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Abstract

Hot melt adhesives based on blends of poly (ethylene-co-vinyl acetate), (EVA), and thermoplastic starch modified 
with citric acid (TPS), compatibilized with polyolefin grafted with maleic anhydride (PO-g-MA) were prepared. The 
materials were characterized by scanning electron microscopy (SEM) of fragile fractured surface, rotational viscosimeter 
(Brookfield) and FTIR. SEM showed interfacial failure in non-compatibilized blends and a decrease in the size of TPS 
dispersed phase as compatibilizer is added. When adding 5 and 7% of the compatibilizer, results from the viscosimeter 
indicated increase of 85% and 109% in viscosity, respectively. FTIR showed a dislocation in the absorption of hydrogen 
bands and ester linkages. These results indicated the effectiveness of the polyolefin functionalized. In performance 
analysis, compatibilized blends with 25% TPS, exhibited greater adhesion compared to standard hot melt adhesive at 
low application temperature (140°C), which demonstrates great potential for natural materials in adhesive’s industry.
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1. Introduction

Adhesives play a crucial role in society with application in 
a wide range of materials[1,2]. Due to their versatile functionality 
and multidisciplinary applications, adhesives are utilized 
across various industries such as wood processing, furniture, 
construction, aerospace, automotive, electronics, packaging 
and medical applications[1-5]. Each of these applications has 
its own unique requirements and specific characteristics.

In recent years, driven by growing environmental awareness 
and regulations, the entire chemical industry has focused on 
improve the sustainability of process and products[6]. For 
adhesives segment, this shift has mostly exhibited in the 
transition from solvent-based to water-based or 100% solid 
content adhesives, such as hot melt adhesives[6,7].

Hot melt adhesives (HMA) were introduced in the 
market in 1950, and have steadily gained significance, 
now occupying approximately 15 – 21% of the adhesives 
segment[8]. This substantial share is attributed to several 
factors, such as the absence of solvent in their formulation, 
allowing for application in high-speed machines[9] and their 
role in addressing environmental concerns regarding volatile 
organic compounds (VOC) emissions[10]. Even though 
substantial progress has been made, there still a long way 
to go in the adhesive industry. Notably, most of their raw 
materials are derived from petroleum sources, which are in 
predominantly non-biodegradable and non-recyclable[11].

Given the issue with petroleum feedstock and the 
associated environmental concerns, studies have been 

exploring more sustainable alternatives for raw materials 
in adhesives. The most intuitive path involves natural 
renewable polymers that already possess natural adhesion 
characteristics, such as starch (a polysaccharide) and casein 
(a protein)[6,10]. Starch serves as the primary source of energy 
to sustain life and is a great promise for biopolymers, 
because of its versatility, low cost, and abundance[7,12]. 
In addition, it can be transformed into a thermoplastic 
material, known as TPS, by processing in the presence 
of plasticizers such as glycerol under high temperature, 
pressure, and shear forces[12].

Carvalho et al.[13], developed a thermoplastic starch (TPS) 
based hot melt adhesive (HMA) with reduced viscosity, 
achieved through the incorporation of citric acid into the 
formulation. While the complete biodegradability of such 
HMAs is highly promising, these materials still present 
critical limitations for industrial application, particularly 
regarding water absorption and thermal stability.

To overcome these drawbacks, one promising strategy 
is blending TPS with synthetic polymers to enhance 
performance. Among them, poly(ethylene-co-vinyl acetate) 
(EVA), a widely used polymer in the adhesive industry, 
has been the focus of numerous studies. TPS/EVA blends 
have shown encouraging results, such as a 50% reduction 
in water uptake[14], indicating strong potential for further 
development[15]. However, these studies have focused 
on simplified binary systems, such as EVA/TPS blends. 
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In contrast, the present study expands on this by exploring 
a more complex, multi-component system of an EVA/TPS 
hot melt adhesive (HMA), incorporating standard HMA 
components such as waxes and resins, along with 
polyolefin grafted with maleic anhydride (PO-g-MA) as 
a compatibilizer.

The blends were characterized by Fourier-transform 
infrared spectroscopy (FTIR), rotational viscometry, thermal 
stability analysis, adhesion testing, and scanning electron 
microscopy (SEM). Despite being less commonly applied to 
hot melt adhesives, SEM was employed as a complementary 
technique to investigate morphological aspects related to 
blend compatibilization.

This study addresses existing gaps in the literature 
by exploring the application of TPS/EVA blends in more 
complex hot melt adhesive (HMA) system, incorporating 
waxes and conventional tackifiers such as rosin ester and 
hydrocarbon resins. Additionally, it investigates the effects 
of compatibilization on morphology, viscosity behavior, 
offering an application-oriented approach to the research 
of sustainable HMA formulations, highlighting excellent 
adhesion performance—specially at reduced application 
temperatures (140 °C)—while also emphasizing the 
remaining challenges and opportunities for industrial 
implementation.

2. Materials and Methods

2.1 Materials

In this study, regular corn starch with an amylose content 
of approximately 28% was combined with glycerol, citric 
acid, and stearic acid. The components of the standard 
hot melt adhesives are detailed in Table 1. Additionally, 
the specifications of the substrate for the adhesion tests 
are provided.

2.2 Methods of preparation

2.2.1 Preparation of thermoplastic starch (TPS)

The TPS composition consisted of 61% starch, 33% 
glycerol, 5% citric acid, and 1% stearic acid. The mixture 
of components was stored overnight before processing. The 
mixture was passed through a sieve and fed into a single-screw 
extruder with a screw diameter of 16 mm and an L/D ratio 
of 26. The temperature profile was 110°C, 120°C, and 130°C 
from feed to die, and the screw speed was set to 74 rpm.

2.2.2 Preparation of hot melt adhesives (F1 and F2)

For the production of hot melt adhesives, a mechanical 
system digestor was utilized to blend all components. Initially, 
less viscous materials – wax, resin – were introduced, followed 
by the addition of the polymers, which is more viscous. 
Finally, after some homogenization, the antioxidant was 
added. The operating temperature was maintained at 140°C 
with a rotor speed of 250 rpm. Two standard formulations 
of hot melt adhesives were prepared, featuring ingredients 
as detailed in Table 1. The proportions were: 49% resin, 
30% EVA polymer, 20% wax, and 1% antioxidant.

2.2.3 Preparation of the blends

To prepare the blends, the same procedure used to 
prepare hot melt adhesives was employed, wherein TPS was 
mixed with the standard hot melt. Taking this into account, 
the final formulations are presented in Table 2.

Even formulations that incorporate only a fraction of 
renewable raw materials can represent a significant step 
toward environmental sustainability—particularly when 
these formulations maintain performance standards without 
incurring additional costs[6]. The formulated blends explores 
incorporating 25% thermoplastic starch (TPS), which is a 
low cost material, in standard industrial formulas of hot 
melt adhesives.

Table 1. Materials of the formula of citric modified starch-EVA based hot melt adhesive.
Samples Materials

Both formulas Polymer: EVA(28% of acetate vinyl content, MFI: 400g/10min), Antioxidant: Primary type
F1 and F2
F1: Standard hot melt adhesive with hydrocarbon resin Resin: Hydrogenated hydrocarbon (C5 Aliphatic)

Wax: Fischer-Tropsch, Compatibilizer: Polyolefin functionalized with maleic anhydride
F2: Standard hot melt adhesive with ester resin Resin: Glycerol ester, Wax: Ethene Copolymer EVA Wax

(Acetic Acid Ethyl Ester, with 13% Vinyl Acetate)
Carton paper for packaging Composition: triple-layer coating comprising short and long fiber cellulose, a blend of 

short and long fiber cellulose with CMTP, and long fiber cellulose enhanced with starch. 
Grammage 205 to 360 gsm. Cobb value of 40 g H2O/m3

Table 2. Composition of the blends studied, showing thermoplastic starch (TPS), hot melt adhesive (HMA) content and type 
(F1 or F2 formulation), and the percentage of polyolefin-grafted-maleic anhydride (PO-g-MA) used as compatibilizer (C).

Sample ID TPS (%) HMA (%) Formulations HMA Type Compatibilizer PO-g-MA (%)
TPS/F1 25 75 F1 0
TPS/F1/5C 25 70 F1 5
TPS/F1/7C 25 68 F1 7
TPS/F2 25 75 F2 0
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To overcome the pronounced polarity mismatch between 
thermoplastic starch (TPS) and low-polarity HMA F1 and its 
blends, the compatibilizer (C), as known as polyolefin-grafted 
maleic anhydride (PO-g-MA), was incorporated at varying 
concentrations (5% and 7%). This formulation strategy 
enables a targeted assessment of the compatibilizing effect 
of PO-g-MA in systems with intrinsically poor interfacial 
affinity. Conversely, no compatibilizer was added to the blend 
with the F2 system, as the higher polarity of the ester-based 
tackifiers enhance compatibility with TPS through more 
favorable intermolecular interactions.

2.3 Caracterization methods

The base formulation (TPS/F1) and its modified 
versions containing 5% and 7% PO-g-MA (TPS/F1/5C and 
TPS/F1/7C) were extensively characterized using FTIR 
spectroscopy and viscosity analysis. These techniques were 
applied exclusively to these formulations due to their high 
sensitivity in detecting molecular interactions and variations 
in flow behavior induced by the PO-g-MA compatibilizer. 
All blend formulations, including TPS/F2, were evaluated 
by SEM, thermal stability, and adhesion testing to assess 
performance and compare the morphology of the matrix 
and dispersed phases.

2.3.1 Thermal stability

Thermal stability were performed according to ASTM 
D4499 – 17. The samples were placed in a preheated 
oven set to 150°C and the temperature was monitored 
and maintained consistently throughout the duration of 
the test. The samples were then subjected to the specified 
temperature for a total duration of 3 hours. After the 3-hour 
heating period, the samples were removed from the oven and 
allowed to cool to room temperature. The blends were then 
visually inspected for signs of phase segregation, such as 
changes in color, texture, and the presence of distinct layers 
or domains within the samples. Since there was completely 
phase segregation for all blends the viscosity was measured 
only before testing.

2.3.2 Scanning Electron Microscopy (SEM)

For the analysis, the samples were cryogenically fractured 
using liquid nitrogen, coated with a thin layer of platinum, 
and examined using an Inspect F-50 scanning electron 
microscope (SEM). This well-established preparation 
method for polymeric materials was chosen to overcome 
the inherent softness and low electrical conductivity of the 
hot melt adhesives.

2.3.3 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis was performed using a Perkin Elmer 
Spectrum 3 spectrometer, equipped with an ATR (Attenuated 
Total Reflectance) module for the measurements. FTIR 
spectra were recorded in the range of 4000 to 650 cm−1, 
with 16 scans per sample.

2.3.4 Viscosity measurement

The viscosity of the blends was measured using a Brookfield 
viscometer, equipped with spindles 27 and 29. Measurements 
were taken within the temperature range of 120 to 150 °C, 
with rotational speeds set at 20, 50, and 100 rpm.

2.3.5 Adhesion testing

The application of adhesives was performed using a 
Slautterback Mini Squirt II application gun on a standardized 
rectangular surface measuring 50 mm x 100 mm. To 
ensure precise bonding, temperatures of 140 °C for TPS 
blends and 150 °C for standard hot melt adhesives were 
carefully maintained. Initially, the adhesive was applied 
to the internal surface of the carton paper, promoting 
adherence with the external counterpart. After a brief 
open time of 1 second, a 100 g weight was applied to 
the substrate for 3 seconds, effectively characterizing 
the adhesive’s setting time. Following a 24-hour period 
to facilitate bond development, the adhered substrates 
underwent manual separation using a peel force technique 
to evaluate adhesion performance, focusing on fiber tear 
of the substrate. The primary objective was to assess 
the interaction between the adhesive and the substrate, 
emphasizing bond effectiveness as demonstrated by fiber 
tear performance rather than solely measuring the force 
required to separate the samples.

Following the fiber tear classification method described 
by Robertson et  al. (2021), the bonds were pulled apart 
after the 24-hour period to evaluate the extent of fiber tear. 
Five bonds were tested for each adhesive, and an average 
value was calculated. The averages were classified as 
follows: 81–100% fiber tear = Full fiber tear; 51–80% fiber 
tear = Partial fiber tear; 21–50% fiber tear = Slight fiber 
tear; and 0–20% fiber tear = No fiber tear[16].

3. Results and Discussions

3.1 Materials characterization

3.1.1 Thermal stability at 150 ºC

The thermal stability results obtained of the blends are 
presented in Figure 1.

The blends exposed for 3 hours at 150 °C exhibited visible 
phase separation, as illustrated in Figure 1. This phenomenon 
may be attributed to the disruption of hydrogen bonding 
within the blend, as well as the coalescence of the dispersed 
phase, further exacerbated by the low thermal stability of TPS, 
which promotes rapid phase differentiation from the matrix. 
Notably, in Figure 1a, the formulation TPS/F1 displayed 
the most pronounced phase segregation at 150 °C, with the 
dispersed TPS phase exhibiting a larger domain size due 
to polarity mismatch with the matrix, F1, demonstrating 
coalescence effects. Conversely, the results upon the addition 
of the compatibilizer in Figure 1b and Figure 1c, led to a 
significant improvement in phase homogeneity, although 
some degree of segregation persisted. Furthermore, a similar 
performance was observed for the blend containing ester resin 
(TPS/F2), Figure 1d when compared to the compatibilized 
blends shown in Figures 1b, c.

3.1.2 Scanning electron microscopy (SEM) analysis

In the TPS/F1 blend (Figure 2a), only the matrix phase 
of HMA F1 is visible. According to the literature[17,18], the 
presence of the TPS phase would typically manifest as a 
failure characterized by a flat and uniform structure due 
to brittle fracture associated with the amorphous phase. 
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This observation suggests that the failures depicted in 
Figures 2b-d may be attributed to the dispersed TPS phase 
within the matrix.

In contrast, the morphology observed in the TPS/F1 
blend, at Figure 2a, which did not show the presence of 
TPS, may result from the macroscopic phase segregation 
within the mixture, likely due to low compatibility between 
TPS and HMA F1. The addition of a compatibilizer 
significantly improved the interfacial interactions 
between the phases, as demonstrated in the blends 
TPS/F1/5C (Figure  2c) and TPS/F1/7C (Figure  2d). 
In these modified blends, the presence of voids indicates 

the detachment of the TPS dispersed phase, which is a 
result of adhesion failure.

Furthermore, as the proportion of the compatibilizer, 
functionalized polyolefin increased (PO-g-MA), a 
corresponding decrease in particle diameter was observed, 
indicating a reduction in interfacial tension between the 
phases, as shown in Figure 2c and Figure 2d. These results 
align with expectations, as the compatibilizer effectively 
reduces interfacial tension between the components, 
thereby increasing adhesion energy and stabilizing their 
morphology[19,20]. Consequently, this leads to a decrease in 
the particle diameters of the dispersed phases.

Figure 1. Thermal stability of blends (a) TPS/F1, (b) TPS/F1/5C, (c) TPS/F1/7C, (d) TPS/F2.

Figure 2. SEM images of fragile fracture surfaces of the blends (a) TPS/F1, (b) TPS/F2, (c)TPS/F1/5C, and (d) TPS/F1/7C.
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3.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

The resulting blends with EVA hot-melt adhesive F1, 
with thermoplastic starch (TPS) are presented in Figure 3 
and Figure 4 for the following formulations: (a) TPS/F1, 
(b)TPS/F1/5C, and (c) TPS/F1/7C. Figure 3a-c provides a 
comparative overview of the FTIR spectra of the blends 
against their individual components—namely (d) F1, 
(e) the compatibilizer PO-g-MA, and (f) TPS. In contrast, 
Figure 4 offers a more detailed analysis of the absorption 
bands corresponding to functional groups within the blends, 
revealing the differences between them and how they result 

from the molecular structures of the individual components 
in Figure 3d-f.

The absorption bands observed in Figure  4a-c can 
be primarily correlated with the spectra of HMA F1 in 
Figure 3d and TPS in Figure 3f, as they are the major 
components of the blends. Due to the low concentration of 
the compatibilizer (PO-g-MA), it is not possible to clearly 
identify its characteristic absorption bands in Figure 4a–c 
based on the spectrum shown in Figure 3e. However, its 
influence on the blend’s properties will be further discussed 
in Figure 5.

Figure 3. FTIR of EVA Hot-Melt Adhesive with Thermoplastic Starch Blends (a) TPS/F1 (b) TPS/F1/5C (c) TPS/F1/7C and their 
individual components (d) F1 (e) Compatibilizer PO-g-MA (f) TPS.

Figure 4. FTIR spectra with band assignments for the following blends (a) TPS/F1, (b) TPS/F1/5C (c) TPS/F1/7C

Figure 5. Comparison of the blends (a) TPS/F1 (b) TPS/F1/5C (c) TPS/F1/7C and their individual components (d) F1 (e) Compatibilizer 
PO-g-MA (f) TPS in the region between 990 to 1.020 cm-1 highlighting band dislocations.
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Characteristic absorptions from the HMA F1 are clearly 
identified in Figure 4a-c, such as the C–H asymmetric and 
symmetric stretching vibrations at 2922 and 2850 cm−1, 
respectively. Bending vibrations of methylene groups 
(–CH2–) are also evident at 1465 cm−1. These absorptions 
can be attributed to multiple constituents of the HMA 
F1, including hydrogenated hydrocarbon resins, paraffin 
wax, and EVA copolymer itself. Additionally, ester groups 
specific to poly(ethylene-co-vinyl acetate) (EVA) are 
observed at 1735 cm−1 (C=O stretching) and 1235 cm−1 
(C–O stretching) [21].

Furthermore, functional groups associated with TPS 
are also clearly present in Figure 4a-c. A broad and intense 
O–H stretching vibration appears at 3300 cm−1, along with 
a weaker band at 1645 cm−1. Notably, the region from 
1235 to 650 cm−1 in Figure 3a-c and Figure 4a-c closely 
resembles that of pure TPS from Figure 3e. In this region, 
C–O stretching vibrations from the glucopyranose ring 
are observed at 1077 and 858 cm−1. Additional bands at 
1153 and 927 cm−1 are attributed to C–O vibrations associated 
with α-1,4 glycosidic linkages. A prominent doublet between 
1020 and 990 cm−1 is also evident, corresponding to the 
stretching of C–OH groups[21].

Figure 5 presents a more detailed analysis of the two 
most intense absorption bands in the blends, originally 
assigned to TPS at 1013 cm−1 and 990 cm−1, from Figure 5f, 
both associated with C–OH stretching vibrations. In the 
blends, these bands show noticeable dislocations to 1020 and 
990 cm−1, respectively. However, for the uncompatibilized 
blend (TPS/F1) shown in Figure 5a, the second absorption 
band at 990 cm−1 is nearly absent.

Upon incorporating the compatibilizer PO-g-MA 
(polyolefin grafted with maleic anhydride) at concentrations 
of 5% and 7%, the FTIR spectra of the compatibilized blends 
TPS/F1/5C and TPS/F1/7C show a significant increase 
in band intensity around 1000 cm−1 at Figure 5b, c, with 
incrising PO-g-MA concentration. In contrast, this band was 
barely detectable in the uncompatibilized blend (TPS/F1) 
in Figure 5a. The enhanced intensity indicates stronger 
intermolecular interactions, contributing to improved 
interfacial compatibility and adhesion between the polar TPS 
and the nonpolar EVA-based HMA matrix of F1. This result 
supports the role of PO-g-MA as an effective compatibilizer, 
enhancing molecular affinity and dispersion at the interface.

Furthermore, as shown in Figure 4a-c, the addition of the 
compatibilizer leads to a significant decrease in the intensity 
of the hydroxyl stretching vibrations at 3300 and 1645 cm−1, 
which becomes more pronounced with increasing amounts 
of PO-g-MA. This reduction in band intensity may indicate 
a lower concentration of free hydroxyl groups from TPS, 
likely due to interactions with the maleic anhydride groups. 

This suggests improved incorporation of the dispersed TPS 
phase into the HMA F1 matrix, highlighting the strong 
compatibilizing effect of PO-g-MA.

3.1.4 Viscosity analysis

The results of viscosity measurement for the adhesives 
are presented in Table 3.

The sample of thermoplastic starch blended with the 
standard hot melt containing hydrogenated hydrocarbon 
resin (TPS/F1) exhibited a viscosity comparable to that 
of the pure HMA formula (F1). In the evaluation of 
other blends (TPS/F1/5C, TPS/F1/7C), it was observed 
that as the proportion of the compatibilizer increased, 
the viscosity also rose significantly. These findings are 
consistent with the results from the SEM and FTIR analysis, 
which demonstrate the compatibilizer’s effectiveness 
in enhancing compatibilization and reducing surface 
energy at the interface of the samples. This effect likely 
facilitates the formation of entanglements, as polymer 
chain entanglements typically lead to an increase in molar 
mass and, consequently, an increase in the viscosity of 
the final polymeric mixture[22].

3.1.5 Adhesion tests

The blend (TPS/F1) exhibited adhesion failure, 
resulting in 0% fiber tear, mirroring the performance of the 
standard HMA F1 formula, as shown in Figure 6a and 6e. 
This inadequate performance can be attributed to several 
interconnected factors: the application temperature of the 
standard formula was set at 140 °C, which is lower than the 
optimal range typically required for strong adhesive bonding, 
potentially leading to insufficient wettability and coverage; 
phase segregation within the blend may have occurred due 
to inadequate compatibility between the TPS and HMA 
components, resulting in weak regions that contribute to 
failure; additionally, the challenges of adhering to carton 
paper substrates—characterized by a smoother surface and 
lower surface energy compared to corrugated paper—further 
hinder effective bonding.

In contrast, blends incorporating thermoplastic starch 
(TPS) and polyolefin functionalized with maleic anhydride 
(PO-g-MA), as TPS/F1/5C and TPS/F1/7C, demonstrated 
great adhesion at 140°C, as illustrated in Figure 6b and 6c, 
with fiber tear exceeding 90%. Furthermore, Figures 6d and 6f 
showcased excellent performance, achieving 100% fiber 
tear for both HMA F2 and the blend TPS/F2.

The results of these blends highlight the effectiveness 
of the formulations in achieving robust adhesion, even 
at lower application temperatures. The incorporation of 
polyolefin functionalized with maleic anhydride (PO-g-MA) 
significantly enhances the adhesive properties by improving 
compatibilization between the adhesive matrix and the substrate. 

Table 3. Viscosity Behavior of HMA F1 Blends as a Function of PO-g-MA Concentration
Samples ID 120 °C 130 °C 140 °C 150 °C

F1 4.000 2.625 1.875 1.350
TPS/F1 4.800 2.850 2.100 -
TPS/F1/5C 8.900 5.400 3.250 -
TPS/F1/7C 10.020 6.740 4.440 -
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This enhanced interaction leads to increased adhesion strength 
and overall performance, particularly when combined with 
thermoplastic starch, which also contributes to adhesion 
enhancement through its cohesive properties.

Furthermore, these formulations demonstrate excellent 
interaction with the evaluated carton paper, which has starch 
on its surface. This compatibility is pivotal in explaining 
the superior performance of blends containing TPS, as it 
fosters improved bonding at the interface. In summary, 
the integration of thermoplastic starch and polyolefin 
functionalized with maleic anhydride not only enhances 
adhesion performance but also optimizes compatibility with 
the substrate. This results in superior adhesive properties, 
particularly at application temperatures as low as 140 °C.

4. Conclusions

The results demonstrate the significant potential of 
thermoplastic starch (TPS) as an adhesive at low application 
temperatures. One promising strategy to enhance the 
compatibility of TPS with non-polar materials, such as 
those found in standard hot melt adhesive formulations, is 
the use of polyolefins functionalized with maleic anhydride 
(PO-g-MA). The incorporation of PO-g-MA helps reduce 
phase separation and enhances compatibility between the 
polyolefin matrix and the dispersed TPS phase, demonstrating 
a synergistic approach. Beyond its sustainability benefits, 
TPS also improves adhesive performance, as shown by 
adhesion tests on carton paper, and delivers superior 
bonding properties at lower application temperatures. 

However, to successfully introduce green adhesives into 
the market, key advancements are needed, particularly 
in improving thermal stability, which plays a crucial role 
in industrial machinability. Additionally, natural polymer 
blends with ester resins present an intriguing opportunity 
due to their renewable origin, polar functional groups, and 
the availability of high-quality variants specially in Brazil, 
which compatibilization techniques with this resin wasn’t 
further explored in this article. In conclusion, while TPS-based 
adhesives, also natural polymers adhesives show considerable 
promise for adhesion industry, further research is required 
to address thermal stability, compatibility and processing 
challenges to unlock their potential in industrial applications.
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