resin. The

layer of nanofiber contained fibers with small diameters and

high specific surface area, causing good chemical and

mechanical interactions with the epoxy resin; consequently,

more improvement was observed. 

In addition, the elongation at the break for pure epoxy and

laminated epoxy composites reinforced by microfiber and

nanofiber mats is shown in Table 3. As it can be observed,

adding microfiber and also, electrospun nanofiber mats

significantly increased the elongation of the composites. As

it is known, the pure epoxy is extremely brittle leading to

very low elongation due to very fast crack propagation.

Adding micro and nanofiber mats improved the elongation

of the pure epoxy 28 and 80 %, respectively. Because

nanofibers prepared by electrospinning were physically

entangled with high surface area, more chemical interaction

and mechanical interlocking were expected in the interface

which controlled the brittleness of the pure epoxy and

therefore, increased the elongation.

The variation of tensile modulus affected by the addition

of micro and nanofiber lamina, as compared to the pure

epoxy, is also presented in Table 3 Natural fibers had a very

high Young’s modulus due to their cellulose crystallinity and

chemical characteristics; therefore, by adding cellulose fibers,

Young’s modulus of the pure epoxy was significantly increased.

Generally, by increasing the tensile strength of polymer

composites, their fracture resistance is decreased. Therefore,

in this research, to study the effect of nanofiber lamina on

the fracture strength of the epoxy composite, the impact test

was carried out. As it can be observed in Table 4, in

composites reinforced with microfibers and nanofibers

lamina, the impact strength was increased by 10 and 55 %,

respectively, as compared to the pure epoxy. The existence

of microfiber and nanofiber mats prevented the crack

propagation in the epoxy and thus, their composite fracture

resistances were improved. Due to their high entanglement

and surface area, the effectiveness of electrospun nanofibers

was more obvious. In addition, the good interaction of epoxy

and cellulose fibers prevented crack growth and caused

more energy absorption.

Conclusion

In this investigation, cellulose nanofibers were obtained

from wheat straw through chemical treatment and elec-

trospinning process. The chemical procedure included

pretreatment, alkali and acid hydrolysis, and bleaching steps.

Chemical composition analysis showed that non-cellulosic

materials such as lignin and hemicellulose were removed

during the process of hydrolysis and non-soluble lignin was

perfectly eliminated by two steps of bleaching. At the end,

the purified pulp was achieved with 86 % cellulose. The

morphological study of cellulose fibers after chemical process

indicated the reduction of cellulose fibers diameters due to

the elimination of lignin and hemicellulose during the

process of hydrolysis and bleaching. 

During the process of electrospinning, a mixture of

thiourea/urea/NaOH was used as the solvent with different

cellulose concentrations. The results showed that due to the

low viscosity of the cellulose solutions, the electrospinning

process did not happen and the process resulted in elec-

trospraying and forming droplets of cellulose. In the next

trail, electrospinning of cellulose/TFA solution was examined

and cellulose nanofibers with an average diameter of 120 nm

and small numbers of beads were produced. By adding

5 wt.% MC to the cellulose/TFA solution, the electrical

conductivity of the solution was increased, leading to cellulose

nanofibers production with the average diameter of 150 nm

and the high length to diameter ratio.

FT-IR spectrum showed that cellulose nanofibers were not

degraded during the process of electrospinning and there

Figure 16. Stress-strain curve for cellulose nanofiber and

microfiber laminated epoxy composite and pure epoxy. 



1448 Fibers and Polymers 2016, Vol.17, No.9 Abdol Rasool Jahanbaani et al.

was a little amount of TFA in nanofibers which can be removed

by optimizing the relative humidity of the environment. 

The SEM image of the fracture surface of laminated

composite also indicated that the brittleness of the resin can

be controlled by the existence of the nanofiber layer. In

addition, a good interaction between the matrix and

reinforcement phases was observed.

Tensile test results showed that the addition of cellulose

microfibers and electrospun nanofibers lamina to epoxy

composites increased tensile strength, modulus, and elongation

at break. However, due to the high surface area and

entanglement of nanofibers, the effectiveness of nanofiber

lamina was more significant. Moreover, the impact test

results revealed that the electrospun nanofibers layer further

increased nanocomposite impact strength, as compared to

microfibers layer, thereby indicating that the lamina of

intertwined nanofibers could more effectively prevent crack

propagation in the epoxy composite.

Nomenclature

TFA: Trifluoroacetic acid

SEM: Scanning electron microscope

PCs: Polymer composites

CNWs: Cellulose nanowhiskers

FT-IR: Fourier transform infrared spectroscopy

HPLC: High performance liquid chromatography

ECN: Electrospun cellulose nanofibers

CMF: Cellulose microfibers

MC: Methylene chloride
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