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Modifiye Grafen Dop Edilmis Cok Duvarl Karbon Nanotiip Katkilr Polipropilen Nanokompozit Film

Uretimi ve Kam/ez‘erz'zasyonu

Zehra Ugtepe ©, Betiil Soytiirk ®, Secil Celik Erbas* ®, S. Bahar Bastiirk

Manisa Celal Bayar University, Faculty of Engineering and Natural Sciences, Department of Metallurgical and Materials Engineering,
Manisa, Turkiye

Abstract

In this study, polypropylene films were developed by incorporating both unmodified and chemically modified (oxidized and subse-
quently silanized) 32 wt% graphene-doped multi-walled carbon nanotubes (GR-doped MWCNTs) at three loading levels. In order
to provide a homogeneous mixture of PP powder and the nanofiller, a non-traditional coagulation method was carried out. This
method achieved the synergistic combination of modification-dispersion processes, which has not been conducted on GR-doped
MWCNT-reinforced PP matrix composite before. The resulting blends were then hot-pressed under controlled temperature and
pressure to produce nanocomposite films. The mechanical properties of modified and unmodified GR-doped MWCNT/polypro-
pylene films were investigated via tensile testing. Subsequent thermal and morphological analyses were performed on the modified
composites and neat polypropylene, since the elastic modulus of the modified films was generally higher than both neat polypropylene
and unmodified GR-doped MWCNT -reinforced films. The fundamental thermal characteristics were determined by performing
DSC (differential scanning calorimetry), TGA (thermogravimetric analysis), and DTA (differential thermal analysis) measurements.
Both nanoparticle distribution and film surface morphology were evaluated via SEM (scanning electron microscopy). Based on ther-
mal analysis, it was inferred that the presence of nanofiller did not exhibit any particular effects in terms of thermal characteristics
(ie., melting temperature or thermal degradation), which indicated that the PP sustained its thermal stability during the produc-
tion stage. The results demonstrate that incorporating 3-aminopropyltriethoxysilane (APTES)-modified GR-doped MWCNTs into
polypropylene enhances the elastic modulus of the composite films relative to neat polypropylene. These improved properties make
the produced composite films suitable for use in lightweight automotive interior components, packaging films, and electronic casing
applications.

Keywords: Graphene-doped multi-walled carbon nanotubes, nanocomposite polymer films, silane modification.

Oz

Bu ¢aligmada, polipropilen filmler; modifiye edilmemis ve kimyasal olarak modifiye edilmis (oksidasyon ve ardindan silanizasyon ger-
ceklestirilmis) 32 wt% grafen katkili cok duvarli karbon nanotiiplerin (GR-doped MWCNTS) ti¢ farkl: yikleme oraninda polimere
ilave edilmesiyle gelistirilmigtir. PP tozu ve nano dolgu maddesinin homojen karigimini saglamak i¢in konvansiyonel olmayan bir
metot olarak bilinen koagiilasyon teknigi kullanilmigtir. Bu yontem, daha 6nce GR-doped MWCNT takviyeli PP matris kompo-
zite hi¢ uygulanmamig olan modifikasyon-dispersiyon iglemlerinin sinerjik bir kombinasyonunu saglamistir. Elde edilen karigimlar,
kontrolli sicaklik ve basing altinda sicak pres teknigi kullanilarak nanokompozit film formunda Gretilmistir. Modifiye edilmis ve

edilmemis GR-doped MWCNT/polipropilen filmlerin mekanik 6zellikleri ¢ekme testi ile incelenmistir. Modifiye filmlerin elastik
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modil degerleri, hem saf polipropilen hem de modifiye edilmemis GR-doped MWCNT ile takviye edilmis filmlerden genel olarak
daha yiiksek bulunmustur, bu nedenle sonraki termal ve morfolojik analizler yalnizca modifiye kompozitler ve saf polipropilen tze-
rinde gerceklestirilmistir. Temel termal 6zellikler, DSC (diferansiyel taramali kalorimetri), TGA (termogravimetrik analiz) ve DTA
(diferansiyel termal analiz) 6l¢timleri yapilarak belirlenmigtir. Hem nanopartikiil dagilimi hem de film yiizeylerinin morfolojisi SEM
(taramali elektron mikroskobu) ile degerlendirilmistir. Termal analize dayanarak, nano dolgu maddesinin varliginin termal 6zellikler
(erime sicakligy veya termal bozunma) agisindan herhangi bir 6zel etki gostermedigi, bunun da PP’nin tiretim agamasinda termal karar-
liligini korudugu sonucuna varilmgtir. Elde edilen sonuglar, 3-aminopropiltrietoksisilan (APTES) ile modifiye edilmis GR-katkils
MWCNT lerin polipropilene doplanarak tretilen kompozit filmlerin saf polipropilene gore elastik moduliini artirdigini gostermek-
tedir. Gelistirilen bu 6zellikler, elde edilen kompozit filmin hafif otomotiv i¢ bilesenlerinde, paketleme filmlerinde ve elektronik gévde

elemanlarinda kullanima uygun hale gelmesini saglamaktadir.

Anahtar Kelimeler: Grafen dop edilmis karbonnanotiip, nanokompozit polimer film, silanizasyon.

1. Introduction

Many thermoplastic polymers are commonly utilized in var-
ious applications, and they are exposed to different modifi-
cations to improve their performance. For instance, poly-
propylene is a well-known thermoplastic, and its isotactic
semicrystalline form (i-PP) is mainly employed in diverse
products. This form exhibits reliable thermal and mechani-
cal behavior, along with acceptable physical properties (Kar-
ian, 2003), and is also relatively inexpensive. It is commonly
used in many industries, including packaging and automo-
tive. In addition to its resistance to gases and water, superior
fatigue resistance, as well as improved impact strength and
chemical stability, make PP appropriate for utilization in
many industrial cases. It also finds application in areas such
as textiles, orthopedic implants, electrical components, and
various medical devices (Campo 2008; Bose & Bandyopad-
hyay 2017; Guarino & Ambrosio (eds.) 2018; Greene 2021;
Sin & Tueen 2023).

However, neat PP shows poor fracture toughness and is
highly brittle; it performs poorly in applications that require
high impact resistance (Shirvanimoghaddam et al., 2021).
Its high thermal expansion coeflicient and oxidation sensi-
tivity also reduce its performance in environmental condi-
tions. To eliminate those limitations, micron- or nano-sized
additives (such as talc, glass fiber, carbon nanotubes, and
graphene) are consolidated with a PP matrix. The industrial
(e.g., automotive, machinery, appliances, and construction)
needs, such as high strength, rigidity, and wear resistance,
can be promoted with proper filler(s) (Yang et al., 2008;
Luo et al., 2018; Wang et al., 2020; Tsioptsias et al., 2024).
Additionally, the heat resistance is enhanced by introducing
glass-fiber or mineral additives having high heat-distortion
temperatures (Altay et al., 2021; Caban, 2022). Among
various nanoscale fillers, carbon nanotubes (CNTs) and
graphene (GR) are of considerable interest. When incorpo-
rated into PP, they can improve the modulus and toughness
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while enhancing thermal and electrical conductivity (Imran
et al., 2018; Hussein et al., 2024). However, their smooth,
chemically inert surfaces, high specific surface area, and
strong m—7 van der Waals interactions often lead to agglom-
eration within the polymer matrix (Atif & Inam, 2016). The
phenomenon increases with higher filler loadings, so it is
often reported at low concentrations in published studies
(Zeinedini et al., 2025). To compensate for dispersion, hy-
brid GR-doped CNT architectures have been engineered
into two kinds. The 2D GR sheets provide large, planar sur-
faces that support a more uniform CNT distribution. On
the other hand, GR-wrapped CNTs exhibit smooth, pro-
tective interactions, resulting in synergistic improvements
in mechanical and/or thermal properties (Liu et al., 2025).

Despite extensive research on CNT's and graphene regard-
ing their mechanical and thermal performance, studies
on graphene-doped CNT reinforcement remain limited.
Therefore, the nanofiller’s surface chemistry strongly influ-
ences the resulting composite performance. Although many
efforts to improve matrix—filler adhesion, including cova-
lent, non-covalent, and elemental-doping strategies (Yu et
al., 2020; Gao et al., 2023), interfacial bonding continues
to be a limiting factor in polymer nanocomposites. Among
these methods, silane modification remains widely regard-
ed as a practical and effective approach for carbon-based
nanoparticles. First, nanoparticle surfaces are oxidized
(acid or KMnQO, treatment) to introduce —-OH/-COOH
groups; then organosilanes are grafted to form strong inter-
facial bonds, resulting in improved load transfer, dispersion
uniformity, and both mechanical and thermal performance
(Salihu et al., 2011).

3-aminopropyltriethoxysilane (APTES) was selected be-
cause of its strong affinity for defect sites on oxidized
MWCNT surfaces arising from its amino functional groups
(Kathi & Rhee, 2008; Lavorgna et al., 2013). Its flexible
aliphatic chain helps reduce agglomeration and improves
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compatibility with non-polar polymers such as polypropyl-
ene (Lee et al., 2010; Omar et al., 2014). As a result, the
alkyl chain interacts with polypropylene through van der
Waals interactions, thereby enhancing the dispersion of

MWCNTs within the PP matrix.

In order to gain the optimum properties of the nanofiller,
the oxidation followed by silane treatment of GR-doped
MWCNTs was performed. During the oxidation step, —
OH and -COOH groups were introduced onto the surface
of the GR-doped MWCNTs, creating defect-rich regions
(Datsyuk et al. 2008, Sahebian et al. 2015). This was fol-
lowed by silanization with APTES, which formed Si-O-C
linkages on the surface (Kathi & Rhee, 2008; Lavorgna et
al., 2013). The resulting modified nanofiller allows stron-
ger interactions with the nonpolar PP matrix and improves
dispersion. This structural configuration contributes to the
observed increase in elastic modulus and, consistent with
previous reports, aminosilane-functionalized CNTs are
known to enhance interfacial bonding, stress transfer, and
dispersion quality in polypropylene nanocomposites (Ma et

al., 2010; Lavorgna et al., 2013; Pang et al., 2013).

'The novelty of this study lies in the combined use of chem-
ical silanization and coagulation-assisted dispersion for a 32

wt% graphene-doped MWCNT hybrid filler, which further

improves filler distribution.
2. Materials and Methods

In the experimental study, neat polypropylene films were
first produced as a reference. Three concentrations (0.05,
0.025, and 0.01 wt%) of GR-doped MWCNT powder
were then incorporated into the polypropylene matrix to
fabricate nanocomposite films using the coagulation tech-
nique, as reported in the literature (Novikov et al., 2022)
(Figure 1). Additionally, the GR-doped MWCNT's were
surface-functionalized via silane modification. Using mod-
ified and unmodified GR-doped MWCNTs, three sets of
polypropylene composite films (0.05, 0.025, and 0.01 wt%
filler loadings) were prepared.

2.1. Material
The GR-doped MWCNT powders employed in this study

were sourced from Nanografi, toluene was obtained from

Isolab, and the i-PP was provided by Petkim.
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Figure 1. Production of modified and unmodified GR-doped MWCNT/PP nano composite films via the coagulation method.

Karaelmas Fen Miih. Derg., 2026; 16(1):129-144

131



Ugtepe, Soytiirk, Celik Erbag, Bastiirk / Graphene-Doped MWCNT/PP Nanocomposite Films

2.2. Method

The Raman measurements were carried out in backscatter-
ing geometry with a Renishaw spectrometer and a confo-
cal microscope, using a 532 nm excitation wavelength. A
Shimadzu Autograph A65-X universal testing machine was
used to perform the tensile tests. For this test, rectangular
strip specimens (10 mm width x 140 mm length) with an
average thickness of 60-80 um were prepared according to
ASTM D882. The gauge length of 50 mm was determined
for all measurements. During testing, a prestress of 0.1 MPa
was used, and the crosshead speed was maintained at 1 mm
min~". Differential scanning calorimetry (DSC) was carried
out on a TA Instruments DSC 250 to determine the melt-
ing temperature, crystallinity, and melting enthalpy param-
eters. Each sample was subjected to a heat—cool-heat cycle
from -80 to 300 °C, using a heating/cooling rate of 20 “C
min~". Non-isothermal cooling thermograms were recorded
separately at the same cooling rate (20 °C min™"). Thermo-
gravimetric analysis (TGA) was performed using a Tetra Az
TG analyzer under a N atmosphere at a 5 °C min™ heat-
ing rate over 25-600 °C to evaluate thermal stability and
mass-loss profiles. Surface morphology and nanoparticle
dispersion were analyzed by scanning electron microscopy
(LEO-EVO 40). SEM samples were cut into 5 x 5 mm?
sections and sputter-coated prior to imaging using a BAL-

TEC SCD 050.
2.2.1. Oxidation of GR-Doped MWCNT
GR-doped MWCNT's were subjected to an oxidation pro-

cess to introduce oxygen-containing functional groups and
increase surface reactivity using sulfuric and nitric acids.
For this procedure, 0.0692 g of GR-doped MWCNT was
poured into a mixture of 60 mL H,SO4 and 20 mL HNO:;.
The mixture was heated in an oil bath and stirred with a
magnetic stirrer at 50 °C. Before filtration and washing out
with distilled water, the stirring process was continued at
this constant temperature for 20 hours.

'This washing process was repeated until the mixture reached
pH 5. The resulting solid was vacuum-filtered and then
dried in an oven for 4-5 days. The oxidation conditions were
selected based on widely used acid functionalization proto-
cols for carbon-based nanofillers (Vast et al. 2004; Chiu et
al. 2008).

2.2.2. Silane Modification of GR-Doped MWCNT

Silane modification was applied to GR-doped MWCNT's
to enhance the interfacial interaction between the nanofill-
er and the inherently non-polar polypropylene matrix. This
modification is expected to improve the dispersion quality
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and, thereby, improve the mechanical and thermal prop-
erties of the nanocomposites. For silanization, 0.0692 g of

oxidized GR-doped MWCNT and 2% (v/v)

3-aminopropyltriethoxysilane was dispersed in 300 mL of
an ethanol-water solution (95:5). The dispersion was stirred
with a magnetic stirrer at 70 °C for 4 hours. Subsequently,
the solid was filtered, washed with distilled water and ace-
tone, and then dried in an oven at 80 °C for 12 hours. Silane
grafting parameters were adapted from established amin-
osilane modification methods for carbon nanomaterials to
enhance interfacial compatibility (Lee et al., 2010; Mash-
hadzadeh et al., 2017).

2.2.3.Production of Modified and Unmodified GR-
Doped MWCNT/PP Nano Composite Films:

2.2.3.1. The Coagulation Process

PP powder was dissolved in 200 mL of toluene at 25 °C
under magnetic stirring for 1 h. The GR-doped MWCNTs
were added to the PP solution and stirred magnetically for 1
h. The resulting suspension was subjected to high-speed ho-
mogenization at 9000 rpm for 15 min. Dual mixing, a com-
bined process of ultrasonic treatment and magnetic stirring,
was then applied for 1 h to improve dispersion. To promote
coagulation, the well-mixed suspension was poured into 800
mL of deionized water and vortex-agitated. Stirring contin-
ued for 1 h to complete GR-doped MWCNT/PP precip-
itation. The coagulated GR-doped MWCNT/PP was fil-
tered and transferred to an oven at 80 °C for 5-7 days, until
fully dried, yielding a fine powder. The coagulation-assisted
precipitation method was implemented following previous-
ly reported nanocomposite preparation routes (Mazov et al.,

2011; Novikov et al., 2022).
2.2.3.2. Film Formation by Hot-Pressing

Neat PP and the dried composite powder (containing 0.01,
0.025, or 0.05 wt% unmodified GR-doped MWCNT and
modified GR-doped MWCNT) was placed between alu-
minum-foil-lined metal plates. All films were fabricated in a
hot-press at 200 “C under 3-4 MPa for 20 minutes (includ-
ing heating and dwell time). These processing conditions
are consistent with reported hot-press parameters used for
PP-based composites in the literature (Merter 2009; Deng
et al., 2010).

3. Results and Discussion
3.1. Raman Spectroscopy

Raman spectroscopy was used to evaluate how oxidation
and subsequent silanization altered the structural order and

Karaelmas Fen Mih. Derg., 2026; 16(1):129-144



Ugtepe, Soytiirk, Celik Erbas, Bastiirk / Graphene-Doped MWCNT/PP Nanocomposite Films

defect density of the GR-doped MWCNTs. Spectra were
collected from two regions (Region 1 and Region 2) for
neat, oxidized, and silane-modified samples. The peak posi-
tions and D/G ratios were compared (Table 1). The D band
(~1340 cm™), associated with structural disorder and defect
density in the sp” carbon network (Piao et al., 2021), is clear-
ly observed in Figure 2. After oxidation, both the D-band
intensity and the D/G ratio increased. Following silaniza-
tion, the D-band intensity decreased relative to the oxidized
GR-doped MWCNTs, but the D/G ratio remained slight-
ly higher than that of the unmodified sample, confirming
successful functionalization. The G band (~1570-1590

cm™), associated with in-plane vibrations of sp* carbon at-

oms, shifted to higher wavenumbers (from 1578 to 1590
cm™) after oxidation and slightly lower (~1575 cm™) after
silanization, due to electron-withdrawing oxygen groups
and electron-donating silane groups (Gopalakrishnan et al.,
2012). Region 2 showed a higher D/G ratio (1.154) for the
silane-modified sample compared to Region 1 (1.078), in-
dicating more pronounced surface defects (Murray et al.,
2021). The G’ band (~2670-2700 cm™) exhibited a minor
red shift after silanization, suggesting slight changes in gra-
phitic stacking. The FWHM of the G band increased after
oxidation and silanization in Region 1, while in Region 2 it
narrowed, indicating local variations (Muzyka et al., 2018).

Table 1. Raman spectra data of GR-doped MWCNT, oxidized GR-doped MWCNT, and silane-modified GR-doped MWCNT

(Regions 1 and 2).

Sample Region G(cm™) GFWHM D(cm™) DFWHM D/G G'(em™) G'FWHM
GR-doped R1 1578.80 | 156.16 | 1345.83 | 257.54 1.046 | 2684.72 549.03
MWCNT R2 1578.81 185.35 1343.56 222.49 1.042 2693.84 662.68
Oxidized R1 1589.94 | 174.97 | 134456 | 24135 1.070 | 2686.90 947.73
GR-doped MWCNT | R2 1590.84 177.65 1351.50 | 250.26 1.039 2686.54 973.55
Silane-modified R1 1575.52 | 173.91 1340.16 | 208.21 1.078 | 2673.75 969.02
GR-doped MWCNT | R2 1575.52 143.97 1342.43 160.66 1.154 2664.59 1235.20
25000 —— GR-doped MWCNT (Region 1)
—— Oxidized GR-doped MWCNT (Region 1)
Dband G band e ety |
O}xidized Gl-j(r‘dcped MWCNT (Region 2)
20000} Silane-modified GR-doped MWCNT (Region 2)
~ 15000}
=
s
z
g
£ 10000
5000
L 4///\/\
0 560 10I00 15b0 ZOIOO 25I00 30IOO
Raman shift (cm~1)
Figure 2. Raman spectra of GR-doped MWCNT, oxidized GR-doped MWCNT,
and silane-modified GR-doped MWCNT (Regions 1 and 2).
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3.2. Tensile Test Results

To evaluate the effect of silane modification on the me-
chanical behavior of GR-doped MWCNT/PP composites,
tensile tests were performed at different filler loadings. Ta-
ble 2 reports the elastic modulus and tensile strength values
for composite materials, including different concentrations
of modified and unmodified additives. As observed from
the tensile test results, silane modification of GR-doped
MWCNTs affected the stiffness and strength of composite
films to varying degrees. According to Table 2, composites
with silane-treated particles generally showed an improved
elastic modulus at all filler amounts. The highest increase
(9%) was observed in the composite film containing 0.01
wt% silane-modified nano-powder. However, the 0.05 wt%
GR-doped MWCNT sample exhibited a higher modulus
than neat PP.

The strength parameter of silane-treated composites also
exhibited enhanced values. In particular, the specimens with
0.01 wt% silanized nanofiller showed a 48% improvement
compared with the unmodified PP sample. A similar trend
is also observed for the other composites with 0.025% and
0.05% filler concentrations. Those samples whose particles
were exposed to modification exhibited higher strength val-
ues, albeit at lower percentages (see Table 2).

The effects of silane modification for each particle amount
in composites are separately plotted as stress-strain curves in

Figures from 3 to 5. When the unmodified 0.01 wt% GR-

doped MWCNT was added to the PP matrix, the compos-
ites exhibited a more brittle characteristic, as indicated by a
decrease in failure strain (see Figure 3). In contrast, silane
modification changed that behavior and enhanced ductility
with a maximum elongation at break (~0.06 mm/mm strain)
as well as maximum strength (33.34 MPa UTS value). The
silanization of 0.025 wt%. GR-doped MWCNTs led to
slight improvements in terms of both stiffness and strength,
as shown in Figure 4. Despite that progress, tensile strength
was lower, and the elastic modulus was slightly higher than
that of the pure matrix for this concentration. Unlike in the
previous composite system, the ductility of neat PP was re-
duced by the incorporation of fillers, whether or not they
were silanized. That sort of response was observed for the
0.05 wt%. filler introduced composite films as well (see
Figure 5). However, chemical modification enhanced the
plastic deformation capability of the particles and resulted
in improved strength and strain values compared to unmod-

ified additive-filled films.

Based on these findings, the optimal concentration of si-
lane-modified GR-doped MWCNTs is determined as 0.01
wt%. Silane treatment improved mechanical properties by
chemically linking GR-doped MWCNTs to other nano-
structures and enhancing compatibility with the polymer
matrix. This promoted more uniform stress transfer with-
in the composite, enabling a larger portion of the applied
force to be carried by the polymer, ultimately enhancing the

Table 2. Comparison of tensile samples of neat PP, silane-modified, and unmodified GR-doped MWCNT/PP films.

Sample N 0.01 wt % GR-doped  0.025 wt % GR-doped  0.05 wt % GR-doped
o - MWCNT MWCNT MWCNT
Characterization
. 1366.93 1298.73 1297.9 1648.63
Elastic Modulus (MPa) (55.36) (£47.21) (+267.07) (+100.52)
. 27.82 22.62 23.38 27.44
¢ Maximum Strength (MPa) (+1.50) (:1.52) (:5.15) (+1.44)
Sample 0.01 wt % silane- 0.025 wt % silane- 0.05 wt % silane-
modified GR-doped  modified GR-doped  modified GR-doped
Characterization MWCNT MWCNT MWCNT
. 1366.93 1518 1407.23 1485.97
Elastic Modulus (MPa) (£55.36) (+180.59) (+78.42) (£75.52)
. 27.82 33.34 26.22 28.31
¢ Maximum Strength (MPa) (+1.50) (+2.65) (x2.22) (x4.11)
134 Karaelmas Fen Miih. Derg., 2026; 16(1):129-144
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material’s strength. However, in the unmodified GR-doped
MWCNT-reinforced composites at different concentra-
tions, the elastic modulus was reduced except for 0.05 wt%,
which was probably attributed to nanoparticle agglomera-
tion in the polymer matrix (Bikiaris, 2010).

In the literature, comparable or higher improvements in
elastic modulus (=10-40%) are typically reported at CNT
loadings of 0.1-3 wt% (Prashantha et al., 2009; Choi et al.,
2009). In contrast, in this study, an =11% increase in elastic
modulus was achieved at only 0.01 wt% silanized GR-doped
MWCNT, highlighting the efficiency of the combined si-
lanization and coagulation-assisted dispersion strategy.

3.3. Differential Scanning Colorimetry Analyses (DSC)

DSC analysis was performed to evaluate how silane-modi-
fied GR-doped MWCNTs influence the melting behavior
and crystallization characteristics of polypropylene. From
the peak areas of these curves (Figures 6 and 7), crystalli-
zation enthalpies were obtained, and the degree of crystal-
linity (Xc) of the composites was evaluated using the heat
released during crystallization (AHc) according to the fol-
lowing equation:

x100

Xe (%\_ AHc

7 (1-wt%)AHm

where AHm is the heat of fusion for 100% crystalline iso-
tactic PP (AHm = 209 ]/g), and wt% represents the weight
fraction of MWCNTs in the composite (Mark, 1996).

As the GR-doped MWCNT content increased, a slight
decrease (~2 °C) in the melting temperature (T ) was ob-
served, likely due to a reduction in crystallite size (Coppola
et al. 2020). According to Table 3, the 0.01% silane-mod-
ified GR-doped MWCNT addition did not significantly
alter crystallinity compared to neat PP, whereas the 0.025%
addition slightly decreased it. However, at a 0.05% load-
ing, crystallinity increased by approximately 3%. During
the second heating cycle (i.e., after eliminating thermal his-
tory associated with processing), no significant differences
in melting temperature were observed among the samples,
with melting points around 161 + 1 °C (Table 3), while
the degree of crystallinity of the GR-doped MWCNT/
PP nanocomposites increased by approximately 3% at a
0.05% loading compared to neat PP. The literature reports
that MWCNTSs can act as nucleating agents in the crystal-
lization of PP with no significant change (Leelapornpisit

Karaelmas Fen Miih. Derg., 2026; 16(1):129-144
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Figure 3. Representative stress-strain graphs of neat PP,
modified, and unmodified 0.01 wt% GR-doped MWCNTs/
PP films.
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Figure 4. Representative stress-strain graphs of neat PP,
modified, and unmodified 0.025 wt% GR-doped MWCNT's/
PP films.
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Figure 5. Representative stress-strain graphs of neat PP,
modified, and unmodified 0.05 wt% GR-doped MWCNT's/
PP films.
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et al., 2005; Tabuani et al., 2007; Xu & Wang 2008), and
PP/MWCNT nanocomposites commonly exhibit a pro-
nounced nucleating effect leading to increased crystallinity
(Bhuiyan et al., 2013). In contrast, in this study, the addi-
tion of 0.01 wt% silanized GR-doped MWCNTs did not
produce a significant change in the DSC crystallinity of the
PP matrix (Xc = 46%). Therefore, the enhancement in elas-
tic modulus can be attributed primarily to filler rigidity and
interfacial interactions rather than to any crystallinity-relat-
ed effects.

3.4. Thermogravimetric Analyses (TGA)

TGA analysis was performed to assess whether incorpo-
rating silane-modified GR-doped MWCNTs aftects the
thermal degradation behavior of polypropylene. According
to TGA, the decomposition temperatures of the composite
films ranged from 400 to 480 °C (Figure 8). Itis evident from
the thermograms that all polymer samples, both neat and si-
lane-modified, GR-doped, and MWCNT -reinforced, un-

derwent single-step thermal degradation. In terms of ther-

Heat Flow Normalized (W/g)
w

Temperature (°C)

Neat PP
0.025% Silanized Graphene Doped MWCNT/PP

0.01% Silanized Graphene Doped MWCNT/PP
0.05% Silanized Graphene Doped MWCNT/PP

Figure 6. DSC cooling curves
of neat PP and 0.01, 0.025,

and 0.05 wt% silane-modified
GR-doped MWCNT/PP film

samples.

Heat Flow Normalized (W/g)

Temperature (°C)

Neat PP

m———— (0.025% Silanized Graphene Doped MWCNT/PP

252,2
263,38
274,56
285,74

0.01% Silanized Graphene Doped MWCNT/PP

0.05% Silanized Graphene Doped MWCNT/PP

Figure 7. DSC second heating
curves of neat PP and 0.01,
0.025, and 0.05 wt% silane-
modified GR-doped MWCNT/
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PP film samples.
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Table 3. DSC enthalpy (j/g), melting peak temperature (°C), and crystallization rate (%) data of neat PP and 0.01, 0.025, and 0.05

wt% silane-modified GR-doped MWCN'T/PP film samples.

Entfllphy T_(Melting) Pt?akTemperature X (%)

(Heating) J/g (Heating) °C @
Neat PP 95.169 162.69 45.54
0.01% silane-modified GR-doped MWCNT/PP 94.164 161.83 45.51
0.025% silane-modified GR-doped MWCNT/PP 89.551 161.49 43.95
0.05% silane-modified GR-doped MWCNT/PP 96.093 160.73 48.40

mal response, there was no significant difference between
silane-modified GR-doped MWCNT/PP composite films
and neat polypropylene, with their initial and final degrada-
tion temperatures also being nearly the same.

The mass loss values for neat PP and 0.05 and 0.025 wt% si-
lane-modified GR-doped MWCNTSs/PP were determined
as 99%, 99.3%, and 99.5%, respectively. Nevertheless, the
composite film with 0.01 wt% silane-modified GR-doped
MWCNT showed a slightly lower mass loss of 97.3%, cor-
responding to a minor change compared to other specimens.

The onset degradation temperatures of neat PP and the
nanocomposite were nearly identical (=423-424 °C), indi-
cating that such a low CNT loading does not significantly
influence the initial decomposition stages. Similar behavior

has been reported for PP/MWCNT systems in earlier stud-
ies, and at low filler loadings, CNT's cause only very small

changes in the Tonset value (Avila-Orta et al., 2013; Han
et al., 2018; Naddeo et al., 2017). Similarly, the end of the
main degradation step occurred at approximately 469 °C for
both samples, falling within the typical TGA range (=460-
475 °C) reported for PP-based CNT nanocomposites (Han
et al., 2018; Cabello-Alvarado et al., 2019).

'The total mass loss decreased from 99% in neat PP to 97%
in the nanocomposite containing 0.01 wt% MWCNT. This
decrease is mainly due to CNT's remaining thermally stable
as char under the applied conditions (Kashiwagi et al., 2002;
Zhou et al., 2016). According to TGA data, the degrada-
tion profile remained similar to that of neat PP at a 0.01
wt% filler loading, with a small increase in the final residue,
consistent with CNT stability.

Similarly, DTA data revealed no significant changes in the
peak temperatures. The DTA curve exhibited two endo-

Figure 8. TGA curve of %

100
80
60 ——0.01% Silanized Graphene Doped MWCNT/PP
w)
w)
§ 0.025% Silanized Graphene Doped
© MWCNT/PP
°T 40 ——0.05% Silanized Graphene Doped MWCNT/PP
Neat PP
20
0
0 100 200 300 400 500 600 700
Temperature ( °C)

weight loss for 0.01, 0.025,
and 0.05 wt% silane-modified
GR-doped MWCN'T/PP

nanocomposites.
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Figure 9. DTA curve of %

differential thermal analysis for

20
0
>
2
P
[a) ——0.01% Silanized Graphene Doped
20 MWCNT/PP
. 0.025% Silanized Graphene Doped
MWCNT/PP
——0.05% Silanized Graphene Doped
MWCNT/PP
Neat PP
-40
0 100 200 300 400 500 600 700
Temperature ( °C)

0.01, 0.025, and 0.05 wt% silane-
modified GR-doped MWCNT/

PP nanocomposites.

thermic peaks: the first corresponds to the melting peak at
168 °C, and the second corresponds to the decomposition

peak at 453 °C (Figure 9).

DTG provides information on the rate of maximum mass
loss during decomposition. According to the DTG analysis,
the decomposition onset temperature was 422.8 °C, with a
peak decomposition temperature of 450.9 °C and an end
temperature of 468.7 °C; these values were nearly identi-
cal across all derivatives (Figure 10). The highest mass loss
rate was observed in the composite containing 0.05% si-
lane-modified GR-doped MWCNT. In contrast, the deg-
radation rate was similar in the neat PP and the sample with
0.025% silane-modified GR-doped MWCNT. The 0.01
wt% silanized GR-doped MWCNT/PP sample showed a
slight increase in the DTG peak temperature compared to
neat PP, indicating an improvement or at least preservation

of thermal stability.

Most studies reporting significant increases in thermal deg-
radation temperature (DTG peak temperature) (+10 to +35
°C) involve CNT loadings of 0.5-1 wt% or higher (Sah-
li et al., 2020; Kashiwagi et al., 2004). In contrast, stud-
ies employing lower CNT contents often report only small
or inconsistent changes in DTG peak temperature. These
findings indicate that very low CNT concentrations have
only a limited influence on the degradation kinetics of the
polymer, and that the effect becomes pronounced only as
the filler loading increases. Overall, the DTG results cor-
roborate the TGA findings and demonstrate that at 0.01
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wt% silane-modified GR-doped MWCNT loading, the
thermal degradation behavior of PP is largely maintained,
with only small shifts in the peak degradation temperature
and a slight modification of the degradation rate profile.

3.5. Scanning Electron Microscopy Results (SEM)

SEM analysis was used to evaluate the dispersion quality
and surface distribution of the silane-modified GR-doped
MW(CNTs within the PP matrix. When examining SEM
images of the surfaces of polypropylene films containing
silane-modified fillers, it is observed that at the lowest
loading level of 0.01 wt%, particles are well dispersed, with
particle sizes around 200 nm (Figure 11). However, as the
loading percentage increases, dispersibility decreases slight-
ly, and fewer particles are observed on the surfaces. Addi-
tionally, due to agglomeration, the additive size increases to
approximately 1 pm (Figure 12). The particles with a 0.05
wt.% concentration embedded in the PP matrix are shown

in Figure 13.

As summarized in Table 4, the mechanical and thermal
properties of neat PP and the 0.01 wt% silane-modified
GR-doped MWCNT/PP nanocomposite are compared
with typical improvements reported for CNT/PP systems

in the literature.
4. Conclusion and Suggestions

In this study, the graphene-doped multi-walled carbon
nanotubes (32 wt% GR-doped MWCNTs) hybrid powder

Karaelmas Fen Mih. Derg., 2026; 16(1):129-144
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Figure 10. DTG curve of %
differential thermal analysis for
0.01, 0.025, and 0.05 wt% silane-
modified GR-doped MWCNT/

PP nanocomposites.
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Figure 11. SEM image of the surface
of a polypropylene film containing
0.01 wt% silane-modified GR-doped
MWCNTs.

Figure 12. SEM image of the surface
of a polypropylene film containing
0.025 wt% silane-modified GR-doped
MWCNTs.

Figure 13. SEM image of the surface
of a polypropylene film containing
0.05 wt% silane-modified GR-doped
MWCNTs.
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Table 4. Comparison of mechanical and thermal properties of neat PP and 0.01 wt% silane-modified GR-doped MWCNT/PP

nanocomposite, alongside typical improvements reported in CN'T/PP systems in the literature.

0.01 wt% .
Prover Silane-Modified Improvement GR-— C’IIEI’%I/CSII)CEET:PP;I‘ s in Representative
operty GR-MWCNT/ (%) Liter np;rove enes References
PP (This study) CRATHIE
Typ e al CNT/PP o C;I.R_CNTj/ Bao and Tjong 2008;
Elastic modulus PP improvements in literature: Bikiaris et al. 2008;
(MPa) ~1367 ~1518 +11% ~10-40% increase in elastic Choi et al 2009. ’
modulus, typically at 0.1-3 wt% Prashantha e:c Al 2 (’)09
CNT loadings )
MWCNTs generally exhibit a
— ot L T | 207
w 46 46 seme | allnity (<37 > 41-42%) or, | X0 nd Wang 2008;
’ 24 v T Ob Bhuiyan et al. 2013
in some systems, no significant
change
Tm values (~161-163 °C) are
i ith recent PP/
Melting consistent witt Han et al. 2018,
Temperature 163 162 ~ same MVV.CjNT studies, where the Stanciu et al., 2021;
(Tm) (°C) addition of MWCNTs has Bata et al. 2025
a negligible influence on the ata et
melting peak temperature
Low MWCNT loadings
s redgHe T n | gy O
TGA onset (°C) ~423 ~424 =~ same . -gracatio 2013; Naddeo et al.,
of PP, with reported shifts within
. 2017; Han et al., 2018;
a few degrees (typical onset
~380-420 °C).
Main degradation step ending
around 460—480 °C is consistent Han et al., 2018;
End Temp (°C) ~469 ~469 =~ same with reported Tmax values Cabello-Alvarado et
for PP and PP/CNT-based al., 2019
nanocomposites
Low-loading MWCNT/PP
nanocomposites generally exhibit
o . . N only minor decreases in mass loss | Kashiwagi et al., 2002;
Mass Loss (%) 9 97 same (increase in residue) upon TGA, Zhou et al., 2016
consistent with ~97-99% mass
loss observed in this study.
At very low CNT loadings (=0.01
wt%), DTG peak temperatures
typically remain close to neat PP.
DTG Peak o Significant increases in DTG | Kashiwagi et al., 2004;
Temp (°C) ~451 ~452 +17C (small peak temperature are generally Sahli et al., 2020
observed only at higher CNT
contents (>1-5 wt%), with
reported shifts of +10 to +35 °C.
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was integrated into a thermoplastic polypropylene matrix
for the first time using the coagulation method. The surface
functionalization of that filler was accomplished through
oxidation and silanization.

Raman spectroscopy identified structural defects and con-
firmed successful modifications. Among the composite ma-
terials, the 0.01 wt% silane-modified GR-doped MWCNT/
PP film showed the best mechanical performance. Im-
proved interfacial interaction and good dispersion increased
the elastic modulus and tensile strength. At higher filler lev-
els, agglomeration occurred, resulting in a reduction in the
mechanical performance.

Thermal analyses (DSC, TGA, DTG) indicated that mod-
ified GR-doped MWCNTs did not significantly affect the
melting temperature or thermal degradation mechanism of
PP. 'The crystallinity increased by =3% at 0.05 wt% filler
loading, while no meaningful shift was notedin 7, or T
compared with neat PP. SEM images confirmed even par-
ticle dispersion at low filler levels, which directly relates to
the observed mechanical improvements.

With minimal filler content, the addition of silane-func-
tionalized GR-doped MWCNTs led to ~11% and 48% in-
crease in elastic modulus and tensile strength parameters,
respectively, without noticeable changes in melting or crys-
tallization characteristics. This performance profile is suit-
able for lightweight structural applications that require high
mechanical strength and stable thermal performance, such
as interior automotive parts, small casings for electronic de-
vices, and flexible packaging exposed to elevated tempera-
tures.
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