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Abstract

Chitosan is a natural origin polymer and is one of the derivatives of chitin; Chitosan is the most abundant
polysaccharide in the world after cellulose. Chitosan has outstanding properties such as biodegradability,
abundance, antibacterial and antifungal effects and reactivity, which leads to many applications such
as: hygiene-health, agriculture, food production, cosmetics, water purification and waste treatment.
Bigger contact surface of a polymer causes more interaction, therefore a layer containing nanofibers
will provide much better contact surface. In this study, average molecular weight and high molecular
weight of chitosan nanofibers were produced. In both cases, a mixture of TFA/DCM solvents with the
ratio of (70/30) respectively was employed. viscosity of mentioned solvent was investigated, then the
solutions of chitosan and solvent mixture were electrospun. Morphology of obtaining fibers was studied
by SEM; also, the physical structure was investigated by XRD. After that, recovered moisture of nanofibers
was investigated. Finally heavy metal (Cu (II)) adsorption behavior of nanofibers was compared using
an atomic adsorption spectrometer. The optimal spinning solution contained 7wt% chitosan. Average
diameter of high molecular weight chitosan fibers was 128nm. According to the results, high molecular
weight chitosan nanofibers absorbed more Cu (II) ions compering to average molecular weight chitosan
nanofibers.

Keywords: Antibacterial; Agriculture; Food production; Cosmetics; Spinning; Nanofibers

Introduction

The properties of chitosan are highly influenced by its production method because it is
the method that determines the deacetylation extend [1]. The deacetylation extends controls
the amount of free amine groups in the polymer chain which suggests the positive charge of
chitosan. The presence of amine groups next to hydroxyl groups make the polysaccharide
chitosan highly reactive. Positive charge of chitosan causes an electrostatic interaction with
negative molecular charge [2]. The production method determines the number of active
groups caused by deacetylation. The number of these groups affects the crystallinity; and the
crystallinity is directly related to the solubility of chitosan in acidic solutions. This in fact is the
importance of the method of production of chitosan [3].

Due to the high biological properties of chitosan, this material has become an effective
substance in health-related matters. These properties include biodegradability, non-toxicity,
antifungal effects, accelerated wound healing and simulation of disease-resistant systems
[4]. Biological and chemical properties of chitosan can control cholesterol, fat, protein and
metallic ions. Also mentioned properties reason for tumor cells destruction. This has led
chitosan to be used as a chelating agent [5].

Active groups and natural chelating property of chitosan make it an efficient material
in the process of metal ions separating from effluents; metal ions such as Cu, Pb, Hg and U.
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Hg (II) is a toxic element and has destructive effects on central
nervous system, liver and kidneys. Hg (II) pollution occurs as a
result of wasted materials such as: electrical components, paints,
plastics, oil refiners, batteries and etc. In order to eliminate Hg
(I1) pollution out of nature, methods such as sedimentation, ion
exchange and adsorption are used. The adsorption method is the
most economical [6]. Pb (II) is a toxic element and causes nausea,
muscle problems, damage to the nervous system, destruction of
lung tissues, destruction of eye tissues, skin allergies, lung failure
and liver damage [7]. Chitosan could be used in the sedimentation
of food particles containing protein, removal of pigments and
separation of all negative charged particles out of effluents.

Conventional methods for removing metal ions from effluents
include reverse osmosis membrane, ion exchange, evaporation and
chemical deposition. For removing metal ions from dilute solutions,
most of these methods are ineffective or costly [8]. Utilizing of
sorbents is one of the most common methods for removing heavy
metal ions from dilute solutions, which is based on electrostatic
interaction and chelation. The advantages of this method are low
cost, easy recovery of metals from the adsorbent and the possibility
of reusing the adsorbent [9].

Most important problems of electrospinning are its high
viscosity and low electrical conductivity [10]. In this research,
different methods such as: using solvents with different solubility
and mixture of solvents, optimization of spinning solution
concentration, viscosity reduction of spinning solution by hydrolysis
of polymer chains and using compounds which enhance electrical
conductivity were performed not only to overcome mentioned
problems but also to prepare nanofibers from biodegradable
chitosan polymer. In the presented work, we have tried to obtain
the thinnest fibers possible with the highest uniformity. In order
to obtain optimal nanofibers, fiber morphology was investigated
with SEM. Next, the ability of prepared nanofibers to remove heavy
metals (such as copper (1I)) in aqueous solutions was evaluated.

Materials and Equipments
Materials

High molecular weight chitosan polymer (800-2000cps
viscosity) and average molecular weight chitosan polymer (200-
800cps viscosity), pure (99<) tetra fluoro acetic acid (TFA), pure
(99.5<) chloromethane, pure (99.8<) glycolic acetic acid (ACOH),
37-38% hydrochloric acid (HCI), pure (99<) dimethyl sulfoxide
(DMSO0), pure (98<) copper chloride (CuCl,), pure (99<) potassium
carbonate (K,CO,) (all Merck brand made in Germany).

Equipments

Scanning electron microscope (SEM) (LEO 440i model
made in England), Cannon Fenske 400 viscometer, atomic
absorption spectrometer (Spectra AA200 made in Australia),
XRD diffractometer (Seifert 3003pts made in Germany), uniaxial
electrospinning device (Fanavaran Nanoscale Company, made in
Iran) and conductivity meter (Hanna HI2030 made in USA).

Preparing of Spinning Solution
ACOH90%

A.  Chitosan dissolution in ACOH without hydrolysis: 2, 1.25,
0.75, 0.5, 0.25 and 0.125wt% of high molecular weight chitosan
polymer powder was dissolved in 90% glycolic acetic acid. Magnetic
stirrer was used.

B.  Chitosan dissolution in ACOH with hydrolysis: in order
to reduce the molecular weight, high molecular weight chitosan
polymer powder was dissolved in soda solution (CS/NaOH 50-
50wt% ratio); then it was heated at 95 °C temperature for 24, 48
and 72 hours. After that, 3, 2.75, 2.25 and 2wt% of the resulting
polymer powder was dissolved in 90% glycolic acetic acid.

0.2M HC1

35,3, 25,2, 15,1, 083, 0.6 and 0.5wt% of high molecular
weight chitosan polymer powder was dissolved in 0.2M HCI
solution.

0.6M HC1

3.5, 2.5 and 2wt% of high molecular weight chitosan polymer
powder was dissolved in 0.6M HCI solution.

0.6M HCI1 with 3% NaCl

3.5, 2.5 and 2wt% of high molecular weight chitosan polymer
powder was dissolved in 0.6M HCI with 3% NaCl solution.

TFA

a) TFA without solvent: 9, 7.5 and 3wt% of high molecular
weight chitosan polymer powder was dissolved in pure TFA.
Magnetic stirrer was used.

b) TFA with solvent: Dichloromethane solvent (DCM) was
used. 9, 7.5 and 3wt% of high molecular weight chitosan polymer
powder was dissolved in TFA/DCM (70/30) solution. Magnetic
stirrer was used.

Viscosity and molecular weight measurement

Both high and average molecular weight chitosan spinning
solutions (with TFA/DCM (70.30) solvents) were prepared. The
viscosity of the solutions was measured after 72, 60, 36 and 12
hours prior to preparation process. Volumetric viscometer was
calibrated first. For calibration, super liquid paraffin (d=0.85g/
cm?, Kin viscosity=16mm?/s) and viscous paraffin (d=0.860g/cm?,
Kin viscosity=42.5mm?/s) were used. This is resulted in constant
values A and B in (Equation 1).

n=A(pt)- B(%) (Equation 1)
1: Viscosity(mm?/s)

p: Density(g/cm?)

t: Time (min)

Mark Hoying equation was used to measure the mean molecular
weight of chitosan. Resulted viscosity values from Equation 1 were
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inserted in Mark Hoying equation, which resulted the average
molecular

weight. A=0.71 and K = 8.93X10 c’"% are constants related
to chitosan [11].

[7]=kM? (Equation 2)
[1]: Viscosity(mm?/s)
M: Mean molecular weight

Preparation of Nanofibers

The air bubbles were elicited from the polymer solution using
the ultrasonic device and it became homogeneous; then the solution
was inserted into the glass syringes. The positive electrode of the
device was connected to the metal of the syringe (nozzle) and the
negative electrode was connected to the collector plate. According
to past experiences, the optimal conditions for electrospinning
were performed, which are: 30KV (voltage), 20uL (feeding rate)
and 15cm space (distance between the needle tip and the collector
plate).

Fiber’s morphology investigation

Scanning electron microscopy (SEM) was used to investigate
the morphology and structure of the samples. The samples were
covered with a thin layer of gold.

Neutralization with potassium carbonate solution

A solution of 1mol/L potassium carbonate (K,CO,) was
prepared. Chitosan nanofibers, high molecular weight polymer
powder and average molecular weight polymer powder were
immersed in mentioned solution (separately) for three hours at 20
°C. Then these samples were washed with distilled water to reach
pH=7. Finally, the samples were dried in a vacuum oven at 60 °C for
24 hours [12].

Thickness measurement of crystals

High molecular weight chitosan nanofibers, average molecular
weight chitosan nanofibers (both obtained from 7wt% chitosan
solution), high molecular weight chitosan polymer powder
and average molecular weight chitosan polymer powder were
investigated by XRD diffraction under the following conditions:

Diffract: Transmission

Detector: Scintillation

Monichrom: Curved Germanium (III)

Radiation: 40kv, 30mA

Scan Mode: Transmition

2 Theta (begin, end, step) =0.00, 35.00, 0.005 30.00sec/step
Imax=472

Scherer formula (Equation 3) was employed to calculate the
thickness of crystals [13].

re k%Bcosa) (Equation 3)
T = Crystal thickness
K=0.89
A =1.54°A

=(rad)= FWHM

— possitior/
0 2
Measurement of recovered moisture method

Recovered moisture of high molecular weight chitosan
nanofibers, average molecular weight chitosan nanofibers (both
obtained from 7wt% chitosan solution treated with potassium
carbonate), high molecular weight chitosan polymer powder and
average molecular weight chitosan polymer powder (treated with
potassium carbonate) were measured. To perform this, the above
items were dried at 80 °C in an oven for 6 hours; then the dry
weights were measured. By inserting these weights in Equation 4,
recovered moisture at the desired time was calculated [14].

W-iWg

RY%= . X100 (Equation 4)

R%: recovered moisture percentage

W: weight of a sample at a specific time

W, : weight of a dried sample
Measurement of copper (ii) ion absorption

High molecular weight chitosan nanofibers, average molecular
weight chitosan nanofibers, high molecular weight chitosan
polymer powder and average molecular weight chitosan polymer
powder were immersed in a solution containing 112ppm of copper
(I) ion for 1440, 960, 240, 120, 60, 30, 15 and 5 minutes. After
immersion, chitosan was separated from the solution by filter paper
and the concentration of residual copper (II) ion was measured by
atomic absorption spectrometer. The amount of adsorbed ions (in
milligrams) could be calculated using Equation 5 [15].

(C-¢c ) -
q=—— (Equation 5)
q: adsorbed amount (mg/g)

C,: initial density of metallic ion (mg/L)

C.: final density of metallic ion (mg/L)

V: solution volume (L)

M: amount of adsorbent used (g)
Result and Discussion

Results of viscosity and molecular weight

The viscosity and molecular weight of some of the spinning
solutions were compared. The results are presented in Table 1.
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Table 1: Viscosity and molecular weight of spinning
solutions.

Solution Time(h) | Viscosity (cps) | Molecular weight (Da)
ChH 12 949.6 469238.14
ChH 36 535.85 209602.7
ChH 60 441.85 159739.84
ChH 72 321.28 101975.56
ChH 12 661.36 281917.34
ChH 36 313.66 98585.63
ChH 60 275.57 82152.43
ChH 72 271.7 80532.14

Result of nanofiber preparation methods
Spinning solution containing 90% ACOH

Solution containing dissolved chitosan without hydrolysis
in ACOH: All spinning solutions of this section (0.125, 0.25, 0.75,
1.25 and 2wt%) were not capable of spinning and they only caused
dripping on the collector.

Solution containing dissolved chitosan with hydrolysis in
ACOH: Spinning was not possible because chitosan (treated with
50% soda) didn’t dissolve.

Spinning solution containing HCI: HCI is a good solvent for
chitosan. Reasons are:

a)  Electrical conductivity increment

b)  Better dissolution of mineral salts such as NaCl in HCI

#

L N
7w% (high molecular weight)1pm 15000x

7w% (average molecular weight) 500nm 30000x

c)  Resulting a spinning solution with suitable viscosity with
less amount of polymer powder and solvent.

Spinning solution prepared with 0.2M HCI: All spinning
solutions in this section (0.5, 0.6, 0.83, 1, 1.5, 2, 2.5, 3 and 3.5wt%)
were not capable of spinning and they only caused dripping on the
collector.

Spinning solution prepared with 0.6M HCI: All spinning
solutions in this section (2, 2.5 and 3wt%) were not capable of
spinning. 2 and 3wt% solutions were suitable for spinning, but the
spinning process wasn't favorable. Although, spinning was better
compering 90% ACOH.

Spinning solution prepared with 0.6M HCI and 3% NaCl:
All spinning solutions in this section (2, 2.5 and 3wt%) were not
capable of spinning. Although, it was better than 0.6M HCI alone.

Spinning solution containing TFA

Spinning solution containing TFA alone: Spinning solutions
containing 9, 7, 5 and 3wt% of high and average molecular weight
chitosan were electro spun. The storage time of spinning solutions
to achieve the best viscosity was 36 hours. SEM images and mean
diameter of resulted fibers are shown in Figure 1 and Table 2. The
spinning solution containing TFA, unlike ACOH, could be spun. The
advantages of using TFA instead of ACOH are:

A.  Electrical conductivity increment

B. Dielectric constant increment

C.  Surface tension reduction

7w% (high molecular weight) 500nm 30000x

Figure 1: SEM images of chitosan fibers with different concentrations (both average and high molecular weight).

Table 2: Mean diameter and standard deviation of fibers.

Fibers Mean Diameter (nm) SD Minimum Diameter (nm) Maximum Diameter (nm)
ChM 7% 131.117 33.107 64.239 187.423
ChH 7% 125.693 45.768 40.523 187.531
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As illustrated in the figures, high molecular weight chitosan  Spinning solutions containing 9, 7, 5 and 3wt% of high and average
fibers have a smaller diameter than average molecular weight molecular weight chitosan were electro spun. The storage time of
fibers. In terms of diameter uniformity and presence of beads, spinning solutions to achieve the best viscosity was 36 hours. SEM
average molecular weight chitosan fibers have better quality. images and mean diameter of resulted fibers are shown in Figure 2
and Table 3.

Spinning solution containing TFA with DCM solvent:

—
o

3w%(average molecular weight) 10pm 2500x

N ..’r'i,z‘. ¥

5w9%(high molecular weight) 10um 2500x 5w% (average molecular weight) 1pm 15000x 5w%(high molecular weight) 1um 15000x

A

5w% (average molecular weight) 500nm 30000x 5w%(high molecular weight) 500nm 30000x

: - i il
7w% (high molecular weight) 10pum 2500x 7w% (average molecular weight) 1um 15000x 7w% (high molecular weight) 1um 15000x

7w%(average molecular weight)500nm 30000x  7w9(high molecular weight) 500nm 30000x

Figure 2: SEM images of chitosan fibers with different concentrations (both average and high molecular weight).
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Table 3: Mean diameter and standard deviation of fibers.
Fibers Mean Diameter (nm) SD Minimum Diameter (nm) | Maximum Diameter (nm)
Ch M 5% 149.678 22.944 104.64 197.924
ChM 7% 147.173 35.085 83.38 202.12
Ch H5% 132.693 37.385 52.454 199.326
ChH7% 128.862 128.862 77.363 193.853

According to the figures, increasing wt% of chitosan from 3wt%
to 7wt% in both average and high molecular weight polymers
has reduced the diameter and bead in the resulted fibers. Also
increasing %w of chitosan in the spinning solution has increased
viscosity and entanglement of molecular chains. Increasing of
entanglement, reduces the diameter and bead in three ways:

a) Increasing the applied tension to the spinning jet: When
the polymer entanglement increases, the electric charges on the
spinning jet reason a proper tension to the polymer solution.

b) Increasing the stability of the spinning jet: As the speed
of jet (from needle toward collector) increases, it results in tension.
During tension, entanglement of molecular chains prevents the jet
from collapsing due to rotation in an electric field, which causes the
spinning jet to be more stable.

Reduction of solvent between molecular chains: As the wt%
of the polymer increases (which causes to an increment of viscosity
and entanglement of molecular chains), solvent molecules in
solution decreases and this reduces the surface tension of polymer
solution. Reduction of surface tension causes the formation of
droplets and beads during the spinning process. Fibers obtained
from 5wt% solution of average molecular weight chitosan have an
excellent diameter uniformity, but instead are not continuous. This
discontinuity is due to low wt% of chitosan and the collapse of the
jet during the spinning process.

Samples obtained from 3wt% solution of high molecular weight
chitosan are small droplets due to its very low wt% and high surface
tension of the solution. Fibers obtained from 9wt% solution of high
molecular weight chitosan are non-uniform and ribbon-shaped due
to the very high wt% of chitosan. Based on the figures, at constant
wt%, increase in molecular weight of chitosan reduces the diameter
and bead in resulted fibers and increases stability of the spinning
process. The polymer molecular weight indicates the length of
polymer chains; also affects the viscosity of the solution. Increasing
the polymer molecular weight increases the entanglement of
polymer chains and viscosity, which causes reduction of diameter
and bead in the fibers. Increasing the polymer molecular weight
also increases stability of the spinning process.

Based on the figures, increasing DCM solvent of both average
and high molecular weight chitosan spinning solution increases the
fiber diameter; on the other hand, it reduces beads and improves
diameter uniformity of resulted fiber; also, it increases the stability
of the spinning process. Increasing the DCM increases the surface
tension and decreases the electrical conductivity; also, it increases
the dielectric constant. Increasing the dielectric constant improves
the uniformity and morphology of the fibers in two ways:

Increasing the solubility of solvent

Sinceincreasing the dielectric constantreduces the gravitational
forces between the solute ions (according to Cologne law, Equation
6), as a result, it increases the solubility of solute. Cologne’s law
describes the electrostatic reaction between charge

99>
F=k
o (Equation 6)

F: force between ions (N)

q1xq2: electric charges (c?)

r: square of distance between to charges (m?)
K: cologne’s constant ((Nm?)/c?)

Increasing the solubility of solvent is effective in this
matter in two ways:

a) A stronger solvent dissolves higher wt% of the polymer
while maintaining its fluidity, resulting a more stable solution.

b) Increasing the solubility of the solvent improves the
encapsulation of polymer chains caused by solvent molecules and
as a result reduces the ferromagnetic structure in the chains.

Increasing load storage of spinning jet

In a constant electric field, dielectric constant indicates the
storage capacity of a material when exposed to that electric field.
Increasing storage capacity of spinning jet causes electric field
energy to affect deeper sites of the jet.

Investigation of tests performed after nanofiber layer
formation

In this section, we review the tests performed on the prepared
nanofiber layer. The best chitosan nanofibers made were resulted
from 7wt% spinning solution containing TFA/DCM solvent (both
average and high molecular weight chitosan). Therefore, in this
section, only the mentioned nanofiber layers are examined.

Neutralization with potassium carbonate solution

Potassium carbonate (K,Co,) with trifluoroacetate (CF,Coo")
were used to neutralize the salt (-NH* CF Coo~) originated from the
ammonium (-NH,*) of fibers. The formation of the above salt causes
dissolution of chitosan in trifluoro acetic acid (TFA). Ammonium
ions (-NH,") on chitosan nanofibers repel positively charged
metal ions, so potassium carbonate is used to neutralize the salt.
The neutralization process happens in this order: the potassium
carbonate reacts with the salt; this causes the production of
potassium trifluorostat (CF,Coo™ K*) salt; then chitosan nanofibers
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are neutralized by amine groups (-NH,). The presence of amino  heavy metal ions. The above reactions are shown schematically in
groups on chitosan nanofibers increases the adsorption capacity of ~ Figure 3 [12].

o o
o
W o o +FaC, —= HO o a +W'K+ f‘m‘ﬁ
o [+3
MHy TOOCE, HOHC My HOH,C on
o
i CHa
a + CFCO0 "I + Hy00,
o
HOH,E
Figure 3: Neutralization of chitosan nanofibers [12].
XRD result examined by XRD diffractometer, and the results are shown in Table
Nanofibers obtained from 7wt% chitosan solution and both 4 and Figure 4.
high and average molecular weight chitosan polymer powder were
Table 4: XRD results.
Samples 20(°) FWHM (°) D (°A) T (nm)
Ch H (powder) 19.861 0.63 4.4703 14.49
Ch M (powder) 19.894 0.551 4.463 12.473
Ch H (fiber) 19.791 0.63 4.4861 13.48
Ch M (fiber) 19.79 0.6 4.4863 13.288
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Figure 4: XRD diagram of: a) High molecular weight chitosan powder. b) Average molecular weight chitosan powder.
c) High molecular weight chitosan nanofibers. d) Average molecular weight chitosan nanofibers.
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According to the diagrams, high molecular weight chitosan
powder is more crystalline than average molecular weight chitosan
powder.

The transaction of turning polymer powder into nanofibers
(in both high and average molecular weights) has reduced the
crystallinity. The crystallinity of high molecular weight chitosan

Recovered moisture

nanofibers comparing average molecular weight chitosan
nanofibers isn’t much different. 26 in powder sample is in between
19.86 and 19.89, which after the transaction to nanofibers has
decreased to 19.79; on the other hand, the distance between the
plates has increased from 4.46-4.47 to 4.48. In other words, the

crystal structure has slightly loosened.
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Figure 5: Recovered moistures of high and average molecular weight chitosan powder and nanofiber (HF=high
molecular weight chitosan nanofibers, MF=average molecular weight chitosan nanofibers, H=high molecular weight
chitosan powder, M= average molecular weight chitosan powder).

Recovered moistures of both high and average molecular weight
chitosan powder and also nanofiber have been compared with
each other. The results are presented in Figure 5. Based on Figure
5, high molecular weight and average molecular weight chitosan
nanofibers have more adsorption than chitosan powder. This is due
to the increase of specific surface area during the transaction of
polymer powder into nanofibers. High molecular weight chitosan
powder has more adsorption than average molecular weight
chitosan powder, which is due to the smaller dimensions of high
molecular weight powder than average molecular weight powder.
High molecular weight chitosan nanofibers have more adsorption
than average molecular weight chitosan nanofibers. This is due to
the smaller diameter of high molecular weight chitosan nanofibers
compared to average molecular weight chitosan nanofibers.

Copper (II) Ion absorption

The adsorption of copper (II) ions by both high and average
molecular weight chitosan powder and nanofibers have been
compared with each other. The results are presented in Figure 6.
Based on Figure 6, high and average molecular weight chitosan
nanofibers have more adsorption than chitosan powder. This is due
to the increase in specific surface area during the transaction of
polymer powder into nanofibers. High molecular weight chitosan
powder has more adsorption than average molecular weight
chitosan powder. This is due to the smaller dimensions of high
molecular weight powder than average molecular weight powder.
High molecular weight chitosan nanofibers have more adsorption
than average molecular weight chitosan nanofibers, which is due to
the smaller diameter of high molecular weight chitosan nanofibers
compared to average molecular weight chitosan nanofibers.
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Cu adsorption
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Figure 6: Copper (II) ions adsorption of high and average molecular weight chitosan powder and nanofibers (H=high

molecular weight chitosan powder, M=average molecular weight chitosan powder, HF=high molecular weight
chitosan nanofibers, MF=average molecular weight chitosan nanofibers).

Conclusion

In the case of chitosan nanofibers electro spun with TFA/DCM
solvent, high molecular weight chitosan polymer results to thinner
nanofibers and better diameter uniformity than average molecular
weight chitosan polymer. The optimal spinning solution is 7w%
chitosan solution. The diameter of high molecular weight chitosan
nanofibers is 128nm. Nanofibers have more specific surface area
compared to micro scale fibers which causes more intermolecular
interaction. This increases the recovered moisture and the

adsorption of heavy metal ions.
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