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Starches polymeric films offer several advantages for the replacement of synthetic polymers due 
to their biodegradability, non-toxicity, availability and low cost. However, the high biodegradation 
potential can cause fragility, considering some fundamental mechanical properties. Therefore, starch 
based polymeric films were reinforced incorporating lignocellulosic waste from coffee grounds post-
consume. The effect of incorporation of coffee ground in cornstarch matrix and polymer interaction 
on morphology, thermal and mechanical properties were investigated. The characterization analyzes 
were based on Dynamic Mechanical Thermal Analysis (DMTA), Differential Scanning Calorimetry 
(DSC), Thermogravimetric Analysis (TGA) and Scanning Eletronic Microscopy (SEM). The coffee 
ground behaved as reinforcement agent according tensile values. Thermochemical conversion showed 
that polymeric films molding did not change his thermal stability. In temperature range was possible to 
observe the devolatilization, organic and inorganic compounds decomposition. SEM images showed 
the coffee ground adhesion in the polymer matrix promoting a better mechanical tensile strength.
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1. Introduction

Industrial process produces an enormous amount of 
waste materials, which may be not deposited safely. The 
population increasing is responsible for the amount and 
type of waste generated 1,2, promoting an environmental 
problems. Furthermore, fossil fuels consumption are related 
to environmental degradation that threatens human health, 
through climate changes and greenhouse gas emissions 3. 
Recycling is an effective process for the reuse of some types 
of waste, however, in Brazil, recycling of solid urban and 
industrial wastes is still a problem 4,5. The last IBGE official 
data reported that only 1.4% of Brazilian urban solid waste 
is sent to sorting and after, recycling facilities 6 .

Therefore, nowadays, environmentally alternatives to 
unsustainable waste disposal techniques are being sought 
5. The current interest of industries is to use the cleaner 
technologies, reusing or avoiding the generation of waste 
and by-products of the productive processes 7,8. Furthermore, 
there is difficulty in recycling synthetic polymers, which 
encourages the study and development of biodegradable 
materials 9.

The polymer biodegradation is considered a natural 
process, caused by the microorganisms action modifying 
and consuming the product, changing in its properties 10,11. 

Most biodegradable plastic films are produced from starch, 
due to their low cost and abundance in nature, as well as 
being renewable 12. However, starch has high sensitivity to 
water and mechanical fragility, which makes it difficult to 
expand its applications and justifies the need for constant 
improvement of its properties 12,13. Based on this information 
and for improving the characteristics of the starch films, 
reinforcing agents can be used, giving to the compound 
better mechanical properties, especially elasticity (tensile 
and flexural) and mechanical strength 14.

In addition, Brazil began to produce soluble coffee in 
1962, and it has been a major world producer since then 
15,16 and for each ton of coffee produced, 480 kg of sludge 
of coffee ground are generated, considered a solid residue, 
which is normally used to generate energy in the boilers and 
in the manufacture of animal feed 17,18. 

Coffee grounds has a very heterogeneous composition 
being considered as a lignocellulosic waste, usually rich 
in cellulose, hemicellulose, polysaccharides, fermentable 
organic, matter content, caffeine, tannins and polyphenols 18-20, 
soluble carbohydrates, oligosaccharides sucrose, polymers, 
non-volatile and volatile aliphatic acids, oils, waxes, proteins 
and free amino acids 21. Nevertheless, in literature, few works 
related to the coffee ground waste valorization have been 
reported, and then this is an opportunity because of large 
amount of waste and its composition.
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Thus, the aim of this study was to incorporate coffee 
grounds waste as a reinforcing agent in starch plastic films 
maintaining the biodegradable potential of this polymer, with 
the advantages of low cost and high availability in Brazil.

2. Experimental

2.1 Sample preparation

The coffee grounds waste considered was the insoluble 
residue that remains after coffee beans are dehydrated, milled 
and brewed, retained in used paper filters and collected at 
Federal University of São Carlos (UFSCar) - Sorocaba, 
Brazil, from automatic coffee machine, which process 
commercial coffee beans. Therefore, the coffee grounds 
post-consume waste was sieved (NBR 200#/0.074 mm). 
After some laboratory tests, the particle size the 200-mesh 
granulometry facilitated the mixing and dispersion of the 
coffee ground waste during casting molding of the films.

The films preparation involved the total mass was 100g, 
cornstarch and glycerin amounts were constant (5g each 
one). The water and coffee grounds values completed the 90g 
remaining. After mixed up, the samples were brought to the 
microwave for heating under a power of 40W for 6 minutes 
with pauses for mixing and checking the temperature. Then, 
it was deposited into three polyacrylic molds (approximately 
25g each one) and left in an oven at 32 °C, no air circulation, 
for four days. In Table 1 the samples and their respective 
concentrations of components can be observed.

2.2 Dynamic mechanical thermal analysis

Analysis was carried out at DMTA equipment (DMA 
Q800 - TA Instruments) considering a force ramp rate of 0.8 
N/min was applied until 18 N. For this type of analysis was 
set isotherm at 25°C, the mode of adjustment was controlled 
force and the grip was of the strain film type. Because of 
the analysis mode selected, the films were analyzed through 
stress x strain curves, in which the values of maximum tensile 
(MPa) and deformation (%) were found. Ten specimens of 
each type of film were tested. Each film sample tested had 
a length of 35 mm and a width of 5 mm. 

2.3 Differential scanning calorimetric analysis

The samples were carried out to DSC analysis on DSC-
50-Shimadzu equipment, under inert atmosphere, flow rate 
of 100 mL/min, heating rate of 10 °C/min, in a temperature 
range of -50 °C to 400 °C. Approximately 5 mg was deposited 
was placed in aluminum pan.

2.5 Thermogravimetric analysis

The thermal stability of the samples was studied by using 
thermogravimetric analysis (TGA) and were performed on 
the Shimadzu TGA-50 equipment under nitrogen atmosphere, 
flow rate of 50 mL/min, a heating rate of 10 °C/min and 
temperature range of 20ºC to 800 °C. Approximately 5mg 
was placed on platinum pan.

2.6 Morphological analysis

Scanning Eletronic Microscopy (SEM) analyzes were 
carried out at microscopy TM 3000, Hitachi, using carbon 
tapes and 50x and 150x magnifications.

3. Results and Discussion

3.1 Dynamic mechanical thermal analysis

Mean values and standard deviation of tensile mechanical 
properties of the polymeric films were obtained and are 
shown in Table 2. 

According to the Table 2 and Figure 1 it is possible to note 
that the incorporation of coffee grounds can be responsible 
for increasing tensile strength for almost all samples. 

The type of film number 7 (Table 2), specimens with 
0.50% of coffee ground, did not present a satisfactory value, 
its can mean that coffee ground it was just a filler and not 
as a reinforcing agent. The coffee ground presence caused 
a reduction in the deformation capacity (Table 2 and Figure 
1) of the films because became more rigid. The sample 
without coffee ground presented an average deformation 
of about 43%. 

It is possible to observe that increasing coffee ground 
concentration in the films occurs deformation values variation. 

Table 1. Composition of films with different concentrations of coffee grounds.

Samples Coffee ground 
concentration (%) Coffee grounds (g) Glycerol (g) Starch (g) Water (g)

1 0% 0 5.0 5.0 90.00

2 0.10% 0.10 5.0 5.0 89.90

3 0.15% 0.15 5.0 5.0 89.85

4 0.20% 0.20 5.0 5.0 89.80

5 0.25% 0.25 5.0 5.0 89.75

6 0.30% 0.30 5.0 5.0 89.70

7 0.50% 0.50 5.0 5.0 89.50
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It is can be related to the non-homogeneous dispersion during 
molding process. 

3.2 Differential scanning calorimetry

According DSC analysis it was noted a first endothermic 
peak between temperature range of 93.34°C and 114.30°C 
representing residual water evaporation, which was used 
during the molding process. Thus, higher is coffee ground 
concentration lower is the amount of water in the process 
and higher the temperature of the residual water. A similar 
behavior was observed in literature22 reporting an endothermic 
peak at approximately 108°C representing residual water 
evaporation, which was a plasticizer in a cornstarch film. 
Higher concentration of water during molding process 
is probably responsible for residual water bound to the 
polymeric matrix of the material.

The melting temperatures of the crystalline structure 
can be observed in the range 149.41°C to 155.48°C. The 
film containing 0.25% of coffee grounds presented a higher 
melting temperature (155.48°C). However, there was no great 
variation between the values found. An endothermic peak 
approximately at 140ºC can be associated with the melting 
of the crystalline structure of the polymer matrix 23. It was 
probably caused by lignosulfonates addiction in cornstarch, 

which promoted a higher thermal stability, as both its crystalline 
melt and thermal decomposition values were higher. The 
thermal decomposition temperature, as well as the melting 
temperature of the crystalline structure can be considered as 
an indicator of the thermal stability of the films. The values 
indicated that the molding process did not alter the thermal 
stability of the films, because the degradation temperatures 
did not show significant differences. Figure 2 shows the DSC 
curves of the films and the Table 3 presents the temperature 
of the volatilization, melting and degradation stages. 

3.3 Thermogravimetric analysis

The thermal degradation stages of these films can be 
observed in Figure 3 and for better comparison between these 
curves. Table 4 shows stage of mass loss, its temperature 
range (ΔT (°C)), mass loss percentage (ΔMassa (%)), mass 
loss maximum temperature (max. temp. (°C)) and total 
mass loss (%).

The determination of thermal stability and the degradation 
temperature of the films can also be observed. The first 
stage of mass loss, which occurred in temperature range of 
35.14 and 163.71 °C, observed at all samples, can represents 
plasticizers devolatilization, as well as a residual water and 
glycerin, used in the process of gelatinization of the films. The 
highest percentage of mass loss in this stage was observed 
in the sample with 0.20% of coffee grounds (approximately 
16.76%) and, in this case, the maximum mass loss temperature 
was 70.76 °C. In previous study, also carried out cornstarch 
films, it was possible to observe a similar thermal behavior. 

The mass loss was approximately 10% and it was 
attributed to residual water devolatilization at temperature 
range of 51.82 and 149.80 °C 22.

In temperature range of 151.78 and 287.80°C can be 
observed the second stage of mass loss. It was also observed 
that the highest percentage of mass loss was of the sample 
with 0.30% of coffee grounds presented a maximum loss 
temperature of 187.91 ° C. This behavior it was probably 
caused by degradation of the coffee fiber components 
(cellulose and hemicellulose), temperature range for cellulose 
was about 240 °C and 360 °C, hemicellulose decomposition 
temperature range was 200 °C and 260 °C 24,25. 

The Figure 3A, does not present coffee grounds in its 
composition, so its decomposition behavior represents 
cornstarch thermochemical conversion. Figure 3 shows 
the TG and DTG curves of the analyzed films. In the third 
stage, the temperature range was about 274.14 and 358.17°C, 
observing a greater percentage of mass loss (41.73%) in the 
sample A, without coffee grounds and maximum mass loss 
temperature of 290.30 °C. This thermal conversion can be 
associated with amylose and amylopectin decomposition in 
the starch polymer matrix. After 600 ºC, the main products 
were mainly the inorganic residues, oxides and carbonates. 

Table 2. Tensile strength and deformation average, and standard 
deviation.

Samples
Tensile (MPa) Deformation (%)

Average Standard 
deviation Average Standard 

deviation 

1 0.404 0.053 42.982 9.761

2 0.628 0.080 41.582 8.491

3 0.639 0.079 39.113 8.602

4 0.658 0.048 32.330 10.521

5 0.674 0.148 30.861 10.879

6 0.679 0.061 31.693 5.716

7 0.437 0.125 30.949 6.096

Figure 1. Tensile strength and deformation properties of starch 
films according to coffee ground addition. 



Gazonato et al.4 Materials Research

Figure 2. DSC curves under inert atmosphere. Samples containing different concentrations of coffee ground. Samples: 
(A) - 0% coffee ground; (B) - 0.1% coffee ground; (C) - 0.15% coffee ground; (D) - 0.20% coffee ground; (E) - 0.25% 
coffee ground; (F) - 0.30% coffee ground and (G) - 0.50% coffee ground. 
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In literature 26, it was noticed that most of the thermal 
degradation of the film was caused by starch decomposition, 
characterizing the hydroxyl groups volatilization and 
depolymerization of carbon chains, as well as, between 
temperature range of 314.10 and 358.10 °C thermal 
decomposition of amylose and amylopectin 27. These thermal 
behaviors allowed to understand that polymer decomposition 
is relate to the organic macromolecules inside the polymer 
matrix as well as low- molecular weight organic molecules 
are stable only up to a certain temperature range.

3.4 Scanning eletron microscopy

The SEM images allowed to observe that the coffee 
ground it was adhered the polymer matrix, probably due to 
his low granulometry promoting a better mechanical tensile 
strength. The micrographs can be observed in the Figure 4. 

SEM analyzes indicated that the film without the coffee 
grounds (Figure 4A, B) did not present granules in the 
cornstarch matrix. Its can be explained by good interaction 
between the plasticizer and the starch, promoting an efficient 
gelatinization of the film during molding process. In addition, 
no precipitates, voids and cavities were observed and it proves 
the good bonding between cornstarch and coffee ground. 
However, it can be observed that there are some spots with 
cracks or cracks along the fracture of the analyzed film. 
The Figure 4 (C,D) 0.10% coffee grounds, it is possible to 
observe small points indicating the reinforcing agent presence 
(Figure 4D). In addition, a roughness increasing was also 
noted. Figure 4 (E,F), sample with 0.15% of coffee ground, 
shows an intense coffee grounds appearance and moderately 
smooth fractured surface deformation.

In Figure 4 (G,H), 0.20% coffee grounds, a small crack 
increasing can be noted. Figure 3 (I,J), 0.25% coffee grounds, 
irregularities and deformations were observed. Figure 4 (K,L), 
0.30% coffee ground, revealed a heterogeneous fracture 
surface and ruptures. Figure 4 (M,N), no cracks and fractures 
are observed, the presence of several coffee grounds can be 
noted, as well as small bubbles that are generally responsible 
for concentrating the tension, causing a decrease in values 
of mechanical properties.

The bubbles formation can interfere directly in the 
quality of the film 28,29 decreasing its mechanical resistance. 
Moreover, polymers exposure to ambient conditions, such as 
air humidity and high temperatures, can promotes the voids 
appearance, favoring water absorption by matrix, affecting its 
mechanical and physical properties. At greater percentage of 
coffee ground, the distance decreases leading to agglomerated 
within the matrix and more uniform distribution suggests 
that the coffee ground and matrix were thoroughly mixed. 

4. Conclusions

The results of the mechanical characterization indicated 
an increase in the tensile strength of the samples that had 
the coffee residue in their composition. All of the films, 
except for the one with 0.50% of coffee ground waste, had 
higher values of tension higher than that of the film without 
coffee grounds, and the best result was that of the film with 
0.30% of coffee ground. Thus, it can be considered that the 
coffee grounds acted as a reinforcing agent, improving the 
mechanical properties of the polymer films. Scanning Electron 
Microscopy (SEM) confirmed that during molding process was 
observed a better incorporation of coffee ground waste into 
the matrix, reducing the amount of stress concentration points 
that are harmful to the mechanical properties of the films. 

These behaviors occurred because the residues of coffee 
ground are lignocellulosic and its present a good chemical 
compatibility with the starch and glycerol matrix. In terms 
of particle size the 200-mesh granulometry facilitated the 
mixing and dispersion of the coffee ground waste residues 
during casting of the films.

The thermal characterization of the films indicated that 
although there is no standard of improvement of the thermal 
properties associated to the increase of the concentration of 
the coffee grounds in the samples, these are better considering 
films without coffee ground, since they begin their thermal 
degradation at higher temperature, considering the various 
stages of mass loss. The DSC analyzes did not reveal a better 
film in relation to the thermal characteristics, since for both 
crystalline melting temperature and thermal decomposition 
of the films, the values did not present great differences. 

Therefore, it is possible to consider the use of these 
films as an alternative to substitute some types of packages, 
as they offer advantages of low cost and high availability 
of materials used for molding, as well as better tensile and 
thermal properties.
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Table 3. Volatilization, melting and degradation temperatures 
according DSC curves.

Samples Tv (°C) Tm  (°C) Td  (°C)

1 93.34 151.27 266.80

2 105.34 151.12 262.23

3 97.24 149.41 264.56

4 103.46 153.84 256.78

5 95.83 155.48 262.49

6 106.82 150.47 267.87

7 114.30 153.83 263.74
Tv: Temperature of volatilization; Tm: Melting temperature; Td: 
Temperature of degradation.
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Figure 3. TGA and DTG curves under inert atmosphere. Samples containing different concentrations of coffee ground. 
Samples of films: (A) - 0% coffee ground; (B) - 0.10% coffee ground; (C) - 0.15% coffee ground; (D) -0.20% coffee 
ground; (E) - 0.25% coffee ground; (F) - 0.30% coffee ground and (G) - 0.50% coffee ground. 
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Table 4. Decomposition stages observed in the TGA and DTG curves.

Samples
Step one Step two Step three Total 

Mass 
loss (%)ΔT(°C) Δ Mass 

(%)
T loss 

max (°C) ΔT(°C) Δ Mass 
(%)

T loss 
max (°C) ΔT(°C) Δ Mass 

(%)
T loss 

max (°C)

1 35.1–
151.7 16.16 66.07 151.7–

274.1 26.64 231.94 274.1–
352.9 41.73 290.3 96.94

2 42.1–
160.6 16.56 71.19 160.6–

276.8 25.64 190.83 276.8–
358.0 41.31 294.7 94.53

3 36.7–
154.6 16.02 72.8 154.6–

278.6 26.73 223.68 278.6–
352.0 39.82 307.1 94.64

4 36.3–
163.7 16.76 70.76 163.7–

281.4 30.53 188.39 281.4–
355.6 36.71 310.5 96.67

5 42.4–
157.1 15.3 72.3 157.1–

279.2 26.22 188.14 279.2–
358.1 41.39 306.4 94.72

6 41.5–
161.6 15.24 67.45 161.6–

287.8 31.23 187.91 287.8–
356.0 35.46 308.6 95.67

7 40.5–
157.4 14.57 67.44 157.4–

285.7 30.6 185.29 285.7–
353.1 36.56 310.2 96.51

Figure 4. Scanning electron micrographs. Samples containing different concentrations of coffee ground. Samples of films: (A, B) - 0% 
coffee ground - 50x and 150x; (C, D) - 0.10% coffee ground - 50x and 150x; (E, F) - 0.15% coffee ground - 50x and 150x; (G, H) - 0.20% 
coffee ground - 50x and 150x; (I, J) - 0.25% coffee ground - 50x and 150x; (K, L) - 0.30% coffee ground - 50x and 150x and (M,N) - 
0.50% coffee ground - 50x and 150x. 
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