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Abstract: Fibrous materials prepared by the electrospinning process are increasingly attracting attention due to the
structural advantages conveyed by the nanosized diameter of the constituent fibers. Consequently, an environmentally friendly
Cu-crown chitosan nanofiber obtained from naturally available sources was developed. Chitosan derivative was synthesized
via Schiff base condensation of salicylaldehyde and chitosan. The iminochitosan formed was electrospun into nanofiber mat at
voltage of at 24 KV and flow rate 0.9 mLh™". The nanofiber was characterized via IR, SEM, BET, TGA and DSC and it showed
a good physical stability in water and relatively high heat capacity. Kinetic study shows that the sorption of copper using
chitosan nanofiber follows a pseudo-first order equation. The description of the isotherm can best be done using the Langmuir
isotherm model. The maximum sorption capacity and sorption affinity constant were calculated as 500.00 mg g and 0.34704
Lmg™". Desorption capacity 92% was obtained using (NH,)SO, as regenerant. The copper-nanofiber mix has a high potency for
use in industries as a result of its good water stability, favourable heat capacity, high adsorption capacity and good
recyclability.
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synthetic method of electrospinning, has received much
attention lately. With electrospinning, the structure, chemical
and mechanical stability, functionality, and other properties
of the mats can be modified to match end applications [20,
21]. Also, the fibers are nano only in diameter and form a mat
like three-dimensional structure making separation from
solution very simple and as such ideal candidates as catalyst
supports [22].

Although, Copper (II) metal ion has been complexed with
chitosan for various purposes [5, 8, 23-25], there are few
examples in which coordination based metal-immobilization
with nanofibrous chitosan strategy has been adopted. Worthy
of mentioning is the work of Bradshaw et al. (2011) [22]
which successfully catalyzed a Heck cross-coupling reaction
between iodobenzene with n-butyl acrylate using Pd(II)
complexed chitosan nanofiber. Cu (II) ion can form a variety
of complexes with coordination numbers from 4-6 [26]. Due
to their flexibility, facility of preparation and capability of

1. Introduction

The quest of bringing a new research impetus for catalyst
development at the interface between homogeneous and
heterogeneous catalysis has led to the introduction of catalyst
support. A typical example is chitosan, an optically active
biopolymeric ligand that is characterized by a strong affinity
for transition metals [1-3]. The biopolymer can be used as a
support for the preparation of heterogeneous catalysts in the
form of colloids, flakes, gel beads and more importantly
fibers [4-8, 2]. Nanofibers are characterized by large surface
area which makes them to be an excellent matrix for catalyst
support, enabling metal dispersion as small particles and
inhibiting the sintering of the active catalyst material.

There are a few different methods to produce fibers vis-a-
vis phase separation [9], drawing [10], template synthesis
[11-14] and self assembly [15-19]. However, the unique
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stabilizing unusual oxidation states and successful
performance in mimicking particular geometries around
metal centers, they have very interesting spectroscopic
properties and varied catalytic activities [27]. It is important,
from our point of view that Cu(Il) complexes of nanofiber
based chitosan polymeric ligand will not only serve as good
candidate but as well as biocompatible, inexpensive catalyst
for oxidation or hydrolysis within a wide range of pH.

In order to obtain an electrospinnable chitosan solution, an
iminochitosan  derivative synthesized via Schiff base
condensation of salicylaldehyde and chitosan was adopted [28].
The excellently formed nanofiber was then carefully coordinated
to Cu(Il) ions to form the solid state chelate. The spectroscopic
characterization, thermogravimetry as well as the morphological
state of this new catalyst material is herein reported.

2. Methods

Analytical grade (AR) chemicals with highest purity were
used. Scanning Electron Microscopy machine used was
Vegan Tescan (TS5136ML) operating at an accelerated
voltage of 20 KV after gold soutler coating for the
morphology of the electrospunn imminochitosan. The
quantitative analysis of Cu(Il) was done using Atomic
Absorption Spectrophotometer. A magnetic stirrer with
hotplate was used for the batch adsorption experiments. A
thermogravimetric analyser model TA-2960 was employed to
determine thermogravimetric curves using Ca. 10 mg
samples of the imminochitosan materials in a dynamic
atmosphere, under a dry nitrogen flux, with heating from
room temperature to 800°C at a heating rate of 10°C/min .
Differential Scanning Calorimeter model DSC (TAQ10) was
used. The temperature and heat flow were calibrated using
standard materials (indium and zinc) at cooling and heating
rates of 10°C/min. Samples with a typical mass of 3—10 mg
were encapsulated in sealed aluminum pans).

2.1. Synthesis of Iminochitosan

Imminochitosan was prepared by a Schiff base reaction
between chitosan (100 g) and salicylaldehyde (130 ml) in 1.5
liter of water at room temperature for 6 hours. The modified
chitosan was filtered and washed with distilled water several
times. Methanol extraction was done in soxhlet for 6 hours.
The product was dried at room temperature for 24 hours to
obtain the final iminochitosan [29].

2.2, Preparation of Iminochitosan Solution
for Electrospinning

A flask containing the iminochitosan and triflouroacetic
acid (TFA) was placed in acetone/dry ice bath and frozen. It
was then thawed in a water bath at ambient temperature. The
iminochitosan dissolved in the TFA very quickly as a result
of the sudden freezing and thawing. The solution was left
overnight. After that the solution was ready to be electrospun.
The electrospinning solution was electrospunned at the
following conditions; 5-24 KV, 0.1-1.0 mlh'l, 5-20 cm, 1.2
mm needle, 44.9%, 17.3°C [29].

2.3. Post Neutralization of Iminochitosan

Neutralization of the as-spun iminochitosan nanofiber mats
was carried out in a 1 molL™ K,COj; aqueous solution for 3 h
at 25°C. The nanofiber mat was taken out from the aqueous
solution after neutralization, washed repeatedly with
deionized water until a pH 7 was achieved, and dried first at
an ambient temperature for 24 h in the hood and then at 60°C
under vacuum for 24 h [30].

2.4. Stability in Water and Water Retention of
Chitosan Nanofiber

The degree of stability of the nanofiber mat in terms of
weight loss in the aqueous solution was examined at pH 7
and an ambient temperature.

The degree of stability (S) of the nanofiber (rectangular shape
of 3cm by 1cm in size) was expressed by the following equation:

S(%) =2 % 100 (1)
wy

Where, W; and W, are weights of the dried nanofibers
before and after the experiment respectively [30]. Nanofiber
was weighed in an electronic balance with 0.1 mg resolution
and incubated in distilled water at room temperature for 2
hours 40 minutes and it was re-weighed immediately after
removing them from water.

The percentage water uptake of the electrospun
membranes was calculated using the following equation:

M

1Mo 100 ©)

Water uptake (%) = "
0

where, M, and M, were the masses of the membranes before
and after the incubation of the samples in water, respectively
[30, 31].

2.5. Cu impregnation of the Post-Neutralised
Iminochitosan Nanofiber

The nanofiber was pre-treated by first heating to 30°C for
10 minutes after which it was heated in vacuum under
nitrogen atmosphere for 6 hours. The method of
impregnation was adopted for the imobilization of the Cu(II)
on the electrospunned nanofiber. The dried sample (0.05 g) of
the post-neutralised iminochitosan was placed in glass beaker
and a stock solution of CuSO, (1g/L) was added untill all the
nanofiber was completely immersed [32]. Then, the mixture
was filtered and the nanofiber was rinsed several times with
the copper stock solution and then once with water. Finally,
the chitosan samples were dried at room temperature until all
moisture was removed and constant weight achieved.

2.6. Adsorption Kinetic Study

A stock solution (1000 mg/L) of Cu(Il) ions was prepared
from analytical-reagent grade Cu metal (BDH). Adsorption
kinetic study was conducted in 250 ml Erlenmeyer flask
containing 0.010 g (M) of adsorbent (chiotosan nanofiber)
and 100 mL of copper catalyst source solution prepared by
dillution of the stock solution to 100 mg/L. The mixture was
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equilibrated using a magnetic stirrer at a speed of 150 rpm at
30 £ 1°C. At appropriate time intervals of 10, 20, 30, 40, 50,
60, 80, 100 and 360 min, aliquot samples were withdrawn,
filtrated and analysed for residual Cu concentration (Ce) by
flame atomic absorption spectrophotometry. The amount
adsorbed (¢) was calculated from the following formula:

_ (Co—Ce)V
g =L 3)

Where, “V” is the volume of the suspension [33].
2.7. Adsorption Isotherm Study

Adsorption isotherm experiments of copper on chitosan
nanofiber were conducted by firstly preparing a series of 100
ml copper solutions with concentrations 100, 200, 300, 400
and 500 mg/L and 0.01 molL" Na,SO, solution was added to
each and the pH were adjusted to 6.0 using 0.10 M HNO; or
0.10 M NaOH. The adsorbent 0.01 g chitosan nanofiber was
added into the mixtures and were equilibrated at a speed of 150
rpm for 40 minutes at 30 + 1°C. At appropriate time intervals
of 10, 20, 30, 40, 60 and 360 minutes, aliquot samples were
withdrawn, filtrated and analysed for residual copper
concentration by flame atomic absorption spectrophotometry.

2.8. Batch Desorption Experiments

The desorption experiments were conducted by placing

Y} el Y _~“£_~q-'£ SO
SEM MAG: 1.72 kx HY: 30.00 kv
VAC: HiVac DET: SEDetector

DATE: 0813012 Device: VG1760481J

18.8, 37.5 and 563 mg of copper-crown nanofiber
(containing 0.5, 1.0 and 1.5 integra values of the maximum
adsorption capacity respectively) each in contact with the
regenerating solution of 25 ml of 1 M (NH,),SO, separately
at room temperature using an agitation speed of 100 rpm for
2 hours. The mixtures were filtered and the amount of
desorbed metallic ions in the filtrate was determined using
the flame atomic absorption spectrophotometry as stated
before. The percentage of desorption (DP) were calculated
using the equation below [23, 34]
Ca—Cq
DP (%) = o x 100 4
Where C, and Cy are the concentration of metal ions
desorbed and adsorbed (mgL™). The desorption process were

carried out in triplicates.

3. Results

Synthesis of Iminochitosan

SEM

A fine fiber was formed when iminochitosan was freez
dried in TFA and electrospunn (Figure 1). The iminochitosan
was further characterised using FT-IR, TG and DSC. Figure
2 shows the SEM image of the synthesized iminochitosan
that was electropsunn in TFA at optimum conditions.

20pm

Vega ©@Tescan
Rhodes University SEM

Figure 1. Scanning electron micrographs of electrospun chitosan: 4-6% chitosan with 100 g of 130 ml salicyaldehyde with 1.5L of Deionized water in TFA, 5-

24 KV, 1.2 mm, 5-20 cm, 0.1-1.0 m/h, 44.9% 17.3°C.
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Thermal Properties

Figure 2 shows the analysis of iminochitosan by TGA in
the temperature range 20 to 550°C nitrogen and air
atmospheres. The iminochitosan shows high degree of
stablity to change in temperature; the onset temperature of
degradation was high. It can be found that the nanofiber
show little change in weight loss over a wide range of

temperature.

In Figure 3, a differential scanning calorimetry (DSC)
curve for the proposed catalyst support is shown, the curve
shows distinct deviations from the usual steplike changes in
heat flow. The curve is characterised by the following peaks;
a broad endothermic peak in the range of 100 — 150°C, and
exothermic peaks at around 390, 490 and 520°C.
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Figure 2. TGA curve of iminochitosan nanofiber under nitrogen atmosphere.
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Figure 3. DSC of the iminochitosan nanofiber.

Post-neutralisation

Chitosan was soluble in triflouroacetic acid as a result of
the formation of the salts (NH; CF;COO") of ammonium (-
NH;") and trifluoroacetate (CF;COQ") ions in the nanofibers.
However, the presence of the salts will lead to and
unfavourable interaction of the ammonium ions on the
chitosan nanofibers with the positively charged metal ion.

The introduction of the neutralising agent (K,CO;) will lead
to the re-introduction of amine group which will improve the
adsorption sites for positively charged metal ion and also
improve the stability of the nanofiber in aqeous solution.

Figure 4 shows the scanning electron micrographs of the
post-neutralised electrospun iminochitosan.
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Figure 4. Scanning electron micrographs of post-neutralised electrospun iminochitosan.
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Figure 5. FT-IR spectra of as-spun imminochitosan nanofibrous membranes in comparison with that of post-neutralised iminochitosan nanofiber.
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The fibers were found to be in the range 70 - 200 nm. The
FTIR data of iminochitosan reveals an increase in the
percentage of C and H, whereas the percentage of N
decreased in Figure 5, the absorption peak of the chitosan
NH, (at 3339 and 3420 cm™) disappeared after formation of
iminochitosan (-N=CH). This indicates that all the amino
groups were masked.

Stability in water and Water Retention of Post-neutralised

Nurudeen Olanrewaju Sanyaolu ef al.: Synthesis and Characterization of Electrospunned Chitosan Based Copper Nanofiber

Iminochitosan Nanofiber

The loss in the weight of the iminochitosan nanofibrous
membrane also increased very rapidly during the first three
days of submersion, but, after fifteen days, no significant
change was observed (Figure 6). In analogy to the weight loss,
the degree of swelling for the chitosan derivative membrane
increased initially with submersion period, but became
unchanged after a certain submersion period (Figure 7).
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Figure 6. Weight loss of the post-neutralised iminochitosan adsorbent.
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Figure 7. Water Retention property of the post-neutralised iminochitosan adsorbent.
FT-IR Cu impregnation of the post-neutralised at 150-100 cm’! typical of different types of (—OH, —NH)

iminochitosan nanofiber

Figures 8 and 9 shows the far infra-red spectroscopy of the
post-neutralised iminochitosan nanofiber adsorbent and post-
neutralised iminochitosan-copper mix. Cu(Il) bonding causes
a noticeable change in the shape of the broad absorption line

vibrations in polymers. Complexation of Cu(Il) ions by the
post-neutralised iminochitosan matrix results in substantial
redistribution of vibration frequencies in the above-
mentioned region, with a shift to lower wavenumbers [5].
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Figure 8. Far IR of post-neutralised Iminochitosan.
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Figure 9. Far IR of Cu impregnated iminochitosan.

Adsorption Kinetic Study
The adsorption of Cu(Il) ion onto the chitosan nanofiber

mat in a 100 ppm copper solution as a function of time until
360 mins at a pH of 6.0 is shown in Figure 10. The
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adsorption amount of copper metal increased sharply from 5
mins to 30 mins and then leveled off after 40 mins at 33.9027
mg g ' for Cu(Il). It can be deduced from the shape of the
curve that the equilibrium was reached at 30 mins that is, the
binding of metal ions to the chelating sites on the adsorbent
increased sharply up to 30 mins and was homogeneously
saturated after 40 mins [38].
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Figure 10. Adsorption of the Cu(ll) ion onto chitosan nanofiber in a 100
ppm synthetic solutions as a function of time.

Adsorption isotherm Study

Figure 11 is a linearized plot of C./q. versus C. and it
shows that the Langmuir equation best fits for Cu(Il)
adsorption on the chitosan nanofiber under the concentration
range studied (correlation coefficient, R>0.99).
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Figure 11. Adsorption isotherms of copper.

The adsorption increased rapidly as the initial
concentration increased and then the slope of the increased
decreased as the further concentration increased (graph not
shown). The high surface area coupled with the inter and
intrafibrous pores of the nanofiber which is devoid of gases
and the available binding sites (such as amine, primary and
secondary hydroxyl groups) might be responsible for the
observed increased in the adsorption rate [39, 40].

Desorption Study

Figure 12 shows the result of the desorption experiment
carried on different weights of the copper loaded chitosan
nanofiber. The percentage desorption 60, 90 and 88% were
obtained for the different weights 18.8, 37.5 and 56.3
respectively.
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Figure 12. Desorption studies of copper from different weight of the copper-

crown nanofiber with (NHy)SOy as regenerants (Temperature 30°C: pH ).
Values were represented as Mean of 3 Readings.

4. Discussion

ape
(o] H?
C| R R—C—R
~
R/ Rf\B IL-H
H /
.. R'
R H
OH
R\ /R
|C| R—C—R
+ Hy0
N
R——N
R/
H
‘\/ZB

Figure 13. Synthetic scheme for iminochitosan.

The synthetic route for iminochitosan is shown in Figure
13 where the carbon atom of salicylaldehyde was subjected
to nucleophilic attack by the primary amine of the chitosan.
The Schiff base condensation on chitosan has overcome its
rigid crystalline structure, improved the viscousity and
solubility thereby leading to the formation of uniform
iminochitosan fiber. This is in a good agreement with the
submissions of Marine [41] and Nada [42].

The thermal property of the iminochitosan (Figure 2)
revealed that there was insignificant weight loss between the
temperature range 20-420°C; the temperature at which 5%
weight loss occurred was 420°C. It can also be observed that
there were two decomposition stages; one well-defined stage
within the temperature range 350-500°C and another above
500°C these values are relatively higher when compared to
the likely temperature when being put into use [43]. The
weight loss around 100°C and 320°C can be attributed to
adsorbed water molecule and the decomposition of
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polysaccharide respectively [35].

The first endothermic peak is related to the evaporation of
water molecules in the nanofiber but the area and position of
the endothermic peaks was large and at a higher temperature.
This suggests that the nanofibers has a high water holding
capacity and strong interaction with water molecules.
However, the exothermic peak which supposed to be
observed clearly at 274°C due to the decomposition of amino
(GIcN) has been signigicantly reduced meaning that it has
been masked. The exothermic peaks around 390, 490 and
520°C can be attributed to the decomposition of the N-acetyl
(GlcNAc) residues [36; 44], due to the thermal
decomposition of imine (C=N) and benzene ring (CgHg)
residues, respectively (Figure 3).

The Schiff base condensation has affected the morphology,
size and diameter of the post neutralised. This account for the
differences observed in the micographs [39; 40; 45]. The
presence of salts can also affects some other properties like
cellular affinity, degradation, structural and pore size [46;
47].

Scanning  electron  microscopy (SEM) of the
postneutralised iminochitosan revealed a thicker fiber which
can be attributed to the increase in the polymer concentration.

The disappearance of the imine bond at the vibrational
frequency of 1630 to 1640 cm™ in the post-neutralised
iminochitosan confirms the efficacy of the neutralisation
process while the absorption bands of amine and aldehyde
groups at 1560 and 1665cm™ affirms that the chitosan
structure has not been disrupted.

A two step pattern was observed in the physical integrity test
in terms of weight loss of the post-neutralised iminochitosan in
water for over thirty days (Figure 6); 80% of the weight lost was
observed in within the first fifteenth days and the remaining
fifteen days, there were no significant weight loss. The water
content of nanofiber is very important; it gives a reflection of the
ionization of functional groups in the electrospun fibers for the
adsorption reaction. It points to the fact that as an addendum to
metal chelation on the outer surface as a route for adsorption,
metal ions also diffuse onto the pores of the nanofiber [37].

Characterisation of the Cu impregnated nanofiber (Figure
8) further supports the metal chelation property of the post-
neutralised nanofiber.

Adsorption Isotherms

Table 1 shows different adsorption capacities of copper (II)
ion onto different adsorbents. The values ranges from 0.17 to
2.94 (mmol/g) with the highest values obtained in chitosan
fiber (this work). Furthermore, chitosan nanofiber which was
not pretreated was found to have maximum adsorption
capacity of 2.85 mmol/g while the pretreated one has 2.94
mmol/g. The differences in the value can be accounted for as
a result of the pretreatment which activated the pores by
removing the gases therein.

Table 1. Comparison of the adsorption capacities of Cu’" onto different
adsorbents.

Adsorbents qm (mmol/g)
Clinoptilolite 0.40%
Polymer modified pine bark 0.70%
Thiourea-modified chitosan microspheres 1.04"

Cu(Il) ion imprinted composite adsorbent 1.12%
Poly(acrylamide)/attapulgite 1.64 -1.81%
St-g-PAA 2.80%
St-g-PAA/5% SH 2.83%
Chitosan nanofiber 2.85%
Pretreated Chitosan nanofiber 2.94

Table 2 shows the parameters indicating the isotherm
shape [55] while table 3 shows the values of Ry calculated
for different initial Cu (II) on chitosan nanofiber mat. By
comparism, the parameter quantifying the relative affinity of
the Cu (II) ion for the surface adsorption values (R ) obtained
shows that favourable adsorption of Cu (II) on chitosan
nanofiber took place, therefore, chitosan nanofiber is a good
adsorber. The values of the Langmuir binding energy, b in the
system is high (greater than 0.1) and it is related to the free
energy of sorption of different solutes. A high value of b
implies the metals are adsorbed at high energy surfaces with
low dissociation constants while lower b values indicate the
adsorption of metals at low energy surfaces with high
dissociation constants [56].

Table 2. Effect of separation factor on isotherm shape [55].

Ry, Value Type of isotherm
Ry>1 Unfavourable

R =1 Linear

0<R.<1 Favourable

R =0 Irreversible

The Ry values calculated for the different initial Cu (II) ion
on chitosan nanofiber are given in Table 3

Table 3. R, values based on the Langmuir equation.

Cu (II) Initial Concentrations (mg/L) Ry values
100 0.026
200 0.013
300 0.009
400 0.007
500 0.005

Adsorbents qm (mmol/g)

Activated nylon-based membrane 0.17%

Desorption study

This study gives an insight into the nature of the
adsorption process and how to recover the Cu(Il) ion from
the nanofiber. This study will also serve to be a means of
reducing cost of procurement of chitosan nanofiber as it can
be regenerated and reuse again.

5. Conclusions

Iminochitosan ~ was  successfully  synthesized and
electrospunn at optimum conditions. The fibers formed are
characterised by fine diameter. The metal adsorption was
successfully impregnated on the fiber and it was aided by the
pretreament given to the nanofiber. The equilibrium time for
the adsorption was 30 mins and the equilibrium data fits well
with the Langmuir isotherm model maximum adsorption
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capacity and adsorption affinity constant of 500.00 mg g'1

and

0.34704 Lm g respectively. The isothermal shape

indicate a favourable adsorption and the desorption study
shows that the nanofiber can be regenerated and reused
which makes the process to be economical.
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