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Abstract

Carbon nanofibers (CNFs) are widely used to fabricate nanocomposites with enhanced properties. The emergent properties of the
nanocomposites depend on the initial properties of the CNFs and how the fibers have been dispersed within the polymer matrix.
This study looks at the fabrication of nanocomposites using dodecyl, butyl, and acetyl functionalized CNFs with cellulose acetate
as the polymer matrix. The CNFs were prepared by electro-spinning, and functionalization was achieved using alkyl halides in
the presence of lithium. Scanning Electron Microscopy (SEM) showed that the fibers were well embedded in the polymer
Matrix, Thermal Gravimetric Analysis (TGA) of the nanocomposite revealed a slight increase in the degradation temperatures of
the nanocomposites as compared to the blank sample, the aggregate loss of weight of the samples was about 80%. Dynamic
Mechanical Analysis (DMA) of the nanocomposites showed increased stiffness and modulus storage by an average of 450MPa
for butyl and dodecyl-functionalized CNFs, however, the storage modulus values of the nanocomposites generally decreased
with an increase in temperature. The glass transition temperature of the nanocomposites was higher than that of the reference
sample by an average of +36 <C. Conductivity measurements of the nanocomposites showed no changes at lower frequencies of
1x107 - 4x10*Hz. However, the values started increasing at peaked at 5x10"Hz. The conductivity measurements revealed that the
nanocomposites exhibited higher conductivity peaks at specific frequencies compared to the reference sample, indicating an
enhanced electrical property of the nanocomposite. The study successfully fabricated nanocomposites with enhanced
mechanical, thermal, and dielectric properties using functionalized CNFs.
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1. Introduction

The use of carbon nanofibres (CNFs) to fabricate nano- tion and various treatments that they can undergo, like heat

composites with improved physical, mechanical, and electri-  treatments, and blended with additional elements to form
cal properties is widely reported [1-4] Carbon nanofibers have  useful nanocomposites.
several applications that are hinged on the mode of prepara- The specific characteristics of CNF/polymer nanocompo-
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sites greatly depend on how well the CNFs are dispersed
within the polymer matrix. Enhancing the dispersion of CNFs
can lead to substantial improvements in properties such as
modulus and compressive strength. The applications of
CNF/polymer nanocomposites include Catalysts, the polymer
solution is dopped with nanoparticles of transitional metals
like Titanium, rhodium, and Palladium [5]. The nano bio-
sensors have been employed in disease diagnosis due to their
high sensitivity towards the target molecule, good adsorption,
and electron transferability that enhance the identification and
treatment of common diseases.

Electrospun nanofibers coated with silver nanoparticles are
widely used in bacterial control, when chitosan polymeric
hydrogels, an active wound-healing reagent is added to the
nanoparticles, a wound dressing material that has both healing
and antibacterial properties is produced [6]. Due to their ex-
cellent electrical conductivity and mechanical strength, nano
biofibers have also been used in cardiac tissue engineering
[71.

The specific characteristics of CNF/polymer nanocompo-
sites greatly depend on the% composition of the CNFs and
how well they are dispersed within the polymer matrix [20].
Enhancing the dispersion of CNFs can lead to substantial
improvements in properties such as modulus and compressive
strength, as observed in the modulus of CNF/ polypropylene
nanocomposite increase of 50% and compressive strength by
100% following a 5% increase in dispersion of the nanofibres
into the polymer [1]. Moreover, modifying carbon nanofibers
physically and structurally before integrating them into
nanocomposites has been shown to yield nanocomposites
with enhanced properties. For instance, reinforcing Polyme-
thyl methacrylate-based carbon nanofibers with substances
like magnesium oxide can result in nanocomposites with
improved mechanical and biocompatibility attributes. [8-10].

In a previous study, N-alkylated methacrylate, methyl, cy-
clohexyl, and isobonyl carbon nanofibers enhanced the glass
transition temperature of resulting nanocomposites by
10-15°C and displayed higher resistance towards sunshine
degradation by 16 months compared to the unfunctionalized
ones [11]. As such, chemical and structural modifications of
carbon nanofibers present promising opportunities for further
enhancing the properties of nanocomposites.

This work reports the fabrication of nanocomposites using
dodecyl, n-butyl, and acetyl functionalized carbon nanofibres
and cellulose acetate as the polymer matrix and the resulting
properties including, mechanical strength, thermal properties
and conductivity. We also report on how these properties
change when the % concertation of the functionalized CNF is
increased from 0.2 wt % to 0.4 wt% of the nanocomposite.

2. Materials and Methods

All chemicals and solvents used in the research work were
sourced from reputable supplies such as Sigma-Aldrich
(U.S.A) and were of analar grade. The chemicals included
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Poly methyl methacrylate, Lithium metal, Dimethylforma-
mide, Dichloromethane, Ethanol, Chloroform, lodobutane,
lodoDodecane, lodoacetamide, Ammonia solution, Hexane,
methanol, Hydrochloric Acid, Cetyltrimethylammonium
bromide, polyethylene glycol and 0.2 pm Polytetrafluoroeth-
ylene (PTFE) membrane filter.

2.1. Preparation of Carbon Nanofibres

The preparation of carbon nanofibers was carried out as
previously described with slight modifications [12]. About 80
mg of analytical grade Polymethyl methyl acrylate (Sigma
Aldrich) was dissolved in 10 ml of a dichloromethane/ di-
methylformamide mixture in a ratio of 2:3 and stirred using a
magnetic stirrer for 3 hours. The polymer solution was elec-
trospun at 18 K v, 22<C, and 45% humidity (BK precision
1901 32V/30a), and fibers were collected on aluminum foil
placed 15 cm away from the tip of the pipette. The resulting
nanofibers were allowed to dry at room temperature for 2 hrs
and calcinated at 400<C in an inert environment of nitrogen
gas to yield black carbonized nanofibers.

2.2. Functionalization of Carbon Nanofibres

The functionalization of the carbon nanofibres was carried
out by first putting the nanofibers into the oven-dried 100 ml
three-neck round-bottom flask. Ammonia solution was then
added to the condensed flask, to the mixture small pieces of
lithium metal were added, the glass flask was slowly swirled
till all the metal had reacted. The alkyl iodide was then added,
and the reaction mixture was stirred overnight with the slow
evaporation of NH3. The mixture was then cooled in an ice
bath and some 100 ml of methanol was added slowly followed
by 20 ml of water. After acidification (10% HCI), the nano-
fibers were extracted using hexane and washed several times
with water [13, 19]. The hexane layer was filtered through a
0.2 pm PTFE membrane filter, washed with ethanol, and
dried in a vacuum oven at a temperature of 80<C overnight.
The reaction mechanism for the functionalization of the CNF
is shown in scheme 1 below.
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Scheme 1. Functionalization of carbon nanofibers by alkylation
[13].
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2.3. Solubility Test of Cellulose Acetate Polymer
in Selected Solvents

The cellulose acetate polymer was tested for uniform dis-
persion in acetone, chloroform, dichloromethane, hexane, and
N, N-dimethylformamide by adding 20 mg of sample in the
100 ml of solvent at room temperature and sonicating for an
hour then observed for one hour.

2.4. Preparation of 0.2% Alkyl Nanocomposites

A mixture of 0.02 g of alkyl functionalized carbon nano-
fiber (n-butyl, acetyl or dodecyl), 0.01 g of Cetyltrime-
thylammonium bromide, and 30 ml acetone were added to a
dry 100 ml flask and ultrasonicated for 2 hours. In a different
dry 100 ml flask, a mixture of 7.97 g of Cellulose acetate, 2.0
g of polyethylene glycol, and 50 ml of acetone was stirred to
completely dissolve cellulose acetate. The two solutions were
mixed, ultra-sonicated for 6 hrs, poured onto a flatbed, glass
vessel, to allow solvent evaporation, then put in an oven at
40<C overnight to form a thin film of alkyl nanocomposite.

2.5. Preparation of 0.4% Alkyl Nanocomposite

A mixture of 0.04 g of alkyl functionalized carbon nano-
fiber (n-butyl, acetyl or dodecyl), 0.02 g of Cetyltrime-
thylammonium bromide and 50 ml of acetone were added to a
100 ml dry flask and ultrasonicated for 2 hours. In a different
dry 100 ml flask, a mixture of 7.97 g of Cellulose acetate, 2.0
g of polyethylene glycol and 50 ml of acetone was stirred to
completely dissolve cellulose acetate. The two solutions were
mixed, ultra-sonicated for 6 hrs, poured onto a flatbed, glass
vessel, to allow solvent evaporation, then put in an oven at
40<C overnight to form a thin film of alkyl nanocomposite.

3. Characterization of the
Nanocomposites

3.1. Solubility of the Cellulose Acetate Polymer
in Selected Solvents

The solubility of cellulose acetate polymer was tested with
several solvents (Acetone, N, N-dimethylformamide, chlo-
roform and n-hexane). It was found to be whole soluble in
acetone and N, N-dimethylformamide but insoluble in chlo-
roform and n-hexane. From this, Acetone and N,
N-dimethylformamide in the ratio 1:1 was selected as the
solvent system in preparation of carbon nanofiber/ Cellulose
polymer nanocomposites.

3.2. Scanning Electron Microscopy (SEM) and
Energy Dispersive Spectroscopy (EDS)

Scanning Electron Microscopy and Energy Dispersive
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Spectroscopy (EDS) was done using a Zeiss EVO LS15
Scanning Electron Microscope, with accelerating voltage of 5
or 8 kV. Film samples were prepared by embedding and
leaving them to dry overnight. A microtome was then used to
cut a cross section of the sample and resin on one side re-
sulting in a smooth surface of the sample. The sample was
coated with gold to avoid melting and microscopy was con-
ducted to determine its morphology.

3.3. Thermogravimetric Analysis (TGA)

A 20.0 mg of nanocomposite sample was subjected to
Thermogravimetric Analysis and Derivative Thermogravi-
metric analysis under inert environment conditions using N,
gas at a flow rate of 20 ml/min. Analysis temperature was
increased from 30°C to 800°C at a rate of 10°C/min
(TGAQ/DSCI machine).

3.4. Dynamic Mechanical Analysis

The mechanical properties of the nanocomposites were
determined using the Mettler Toledo instrument DMA1 with
Mettler Toledo STARe system in the tension mode (Mettler
Toledo, Switzerland). The elastic modulus E’ and the loss
factor (tan 8) were measured in a frequency of 0.1-10Hz and
both values were determined as a function of frequency.

3.5. Conductivity Measurements

The dielectric parameters of the nanocomposites were ana-
lyzed using an Ando AG-4311 LCR meter (USA) in low fre-
quencies from 100 Hz to 100 KHz. Frequencies from 100 KHz
to 120 MHz were applied from a Hioki LCR 3535-Hi Tester
meter (Hioki Co., Japan). The experiments were carried out
using a 9699 SMD test fixture with electrodes fitted with sam-
ple object sizes of 1.0 mm width 4.0 mm length and less than
1.5 mm height. The test fixture was set at an operating fre-
quency range from 0.1Hz to 120 MHZ. The voltage was varied
from -0.01 to 0.01V in steps of 0.001V at 1sec intervals.

4. Results and Discussions

4.1. Scanning Electron Microscopy and Energy
Dispersive Spectroscopy Analysis of
Nanocomposites

Scanning Electron Microscopy and Energy Dispersion
Spectroscopy were used to study the dispersion of the nano-
fibres in the polymer. The SEM images of the nanocomposite
showed the matrix with the domain size of nanoparticles while
the carbon nanofibers had a smaller percentage but of higher
size, the cross-section images showed fibers that were well
spread and embedded into the matrix, this showed that the
nanocomposite had been formed. The image (Figure 1, 0.2%
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nanocomposite) shows a homogeneous and fine dispersion of
nanofibers in the matrix with interconnections that demonstrate
better compatibility between the fiber and matrix and ensure
improved mechanical strength of the nanocomposite

Figure 1. Cross-section Scanning Electron micrograph of 0.2%
Butyl carbon nanocomposites.

Fractured nanocomposite Figure 2 that had a single fibre
pull out was also studied to ascertain the distribution of the
fibers in the matrix and the impediment of the fibre into the
cellulose matrix.

Figure 2. SEM image of a fractured nanocomposite single fiber
pull-out.

— site3_spect7

keV

Figure 3. Energy dispersion images of nhanocomposite derived from
acetyl-nanofiber.
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The Energy Dispersion spectrum of Acetyl-derived nano-
composite showed a single peak of carbon and a trace of
oxygen in the nanocomposite (Figure 3), confirming the
composition of the nanocomposite.

4.2. Thermal Analysis of Nanocomposites

The mass degradation temperature is a crucial factor that
determines how well nanocomposites function in
high-temperature settings. Thermal Gravimetric Analysis as a
function of weight loss against the temperature for the blank
sample is presented in Figure 4. The TGA curve shows a
gradual decrease in weight as the temperature increases up to
300°<C, this initial part represents the sample burning leading
to loss of moisture or residue organic solvents and most
probably emission of some gases. The sample then sharply
lost weight starting at 330<C, followed by further weight loss
degradation from 400<C to 600<C, where the curve leveled
out representing the residue fractions of graphitic carbon [14].
It is worth noting that the significant loss of weight recorded
at approximately 330<C and 400<C, as seen on the TGA curve
coincides with the degradation peak of the derivative and
could be due to the breakdown of the backbone of the polymer
ascribed to the decomposition of the material. The aggregate
weight loss was approximately 70%. [15].
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Figure 4. TGA and dTGA of the blank-reference sample.

The nanocomposites of functionalized 0.2 Acetyl, 0.2 Butyl,
and 0.2 Acetyl were also tested for thermal stability. The TGA
and dTG of the nanocomposites exhibited the same trend as
the blank sample with an initial decrease in weight before a
sharp loss at approximately 350<C, the derivative peak also
coincides with one of the blank sample, however, the degra-
dation was more at 80%, 84%, 80%, respectively compared to
the blank. The 0.4 Butyl, 0.4 Dodecyl, and 0.4 Acetyl carbon
nanocomposite, registered degradation, and decomposition
levels of approximately 92%, 84%, and 90%, respectively.
The observed characteristics suggest that the surface modifi-
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cations culminated in an increased thermal stability of the
native cellulose-nanocomposite, compared to the blank ma-
terial. This observation is in harmony with other common
modifications, which significantly increased the degradation
temperature of cellulose as reported in the literature [15]. The
increase could be attributed to the formation of networks of
polymer chains and the nanofibres which could then restrict
the movement of the free atoms. The TGA analysis of cellu-
lose triacetate also revealed an increase in glass transitional
temperature Tg from the expected value of 153°C to a higher
Tg of 350°C that could be attributed to the use of Cetyltri-
methylammonium bromide as a plasticizer. The blank sample
decomposed to 80% less its weight at 380°C leaving 20% of
the polymer as a residue (Figure 5).
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Figure 5. TGA and dTGA of blank matrix and nanocomposites.

4.3. Dynamic Mechanical Analysis of
Nanocomposites

Mechanical analysis of nanocomposites of 0.2% n-butyl,
acetyl, and dodecyl functionalized carbon nanofibres in cel-
lulose acetate polymers revealed that their storage modulus
was not initially affected at lower temperatures of 27-37<C
but starts to reduce as the temperature increases up to 180<C
where they flatten out, (Table 1; Figure 6).

Table 1. Storage modulus (MPa) of functionalized carbon nano-
fibres nanocomposites.

Sample 0.2% 0.4%

Temp 37T 180C 37T 180C
Acetyl 990 220 460 210
Butyl 1690 220 1801 210
Dodecyl 1750 220 2250 220
Reference 1400 220 1400 220
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Figure 6. Storage modulus of nanocomposite from 0.2% f- carbon
nanofiber.
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Figure 7. Comparison of storage modulus of 0.2% and 0.4%
nanocomposites.

It was observed that functionalization increases the stiff-
ness of nanocomposites, except in the case of acetyl, which
results in a brittle nanocomposite. The increase in stiffness
can be explained by the ability of small, functionalized carbon
nanofibers to fill spaces within the polymer matrix with
stronger interfacial interactions, resulting in increased ad-
herence between the nanoparticles and polymer matrix, the
nanofibres are thought to have immobilized the polymer ma-
trix chains leading to the rigidity [14]. Reduced storage
modulus at increased temperature is associated with an in-
crease in the kinetic energies of nanofibers leading to a de-
crease in stiffness [16]. Also, functionalization with butyl
resulted in the highest storage modulus, while acetyl had the
lowest. This can be attributed to differences in interactions
between the functionalized nanofiber and the polymer matrix.
Comparing the storage modulus of the nanocomposites also
revealed a marginal increase as the filler increased from 0.2%
to 0.4% [17] as shown in Figure 7. This could be attributed to
the stiffening of the polymer matrix as the more nanofibres
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filled the voids or spaces/moieties between the polymer
chains and increased the rigidity of the sample.
The measurement of the glass transition temperature of the

blank and nanocomposites revealed an increase upon the
addition of functionalized nanofibers to the polymer (Table
2).

Table 2. Glass transitional temperature Tg and Tan Delta values of 0.2% and 0.4% nanocomposites.

Sample 0.2%

property Tg<T Tan Delta ()
Acetyl 196 £2 0.58

Butyl 196 £2 0.49

Dodecyl 172 +2 0.62
Reference 160 #1.5 0.67

Compared to the reference sample, whose transition tem-
perature is 160<C, that of nanocomposites with 0.2% acetyl
and butyl functionalized nanofiber filler was 196 +2<C, while
that of dodecyl was 172 +2<C. This shows a general increase
in glass transition temperature upon the addition of function-
alized carbon nanofiber. A plot of loss factor (tan 8) vs tem-
perature of 0.2% acetyl, butyl, and dodecyl containing
nanocomposites compared to a blank reveals a steady increase
after 100<C to a maximum value estimated as the glass tran-
sition temperature of the reference and nanocomposites. This
is illustrated in Figure 8 below.

0.7 5
T—=— Reference

70— 0.2% Acetyl
3 0.2% Butyl
—v—0.2% Dodecyl

tan_delta [d]
o ° o o
N w ESN (&)}
TR FETERTRETE FIRETETEN] FETR TR ] Y

o
=
1

(o M—
60

T T T T T T T
80 100 120 140 160 180 200 220
Ts [°C]

Figure 8. Tan delta plots of nanocomposites of 0.2% f-carbon nan-
ofiber.

Increasing the carbon nanofiber composition from 0.2 wt%
to 0.4 wt% of the nanocomposite resulted in a reduction of 6
from 0.67 of the reference sample to 0.5, as shown in Figure 9
below. The values above show that the addition of the nano-
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0.4%

Tg<T Tan Delta (6)
199+1 0.49

200+ 0.46

182+ 0.38

160 +1.5 0.67

fibers reduces the mobility of the cellulose molecules due to
the interfacial interaction of the nanofibers and the polymer,
leading to stiffening of the polymer and a low viscosity of the
resulting nanocomposite. The assumption is that there is an
increase in interfacial interaction linked to the large specific
surface area of the functionalized carbon nanofibers and their
higher thermal stability that reduces the mobility leading to an
increase in the Tg of the samples [18].

1—e— 0.4% Acetyl
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1—¥— 0.4 Dodecyl
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o
i
aleay
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o
w
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o
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0.0 Syrrrererer T T T T T T T T
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Figure 9. Tan delta plots of 0.2% nanocomposites.

Further comparison of Tg and & values of 0.2% and 0.4%
concentrations of CNF further revealed an important rela-
tionship between CNF concentration and viscosity. For in-
stance, Dodecyl plots (Figure 10) show that the 0.2% Tg is at
a lower temperature (172°C) with a higher value of tan 6 (0.62)
compared to the 0.4% transitional temperature (182<C) and a
lower tan d (0.38) indicating that an increase in the percentage
of nanofiber in the matrix leads to a decrease in the viscosity
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of the nanocomposite or the increase in mechanical strength
of the nanocomposite.
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Figure 10. Comparison of tan delta of 0.2% and 0.4% of the dodecyl
nanocomposite.
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4.4. Conductivity and Permittivity of
Nanocomposites
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Figure 11. Conductivity measurements of the 0.2% nanocomposites
and the reference.

Conductivity and permittivity tests of 0.2% and 0.4%
nanocomposites, as well as the reference/blank (cellulose
acetate, the dispersant, and the plasticizer), were done at room
temperature as a function of frequency in the range 102-108
Hz. The electrical conductivity for 0.2% nanocomposites of
dodecyl, butyl, and acetyl is shown in Figure 11. As the fre-
quency increases from 1x10? to 4 x 10° Hz, the conductivity
remains similar for all the samples, irrespective of the CNF
concentrations in the nanocomposite, including the reference
material, but towards 6 x 10° Hz, the conductivity increases,
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with dodecyl having the highest change and black having the
least change; they all peak off at mid-6 x10° to 7 x10° Hz and
then decrease.

Generally, the interfacial polarization is critical in deter-
mining the dielectric properties of the nanocomposites at low
frequencies. The interfacial polarization is strong, but as the
frequency increases, it gradually weakens due to the increased
oscillation of the applied electric field, leading to a decrease in
the dielectric constant and a surge in conductivity. [21, 22].
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Figure 12. Conductivity measurements of the 0.4% nanocomposites.
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Figure 13. Comparison of Conductivity measurements of 0.2% and
0.4% dodecyl nanocomposites.

This could be attributed to the large volume fraction of in-
terfaces of the nanocomposites that makes them more sus-
ceptible at high frequencies, which then decline beyond a
given frequency. The reference material has a higher dielec-
tric value than the 0.2% nanocomposites, meaning that the
addition of the CNF led to a decrease in the dielectric constant
of the nanocomposites. This is affirmed in the 0.4% nano-
composites Figure 12, which shows a further decrease in the
dielectric constant of the nanocomposite with the increase in
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nanofiber composition in the nanocomposite.

The dodecyl functionalized fibers had more effect than
butyl and acetyl. A comparison of 0.2% and 0.4% dodecyl is
shown in Figure 13, where the conductivity of the 0.4% do-
decyl has a higher peak value compared to the 0.2% dodecyl
nanocomposite. As earlier stated, the increases in conductivity
or decrease in dielectric constant are due to the good electrical
conductivity and dispersion of the CNF in the nanocomposite.
It is important to note that the 0.4% composition of the
nanocomposite does not yet transit the polymer from insulator
to semiconductor, at least 2% of CNF is needed to transit the
polymer [22].

5. Conclusions

The study demonstrates the successful addition of func-
tionalized carbon nanofibers to the cellulose acetate matrix
and the effect of this on the mechanical, thermal, and elec-
trical properties of the resulting nanocomposites.
Cross-section SEM and EDS are used to confirm the em-
bedment of CNFs into the cellulose acetate matrix. The de-
composition patterns of the resulting nanocomposites com-
pared to the reference standard reveal an increase in the
thermal strength of nanocomposites containing CNF. In-
creased stuffiness upon the addition of CNF to the matrix
compared to the reference was also observed, accompanied by
a reduction in storage modulus. The glass transition temper-
ature, viscosity, and conductivity of the nanocomposites
marginally increased upon the addition of functionalized CNF
to the matrix. It was further established that when wt% of
CNF in the polymer matrix is increased by 50% (0.2- 0.4
wt%), the mechanical and electrical properties of the nano-
composites formed also change with an increase in the storage
modulus/strength of the nanocomposite and improved elec-
trical properties. The unique properties of the nanocomposites
can be applied in the production of new nanomaterials of
varied industrial applications.

6. Recommendations

To further enhance the knowledge of properties and ap-
plications of CNF-based nanocomposites, future research
should explore a wider range of functional groups beyond
alkylation, including amine, and investigate the effects of
tailoring these groups. Since a biodegradable polymer matrix
has been used, further studies should be carried out on the
durability of the nanocomposites in the environment to help
inform their applications.

Abbreviations

CA Cellulose Acetate
CNF Carbon Nanofibers
DMA Dynamic Mechanical Analysis
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DTA Differential Thermal Analysis
EDS Energy Dispersive Spectroscopy
FTIR Fourier Transform Infra-Red
PTFE  Polytetrafluoroethylene

PMMA Poly (Methylmethacrylate)

SEM Scanning Electron Microscopy
Tg Glass Transition Temperature
TGA Thermal Gravimetric Analysis
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