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Abstract

Well-dispersed multiwalled carbon nanotube (MWCNT) and gelatin-enhanced poly-
acrylamide (PAAm) composites were synthesized via a free-radical copolymeriza-
tion method. MWCNTs were added to the composite mixture in various amounts
(0.5 mg, 1.0 mg, 1.5 mg, and 2.0 mg) during the nucleation process in order to
increase the conductivity. Gelatin/PAAm/MWCNT composites containing different
amounts of MWCNTs were then characterized using the ultraviolet—visible (UV-
vis) spectroscopic technique to illuminate the dispersibility, and optical properties
of the composites. Bandgap energies were evaluated by measuring the absorbance
spectra of the composites in a quartz cuvette of the UV-vis spectrophotometer.
By calculating the resonance ratio and normalized width values from the absorp-
tion response of the composites according to the wavelength, the dispersion rate of
the MWCNTs in the composite matrix was determined. The proper ultra-sonication
process has been realized so as to maintain the good dispersion of the MWCNTs
inside the polymeric matrix lowering the normalized width and increasing the reso-
nance ratio. Polymeric composite materials based on carbon nanotubes are of con-
siderable interest for a variety of biomedical applications. Furthermore, in this work,
it is argued that the use of gelatin, another biocompatible material, together with
MWCNT makes the properties of the formed composite, suitable for the desired bio-
medical applications.
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Introduction

A number of studies [1-3] have shown that the unique physicochemical and
biomedical properties of carbon nanotubes (CNTs) render them an ideal mate-
rial for production of novel biomimetic materials. The characteristic properties
of CNT-based materials and their composites can be exploited to induce good
strength, elasticity, and charge transfer properties, and to reinforce biomateri-
als. Strong, near infrared light absorption capability allows CNTs to be used as
efficient photo-thermal agents in biomedical applications. Bone and connective
tissue structure implants, laser processing biomedical fighters, artificial muscles,
and highly conductive healthcare system electrode layers (defibrillators, cardio-
graphs, encephalographs, etc.) are other particular applications of CNTs in bio-
medical field [4]. Additionally, the versatile properties render CNTs as a carriage
of anticancer drugs, genes, and proteins for chemotherapy [1].

CNTs cannot be used alone in biomedical applications. They must be used
together with a flexible host polymer material such as polyacrylamide. Polyacryla-
mide (PAAm), formed from acrylamide (AAm) subunits, is an organic polymer
aggregator which is insoluble in most organic solvents [5]. Because of its physi-
cally stable and strong properties, PAAm can be used in many applications [6].
For polyacrylamide gel, the molecular size of the pores is identical to the size of
protein molecules. The proteins are therefore filtered through the pores of the gel
during electrophoresis, with sizable proteins providing a slower diffusion than the
smaller proteins [7]. Polyacrylamide is an atoxic, stable, non-resorbable sterile aque-
ous gel composed of approximately 2.5% cross-linked acrylamide, non-pyrogenic
water and is an important member of the hydrogel family [8]. Hydrogels can dif-
ferentiate in respect with their equilibrium swelling grade. The hydrogels with high
swelling grade show good permeability and biocompatibility [9]. Hydrogels exhibit
a human cell-like behavior due to their large amount of water and soft plastic-like
structures. Therefore, it contributes greatly to the biocompatibility of hydrogels [10,
11]. Polyacrylamide can also be used to improve the biocompatibility of other natu-
ral and synthetic polymers [12]. It is widely used in ophthalmic operations, drug
treatment, food packaging products, and water purification [8]. In addition to that,
PAAm is a promising hosting organic matrix for composite materials due to its eas-
ier shaping, durability and exceptional processability features created with a basic,
rehashing, direct chain structure. It can be changed to shape profoundly organized,
extended and cross-linked variations [13]. PAAm provides not only mechanical sta-
bility and flexibility but also new functionalities after the incorporation of inorganic
structures such as CNTs. As a result of the improved interfacial compatibility, the
polymer composites incorporating CNT are expected to manifest enhanced mechan-
ical and electrical properties [14]. In addition to the intrinsic properties of the poly-
mer, a further enhancement of biocompatibility, useful properties in electrochemis-
try, catalysis, and supercapacitors can be possible with the inclusion of CNT into the
polymers.

Many researchers use surfactants to ensure that CNT and similar additives
are obtained in a homogeneous and well-dispersed form within the polymer host
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matrix. Adding even a very small amount of surfactant increases the cost, and it
becomes difficult to predict the characteristics of the final product. Therefore, it
is vital to use a surfactant-free method. Multiwalled carbon nanotube (MWCNT),
special type of CNT, was used as a structural modifier embedded into compos-
ite materials by many research groups. Although higher concentrations of sur-
factants typically help achieve homogeneity of MWCNT suspension, it should not
be ignored that such loadings are impractical for larger incorporation of MWCNT
into composite materials [14]. Furthermore, surfactants are high-cost and the car-
bon nanotube grains come together in unsuitable preparation conditions to form
larger grains and can agglomerate. The final product desired to be of high qual-
ity is negatively affected. The nano-filler dispersion affects suspension quality.
Therefore, the dispersion and incorporation of CNTs in polymer matrices are
vital. The preparation of CNT embedded polymer composites is a challenging
task [15-19]. Many groups have tried to obtain well-dispersed CNTs in polymer
matrix by a sonication process using ultrasound shaker because of the shear force
generated inside the bath just after standard stirring [20-23]. It was verified by
Liao et al. that realizing the proper ultra-sonication method generally results in
good dispersion of nanotubes and results in better composite mechanical prop-
erties [24]. There has been extensive research on CNT dispersion quality with
respect to CNT dispersion, suspension, and sonication settings [25].

Additionally, other groups have shown to provide an ideal environment for cell
growth and developing peculiar technology by replacing the commonly used metal
bone fracture repair devices and biodegradable, biocompatible scaffolds for bone tis-
sue engineering using gelatin, chitosan, hydroxyapatite, MWCNT, and then shaping
them into a real bone [26]. Composite films of gelatin/MWCNT have been prepared
by dissolving carbon nanotubes in solutions of aqueous gelatin. It was found that
the highly significant increase in mechanical strength may be attributed to well-dis-
persed nanotubes and good adhesion between them in the gelatin matrix. The opac-
ity of the gelatin film was increased by MWCNT particles which were located in the
gelatin matrix, most likely caused by light scattering effect of CNTs. The improved
water binding capacity, water permeation, mechanical, and light barrier properties
as well as antibacterial activity suggest a great potential of biodegradable and bio-
compatible Gelatin/MWCNT nanocomposite films in applications such as biomedi-
cine, food, and beverage packaging [27]. A conductive nanocomposite hydrogel
has also been developed consisting of oxidized multiwalled carbon nanotubes and
polyacrylamide. The CNTs can be uniformly dispersed in the presence of gelatin
through hydrogen bonding in the PAAm—CNTs hydrogel. The hydrogel’s funda-
mental network structure is the chemically cross-linked PAAm. Besides, the interac-
tions between the CNTs, gelatin and PAAm chains have indeed led to the hydrogel’s
high efficiency. The developed hydrogel incorporates adequate stretchability with
sensing range higher than 700%, high tensile strength of 0.71 MPa, quick recovery
performance (90%) and better sensing capabilities [28]. Gelatin is a biocompatible
material [29]. The effect of cross-linker functionality on ocular biocompatibility of
chemically modified gelatin hydrogels was investigated by Lai [30]. In vivo biologi-
cal responses to the gelatin sponges were assessed in subcutaneous Sprague—Dawley
rat models by Yang et. al. [31].
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Gelatin/CNT [27] and PAAmM/CNT [32] composite combinations have been tried
and sensitivity, self-recovery property, stretchability [28], the water solubility, water
swelling, water uptake [26], water vapor permeability, mechanical [33, 34], and anti-
bacterial properties of the films have been examined so far [26]. However, there is
no detailed study on the homogeneity of these composite materials which affects all
characteristics and that is crucial for the biomedical applications in terms of their
optical properties.

In this study, surfactant-free method was used for manufacturing the compos-
ite. After the magnetic stirring, the ultra-sonication process was carried out for all
composites in ultrasonic bath in order to have a well-dispersed composite material.
Gelatin/PAAm/MWCNT composites containing different amounts of MWCNTs
were prepared and characterized using the UV—vis spectroscopic technique to illu-
minate the dispersibility, and the optical properties of the composites. In this way,
the homogeneity and uniformity of the sample can be determined by using only the
absorbance data and resonance ratio technique for Gelatin/PAAm/MWCNT compos-
ites with surfactant-free preparation instead of extremely high-cost SEM and TEM
measurements, which are used to observe and detect agglomeration and inhomoge-
neity in the sample. Bandgap energies were evaluated by measuring the absorbance
of composites in a quartz cuvette of the UV-vis spectrophotometer. Such biocom-
patible polymeric matrix reinforced with MWCNT composite materials can be used
as a structural material for implants, compounds of biological tissues, artificial mus-
cles, and so forth.

Experiment
Materials

Gelatin from porcine skin gel strength 80-120 g Bloom, Type A was purchased
from Sigma-Aldrich. Multi-walled carbon nanotubes (MWCNTs, Outer diameter
2040 nm, Length: 10-30 pm) were purchased from www.cheaptubes.com. Acryla-
mide (AAm), Ammonium persulfate (APS), N,N'-methylenebis-acrylamide (BIS),
N,N,N',N'-tetramethylethylenediamine (TEMED) were purchased from Sigma-
Aldrich. Distilled water prepared by Chemistry Laboratory of KHU was used as the
reaction solvent.

Preparation of gelatin/PAAM/MWCNT composites

About 500.0 mg AAm monomer was dissolved in 5 ml distilled water by stirring
them magnetically and mechanically,. MWCNT with various amounts (0.5 mg,
1.0 mg, 1.5 mg, and 2.0 mg) was dissolved inside the gelatin solution. MWCNT-
gelatin solution and 30.0 mg BIS were added into the beaker inside the ultrasonic
bath with 40 kHz, respectively. The ultra-sonication process was performed for 1.5 h
so as to homogenize the CNT structures inside the gel. Then, 8.0 mg APS and 5.0 pl
TEMED were added to the solution. All gels were prepared at room temperature
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(24 °C, Humidity: 40%). Since TEMED was used as accelerator, after dropping
TEMED, solutions were immediately taken to the quartz cuvette right before gela-
tion started. Thus, Gelatin/PAAM/MWCNT composites were prepared by the free-
radical crosslinking copolymerization (FCC) technique. Then, the quartz cuvette
was placed to the measurement cabin of the UV—-vis spectrophotometer. According
to Dassios et.al. [35] for a homogeneous distribution of 0.5 g of carbon nanotubes
in a 1000 mL aqueous suspension, an ultrasound vibrational energy input rate of
7700 J/min over a duration of 90 min is appropriate. For the assessment of the dis-
persion quality, the polydispersity index, PDI value of each distribution has been
used; principally, index values greater than 0.5 are considered to be correlated with
polydisperse/nonhomogeneously distributed samples.

The PDI values dropped from 0.7 and 1.25 for 30 and 60 min of ultra-sonication,
respectively, to an acceptable 0.5 for a sonication duration of 90 min. The index
value that does not change considerably with further energy transmission to the
suspension. Imposing an energy density rate of 7.7 J min™' mL™" for a sonication
duration of 90 min can be regarded as sufficient for achieving homogeneity in the
aqueous suspensions of the investigated MWCNTs [36]. Therefore, in this study, the
ultra-sonication time duration was set as 90 min (1.5 h), and the ratio of MWCNT/
liquid was selected below 0.0005 g/ml.

Characterization

The variation of the transmitted light intensity during the gelation of Acrylamide
with various amounts of MWCNT was measured using Labomed Spectro 22 UV-vis
Spectrophotometer in the spectral range of 190-1100 nm wavelengths. The calcula-
tions of under the curve area, full-width of half maximum of the absorbance data
were performed by Origin 8.0 Software focusing the absorbance data in the range
of 190-400 nm wavelengths. The optical bandgap energies of the composites with
various MWCNT amounts were calculated from the extrapolation of the absorbance
onset.

Results and discussion
Optical studies: Absorbance and transmittance

The Labomed Spectro 22 UV-vis Spectrophotometer used in the experiments allows
measurements at only one wavelength. After the gelation process, absorbance and
transmittance measurements are taken for single wavelength one by one. Absorb-
ance and transmittance are measured after the calibration for each wavelength. The
accuracy of the values was checked with the following well-known formulation [37]
between these two quantities.

A=2-1og10 (%T) (1
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Here, A is the absorbance, T is the transmission (percentage transmittance). As seen
in Eq. 1, the absorbance has a logarithmic relationship to the transmittance.

Figure 1 depicts the transmittance behavior of Gelatin/PAAm/MWCNT com-
posites with different amount of MWCNT. Transmittance curves of the compos-
ite material containing different amounts of MWCNT can be divided into two
regions as short wavelength region (Region I) and long wavelength region (Region
IT). The optical properties of the composite material differ in these two regions. It
appears that the opacity of the material is promoted by the increase in the amount of
MWCNT. Whereas the composite materials give a low-transmission response to the
ultraviolet light in Region I, it is observed that the composite materials remarkably
absorb UV light. In Region II, all composite materials are highly translucent. The
fact that they have high transmittance values in the visible region is in agreement
with the photographs taken just after the gelation of the composite materials placed
in the quartz cuvettes (Fig. 2). As expected, the composite material containing
0.5 mg MWCNT has a lighter color than the composite containing 1 mg MWCNT.
However, when the MWCNT amount is increased a little more and made 1.5 mg,
it is seen that the composite material in the quartz cuvette is relatively more trans-
parent. About 2 mg MWCNT-doped composite has a darker appearance. When the
composite with 2 mg MWCNT in the quartz cuvette in Fig. 2d was turned upside
down and photographed, Fig. 2e was obtained. All images in Fig. 2 are photographs
of the composites in the form of solidified gel. Figure 2d and e prove the full gela-
tion of composites and well-dispersed MWCNT doping. These observations are in
agreement with the transmittance curves of the composites in Region II (Fig. 1).

The inclusion of MWCNTs in gelatin/PAAm composites are expected to result
in an increase in the absorbance and opacity of the composite materials. Accord-
ing to Fig. 3, absorbance intensity and peak location (wavelength corresponding to
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Fig. 1 Transmittance of Gelatin/PAAmM/MWCNT composites with various MWCNT amounts: 0, 0.5, 1,
1.5,2mg
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Fig.3 Absorbance of Gelatin/PAAM/MWCNT composites with various MWCNT amounts: 0, 0.5, 1,
1.5, 2 mg. Inset allows to focus on the ultraviolet light response of composites and to determine absorb-
ance onset wavelength and bandgap energy

the maximum absorbance) values for MWCNT =0, 0.5, and 1 mg have almost the
same form. These peak locations were observed to be smaller than the value around
253 nm which was measured for MWCNTSs by other groups [38]. Gelatin/MWCNT
absorbance peak is located at 440 nm wavelength [27]. Here, PAAm dominated
since it is the highest amount of PAAm in the content of the composite material. So,
the peak location for Gelatin/PAAmM/MWCNT composites is near 210 nm. PAAm
and gelatin composite materials typically appear transparent and colorless. With
the inclusion of MWCNT, these properties of composites are lost. As the MWCNT
amount increases from 0 to 1 mg, the composite material becomes less transpar-
ent (Fig. 1). As seen in Fig. 3, these composites manifest high absorbance values

@ Springer



Polymer Bulletin

between the wavelengths of 200 nm and 230 nm in that protein-based materials
with high content of aromatic amino acids which absorb UV light [39]. Thus, these
composites prevent UV-induced lipid peroxidation [40] and postpone the oxidation
caused by light for food and biomedical applications; and/or they can be used as
packaging materials [41].

The UV-vis absorbance spectra in Fig. 3 are used to determine the absorbance
onset and to calculate the bandgap energy (E,), using famous Planck-Einstein equa-
tion between photon energy, E and wavelength, A:

E=hc/4 )

Here, A is known as Planck constant, and c is the speed of light. If the extrapolated
onset value of the absorbance curve (cut-off wavelength) according to the long wave-
length is taken as the wavelength A in Eq. 2, energy, E can be produced as bandgap
energy, E, [42]. Inset in Fig. 3 provides to focus on the absorbance data in the range
of 190400 nm wavelengths which corresponds to the ultraviolet light region, and
determination of absorbance onset wavelengths and bandgap energies become possi-
ble. Bandgap energies of the composites calculated from the absorbance onset wave-
length are listed in Table 1. Narrow bandgap energy can be attributed to high electri-
cal conductivity of the material [43]. The changes in the MWCNT amount inside the
composite lead to strong quantum confinement effect with tunable absorbance onset
and bandgap energy in a wide wavelength range.

Absorption coefficient and tauc plot

Absorbance A and absorption coefficient o are all measures of the ability of a
medium to absorb light (photons). Consider monochromatic light transmitted
through a solution, with an incident intensity of /; and a transmitted intensity of I.
Using the Beer—Lambert law [/=1, exp (—aL)] and the definition of absorbance
[A=log,, (I/D)], it is easy to derive that

a =[Aln(10)]/L, 3)

, where L (the unit is meter) is the optical path length of a homogeneous medium for
a collimated light beam [44]. For bulk samples L is the thickness of the material. In
this study, composite material contains both gelatin and PAAm. Therefore, it is pos-
sible to apply both film and bulk material laws to this new composite system. L is
taken as 1 cm which is the width of the quartz cuvette.

The optical bandgap (E,) of Gelatin/PAAM/MWCNT composites can be deter-
mined using the Tauc’s relation [45] given in Eq. 4, where a is the linear portion of
the absorption coefficient, hv is the photon energy and B is a constant.

(ahv) = B(hv — E,)" 4)

A Tauc plot presents the quantity of 4v on the abscissa and the quantity of (ahv)"
on the ordinate. The resulting plot has a distinct linear regime which denotes the
onset of absorption. Thus, extrapolating this linear region to the abscissa yields the
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energy of the optical bandgap of the material. The value of the exponent r denotes
the nature of the transition: »=1/2 for direct allowed transitions, r=23/2 for direct
forbidden transitions, »=2 for indirect allowed transitions, »=3 for indirect forbid-
den transitions.

The variation of the bandgap energy values according to the MWCNT amount
in Table 1 demonstrates that for the calculation made from absorbance onset and
indirect transition, the bandgap energy value of the composite material without
MWCNT is lower than the composite material with 0.5 mg MWCNT. When the
composite containing 0.5 mg MWCNT is compared with the composite containing
1 mg MWCNT, a decrease in the bandgap energy is observed. Figure 4 shows the
Tauc plots of all composites for the direct and indirect allowed transitions. For the
direct transition, composites with 0 mg and 0.5 mg MWCNT have the same bandgap
energy value; however, the bandgap energy value for 1 mg MWCNT composite is
increased. This trend continues for composites with higher MWCNT amounts. This
means that the bandgap energy values calculated from the absorbance onset and cal-
culated according to the indirect transition change in line with each other. In other
words, it could be concluded in light of these results that this composite material,
which anyone formerly did not know whether having direct or indirect transition,
exhibits indirect transition.

Dispersibility of composites

The calculations of under the curve area, full-width of half maximum of the absorb-
ance data are employed by using the absorbance—wavelength data of composite
with 1.5 mg of MWCNT as presented in Fig. 5. The optical bandgap energies of the
composites with various MWCNT amounts are calculated from the extrapolation of
absorbance onset. Table 1 summarizes the absorbance peak wavelength, intensity
and bandgap energies of all composites. There is a small increase in the absorbance
intensity values, while there is no significant change in the cut-off wavelength and
the bandgap energy, which is the indicator of the conductivity mechanism. The cal-
culated bandgap energies are in the range of 4.593-4.882 eV (see Table 1). There-
fore, one may conclude that the conductivity of the composites does not change sig-
nificantly for the MWCNT amount between 0 and 1 mg.

In order to prove that the ultra-sonication process is necessary for the production
of homogeneous composites, Tan and Resasco [46] have succeeded in mathemati-
cally modeling the dispersion state, which is a measure of homogeneity, using the
absorbance curve. As stated in this method, the sharpness of the spectral features
relative to the background can be quantified by two parameters. The first one called
“resonance ratio” is the ratio of the resonant band area to its nonresonant back-
ground. The second parameter called “normalized width” is the ratio of the width of
the band at half-height to the peak height on a spectrum. These two ratios were used
to quantify the effect of different factors in the dispersion procedure. Figure 6 illus-
trates the absorbance—wavelength plots of all composites by means of these param-
eters, and aforementioned ratios are calculated and listed in Table 2.
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Fig.4 Tauc plots of Gelatin/PAAmM/MWCNT composites with various MWCNT amounts: 0, 0.5, 1, 1.5,
2 mg for a direct, b indirect allowed transitions

Table 2 shows that resonance ratio values are higher than other MWCNT amounts
and normalized width values are low enough to indicate good dispersion in the
composite materials. High resonance ratio and low normalized width ratio provide
good dispersion for the single-wall carbon nanotubes [46]. This approach is likely to
result in high resonance ratio and low normalized width ratio conditions for proving
the well-dispersed composites [25]. Sonication process is the main contribution that
maintains the good dispersion of the MWCNTs inside the polymeric matrix.

When the amount of MWCNT is increased somewhat more (the amount of
MWCNT is 1.5 mg), the maximum absorbance intensity value decreases sharply.
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Fig.5 Absorbance-wavelength curve of Gelatin/PAAmM/MWCNT composite with MWCNT amount of
1.5 mg indicating the parameters that prove the good dispersion of doping materials inside composites

The absorbance peak becomes wider and shifts toward the long wavelength (red-
shifted). The weakening and broadening of the absorbance peaks could be attrib-
uted to the increase of the scattering due to MWCNTSs. There is an increase in the
resonance ratio and the normalized width exhibits an exponential increase. As the
amount of MWCNT increases, the composite material is expected to be less trans-
parent. Although the amount of MWCNT increases, while the absorbance intensity
value is expected to increase, its decrease can be interpreted as the MWCNTs in the
composite material not being localized sufficiently in the gelatin / PAAm environ-
ment, i.e., not being connected to this network, suspending in the liquid homogene-
ously, and increasing scattering intensity. It is not surprising that the sum of absorb-
ance and transmittance data does not meet with 1 because of the scattering. On the
other hand, the decrease in the absorbance intensity value indicates that the MWC-
NTs are better distributed in the composite matrix and there is no agglomeration.
The increase in the resonance ratio (see Table 2) also confirms the better dispersion
of MWCNT inside the composite material. However, the normalized width value
increases dramatically.

The increase in the amount of MWCNT (to 2 mg) promotes the opacity, which
leads to the increase in the absorbance intensity. When the amount of MWCNT in
the composite is increased from 1.5 mg to 2 mg, the resonance ratio value increases.
On the other hand, the value of the normalized width is lower than calculated for
1.5 mg of MWCNT. This is a sign that the doping material in the composite is better
dispersed. Figure 7 summarizes the results for the resonance ratio and normalized
width. It is obvious to see that the optimum amount of MWCNT to obtain a well-
dispersed solution is 2 mg, since it has the highest resonance ratio and the normal-
ized width is sufficiently low.

Further increase in MWCNT amount leads to reach PDI values higher than 0.5
which are considered to be associated with polydisperse/nonhomogeneously dis-
tributed samples as reported earlier [36]. Therefore, the composites containing
MWCNT more than 2.0 mg have not been investigated.

@ Springer



Polymer Bulletin

(a) Area=14.46037
FWHM=36.45263

0,64
0,54

0.4+

0,34

0,24

Absorbance(AU)

0,14

0,04

T T T T T 1
200 400 600 800 1000 1200

Wavelength (nm)

Area=25.67953
FWHM=36.47738

()

(b) Area=23.17314
FWHM=34 83337

0,8+
=~
2D 064
<
u|
8 u|
2 H
g 0,44 H
2
Qo
< 924
0,04
T T T T T
200 400 600 800 1000

Wavelength (nm)

(d) Area=7.6671
FWHM=60.64503

1
1200

0,16 -
0.8 0,14
~ ~ 0,12
=) =)
< 064 < 0,10
8 8
e b £ 0,08
] H I
g 041 & S o006
2 - 3
< < 0,04
02
0,02
00l 0,00
T T T T T 1 0,02 T T T T T
200 400 600 800 1000 1200 200 400 600 800 1000
Wavelength (nm) Wavelength (nm)
(e) Area=32.10444
FWHM=63.08178
0,5 -
0.4
=
=)
< 034
[9]
o
c
[
£ 02
2
Q
<
0,1
0,0
T T T T y
200 400 600 800 1000 1200

Wavelength (nm)

1
1200

Fig.6 Absorbance—wavelength curves of Gelatin/PAAm/MWCNT composites with various MWCNT
amounts: a 0 mg, b 0.5 mg, ¢ 1 mg, d 1.5 mg, e 2 mg. Area represents the area of the resonant band and

FWHM represents width at half-height

Conclusion

Well-dispersed multiwalled carbon nanotube (MWCNT) and gelatin-enhanced poly-
acrylamide (PAAm) composites were synthesized via a surfactant-free free-radical
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Fig.7 Calculated resonance ratio and normalized width of Gelatin/PAAm/MWCNT composites with
various MWCNT amounts: 0, 0.5, 1, 1.5, 2 mg

copolymerization method. MWCNTs were added to the composite mixture in vari-
ous amounts (0.5 mg, 1.0 mg, 1.5 mg, and 2.0 mg) during the nucleation process in
order to increase the conductivity. The increase in the amount of MWCNT promotes
the opacity, which leads to the increase in the absorbance intensity. It is worth men-
tioning that sonication process is the main contribution to maintain the good disper-
sion of the MWCNTs inside the polymeric matrix lowering the normalized width
and increasing the resonance ratio. Realizing the proper ultra-sonication method
resulted in good dispersion of nanotubes. High resonance ratio and low normalized
width ratio conditions for proving the well-dispersed composites have been obtained
for composite with MWCNT amount of 2 mg. Furthermore, loading high concentra-
tions of MWCNT to composites caused a significant decrease in the bandgap energy
of the composites. Bandgap energy of composites can be tuned by controlling the
MWCNT amount. These composites can prevent UV-induced lipid peroxidation and
postpone the oxidation caused by light in food and biomedical applications. Also,
such biocompatible polymeric matrix reinforced with MWCNT composite materials
can be used as a structural material for implants, compounds of biological tissues,
artificial muscles, and packaging materials.
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