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ABSTRACT

This study examines the modification of thermoplastic starch (TPS) with natural waxes (beeswax, jojoba, and
carnauba) in order to tailor the thermal, mechanical, and surface properties of starch-based biocomposites for
sustainable packaging applications. TPS was blended with waxes at concentrations from 1 to 50 wt% and pro-
cessed by compression molding. Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and
dynamic mechanical analysis (DMA) were used to characterize thermal stability, melting transitions, and visco-
elastic behavior. Surface wettability was assessed via contact-angle measurements, and morphology was examined
using scanning electron microscopy (SEM). The results demonstrate that the type and concentration of wax strong-
ly affect TPS structure and performance. TGA revealed that carnauba slightly increases thermal stability, while
jojoba reduces the onset of degradation at higher contents. DSC showed systematic changes in melting endotherms
associated with the formation or disruption of wax-rich crystalline phases. DMA indicated that carnauba acts as a
reinforcing component, shifting relaxation processes to higher temperatures, whereas jojoba enhances molecular
mobility and lowers the a-transition. Beeswax produced intermediate behavior with broadened relaxation profiles.
Wettability tests showed that even low additions of beeswax or carnauba markedly increased surface hydrophobic-
ity, whereas jojoba wax resulted in more moderate changes. SEM analysis confirmed a clear morphology—property
relationship, showing that moderate wax contents produced a dense and homogeneous TPS structure, while high
loadings led to wax-rich phase separation. The study demonstrates that natural waxes serve as effective modifiers
of TPS properties, enabling customizable biocomposites suitable for biodegradable and eco-friendly packaging.

Keywords: thermoplastic starch, beeswax, carnauba wax, jojoba wax, biocomposites, biodegradable composites,
compression molding.

INTRODUCTION

Currently, due to environmental protection,
and obligatory legislation, plastics produced
from crude oil are more and more often being
replaced by polymers produced from renewable
raw materials. Many researchers are focusing
on creating biodegradable materials using starch
due to its abundance, low cost, non-toxicity, and
renewability. However, the inherent water-sen-
sitivity of starch impaired the biocomposites
mechanical strength and water vapor barrier
properties, the application of starch materials in
packaging is greatly limited [1,2]. As a result,
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starch modification became necessary. Various
approaches have been explored to address the
hydrophilic characteristics of starch materials,
with the addition of hydrophobic agents like oils,
fatty acids, waxes, or other plant modifiers prov-
ing to be an effective solution [3,4].

Starch is resistant to being processed as a
thermoplastic material due to strong intermolec-
ular forces and hydrogen bonds. Therefore, the
addition of plasticizers such as glycerin, glycerol,
urea, citric acid, glucose, sorbitol, and others is
required to produce thermoplastic starch (TPS)
[5,6]. The addition of plasticizers increases the
flexibility and enhances the processability of
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TPS. However, the common use of plasticizers
often leads to a higher environmental load; hence,
plasticizers should ideally be natural, inexpen-
sive, and renewable to ensure that the production
process is both cost-effective and biodegradable.

In many food and non-food applications, starch
is modified by chemical methods (acetylation/ester-
ification, acid hydrolysis, cross-linking, grafting, or
oxidation) [7,8]. However, the consequent waste
generation and high costs demand new alternatives.
The waxes are an alternative to current modifica-
tion methods and changes in starch properties.

Natural waxes such as beeswax (produced by
bees), jojoba (obtained from seeds of the plant
Simmondsia chinensis), and carnauba (obtained
from Carnauba palm leaves) have found numer-
ous commercial applications across various
industries [9,10]. They are widely used in cosmet-
ics as an ingredient in creams, balms, lipsticks,
and hair care products due to their moisturizing,
protective, and stabilizing properties. In the food
industry, beeswax serves as a protective coating
for fruits, extending their shelf life [11]. Addi-
tionally, it is employed in pharmaceutical prod-
ucts for wound healing creams and ointments,
as well as in candle making for its stability and
pleasant aroma. Research has demonstrated that
beeswax ranks among the most effective hydro-
phobic agents for reducing the water sensitivity
of starch-based materials [12,13].

Despite their commercial relevance, studies
focusing on the effects of these natural waxes on
the physicochemical properties of starch-based
packaging, particularly fabricated by compres-
sion molding, remain limited. Understanding
how different wax types and their concentrations
influence thermal, mechanical, and surface prop-
erties of starch composites is essential to optimize
material performance for packaging applications.

This work aims to systematically investigate
the incorporation of natural waxes (beeswax,
jojoba, and carnauba) into starch matrices pre-
pared by compression molding and to elucidate
their impact on the physicochemical characteris-
tics relevant to packaging functionality.

MATERIALS AND METHODS

Materials

Potato starch was produced from Pota-
to Industry Company (Trzemeszno, Poland).

Glycerine (M, = 92.10 g/mol, pure 99.95%)
was purchased from PolAura (Morag, Poland),
natural beeswax (T = 67.9 °C, p = 0.96 g/cm’)
was purchased from Szkaradek (Nowy Sacz,
Poland), jojoba wax (T _ = 68-70 °C, p = 0.86—
0.90 g/cm®) (Armadillo, Polska), and carnauba
wax (T = 80-86 °C, p = 0.990-0.999 g/cm’
(Machnijkrem, Polska).

Preparation of samples

Waxes and glycerin were placed in glass beak-
ers (each wax separately) and then heated on a hot
plate with a magnetic stirrer (DLAB MS-H280-
Pro, Germany) to a temperature of 90 °C until
the wax dissolved and evently mixed with the
glycerin. Next, native starch, previously dried at
45 °C for 24 hours, was added and stirred until
a homogeneous consistency was obtained. Then,
the prepared material was compressed using a
vulcanization press (AWO03, Argenta, Poland) at a
pressure of 0.72 MPa for 30 seconds each. Sam-
ples containing 1%, 5%, 10%, and 15% beeswax
were pressed at a temperature of 160 °C. Mean-
while, samples with 20%, 25%, 30%, and 50%
wax content were pressed at 140 °C. To obtain
samples of the same thickness after pressing, the
prepared material (15 g each time) was placed in a
special metal ring with a diameter of 8.5 cm and a
thickness of 2 mm (see Figure 1). After pressing,
the samples were left to cool and then removed
from the mold.

The samples are named as follows: T — starch
samples with glycerin (thermoplastic starch), XY
— starch samples with glycerin and wax, where X
represents the type of wax (B — beeswax, J — jojo-
ba wax, C — carnauba wax), and Y represents the
wax content, ranging from 1 to 50%.

Due to the functional range and physico-
chemical characteristics of the waxes, different
concentrations were used. For beeswax, concen-
trations were 1, 5, 10, 15, 20, 25, 30, and 50%.
For jojoba and carnauba waxes, only 5% and 20%
were used.

The selection of wax concentrations for the
samples was based on several factors. For bees-
wax, a wide range of concentrations was cho-
sen to enable a comprehensive assessment of its
impact on the properties of thermoplastic starch
(TPS). For jojoba and carnauba waxes, due to
their distinct physicochemical properties and
limited solubility in the TPS matrix, two rep-
resentative concentrations (5% and 20%) were
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Figure 1. Sample preparation includes: a) the prepared ball, b) a special metal ring, c¢) the compressed material,
and d) the samples removed from the mold

selected. These concentrations were identified
in the literature and preliminary studies as suf-
ficient to capture the key effects on material
properties [14,15]. Additionally, practical con-
siderations related to mixture stability and sam-
ple preparation efficiency influenced the nar-
rower concentration range for these waxes. This
approach enables an optimized experimental
plan that strikes a balance between represent-
ativeness and resource efficiency, facilitating a
comparative analysis of the results.

Metodology

Contact angle measurements were performed
using the dynamic liquid flow method with a
DSA 100 goniometer (Kriiss GmbH, Germany)
according to the PN-93/C-89438 standard. In this
method, a polar liquid (water) and a non-polar lig-
uid (diiodomethane) were used. Drops of the test
liquid were applied to the sample, and the instru-
ment measured the dynamic contact angle of the
analysed material. For each sample, six contact
angle measurements were conducted with water
or diiodomethane.

The thermal degradation rate was determined
using a Q500 thermogravimetric (TG) analyzer
(TA Instruments, USA). The analysis was con-
ducted in a temperature range from 25 °C to 1000
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°C with a heating rate of 10 °C per minute under
anitrogen atmosphere. The tested sample weights
ranged between 19 and 20 mg.

Phase transition temperatures of the test-
ed samples were determined using a differential
scanning calorimeter DSC Q200 (TA Instru-
ments, USA). Measurements were carried out
over a temperature range from -80 °C to 200 °C
with a heating rate of 10 °C/min under a nitro-
gen atmosphere. The analysis consisted of three
stages: first heating, cooling, and second heat-
ing. Only the data from the second heating cycle,
which removed the sample’s thermal history,
were considered for evaluation. Sample masses
ranged between 7.2 and 8.5 mg.

Thermomechanical tests were performed
using a DMA Q800 dynamic mechanical analyz-
er (TA Instruments, New Castle, DE, USA). The
samples were cuboids with dimensions of 60 x 10
x 4 mm cut from compression-molded test sam-
ples. The samples were examined in a dual canti-
lever mode, at a constant frequency of 1 Hz and
controlled amplitude of 15 pum, as a function of
temperature ranging from 25 °C to 160 °C.

Surface analysis of the samples was conduct-
ed using a Phenom XL scanning electron micro-
scope (ThermoFisher Scientific, Eindhoven, The
Netherlands). Before examination, the samples
were coated with a thin layer of gold.
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RESULT AND DISCUSSION

Wettability

The contact-angle measurements showed a
strong influence of natural waxes on the surface
polarity of thermoplastic starch. Neat TPS exhib-
ited a low contact angle (31.45°), confirming its
highly hydrophilic character. Beeswax markedly
increased hydrophobicity even at low concentra-
tions: 1% raised the contact angle to 79.85°, while
5-10% produced values above 100°, indicating
the formation of a stable hydrophobic surface
layer. A substantial further increase occurred only
at 50% beeswax (135.06°), consistent with sur-
face saturation and the accumulation of wax-rich
domains. This effect results from the migration
of nonpolar long-chain esters toward the surface
during processing, forming a continuous hydro-
phobic coating (Figure 2).

Carnauba wax produced similarly high con-
tact angles (=101° for 5-20%), though the weak-
er dependence on concentration reflects its high
crystallinity and limited mobility, which restrict
its ability to reorganize at the surface.

In contrast, the jojoba wax composites exhib-
ited significantly lower contact angles (47°
for J5 and 67.32° for J20). Although these val-
ues increased with concentration, the surfaces
remained partially hydrophilic. This is attributed
to the molecular structure of jojoba wax, which,

despite being solid at room temperature, has low
crystallinity and forms a soft, weakly ordered
phase. As a result, it shows limited segregation
to the surface and does not create a continuous
hydrophobic film, remaining more uniformly dis-
persed within the TPS matrix (Figure 3).

TG analysis

The thermal behavior of the starch-based
biocomposites containing various amounts of
beeswax was investigated by thermogravimetric
analysis (TGA), and the corresponding results are
presented in Table 1.

The TGA results show that all samples
exhibit a multistage degradation pattern typical
of starch-based materials. The initial mass loss
below ~150 °C corresponds to the evaporation
of moisture and volatiles. The main degradation
step occurs between 230-350 °C and is associat-
ed with the decomposition of starch chains and
glycerol [16,17]. The main decomposition tem-
perature (T, = 285-292 °C) and maximum deg-
radation rate (T, = 309-312 °C) remain nearly
unchanged with beeswax addition, indicating
that the primary degradation mechanism of TPS
is preserved [18,19].

Beeswax mainly influences the onset of deg-
radation. The temperature at 5% mass loss (T,)
increases from 157.48 °C for neat TPS to 214.13
°C at 50% beeswax, reflecting improved initial

b)

Figure 2. Images of water drops taken during wettability measurements: a) T, b) B5, and c¢) B50

495



Advances in Science and Technology Research Journal 2026, 20(4), 492-504

a)

Figure 3. Drop of water on the surface of: a) J20 and b) C20

Table 1. Thermal properties by TGA of biocomposites

Sample T,(°C) T, (°C) T, (°C) Ty (°C) Residue at 980°C (%)

T 290.60 311.67 157.48 306.01 4.45

B1 291.65 311.17 170.02 307.97 8.34

B5 288.25 309.46 159.25 306.55 -

B10 291.40 309.65 177.97 307.58 5.06

B15 290.01 310.66 196.12 308.75 7.60

B20 290.78 308.24 182.36 308.44 3.02

B30 285.88 309.46 173.80 308.89 4.38

B50 285.35 306.42 214.13 313.83 4.23

thermal stability due to the hydrophobic and barri-
er-forming nature of the wax [14,20]. In contrast,
the temperature at 50% mass loss (T, ) remains
relatively constant (306314 °C), confirming that
the main polysaccharide degradation step is not
significantly affected. Residual mass ranged from
3.02% to 8.34%, with differences likely arising
from carbonaceous char formation or inorganic
fractions present in the wax [18,21].

Figure 4 and Table 2 compare the thermal
behavior of composites containing 5% and 20%
beeswax, carnauba, and jojoba wax. These con-
centrations were selected to capture the main
effects of each wax type on TPS stability. The
analysis shows that all waxes slightly enhance the
onset of thermal stability while leaving the princi-
pal degradation pathway of TPS unchanged. The
main degradation stage occurred between 250
and 350 °C for all samples, corresponding to the
thermal decomposition of starch and associated
organic components. A minor weight loss below
150 °C was attributed to the evaporation of physi-
cally adsorbed moisture and residual glycerol.

The degradation onset temperature (T,) and
the maximum degradation rate temperature (T,
) are summarized in Table 2. Incorporation of
jojoba and carnauba waxes slightly shifted the
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degradation onset toward higher temperatures
(296298 °C), suggesting improved thermal
resistance compared to the neat TPS (T, = 290.6
°C). In contrast, beeswax-modified samples
exhibited slightly lower T, values, indicating a
minor plasticizing effect that could promote ear-
lier chain mobility and decomposition onset. The
highest T, was observed for J5 and J20 (313.2
°C and 312.3 °C, respectively), confirming that
jojoba wax enhanced the stability of the TPS
matrix under heating.

The temperature corresponding to 5% mass
loss (T,,) showed a clear stabilizing effect of
all waxes, particularly at higher concentrations.
The most significant improvement was observed
for C20 (T5% = 219.1 °C), reflecting the high
melting point and hydrophobic character of car-
nauba wax, which likely reduces heat and mass
transport during early decomposition. Jojoba
wax also increased both T,, and T, , indicat-
ing a more thermally robust dispersion within
the TPS matrix. Beeswax provided moderate
improvement, especially at 20 wt%, suggesting
partial shielding of starch chains without major
structural reinforcement.

Residue after heating to 980 °C varied with
wax type. Neat TPS left 4.45% residue, while
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Figure 4. The TG curve and DTG curve of biocomposites

Table 2. Thermal properties by TGA of biocomposites

Sample T,(°C) Ty (°C) T,, (C) Ty, (°C) Residue at 980°C (%)

T 290.60 311.67 157.48 306.01 4.45

B5 288.25 309.46 159.25 306.55 -

B20 290.78 308.24 182.36 308.44 3.02

J5 296,14 313.21 183.88 310.20 0.65

J20 297,54 312,33 183,76 311,22 5.04

c5 296,66 312,3 175,35 309,78 3.04

C20 294,95 310,26 219,07 311,72 0.58

J20 exhibited the highest value (5.04%), indicat-
ing the formation of more stable carbonaceous
structures. Conversely, carnauba-containing sam-
ples, particularly C20, showed minimal residue
(0.58%), consistent with nearly complete volatil-
ization of its aliphatic fraction.

Overall, the results clearly demonstrate that
both wax type and concentration significantly
influence the thermal degradation profile of sam-
ples. Beeswax primarily exhibits plasticizing
behavior, slightly reducing degradation onset.
Jojoba wax provides the most balanced enhance-
ment, increasing both onset and mid-stage sta-
bility and producing the highest char residue.
Carnauba wax most strongly delays early degra-
dation, as reflected by its high T5% values, par-
ticularly at 20 wt%.

The improved stability observed for higher
wax contents (20 wt%) can be attributed to sev-
eral mechanisms, including hydrophobic barrier
effects, wax crystallinity, restricted diffusion of
volatiles, interfacial interactions, and the formation

of thermally stable residues, as also noted for
lipidic additives in starch systems [22,23].

DSC analysis

Differential scanning calorimetry (DSC) cool-
ing thermograms of TPS containing 1-50 wt%
beeswax (Figures 5—6) show that wax addition
markedly affects the recrystallization behavior
of the material. The cooling curves exhibit two
exothermic peaks for wax-containing samples,
corresponding to the solidification of the low- and
high-melting fractions of beeswax, which is a
complex mixture of long-chain esters, acids, and
hydrocarbons [24,25]. The intensity of these peaks
increases with wax concentration, indicating pro-
gressive development of crystalline structures.

For neat TPS, a single exothermic peak
appears at ~55 °C, associated with retrogradation
through amylose/amylopectin double-helix refor-
mation [15]. At low beeswax levels (1-10 wt%),
this peak shifts slightly to lower temperatures
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Figure 5. The temperature dependence on the heat flow (DSC solid curve — cooling cycle) of biocomposites
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Figure 6. The temperature dependence on the heat flow (DSC solid curve — second heating cycle)

(50-53 °C) and becomes broader, suggesting that
beeswax disrupts starch chain mobility and par-
tially inhibits crystallite reformation.

At intermediate wax contents (15-30 wt%),
the exothermic event intensifies and shifts upward
(55-60 °C), indicating enhanced structural order-
ing. This behavior is consistent with co-crystalli-
zation, where long-chain esters act as nucleating
agents that facilitate starch alignment [26]. Such
cooperative crystallization has been reported in
other starch-lipid systems and can reduce retro-
gradation rates [15,26].

At 50 wt% beeswax, the thermogram shows
a broad, multi-step exothermic transition extend-
ing ~45-65 °C. This reflects heterogeneous
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solidification of wax-rich domains, consistent
with phase separation observed in the heating
cycle [27]. The wide crystallization range cor-
responds to the intrinsic complexity of beeswax
crystallization, derived from its mixed ester and
hydrocarbon composition [24,26].

Overall, DSC cooling results confirm that
beeswax strongly modifies TPS recrystallization:
low contents hinder starch retrogradation, mod-
erate levels promote more ordered structures via
co-crystallization, and very high content leads
to phase-separated, multi-domain solidification.
These effects highlight the dual role of beeswax
as both a structural modifier and crystalline filler
in TPS matrices [15,26].
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Figure 6 shows the curves correspond to the
second heating cycle, allowing for the assessment
of the thermal transitions and structural rearrange-
ments occurring after processing and cooling.

In the temperature range from —100 °C to 0
°C, no distinct thermal transitions were detected,
indicating that the T, of the amorphous starch
phase is either extremely broad or masked by
relaxation processes of the glycerol-plasticized
matrix. Such suppression of T, is common in
highly plasticized TPS, where strong hydro-
gen bonding and high chain mobility blur the
glass-transition signal [3,15].

The main endothermic transition for all sam-
ples appears between 40 °C and 70 °C and corre-
sponds to the melting of crystalline domains. Neat
TPS exhibits a sharp peak at ~52 °C, attributed to
the melting of retrograded amylose/amylopectin
crystallites [28]. Introducing beeswax causes sys-
tematic changes in this region.

At low beeswax contents (1-10 wt%), the
melting peak shifts slightly upward (55-58 °C)
and broadens, indicating partial miscibility
between beeswax and TPS. In this range, bees-
wax restricts starch chain mobility and promotes
more ordered packing, behaving as a structural
modifier rather than a plasticizer.

With intermediate beeswax concentrations
(15-30 wt%), the melting peak intensifies and
shifts to ~58-62 °C. This suggests the forma-
tion of co-crystalline regions and increased crys-
tallinity, likely driven by interactions between
amylose and long-chain esters in beeswax [26].

The coexistence of starch- and wax-derived crys-
talline phases improves structural ordering and
thermal stability.

At 50 wt% beeswax, the endothermic transi-
tion becomes broad and flattened, extending up to
~65 °C. This indicates clear phase separation and
the presence of wax-rich domains whose melting
behavior overlaps with that of starch. The wide
melting interval aligns with the complex ther-
mal profile of natural beeswax, which contains
numerous aliphatic esters and hydrocarbons that
melt over a broad temperature range [18].

Overall, the DSC heating results show that
beeswax strongly impacts the melting behavior of
TPS: low contents slightly increase Tm and limit
chain mobility, intermediate contents enhance
crystallinity through partial co-crystallization,
and high contents (=50 wt%) lead to phase-sepa-
rated, heterogeneous melting.

Figures 7-8 provide insights into the phase
transitions and thermal behavior of TPS modified
with 5% and 20% amounts of beeswax, carnauba,
and jojoba wax.

Carnauba wax exhibited the highest melting
temperatures (=82 °C) and a marked increase of
AH_ with wax content (11.66 — 23.19 J/g), indi-
cating the formation of stable, highly crystalline
domains. This behavior reflects carnauba’s rigid
lattice and its ability to nucleate and reinforce
crystalline regions within the TPS matrix, result-
ing in enhanced thermal rigidity and improved
ordering upon cooling.
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Figure 7. The temperature dependence on the heat flow (DSC solid curve — cooling cycle) of biocomposites
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Figure 8. The temperature dependence on the heat flow (DSC solid curve — second heating cycle)

Jojoba-containing samples (J5, J20) showed
melting transitions at ~<66—-68 °C. Increasing the
content from 5 to 20 wt% resulted in a notable
rise in AH_ (4.11 — 17.89 J/g), demonstrating
that higher jojoba concentrations promote the
formation of larger or more ordered crystal-
line regions. Since jojoba wax is solid at room
temperature (T = 68-70 °C), it provides crys-
talline — not liquid — domains. The increase in
melting enthalpy suggests improved molecular
ordering during cooling, possibly through jojo-
ba crystallites alone or joint starch—jojoba co-or-
dered regions. Although its Tm is lower than
that of carnauba, the substantial AH_ increase
indicates effective structural reinforcement and
corresponds with the improved char formation
observed in TGA for higher jojoba contents.

Beeswax-containing samples (B5, B20)
exhibited melting peaks around 63.2-63.6 °C.
At low concentration (B5), AHm was relative-
ly small (6.32 J/g), whereas at 20 wt% (B20)
AHm increased sharply to 26.36 J/g — the high-
est value among all 20% samples. The nearly
unchanged Tm between B5 and B20 indicates
that the beeswax crystallites have comparable
thermal characteristics at both loadings, but the
crystalline fraction grows substantially at 20
wt%. This reveals a concentration-dependent
behavior: beeswax acts partially as a softening
or plasticizing phase at low amounts, increasing
chain mobility, but at higher content transitions
into a strongly crystalline filler that contributes
significantly to the total crystallinity. This dual
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mechanism explains why beeswax may exhibit
weaker thermal stabilization at low concentra-
tions in TGA, yet strongly increases melting
enthalpy at higher loadings.

To summarize comparatively, carnauba acts
as a high-T , rigid crystalline stabilizer; jojo-
ba forms intermediate-T_ ordered domains that
promote recrystallization and homogeneity;
and beeswax exhibits concentration-dependent
behavior, balancing plasticization and crystal-
linity. The increase in AH_ for all systems cor-
relates with improved phase organization and
the formation of hydrophobic, crystalline micro-
structures that contribute to the improved ther-
mal stability observed in TGA.

The mechanisms of thermal stabilization
vary depending on the wax type. Carnauba wax,
due to its high crystallinity and high melting
temperature, acts as a rigid crystalline barrier
that delays thermal decomposition and restricts
chain motion. Jojoba wax, with its moderate
melting point and semi-crystalline structure,
facilitates molecular rearrangement and enhanc-
es recrystallization upon heating and cooling,
improving homogeneity and char yield. Bees-
wax exhibits a dual effect: at low concentrations
it acts as a plasticizer increasing chain mobility,
whereas at high concentrations it behaves as a
crystalline filler contributing to enthalpy growth
and long-range ordering. Overall, these mecha-
nisms indicate that wax additives not only mod-
ify the thermal behavior of TPS but also restruc-
ture its microphase organization, reinforcing
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stability through hydrophobic interactions and
crystalline reinforcement.

DMA analysis

The results of the DMA analysis are present-
ed in Figure 9. The changes in the storage module
(E") and the damping factor (tan 0) as a function
of temperature revealed distinct effects depending
on wax type and concentration, complementing
the dependences observed in TGA and DSC.

The neat sample (T) showed a typical profile
of TPS plasticized with glycerol, with E' = 560
MPa at room temperature, followed by a sharp
decrease between 70-90 °C, corresponding to
the glass transition temperature (T)) to rubbery
state. The broad tan 6 peak in this region reflect-
ed the relaxation of starch molecular chains and
the onset of viscous flow. This is characteristic of
glycerol-plasticized starch systems.

Beeswax-containing materials showed a
strongly concentration-dependent response. At
low loading (BY), stiffness decreased and a wide
tan O peak was observed, consistent with partial
plasticization and limited crystallinity. At 20 wt%
(B20), both higher E’ and a narrower, tempera-
ture-shifted tan & peak indicated the formation
of a continuous crystalline phase, in line with
the high melting enthalpy and thermal stability
observed for this formulation.

Jojoba-modified samples also showed a two-
stage behavior. J5 exhibited a noticeable modu-
lus drop near the relaxation region, suggesting
that dispersed crystalline domains provided only
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localized reinforcement. At higher content (J20), a
lower low-temperature E’ and a tan  peak shifted
to lower temperatures reflected increased molec-
ular mobility due to the formation of semi-con-
tinuous wax regions. These features correspond
with the increased melting enthalpy and enhanced
thermal stability of J20.

Carnauba-containing TPS (C5, C20)
showed the strongest reinforcement, maintain-
ing high E' values over the entire temperature
range and displaying sharp, narrow tan o peaks.
This behavior matches its high melting temper-
ature and significant crystallinity, confirming
carnauba as an efficient, rigid, thermally stable
reinforcing phase.

Processing also influenced the viscoelastic
behavior. Compression molding used in this
study produces lower molecular orientation and
slower cooling compared to injection molding,
resulting in slightly lower stiffness but enhanced
thermal relaxation and partial recrystalliza-
tion. Waxes further modulated this morphology
through their lubricating and crystallinity-con-
trolling effects, improving interfacial interac-
tions and thermal resistance.

Overall, the waxes tuned the viscoelastic
response of TPS through the interplay of plasti-
cization and crystalline reinforcement. Beeswax
transitioned from a softening additive at low load-
ing to areinforcing phase at higher concentrations,
jojoba enhanced flexibility and stress dissipation,
while carnauba provided the highest stiffness and
thermal stability among all formulations.

1200

1000

800

600

Storage Modulus (MPa)

400

200

0.6

0.5

04

Tan Delta

03

“ Fo02

20 40 60 80

Temperature (°C)

T e e ()4
100 120 140 160

Universal V4.5A TA Inst

Figure 9. Storage module and Damping coefficient (tand) of tested samples as a function of temperature
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Figure 10. SEM images: a) T, b) B20, c) B50

SEM analysis

The SEM micrographs of the thermoplastic
starch and beeswax-modified TPS samples (Fig-
ure 10) reveal distinct morphological changes
associated with increasing wax content. The
unmodified TPS sample (Figure 12a) exhibits a
rough and granular surface with partially fused
starch granules and visible intergranular voids.
This morphology reflects incomplete melting
and consolidation of starch domains during
compression molding, a common feature in ther-
moplastic starch systems.

The introduction of a small amount of bees-
wax to 5% resulted in a smoothing of the surface
and partial embedding of starch granules with-
in a continuous matrix. The wax likely acts as
a compatibilizing and lubricating phase, filling
voids and promoting improved cohesion between
starch domains. At this stage, the microstructure
still retained some granular features, indicating
partial phase separation.

With higher beeswax contents to 20%, the
morphology evolved towards a more homogene-
ous and compact structure. The starch granules
appeared increasingly fused, and the continu-
ous phase became dominant. The B20 sample
exhibits a smooth, dense surface with minimal
porosity, suggesting optimal dispersion and
interaction between the starch and wax phas-
es. This microstructure correlates well with the
enhanced thermal stability and higher crystallin-
ity observed in the TGA and DSC analyses, as
well as the increased storage modulus noted in
DMA measurements.

At even higher wax loadings from 25% to
50%, the structure changed again, showing the
appearance of microphase separation and the

502

formation of wax-rich domains. The surface was
becoming more heterogeneous, and distinct glob-
ular or lamellar regions appeared, likely corre-
sponding to recrystallized beeswax aggregates.

CONCLUSION

The study demonstrated that the incorpora-
tion of natural waxes significantly influences the
structure and properties of thermoplastic starch.
The thermal analyses showed that carnauba,
beeswax, and jojoba modify the melting behavior
and thermal stability of TPS in distinct ways, with
clear concentration-dependent effects. Dynamic
mechanical analysis revealed systematic chang-
es in viscoelastic behavior, including shifts in
relaxation temperatures and variations in stor-
age modulus associated with each type of wax.
Surface wettability measurements confirmed that
the addition of waxes increases hydrophobicity
to differing extents depending on the additive.
SEM observations showed that increasing wax
content leads to a transition from partially granu-
lar structures to homogeneous matrices, followed
by microphase separation at the highest loadings.
Altogether, the results provide a comprehensive
characterization of the relationships between wax
type, concentration, and the resulting thermal,
mechanical, and morphological features of wax-
modified TPS biocomposites.
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