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Polypropylene composites with natural carbon fillers
obtained by rotational molding
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Abstract: PP composites with different contents of natural/waste carbon filler (1, 5, 10 and 25 wt.%) were
obtained by rotational molding. Thermal properties (DSC), tensile properties and structure (optical and
digital microscopy, WAXS) of PP composites were assessed. It was found that the composites are charac-
terized by good surface quality of external walls and usually poorer quality of internal walls. The filler
content affects both the degree of crystallinity and the mechanical properties of PP.
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Otrzymywanie kompozytéw polipropylenowych z dodatkiem napelniaczy
weglowych metoda formowania rotacyjnego

Streszczenie: Kompozyty PP o réznej zawartosci naturalnego/odpadowego napetniacza weglowego (1,
5,10 oraz 25% mas.) otrzymano metoda formowania rotacyjnego. Dokonano oceny wtasciwosci termicz-
nych (DSC), wlasciwos$ci mechanicznych przy rozcigganiu i struktury (mikroskopia optyczna i cyfrowa,
WAXS) kompozytéw PP. Stwierdzono, ze kompozyty charakteryzuja sie dobra jakoscia powierzchni
$cian zewnetrznych oraz zazwyczaj stabsza Scian wewnetrznych. Zawartos¢ napetniacza ma wptyw
zardwno na stopien krystaliczno$ci, jak i na ich wiasciwosci mechaniczne PP.

Stowa kluczowe: polipropylen, karbonizacja, napetniacze weglowe, kompozyty, formowanie rotacyjne.

Rotational molding is a polymer processing technique
that enables the production of hollow plastic products in
a wide range of sizes and shapes [1-3]. This method has
been known since the mid-1940s, when the first polymer
parts were successfully manufactured using this pro-
cess [4]. The principle involves sintering polymer powder
inside a rotating mold, which typically spins around two
perpendicular axes. As the powder melts and adheres to

POLYMER +
FI LLER

b)\

the inner surface of the heated mold, it gradually forms
a uniform layer that solidifies into a hollow product
(Figure 1.).

The key advantages of roto molding include low pro-
duction cost, simple and precise process control, and short
lead times [5] which are processed for prolonged periods
under temperature. The main process parameters stud-
ied are the shaft speed of the equipment, molding tem-
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Fig. 1. The schematic process of rotational moldmg: a) placing polymer and filler in the mold, b) heating and rotating, c) cooling and

rotating, d) demolding of the product [4]
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perature, polymer particle size, polymer melt flow index,
and amount of material, which must be well controlled
to achieve a non-degraded product with homogeneous
thickness and no porosity. Rotomolded composites con-
taining sisal, pine, coir, banana, flax, and maple wood
fibers, among others, have been evaluated primarily for
their mechanical (impact, flexural, and tensile strength.
The process also offers excellent dimensional accuracy
and surface finish, and it allows for adjustment of wall
thickness without changing the mold design. Because the
process operates under atmospheric pressure, the result-
ing parts are free from internal stresses, and material
waste is minimal during manufacturing [1, 4, 6, 7].

Traditionally, roto molding has been used to produce
large items such as tanks and containers. However, this
technique requires polymers with high thermal stability
due to long thermal cycles compared to other molding
methods [8]. Therefore, the selection of polymer materials
with low melting temperatures and good thermal resis-
tance is crucial. Moreover, incorporating fillers into the
polymer matrix is particularly challenging in roto mold-
ing due to its low-shear nature and lack of in situ mixing
capabilities [9, 10].

In recent years, research has increasingly focused on
developing polymer composites via rotational molding.
Raymond and Rodrigue [11] successfully produced poly-
ethylene-wood (maple) composites and examined the
effects of filler (0-20 wt%) and blowing agent (0-0.6 wt%)
on density, morphology, and mechanical properties.
Their results showed that increasing wood content led
to decreases in elongation at break and tensile strength,
while tensile and flexural moduli improved, with the
optimal filler content found at around 20 wt%. Lopez
[12] studied the influence of fiber content and malleated
polyethylene (MAPE) surface treatment on rotomolded
composites reinforced with agave, coir, and pine fibers.
Surface treatment significantly enhanced fiber-matrix
compatibility for agave and coir, improving dispersion,
reducing voids, and enhancing mechanical properties—
particularly at fiber contents up to 30-40 wt%. However,
at higher fiber contents, agglomeration and porosity led
to decreased performance, highlighting the importance
of fiber type and surface modification.

In the literature different polymer composites with
another natural fillers are obtained by rotational molding
e.g., banana and abaca fibres [6], wheat bran [13], black tea
[14], cork [15], sisal, pine, coir, flax, and different wood
fibers [5]. Despite growing interest, limited literature is
available on the use of carbon-filled thermoplastic com-
posites produced by roto molding. Nevertheless, this
topic is starting to attract scientific attention. According
to Ortega [10], around 13% of inorganic fillers used in
polymer composites are carbon-based materials, such as
carbon black, carbon fibers, and carbonates. The most
used polymer matrices for rotomolded composites are
polyethylene (PE), polyvinyl chloride (PVC), and poly-
lactic acid (PLA). Polypropylene (PP) is less commonly

used due to its high melting temperature, which makes
standard injection-grade PP unsuitable for roto molding
without specific modifications.

Some studies have explored the incorporation of carbon
fillers such as graphite into PE matrices for roto molding,
typically to improve fire retardancy and antistatic pro-
perties [16, 17]. Mhike and Focke [16] produced compos-
ites with up to 20 wt% graphite, while in a subsequent
study [17] they used only 2 wt%. In both cases, mechani-
cal properties decreased as filler content increased, sug-
gesting a trade-off between functional and structural
performance.

This study aims to develop carbon-filled polypropyl-
ene composites via rotational molding—a topic not yet
thoroughly addressed in the available literature. The
materials obtained are evaluated in terms of their struc-
tural and mechanical properties. The novelty of this
research lies in the preparation of PP-based composites
filled with low-cost, natural, waste-derived carbon fillers
without prior melt mixing (e.g., extrusion), which could
significantly reduce production costs. The main objective
of this work is to investigate the effect of various carbon
fillers on the thermal, mechanical, and structural proper-
ties of rotomolded PP composites.

EXPERIMENTAL PART
Materials

Polypropylene RMPP141 GREY 364 from the
Australian company PSD ROTOWORX was used as
the polymer matrix. This polymer in powder form (the
dominant particle size 63-500 pm) is suitable for roto
molding. The basic physical properties for this material
are density of 0.900 g/cm® and melt flow rate (MFR) of
11 g/10min. Natural carbon materials were used as fillers.
Two fractions of brown coal, xylite and leonardite, were
selected, originating from the Sieniawa opencast mine
in Poland [18]. The material particle sizes in 40—-63 pum
range. Tomato stalks (Solanum lycopersicum L.) were used
after undergoing a carbonization process according to
[19]. Carbonization process was conducted in a chamber
reactor under an oxygen-free atmosphere, involving heat-
ing to 600°C at a rate of 3°C/min, followed by 1 hour iso-
thermal stage. The resulting carbonizate was mechani-
cally ground into particles with sizes in 40-63 pm range.
Another filler used was coal dust, a waste byproduct
from the refining process [20]. The coal dust was obtained
from heavy oil fly ash (HOFA) and was washed to remove
metal and sulfur compounds. It contains 50 to 80 wt%
carbon, while the mineral content primally includes sili-
con, iron, aluminum, sulfur, and heavy metals—vana-
dium, nickel, molybdenum, or zinc. The material appears
as a black or gray powder with low bulk density and con-
sists of spherical, porous particles with a grain size in
range of 10-120 um (between 30-80 um) and specific sur-
face area above 6-15 m?/g. All fillers were dried in a con-
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T able. 1. Roto molding process parameters

T able2. Description of the samples analyzed

Parameter Value Sample Filler, wt%
Mold speed — main axis, rpm 10 PP Control sample, 0
Mold speed — second axis, rpm 4 PP C_1 Xylite (brown carbon), 1
Furnace temperature, °C 240 PP C 5 Xylite, 5
Heating time, min 30 PP_C_10 Xylite, 10
Cooling time, min 10 PP_C_25 Xylite, 25
Mold dimensions, mm 61x61x185 PP L_1 Leonardite (brown carbon), 1
PP L_5 Leonardite, 5
vection dryer ajc 100°C for 24 hours. The ir?co.rporation. of PP L_10 Leonardite, 10
waste carbon fillers into a polymer m.atI'IX is a sus.tam— PP L 25 Leonardite, 25
able method of waste management aligned with circu- S
.. . PP O_1 Waste dust from the refining industry, 1
lar economy principles. It also enables the production of e
composites at a significantly lower cost PP_O_5 Waste dust from the refining industry, 5
PP_O_10 Waste dust from the refining industry, 10
Obtalnlng of composites PP O 25 Waste dust from the refining industry, 25 - NO
samples obtained
The selected carbons were crushed and separated into PP_T_1 Carbonized tomato stems, 1
fractions on a sieve separator. A facies with a particle PP.T 5 Carbonized tomato stems, 5
size of 40-63 pm was selected to obtain the composites. PP.T 10 Carbonized tomato stems, 10
. . o ..
The filler was then dried at 8'0 C for 10 h. After welghmg S Carbonized tomato stems, 25 — NO samples
the appropriate amount of filler (1, 5, 10 and 25 g), it was —— obtained

added and mixed with polypropylene to obtain compos-
ites with filler (0, 1, 5, 10, 25 wt%).

The prepared premixes were sequentially placed in the
mold and the rotational molding process started. The sin-
gle-arm shuttle rotational molding machine produced by
REMO GRAF, Poznan, was used to make samples. The
set parameters are shown in Table 1. A summary of the
samples obtained, together with the determinations used
in the work, is summarized in Table 2.

The samples were obtained in the form of hollow
cuboids (Figure 2). As the filler addition increased, the
color and surface texture of the sample changed, what
can be seen on Figure 2, where the PP/xylite composites
samples are shown.

It was not possible to obtain PP_O_25 and PP_T 25
composites (Table 2). For such a big number of fillers the
agglomeration of the filler around the polymer particles
was observed for PP filled with 25 wt% of carbonized

Fig. 2. Images of composites after rotational molding (from the

left PP, then PP/xylite composites with different filler content)

tomato stems (Figure 3). It blocked the heat flow, and the
polymer did not melt in the mold.

Fig. 3. Microscopic images of a polymer granule surrounded by
the carbonized tomato stems (on the top), cross-section of the
granule with a visible carbon coating (on the bottom)
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Methods
Wide angle X-ray scattering

Wide angle X-ray scattering (WAXS) structural analysis
was performed on the fillers, polymer matrix and compos-
ites. The horizontal diffractometer TUR M-62 (Germany),
CuKa radiation, at 30 kV and 20 mA anode excitation, with
an HZG-3 goniometer was used. All the diffractograms
were recorded in a range of 20 between 10-30° with a step
of 0.04° (Cu K  radiation, after Ni filtration).

The next step was the numerical analysis of the diffrac-
tograms. This calculation method is based on the work
of Hindeleh and Johnson [21] (modified by Rabiej [22]).
The degree of crystallinity (X ) was calculated using the
formula (Equation 1).

P

X, = - 1
T O

where: P - the area of the amorphous peak, P_— the sum
of the areas of crystalline peaks.

The areas were determined by using a graphical method
by separating the peaks, applying deconvolution, and
integrating the functions. The following seven diffraction
peaks were used to calculate X : (110), (040), (130), (111), (131)
and (041) from the a-form and (300) from the $-form.

Differential scanning calorimetry

Samples were characterized using differential scan-
ning calorimetry (DSC) with Netzsch DSC 200, manu-
factured in Germany. The 8 mg samples were prepared
and placed in the measuring cup. Heated to 200°C (rate
10°C/min) under nitrogen. To remove thermal history,
samples were kept at this temperature for 5 min. The
samples were cooled from 200°C to 40°C (rate 5°C/min)
and then reheated. The second cycle was analyzed. The
crystallization temperature (T) was obtained from the
exothermic peak and the melting temperatures (T ) from
the endothermic peaks. The half-time crystallization and
the transformation curve were also determined.

Mechanical properties

A Zwick Roell 2020 (Ulm, Germany) mechanical test-
ing machine was used to determine the mechanical pro-
perties of the specimens. The test was performed under
parameters: the load cell capacity was 20 kN at a cross-
head speed of 5 mm/min. All mechanical properties of the
composites were obtained in accordance with the EN-PN
ISO 527 specification. For each material, eight specimens
were evaluated, and the average was calculated.

Optical microscopy

Microscopic images of the samples were taken using
a light microscope (OPTIKA Microscopes, Italy). The

microscope was equipped with a TOUPCAM optical
camera. Photographs were taken of a polymer granule
surrounded by the carbonized tomato stems.

Digital microscopy

The images of the internal surface of the samples were
taken on the KEYENCE VHX-7000 high-definition 4K
Digital Microscope (Belgium) with the 50x magnification.

RESULTS AND DISCUSSION
Structural characterization

The WAXS analysis was performed to investigate the
effect of carbon fillers and rotational molding process
on the supermolecular structure of the polypropylene
matrix. Considering the results presented in Table 3,
the largest share of the crystalline phase in the samples
occurs in PP without filling (54%). For all carbon types, X_
is lower than for the control sample. There is also a ten-
dency that with the increase of filler concentration there
is a proportional decrease of X . This may be due to the
addition of carbon fillers, which are not active nucleates
[18]. During the rotational molding process, there are also
no shear forces that affect the crystallinity of the samples
[23, 24].

The crystallization process of the polymer can be
destabilized by the addition of carbon fillers. Due to
this fact, the decrease in the degree of crystallinity has
been observed. This can be related to the reduction of the
mobility of the iPP chains. These observations agree with
reports by Le Digabel [25] and Girones [26].

T able 3. Degree of crystallinity for PP and composites

Sample X, %
PP 54.0
PP C_1 45.5
PP_C_5 429
PP_C_10 417
PP_C_25 36.0
PP_L_1 491
PP_L_5 477
PP_L_10 42.7
PP_L_25 36.9
PP_O_1 49.7
PP_O_5 48.0
PP_O_10 46.3
PP_O_25 -
PP T 1 52.2
PP.T_5 52.3
PP_T_10 50.7
PP_T 25 -
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T ab1le4. Thermal characterization of PP and composites

Sample T, °C T,°C tys S
pr 165.2 129.7 71
PP C_1 164.8 129.8 101
PP.C_5 165.1 129.6 81
PP _C_10 165.6 129.0 78
PP_C_25 165.5 129.0 84
PP L_1 165.3 129.8 87
PP L_5 164.8 129.5 88
PP_L_10 164.5 129.5 90
PP_L_25 164.4 128.2 128
PP O_1 164.4 130.0 85
PP O_5 165.6 1294 91
PP_O_10 165.1 129.2 103
PP_O_25 - - -
PPT 1 165.2 130.1 85
PP.T_5 165.9 130.0 79
PP_T_10 166.6 128.7 84
PP.T 25 - - -

Thermal characterization

The thermal properties of the composites such as crys-
tallization temperature (T ), melting temperature (T)
and half time of crystallization are presented in Table
4. The data presented are from the second heating/cool-
ing cycles. The T of all samples is stable in the range
from 164°C to 167°C. It indicates that the incorporation of
carbon fillers had a limited impact on the melting behav-
ior of the PP matrix. The highest T was recorded for the
PP_T_10 sample (166.6°C). The T, were also relatively
unaffected by filler addition, with most values around
129-130°C. The results obtained confirm previous WAXS
analysis data and the non-significant effect of carbon fill-
ers on the nucleation and crystallization process of PP
matrix.

The kinetic of crystallization expressed as half-time
of crystallization (t,) is more affected by filler type and
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Fig. 4. Young’s modulus of composites (C — xylite, L — leonard-
ite, O — waste dust from the refining industry, T - carbonized
tomato stems)

content. Pure PP showed the shortest crystallization
time equal to 71 s. The addition of carbon fillers in gen-
eral led to slower crystallization processes. It may be also
connected with the reduction of the mobility of the PP
chains. The most significant decrease of f, ,was observed
for PP_L_25 (128 s). Some of the samples has similar
value as control sample, for example PP_C_10 — 78 sand
PPT 5-79s.

Mechanical properties

The mechanical properties of PP and composites are
shown in Figures 4-6. It is clear from Figure 4 that Young's
modulus for PP_O composites is higher than for other
composites and control samples and is also stable for any
amount of filler. Also, in the case of PP_T composites with
a filler content of 1 and 5 wt%, the Young’s modulus is
higher than that of PP but increasing the filler content
to 10 wt% causes its decrease. In the case of PP_C com-
posites, adding 1% of filler does not affect the modulus,
but increasing the amount of filler reduces the Young’s
modulus. The lowest Young’s moduli are observed in the
case of PP_L composites for all filler concentrations. The
poor adhesion between the filler particles and the poly-
mer matrix may be responsible for this effect.

The tensile strength of composites is lower compared to
PP, as illustrated in Figure 5. The lowest tensile strength
was observed for composites filled with leonardite for all
filler concentrations. On the other hand, the highest was
observed for PP_O composites. For all composites, there
is a tendency for the tensile strength to decrease with
increasing filler content.

The elongation at break decreases with increasing filler
content (Fig. 6). All composites show the same elongation
at break at the lowest filler content (1 wt%).

Tensile properties of composites are consistent with
the available literature data. In most cases, the mechani-
cal properties decrease when the filler is added in the
roto molding process. Barczewski et al. [9] also noted
a decrease in tensile properties (tensile strength, tensile
modulus, elongation at break) in composites with 5 wt%
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Fig. 5. Tensile strength of composites (C — xylite, L — leonardite,
O - waste dust from the refining industry, T — carbonized to-

mato stems)
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Fig. 6. Elongation at break of composites (C - xylite, L —leonard-
ite, O — waste dust from the refining industry, T - carbonized
tomato stems)

filler content. The filler modification does not help to
obtain the composite with higher properties than the
control sample. Dou [27] added small amount of the filler
(0.1-0.5%) to the polymer matrix and all obtained com-
posites had lower all mechanical properties. Anisko et
al. [28] showed a decrease in some mechanical properties
and defects in the structure. Computed tomography and
density measurements showed that porosity was closely
related to the size and shape of the polymer particles,
with irregular shapes and large particles leading to more
defects. FT-IR and colorimetric analysis confirmed the
degradation effects in samples processed without heat
pretreatment. The study also showed that pretreated PLA
powders had more uniform wall thickness and better
surface.

In this work, the reduced mechanical properties are
also due to the porous structure of the composites. To
verify and confirm this hypothesis, microscopic analyses
were performed.

Digital microscopy

Figures 7a—e presents the structure of the inner surface
of the obtained rotomolded samples are shown.

Above, the digital microscope photos show the struc-
ture of one selected internal surface of the obtained walls
of rotomolded castings from original PP, and it compos-
ites with natural carbon fillers. In addition to the smooth
and uniform internal surface for samples made of origi-
nal polypropylene, for all composites samples produced,
it was observed that the surface is more rough and
uneven, and with a higher content of carbon filler (5 wt%
and more), holes also appear after air bubbles diffusing
from the inside of the samples materials into the volume
of the mold. It can also be observed that the carbon filler
is mostly located between the grains of polypropylene
powder, which is especially visible for low filler contents
(1 wt%).

The best internal surface is characterized by samples
made of PP_O; then PP_L and PP_C. In the case of samples
produced from PP and 1% carbonized tomato composites,
the internal surface of the product is smooth, but for 5%

of this filler content, holes and quite deep craters appear
on it. For PP composites containing 10% of various carbon
fillers, the fillers accumulate on the inner surface of the
samples, which is particularly visible for PP_T composite.

However, as shown in Figure 7e—g, the quality of the
external surface of the samples is at least good and allows
obtaining good strength and aesthetic rotomolded pro-
ducts as a result.

Holes, porosity, and lack of homogeneity are also fre-
quently mentioned in other works as characteristics of
materials obtained by this method. Robledo-Ortiz [29]
highlighted the resulting holes and defects and the
incompatibility of the filler with the matrix. He stud-
ied composites of polyethylene reinforced with natural
fibers (agave and coconut) processed by rotational mold-
ing. To improve the structure of the composites and
increase the compatibility of the fibers with the matrix,
the fibers were surface treated with maleated polyethyl-
ene (MAPE). Composites with untreated fibers showed
poor dispersion and high porosity, while MAPE-treated
fibers resulted in better interfacial adhesion, more uni-
form morphology, and reduced voids.

Pethrick and Hudson [3] proposed a simplified theoret-
ical framework to enhance the understanding of the com-
plex process of rotational molding. Authors divided the
process into three main stages: powder deposition and
melting, bubble removal and consolidation, and finally,
cooling and solidification. Viscosity played a critical role
throughout, influencing powder fusion, bubble evacua-
tion, and the uniformity of the final wall thickness. While
low melt viscosity facilitates bubble removal, it may
compromise wall stability —particularly in thick-walled
parts. The study highlights the importance of carefully
controlled heating and cooling cycles, as these directly
affect crystal structure development and, consequently,
mechanical properties. The authors also observe that
increasing the intensity of the heating step can promote
more efficient bubble removal, resulting in a smoother
and more homogeneous surface. However, prolonged
thermal exposure may lead to oxidative degradation or,
in some cases, increased viscosity due to physical trans-
formations, degrading the composite’s mechanical per-
formance. Crawford also discussed this phenomenon
[30, 31]. As such, precise design and control of the pro-
cess temperature profile are essential to ensuring optimal
product quality [32].

CONCLUSIONS

The research presented in this study focuses on the
development of polypropylene—natural carbon compos-
ites using the rotational molding technique. Subsequently,
the properties of the composites obtained were thoroughly
analyzed. As a result of the research, it was possible to
obtain samples from the manufactured PP composites
with natural carbon fillers with good external wall sur-
faces and most often with poor internal walls. The best
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Fig.7. Microscopy images: a) PP, b) PP_O_1, ¢) PP_O_5, d) PP_O_10, ) PP_C_1, ) PP_C_5, g) PP_C_10,h) PP_L_1, i) PP_L_5, j) PP_L_10,
k) PP_T_1,1) PP_T_5, m) PP_T_10; magnification 50".
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mechanical properties were obtained for characterized
by the rotomolded samples made of PP composites with
the addition of waste dust from the refining industry,
then PP composites with carbonized tomato stems. For
this composite, with the increase in the filler content to
5 wt%, an increase in Young’s modulus and elongation
at break was observed. For extremely high carbon filler
contents (25 wt%), it surrounds the surface of PP powder
grains. The degree of crystallinity of the manufactured
rotomolded composites decreases with the increase in the
carbon filler content. The content of carbon fillers in the
composites does not affect the softening temperature and
crystallization temperature. Only the half-time crystalliza-
tion is always higher compared to PP matrix. Research has
shown that it is possible to obtain good quality rotomolded
products from PP composites and natural carbon fillers,
especially for waste dust filler from the refining industry.
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